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ItIt  is the task of a scientist, guided by the knowledge of his time, to propose a theory that 
takestakes into account what is known but which over and above this forecasts what future 
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1 1 
Generall  introduction and thesis outline 

Iff you stare at the deeply lined face of an old, grey man and you have a close look at his eyes, 

expression,, eyebrows, cheeks, skin, mouth, chin, beard, and pose, you may get a t iny impression of 

thee kind of person he is and/or used to be. If you watch his movements, gestures, pliancy, the way 

hee walks, eats, breaths, turns, and holds his walking-stick, you may deduce some of his character 

andd way of life. If you see his hands, fingers, muscles, and knees, you may infer details about his 

occupations,, habits, and daily pursuits. For instance, you may find out that the old man smokes 

(orr did smoke), plays the guitar, is patient, does not sport frequently, works with his hands, reads 

aa lot, and is a gentleman. If you compare the characteristics and behaviour of the old man with 

thatt of other aged persons, you may find that the old man is rather tall and active for people of his 

profession.. You may deduce where the old man comes f rom and what is his age, provided that you 

cann determine the other persons' ages and birthplaces in an independent way. Then, from striking 

similarities,, you may be able to conclude that old men who don't smoke are more patient than people 

whoo do smoke wi th an age of 25 years and above, if they were born in western Europe. If you take 

aa closer look at the interaction of the old man with that of other persons in his neighbourhood, you 

mayy observe that the old man predominantly interacts wi th men and women born in Japan so that 

hee probably speaks Japanese. If the old man was born in Helsinki then he probably travelled a lot 

aroundd the world. Combined with his habits, oversized hands, and strong muscles, this may indicate 

thatt he used to be a constructional engineer. In turn, you may conclude that most people in Japan 

becomee interested in architecture during their lives and that there must be a connection with their 

culturall education when they are approximately 18 years old. Thus, f rom the characteristics of many 

differentt people observed - at the same instant in t ime - you may be able to deduce what the old 

mann among these people has experienced - during his life - as well as to forecast what he - will 

bee doing - in the next twentyfive years. This principle essentially forms the basis of the research 

onn the chemical and spectro-photometric evolution of nearby galaxies presented in this thesis. 

Inn this thesis, we focus on the star formation history and chemical evolution of the Galactic disk. Using 

aa wide range of observational constraints, most of which have become available during the last few years, 

wee aim to reconstruct the Galactic star formation history by modelling simultaneously various aspects of 

Galacticc chemical evolution. In the second part of this thesis, we investigate the spectro-photometric and 

chemicall  evolution of nearby galaxies by means of a photometr ic evolution model. This model is applied to 

thee stellar populat ions of Low Surface Brightness galaxies, a class of very faint galaxies for which a wealth 

off  observational da ta have recently become available. 

Thee chemical enrichment of the interstellar medium (ISM) by successive generations of stars is a key issue 

inn understanding the chemical evolution of galaxies in general, and the formation history and abundance 

distributionss of the stellar populations in our Galaxy in part icular. The goal of galactic chemical evolution 

modellingg is to predict reliable abundances in our Galaxy as well as in other galaxies both as a function of 

t imee and location. From such modelling, we can learn what processes essentially determine the chemical 

enrichmentt history of different galactic regions (e.g. disk, bulge, halo) and deduce how the formation and 

evolutionn of galaxies in general may have proceeded according to their chemical properties. 

I I 



2 2 11 General introduction and thesis outline 

Bothh the chemical and spectro-photometric properties of galaxies are directed by the complex interplay be-
tweenn stars and interstellar matter. In order to unravel the underlying physics that can explain adequately 
thee integrated properties of stellar populations observed in galaxies, detailed knowledge is required of how 
thesee populations formed, evolved, and interacted with the ambient ISM. In this thesis, we wil l test several 
basicc concepts of galactic evolution and examine the ability of these concepts to reproduce various obser-
vationall  constraints simultaneously. From a comparison of such predictions for many individual galaxies, 
wee hope to converge to a consistent and uniform description of how galaxies evolve and to understand the 
processess that can explain the origin of both the diversity and the striking similarities of the galaxies in our 
neighbourhood. . 

Thiss thesis is organized as follows: 

Inn Chapter  2, we deal with several observational and theoretical aspects of local and global star formation 
processess in galaxies. The chapter is meant as a brief introduction to the subject and highlights some of the 
basicc assumptions and ingredients involved in the theoretical description of the process of star formation in 
galaxies. . 

Inn Chapter  3, we describe a general model for the chemical evolution of a galactic region such as the Galac-
ticc disk and discuss the basic equations, asumptions, and stellar input data used. The region is considered 
ass an open, non closed-box system and is allowed to experience inflow and outflow of both gas and stars. In 
particular,, we assume that the region is homogeneous at any time in its evolution. Up-to-date metallicity 
dependentt stellar lifetimes, remnant masses, and nucleosynthesis yields are taken into account. We present 
thee complete set of stellar yields of elements up to Zn used, both for Asymptotic Giant Branch (AGB) 
stars,, Supernovae Type la (SNIa), SNIb/c, and SNII and discuss the uncertainties involved. An overall 
comparisonn of the yields of intermediate and massive stars is made by means of the cumulative initial mass 
functionn (IMF) weighed yields and the net yield function. These quantities are well suited for comparison 
withh other galactic chemical evolution studies and may have direct implications for the chemical evolution 
off  the Galactic disk. 

Thee ultimate goal of modelling various observational characteristics of the chemical evolution of the local 
diskk ISM is to obtain information about the principal processes that have directed the star formation his-
toryy and chemical enrichment of the Galactic disk. In particular, the abundances of stars observed in the 
locall  Galactic disk and halo probably provide the most stringent test for Galactic chemical evolution models. 

Inn Chapter  4, we concentrate on the star formation history and chemical evolution of the local Galactic 
disk.. We consider several basic issues concerning the dynamical and chemical evolution of the Galaxy as a 
whole.. We investigate the sensitivity of the age-metallicity relation (AMR) to specific model assumptions, 
andd we select a set of models which can explain adequately the mean [Fe/H] vs. age relation observed in the 
locall  Galactic disk. The models selected are confronted with a wide range of observational constraints related 
too the chemical enrichment and stellar content of the disk. Our study has several important improvements 
overr previous investigations which include: 1) simultaneous modelling of various independent observational 
constraintss which were not available until recently (e.g. the stellar abundance-abundance variations for disk 
andd halo stars, present-day element abundances in the disk ISM, the luminosity functions of white dwarfs 
andd AGB stars, the age- and metallicity distributions of main-sequence F, G, and K dwarfs, the abundances 
inn planetary nebulae, the gas consumption rate and gas ejection rate by evolved stars, the present-day mass 
fuction,, the remnant mass distribution) using one and the same galactic chemical evolution model, and 2) 
thee application of a uniform, up-to-date, and comprehensive metallicity dependent set of stellar evolution 
data.. In particular, we investigate what kind of models are able to explain adequately the chemical evolution 
off  the Galaxy as traced by the abundance-abundance variations observed among long-living stars and we 
discusss our results with respect to the validity of the various assumptions made. 

Whilee exploiting numerous improvements, both in theoretical and observational fields of Galactic evolution, 
wee aim to reconstruct the star formation history of the Galactic disk and to derive essential quantities such 
ass the current gas infall and star formation rate, the typical enrichment time scale for different elements, 
andd the upper mass limi t for SNII. Apart from studies that concern the evolution of our Galaxy, knowledge 
off  these quantities are of particular interest for research on the evolution of nearby systems such as the 
Magellanicc Clouds and M31. In turn, these Local Group galaxies provide an important reference frame of 



11 General introduction and thesis outline 3 3 

observationss to which the evolution of more distant galaxies in the universe can be compared. We summarize 
thee type of chemical evolution models that are in best overall agreement with the observations and we discuss 
whatt our results may imply for the chemical evolution of the Galaxy as a whole. 

Observationall  studies related to the heavy element enrichment of the local Galactic disk have long shown that 
starss of similar age exhibit large abundance variations (e.g. Mayor 1976; Twarog 1980a; Twarog & Wheeler 
1982;; Carlberg et al. 1985; Gilmore 1989; Klochkova et al. 1989; Schuster & Nissen 1989; Meusinger et 
al.. 1991). Recently, Edvardsson et al. (1993) presented accurate abundance data for nearly 200 F and 
GG main-sequence dwarfs in the solar neighbourhood (SNBH). Their spectroscopic data, analysed with up-
to-datee input physics, confirms abundance variations as large as ~0.6 dex in e.g. A[Fe/H] among similarly 
agedd stars. In contrast to previous understanding, these variations are much in excess of experimental un-
certaintiess and seem to suggest that the abundance spread for stars born at roughly the same galactocentric 
distancedistance is similar in magnitude to the overall increase in metallicity during the lifetime of the disk. 

Inn Chapter  5, we investigate the origin of the abundance variations observed among similarly aged F and 
GG dwarfs in the local Galactic disk. We briefly review recent observations related to the inhomogeneous 
heavyy element enrichment of the local disk ISM and we present arguments in support of combined infall of 
metal-deficientt gas and sequential enrichment by successive stellar generations in the SNBH. A model for 
thee inhomogeneous chemical evolution of a star forming gas cloud is presented which incorporates sequential 
stellarr enrichment and mixing processes (including infall) and which allows for temporal and/or spatial inho-
mogeneitiess in the ISM. With this model, we investigate in detail the combined effect of metal-deficient gas 
infalll  and sequential stellar enrichment by successive stellar generations on the chemical evolution of multiple 
gass clouds in the Galactic disk. We show that Galactic chemical evolution models which take into account 
thesee processes simultaneously are consistent with the observed abundance variations among similarly aged 
FF and G dwarfs in the SNBH as well as with the abundances observed nowadays in the local disk ISM. We 
discusss these results in the more general context of the chemical evolution of the Galactic disk and adduce 
observationall  arguments in support of both sequential star formation and metal-deficient gas infall in the 
locall  ISM. 

Inn Chapter  6, we investigate the star formation history and chemical evolution of low surface brightness 
(LSB)) disk galaxies by means of their observed spectro-photometric and chemical properties. The goal 
off  this investigation is to address several plausible scenarios for the evolution of LSB galaxies by detailed 
modellingg of their spectro-photometric and chemical properties. To this end, we developed a galactic spectro-
photometricc evolution model incorporating a detailed metallicity dependent set of up-to-date stellar input 
dataa covering all relevant stages of stellar evolution. We compare and calibrate the model and describe 
thee basic set of star formation histories studied. Model results are compared directly with the observed 
colors,, gas phase abundances, gas contents, and current star formation rates of LSB galaxies to constrain 
thee global star formation history and chemical evolution of these systems. In particular, the impact of small 
amplitudee star formation bursts in LSB galaxies is investigated and the star formation rates predicted are 
comparedd with the observations. We discuss our results in the context of the star formation history and 
dynamicall  evolution of LSB galaxies and we address the important question whether LSB spirals do have 
ann evolutionary history fundamentally different from that of HSB spirals (such as the Galaxy) and dwarf 
galaxies. . 

Wee like to note that the research of galactic chemical and spectro-photometric evolution comprises many 
differentt areas which by far cannot be dealt with in one single thesis. In particular, the kinematical and 
hydrodynamicall  aspects of galactic evolution are not taken into account here. Other possibly important 
aspectss include the influence on galactic chemical and spectro-photometric evolution of: the compact galaxy 
nucleuss and spiral arms, the merging and interaction of galaxies in clusters, a distinction between molecular 
andd atomic gas components, dust grains, galactic chimneys and superbubble blowouts, primordial nucleo-
synthesis,, the early evolution of galaxies after the big bang, and dark matter. Certainly, these aspects will 
bee considered in future studies of galactic evolution. 
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Starr formation in galaxies: 
locall  and global processes in the ISM 

Abstract t 
Wee briefly consider several observational and theoretical concepts of local and global star formation in 
galaxies.. This chapter is meant as a brief introduction to the subject and highlights some of the basic 
assumptionss and ingredients in the theoretical description of the process of star formation in galaxies. 

2.11 Introduction 

Thee underlying physics and mechanisms that determine the process of star formation in galaxies comprise 
onee of the most fundamental problems involved in galactic evolution studies. We here briefly discuss several 
observationall  and theoretical aspects of local and global star formation processes. In particular, we consider 
thee complex nature of the formation of protostars in molecular clouds and make a connection with some of 
thee basic ideas concerning the overall process of star formation in galaxies. 

2.22 Star formation in the local disk ISM 

Molecularr clouds are observed to be the birth sites of all stars nowadays formed in the Galactic disk as well 
ass in other nearby galaxies. Individual molecular clouds (MCs) are thought to form by contraction and 
accumulationn of atomic hydrogen clouds. Molecular cloud complexes may then be built from the coalescence 
off  several giant MCs. The largest MC complexes in the Galactic disk (kpc scales, ~107 — 10s M 0 ) are 
observedd to contain several giant MCs (102 pc, 104 M Q) . These giant MCs often include smaller clouds 
(—— 1 —10 pc, 102 — 103 M Q ) which in turn may contain dense and compact cloud cores (~0.1 pc, 1—10 M H ) . 
Starss are observed to form only in these compact molecular cloud cores (e.g. Myers et al. 1987). 

AA young radiat ing star may be observed as a far-infrared source when still embedded in its opaque 
parentt MC. If the star 's ionizing flux is sufficiently high, the parent MC wil l be associated with an extended 
Hlii  region surrounding the star. Extended far-infrared (FIR) and CO surveys (e.g. Scoville et al. 1987; 
Myerss et al. 1987) have shown that the Galactic disk contains at least two distinct populations of MCs 
(Loo et al. 1987): 1) warm, giant MCs ( T ~ 5 0 - 2 00 K; e.g. OMC1 in Orion) which are mainly observed 
inn the spiral arm regions and wherein preferentially massive O and B stars are formed, and 2) cold, small 
MCss (T~20—40 K; B227 cloud) which are found throughout the Galactic disk and usually do not contain 
starss earlier in spectral type than late type B. The Orion Nebula is one of the nearest regions of recent star 
formationn in the Galaxy. The youngest stars in this giant MC at a distance of about 450 pc are about 3 105 

yrr old (e.g. Zinnecker 1993). 

Nearlyy all Hli regions present in the CO and FIR studied parts of the Galaxy are found to be associated 
withh giant, warm MCs (e.g. Myers 1986). Exceptionally, there are giant MCs which do not show evidence 
forr the formation of OB stars (Myers et al. 1987). This suggests that the star formation process in MCs 
iss st imulated under specific local conditions both in t ime and space. For instance, CO-observations of MCs 
inn the Galactic disk reveal that massive stars form preferentially in the cores of MCs (e.g. Grabelsky et al. 
1987;; Larson 1991). In most Hli regions, massive stars do not appear alone but are usually accompanied by 
aa cluster of low-mass pre-main-sequence stars. Evidence for high-mass star formation without accompanying 
low-masss star formation are very rare (Zinnecker 1993). In contrast, there are many sites of low-mass star 
formationn without associated high-mass star formation. The preponderance of small, low-mass MCs without 
Hl ii  regions indicates that massive stars tend to be absent in such MCs (Myers 1977; Waller et al. 1987). 
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Thee observations above suggest that: 1) the mechanism underlying the formation of the cores ami 
large-scalee structures in MCs must play a fundamental role in the physics of star formation (Lada et al. 
1993),, 2) the condit ions of MCs which form solely low-mass stars are very different from MCs that form 
high-masss stars (e.g. Cernicharo 1992), and 3) star formation is probably a self-regulated process of which 
thee efficiency depends on the efficiencies of cloud formation, of processes init iating star formation, and of 
cloudd destruct ion mechanisms (Lada et al. 1993). 

 B imodal star format ion and other concepts 

Thee concept of b imodal star formation is based on the observed duality in the birth sites of stars of different 
masss (see review Shu et al. 1993). The decoupling of low and high-mass star formation originates from 
Herbigg (1962) who proposed that low-mass stars form continuously over an extended period, interrupted 
onlyy by the relatively rapid formation of high-mass stars (see below). These massive stars presumably heat, 
ionize,, and disrupt the parental MC, preventing further star formation (e.g. Grabelsky et al. 1987; see also 
Larsonn 1988). 

Observat ionall  studies from Leisawitz (1985; see also Larson 1988) show that remnant molecular cloud 
fragmentss are detected mainly around clusters of stars older than ~ 5 106 yr. These results are consistent 
wit hh that of Garmany, Conti k. Chiosi (1982) who found cloud dipsersal t imes of a few 106 yr based on a 
comparisonn of evolutionary tracks for massive stars (m <; 20 M©) that just appear as visible objects. The 
violencee of massive star formation which may lead to dissipation of the remaining molecular material (e.g. 
byy means of supersonic winds, ionization driven shock fronts, and/or supernova explosions), supports the 
ideaa of temporal variat ions in the star formation process. In case of bimodal star formation, such variations 
mayy differ for stars differing in mass. 

Inn contrast to the suppression of star formation, massive OB-stars from a preceding star formation 
eventt nearby may also trigger the formation of a new generation of massive stars (i.e. sequential star 
format ion).. Al though the majority of clusters of pre-main-sequence stars associated with OB stars appear 
too form from the dense gas concentrations in the cores of MCs, it appears that some clusters owe their 
originn to activity in the ISM associated with pre-exisiting generations of massive stars (e.g. Elmegreen 1989; 
Blaauww 1991; Massey et al. 1995). In several cases, multiple daughter star formation sites appear to originate 
fromm one parent site of star formation (cf. Zinnecker 1993; Goldsmith 1995). This addresses the concept 
off  spontaneous vs. induced high-mass star formation in the Galactic disk ISM. Other examples of induced 
starr formation include star clusters which are formed during the impact of a high-velocity cloud with the 
Galact icc disk ISM (e.g. in case of the majority of the open clusters in the Perseus spiral arm, cf. Phelps 
1993;; see also Sect. 5.5.2). The process of infall induced star formation is common in the Galactic disk (e.g. 
Lépinee fc Duvèrt 1994; see Chap. 5) and may be the dominant mode of star formation in galaxies in which 
loww surface densities inhibit global star formation (see Chap. 6). 

Inn addit ion to the concepts of bimodal star formation and spontaneous/ induced star formation, recent 
observationss indicate two main star formation modes (Lada, Strom, and Myers 1993): 1) an isolated star 
formationn mode in which single stars (or binaries) form from the individual gravitational collapse of small, 
isolatedd cores distr ibuted throughout a MC (typically 0.3 stars pc~2) , and 2) a clustered mode of star 
formationn in which rich clusters of stars form more or less simultaneously from a single massive concentration 
off  dense gas, not in an isolated environment but in a densely packed one (e.g. 50 stars pc~2) . Observations 
showw that the clustered mode is the dominant mode of star formation in several giant MCs in the Galactic 
disk.. Clearly, the physical conditions in the massive MC cores producing rich clusters of stars are expected 
too be different from those in isolated MC cores forming single stars, e.g. in terms of star formation efficiency, 
stellarr mass function at birth (see below), and star formation rate. A discussion of these conditions is 
beyondd our scope. Instead, we consider in some detail the basic idea of star formation by fragmentation of 
M CC clumps. 

 Fragmentat ion 

Fragmentat ionn seems a plausible mechanism for the formation of stars in MCs (Spitzer 1978; Downes et 
al.. 1987; Larson 1988). Gravi tat ional instabilit ies in a homogeneous gas in pressure equilibrium wil l occur 
forr cloud masses larger than the critical mass for gravitational collapse according to the Jeans criterion (cf. 
Spitzerr 1978): 

== f^£.Y/2 l 0.03T1/4 

wheree T is the cloud kinetic temperature, /< the mean mass per particle, and pQ the unperturbed, homo-
geneouss cloud density (k and G are the Boltzmann and the gravitational constant, respectively, and mH 

MM««>M>M >>  ={-ÏG)  :v> * w w p ^ : 
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denotess the mass of a hydrogen atom). Due to the self gravitation of the denser gas regions, gravitat ional 
instabilit iess may grow and protostars are likely to form. With % the free-fall t ime of a homogeneous sphere 
(definedd as the t ime for a particle to travel halfway to the gravitat ional center of a spherical system) with 
meann density po (and nu the hydrogen number density in the cloud): 

// 3TT \ 1 / 2 4-3 ! 07 r i 
\%2GpoJ\%2GpoJ nH(0) 

onee expects the densest regions to collapse at the shortest free-fall t imes. Usually, the free-fall t ime in a 
homogeneous,, spherical MC is longer than the t ime scale for thermal adjustment (see Kippenhahn & Weigert. 
1994)) so that the collapse proceeds almost isothermal. The collapse of the homogeneous central part of the 
cloudd resembles free-fall as long as the mat ter can release gravitational energy via radiation. For isothermal 
collapse,, the Jeans mass decreases with p~1^2 (Eq. 2.1). During the collapse, the free-fall t ime becomes 
shorterr as the density increases (Eq. 2.2). When the gas becomes opaque and T increases, pressure becomes 
importantt and the cloud collapse is halted. 

Onlyy cloud masses large compared to stellar masses can become gravitationally unstable. A gas cloud 
exceedingg the Jeans mass, collapses and undergoes fragmentation: cloud fragments become unstable and 
collapsee faster than the cloud as a whole. The result is that for a collapsing cloud with mass Mc\ ^ M j , 
increasinglyy smaller and less massive gravitational condensations become the precursors of protostars with 
subsequentlyy smaller masses. This is the basic idea of opacity-limited fragmentation. As discussed above, 
thiss kind of fragmentation can go on as long as the collapse remains roughly isothermal. Fragmentat ion 
stopss approximately when the gas becomes so opaque that the radiative cooling time becomes longer than 
thee free-fall t ime (Downes 1987). 

Thee fragmentation scenario roughly explains the observed mass l imit s of stars (i.e. between ~0.1 and 
60—1200 M Q ; e.g. Scalo 1986) according to the gas densities and temperatures in MCs (e.g. Spitzer 1978). 
Starss with masses as large as ~ 1 03 M Q do not form, because fragmentation wil l occur during the extremely 
sloww collapse of such low-density, high-mass concentrations. From estimates of the thermal adjustment 
t imee scale, fragmentation ends when the Jeans mass of the fragments are of the order of 0.1—0.5 M(;> (see 
Kippenhahnn and Weigert 1994). Fragmentat ion appears the most probable, although incomplete, concept 
forr star formation in MCs. The reverse process whereby massive stars would form by coalescence of low-mass 
protostarss is (as is the case for the formation of entire galaxies) rather unlikely since in that case the narrow 
rangee in stellar mass observed would be hard to explain. 

Thee observational fact that massive stars are formed predominantly in giant MCs while the formation 
off  low-mass stars in such clouds appears inhibited is in the view of fragmentation explained by heating, 
ionization,, and radiation pressure associated with the first generations of high-mass stars formed. However, 
wee recall that opacity-limited fragmentation may be an oversimplified picture since e.g. magnetic fields 
(supportt of MCs against their self-gravity), cloud rotation, and turbulent velocities may affect the star 
formationn process in MCs as well (e.g. Shu et al. 1993). 

2.33 Global star formation in galaxies 

AA first step towards understanding the gas-star cycle in galaxies is to consider the impact of the different 
formationn and evolutionary histories of low and high-mass stars (as well as their element yields and stellar 
remnants)) on galactic chemical evolution (Dopita 1990). High and low-mass (m ^ 1—2 M Q ) stars may be 
formedd in different environments (see above). This may constrain theories of the history of the star formation 
ratee (SFR) in galaxies. The formation of low-mass stars (e.g. m ^ 1 M r t ) in galaxies may be primari ly 
relatedd to the gas surface density crg according to a Schmidt (1959) like variation of the SFR: oc cr'1 (with 
nn — 1—2; see also Caimmi 1995). The formation of high-mass stars in galaxies may be related to the total 
(bothh gas and stellar) surface density (see e.g. Dopita 1990; Dopita &; Ryder 1994) which results in a SFR 
dependingg both on the total surface density and surface density of the gas. 

Sincee most stellar mass is contained in low-mass stars (m ^ 1 M 0 ; see below) one may expect that the 
formationn of such stars is associated with the dominant mode of star formation in galaxies. The concept of a 
criticall  minimum gas density, i.e. a 'star formation threshold', below which star formation cannot take place 
mayy play a key-role in the onset of star formation in galaxies (e.g. Kennicutt 1983). This may apply both to 
thee low-mass and relatively high-mass star formation modes in galaxies although the threshold for massive 
starr formation may require e.g. considerable higher gas densities and larger MC masses. In principle, the 
starr formation threshold is implicitl y included in models in which the SFR strongly depends on the local gas 
density.. To explain an important high-mass mode of star formation, additional conditions may be required 
suchh as the presence of a deep gravitational well associated with a pre-existing stellar populat ion, e.g. 
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concentratedd in the galactic nucleus and spiral arms. This would trigger efficient star formation of massive 
starss in the densest regions of galaxies until the gas is exhausted. Such gravitational instabilities st imulat ing 
massivee star formation may be associated also with local gas infall and/or tidal interactions/merging between 
galaxies. . 

AA star formation law in disk galaxies based on the assumption that the pressure in the ISM is deter-
minedd by the energetic processes associated both with star formation and the older stellar populations has 
beenn derived by Dopita (1985). In this case, the process of star formation pressurizes the ISM and provides a 
self-regulatingg feedback on subsequent star formation. The vertical velocity dispersion of the gas is assumed 
too be the result of the dynamic balance between the energy input by massive and intermediate mass stars 
andd the energy dissipation by cloud-cloud collisions in the disk. This assumption is shown to lead to the 
predictionn that gas-rich disk galaxies have a SFR proportional to the product of the total galaxy mass and 
thee surface density of the gas (Dopita 1985). In this case, the SFR decreases exponentially with age in a 
givenn galaxy on a t ime scale determined by the gas depletion time scale (depending on gas consumption by 
starr formation and infall/accretion of gas) and a pressure equipartit ion t ime scale (depending on the pressure 
supportedd by star formation and e.g. SNIa associated with older stellar populat ions). Local over-pressure 
resultss in enhanced star formation and leads to a stochastic, self-propagating SFR. This model is consistent 
withh a number of observations as discussed by Dopita (1985, 1990), Russell fc Dopita (1992), and Dopita k 
Ryderr (1994) and probably is the most successful model for star formation in galaxies currently available. 

Modelss in which the SFR is regulated by the gas density in the disk as determined by the t ime 
scalee of gas infall and the t ime of gas consumption (e.g. Clayton 1985) are more difficul t to relate to the 
locall  propert ies of the star-forming ISM, but provide very similar results to the Dopita SFR model and 
aree as successful as the Dopita SFR model in reproducing the observations. In both models, the SFR 
iss basically described by two time scales. However, none of the SFR models so far available deal with 
thee probably different formation sites of low and high-mass stars or the isolated/clustered modes of star 
formationn suggested by the observations. Furthermore, it appears more natural to have a theory which can 
explainn the variation of the SFR with age and the mass spectrum with which stars are formed both at the 
samesame time. The usual distinction between the variation of the SFR with age and the stellar mass spectrum 
att birth seems not justified by the observations and theories which couple these quantit ies probably wil l 
improvee our understanding of the complex process of star formation in galaxies. 

2.44 The stellar mass function at birth 

Thee stellar mass function at birth is a fundamental ingredient of theories of star formation: it is the essential 
linkk between the small-scale processes leading to star formation and the overall properties of entire stellar 
populat ionss in galaxies. The so called initial mass function (IMF) provides detailed information about the 
relativee formation probabi l i ty of stars of a given mass (averaged over the lifetime of the star forming system 
thatt is considered). We wil l deal with the IM F in more detail in Sect. 4.3.1. Here we wil l restrict ourselves 
too several relevant observations concerning the IM F of stars formed in the local Galactic disk and emphasize 
thee importance of the IM F for galactic evolution studies. 

Thee empirical IM F peaks at both 1.2 and ~3 M 0 (Scalo 1986) and roughly follows a power law 
ON/dmON/dm oc m~'y with slope 2.35 (i.e. the Salpeter (1955) IMF) for stars more massive than ~ 2 -3 M ( ) . The 
detai ledd variation of the IM F at low masses (m <>  2 -3 M 0 ) is not very well known. It may either continue to 
increasee or it may flatten towards low-mass stars. Observations over the past decade suggest that the slope 
off  the mass spectrum for less massive stars down to m ~0.08 M 0 is much flatter, with slopes 7 <^1.3 (e.g. 
Scaloo 1986). For convenience, i t is usually assumed in galactic evolution studies that the masses of stars at 
birthh are simply distr ibuted according to the Salpeter IM F over the entire mass range. As we wil l show in 
Sects.. 4 .3 .1 -4, the slope of the mass function at low masses (i.e. m ^ 1 M 0 ) and the lower mass limi t of 
s tarss at birth have very impor tant implications for Galactic chemical evolution. 

Recently,, one of the smallest stars in the Galaxy, G 1623b, has been observed with the refurbished HST. 
Itss luminosity is about 6 10~4 t imes fainter than the Sun and its estimated mass is about 0.1 M ( ) . G l623b 
iss the smaller component of a double star system with an orbital separation of about 3 108 km. Hubble 
observat ionss suggest that these low-mass stars are surprisingly rare and certainly do not belong to the most 
numerouss stars in the Galaxy (e.g. Barbieri 1994; see also Tinney 1993). Objects in the mass range 0.04-0.1 
M(.)) have been suggested to exist in significant numbers in regions associated with the Pleiades (Hambly & 
Jamesonn 1991; Simons k Becklin 1992), although large uncertainties are involved (see e.g. Zinnecker 1993). 

Theree are several indications that the stellar lower mass limi t at birth may vary in different galactic 
environmentss (Silk 1987). When the origin of the IM F and stellar mass limit s at birth are described in terms 
off  the distr ibut ion of suprathermal l inewidths in MGs (Silk 1995; line widths are generated by protostellar 
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outflowss which are responsible also for l imitin g the mass that is accreted by a forming star; see also Adams 
&&  Fatuzzo 1996) such variations can be explained naturally. For instance, there is accumulating evidence 
thatt starburst galaxies are forming exclusively massive stars and that very few low-mass stars are formed in 
suchh systems (e.g. Rieke et al. 1985; Larson 1986; Silk 1987; Doane & Mathews 1993). This may be due to 
aa shift of the lower mass limi t towards masses as large as ~2—3 M e (note that at these masses the IM F 
off  stars in the Galactic dis peaks). In particilar, the lower mass limi t wil l be extremely sensitive to the gas 
temperaturee according to the Jeans criterion (Eq. 2.1). 

F i g u ree 2.1 Empirical mass function of M 
dwarfss in the Galaxy obtained with HST 
images.. Stellar mass decreases from left to 
right.. Figure adopted from Gould, Bah-
call,, and Flynn (1996). 

00 -.5 -1 

log(mass) ) 

Recently,, the IM F of M dwarfs in the Galactic disk has been derived by Gould, Bahcall, and Flynn (1996; 
seee Fig. 2.1) using observational data for 257 M dwarfs (8 ^ My[mag] ^ 18.3) detected in HST images after 
it ss first service. These observations reveal that the disk luminosity function of M dwarfs drops strongly for 
M vv > 12 mag (m <i 0.25 M 0 ) and decreases by a factor ^ 3 by My ~ 14 mag (m ~ 0.14 M(.>). The derived 
masss function appears to peak at ~0.23 M Q for a linear mass function dN/dm (cf. Fig. 2.1). The slope of 
thee observed mass function at 1 M Q is about -2.33 which is close to Salpeter. The rise of the mass function 
off  the M dwarfs with the lowest masses detected is suggestive but without statistical significance (see Gould 
ett al. 1996). The M dwarfs with 0.1 Ss m [M Q] ^ 1 .6 appear to have characteristics intermediate to that of 
thinn disk and spheroid populations while the estimated scale length of the M stars detected is 4 kpc. 

Gouldd et al. state that a Salpeter IM F for M stars with My ^ 8 mag is ruled out at the Via level by 
thee HST images. Furthermore, they emphasize that the behaviour of the observed decrease in the luminosity 
functionn of M dwarfs is in good agreement with the ground-based photometry studies of nearby stars by 
Stobiee et al. (1989). If the observed mass function of M dwarfs is not affected by selection effects, statistical 
incompleteness,, or uncertainties in the mass-luminosity relation for these low-mass stars (which may e.g. 
dependd on initial metallicity, stellar age, or other stellar quantit ies) and if all low-mass stars ever formed 
inn the Galactic disk have been formed according to the same mass function, these observations exclude a 
Salpeter-likee IM F or Scalo IMF. However, it is in particular unclear if and how corrections for vertical stellar 
orbitall  diffusion (escape of stars to larger scale heights) have been applied. 

Wee wil l argue in Sect. 4.3.4 that if the IM F decreases for stars with masses less than -~0.25 M (;), as 
iss suggested by the HST observations reported by Gould et al., there would be a severe overproduction of 
heavyy elements in the Galactic disk ISM due to the enhanced formation probability of stars with masses <;1 
MQMQ as compared to the Salpeter IMF. To convert ~ 9 0% of the disk ISM into stars by star formation over 
thee lifetime of the Galactic disk (as suggested by the observations), low-mass stars which lock up ISM for 
t imess long compared to the lifetime of the Galaxy must be formed in sufficiently high numbers. For the IM F 
shownn in Fig. 2.1, combined with the Salpeter IM F for more massive stars, the gas consumption argument 
wouldd imply that too many massive stars are formed over the lifetime of the Galactic disk. Gonsequently, 
substantiall  over-enrichment of the disk ISM would be the result (according to the stellar yields described 
inn Sect. 3.3). Thus, there would be no way to explain the present-day abundances observed in the ISM by 
meanss of such strongly decreasing IMFs towards low-mass stars. 
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Althoughh a detailed investigation of the present-day ISM abundances as constraint to the IMF for low-mass 
starss is beyond the scope of this section, the above example illustrates that there is not much freedom for 
aa strongly decreasing IMF towards low-mass stars. This may imply that: 1) not all long-living stars are 
formedd according to the mass function implied by the M dwarf observations, i.e. a distinct IMF for stars 
off  a given mass differing in properties other than initial mass (e.g. metallicity, galactic age at which the 
starr is born, ISM conditions of the parent MC, etc.), 2) not all stars are formed according to the same star 
formationn history (i.e. a bimodal SFR: stars are formed with rates depending on e.g. initial mass; see above). 
AA stellar mass function varying with galactic age would be an convenient theoretical description of these 
possibilities.. For instance, when the upper stellar mass limit at birth mu at early epochs in the evolution 
off  the Galaxy would be considerably smaller (e.g. mu ~ 8 M© ) than indicated by the observations (mu ~ 
60—1200 M 0 ; e.g. Scalo 1986; Kroupa et al. 1993), this would avoid the overproduction of heavy elements 
discussedd earlier. The above example illustrates that variations in the stellar mass limits at birth (or in the 
slopee of the IMF) with galactic age may solve the inconsistencies implied by the HST observations. 

Cameronn (1962) was among the first ones to suggest that the IMF of the stellar generations formed at 
thee time of onset of star formation in the Galaxy may have been very different from the present-day mass 
functionn of stars at birth (e.g. Salpeter's IMF). Since stars with masses m ^0.9 M© are the only ones still 
aroundd from the very metal-poor stars formed at the early epoch of star formation in the Galaxy, no detailed 
informationn is available on the formation history of more massive stars during these epochs. In particular, 
present-dayy observations cannot exclude the possibility that the formation of massive stars was suppressed 
att early Galactic evolution times. As we will discuss in Sect. 4.3.4, the abundance-abundance relations 
observedd among Galactic halo stars cannot provide detailed tests for the IMF of stars more massive than 
~11 My. Although massive stars must have been formed in substantial numbers to enrich the star forming 
ISMM during early Galactic evolution, a small population of massive stars would be sufficient to enrich the 
diskk ISM up to the level of enrichment observed in the most metal-poor disk stars (e.g. [Fe/H]^ -1.2). This 
iss true in particular if the disk built up gradually (by accretion and accumulation of material e.g. frofromm 
thee Galactic halo) so that the injection of relatively small amounts of heavy elements would enrich the disk 
ISMM efficiently. 

Iff  the SFR is mainly regulated by the local gas density, one may expect that the mass spectrum of stars 
iss sensitive to the gas density as well. For instance, the formation of massive stars could be suppressed in 
relativelyy low-density regions in the ISM. In this scenario, the formation of massive stars would be favoured 
towardss later epochs in the evolution of the disk provided that the gas density in the plane of the disk 
increasess with age (i.e. gas infall/accretion exceeds the amount of gas consumed by star formation). Clearly, 
thiss would have important consequences for the chemical enrichment of the disk ISM. Instead of variations 
inn the stellar mass function at birth with Galactic age, similar effects on Galactic chemical evolution could 
bee achieved e.g. by variations in the upper mass limi t of stars that eject a substantial fraction of the enriched 
materiall  exterior of their iron core (i.e. by supernova explosions). Such variations may be expected if the 
detailedd explosion mechanism of massive stars depends on e.g. the initial stellar metallicity (see Sect. 3.3.3). 
Wee note that the effects of an age-dependent IMF on Galactic chemical evolution heavily depends on the 
mannerr in which infall regulates the gas reservoir in the disk as well as the rate of star formation therein. 

Inn the following, we wil l restrict ourselves mainly to the assumption of a Salpeter or Scalo mass function 
forr stars at birth independent of Galactic age. Nevertheless, we found it worth to consider the possibility 
thatt the IMF at low masses may have varied as indicated by the HST observations as well as to address the 
possiblee implications this may have for the chemical enrichment and star formation history of the Galaxy. 
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Modellingg the chemical evolution of the Galac-
ti cc disk: basic equations, assumptions, and stel-
larr input data 

vann den Hoek, L.B., Groenewegen, M.A.T., Nornoto, K., and de Jong, T. 

Abstract t 
Wee describe the set of equations used to model the chemical evolution of the Galactic disk and discuss in 
detaill  the initial conditions, basic assumptions, and stellar evolution data involved. 

Severall  important improvements over previous galactic chemical evolution models (see e.g. Arnett 1973; 
Audouzee &TinsIeyl976; Twarog 1980; Tinsley 1980; Ohiosi 1982; Matteucci 1990; Timmes et al. 1995) are 
madee here which include: 1) the use of an up-to-date and comprehensive library of metallicity dependent, 
stellarr evolution data (e.g. stellar lifetimes, remnant masses, and nucleosynthesis yields) which cover all 
relevantt phases up to the latest stages of stellar evolution, 2) a new, iterative method for solving the 
galacticc chemical evolution equations taking into account the dependence of stellar evolution and chemical 
enrichmentt on initial metallicity, 3) the inclusion in the galactic chemical evolution equations of terms 
associatedd with the inflow and outflow of both gas and stars, 4) a new, detailed treatment of the chemical 
evolutionn of Asymptotic Giant Branch stars and their element yields (see van den Hoek and Groenewegen 
(1997)) for a more extended description of the AGB yields than is given below), and 5) the wide range of 
plausiblee star formation histories (SFR) and stellar initial mass functions (IMF) that can be used in the 
modell  (e.g. IMF depending on the SFR; see Chap. 4). 

Considerablee effort has been made to discuss and to emphasize the assumptions and uncertainties involved 
withh the current generation of galactic chemical evolution models. In particular, a thorough comparison is 
madee between the two state-of-the-art models for the core-collapse and chemical evolution of massive stars, 
i.e.. the model presented by the group of Woosley and Weaver (1996) on one hand, and that presented by 
thee group of Nomoto,Thielemann, and Hashimoto (1996) on the other. This comparison clearly reveals for 
thee first time the magnitude and origin of the uncertainties and differences between the yields of massive 
starss predicted by the two groups and allows for a more reliable interpretation of several discrepancies 
betweenn the models and specific observational constraints to the chemical evolution of the Galactic disk. 

Introduction n 

Thee aim of galactic chemical evolution modelling is to predict reliable abundances in our Galaxy as well as 
inn other galaxies both as a function of t ime and location. Basic ingredients involved with galactic chemical 
evolutionn models are the star formation history and accretion or outflow history of the region of interest (e.g. 
galacticc disk, halo, or bulge), and the nucleosynthesis yields of the stars enriching this region. In principle, 
bothh the star formation and accretion/outflow history are determined by a complex set of processes including 
thee kinematical and dynamical evolution of the galaxy, the hydrodynamical evolution of the ISM (e.g. density, 
temperature,, and pressure), and the interaction between gas and stars (mixing, radial flows, etc.). We ileal 
withh the assumptions related to these processes in Chapter 4. Here we describe a general model for the 
chemicall  evolution of a galactic region such as the Galactic disk and discuss the basic equations and stellar 
inputt da ta used. The region is considered as an open, non closed-box system and is allowed to experience 
infloww and outflow of both gas and stars. We assume that the region is homogeneous at any time in its 
evolution.. Furthermore, we relax the instantaneous recycling approximation (e.g. Searle fc Sargent 1972) 
andd take into account metallicity dependent stellar lifetimes, remnant masses, and nucleosynthesis yields. 

13 3 
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Inn Sect. 3.1, we describe the basic equations, assumptions, and main input parameters used. In Sect. 
3.2,, we discuss the adopted set of metall icity dependent stellar lifetimes and remnant masses. In Sect. 3.3, 
wee present the complete set of metallicity dependent stellar yields of elements up to Zn, both for A(JB stars. 
SNIa,, SNIb /c, and SNII. A discussion of the uncertainties involved in the yields is given in this section as 
well.. Finally, in Sect. 3.4, we make an overall comparison of the yields of intermediate and massive stars 
byy means of both the cumulat ive IMF-weighed yields and the net yield function, and discuss their possible 
implicat ionss for galactic chemical evolution. 

3.11 Basic equations and model assumptions 

Definingg ( ', E, F, and T to be, respectively, the star formation rate by mass (SFR), the ejection rate of 
mat terr by evolved stars, the infall rate of gas, and the transport rate of stars, the equations governing the 
evolutionn of the total masses of stars, gas, and metals can be written as (for details see e.g. Audouze and 
Tinsleyy 1976; Twarog 1980; Tinsley 1980; Marshall et al. 1982; Giisten 1986): 

dM. dM. 

dt dt 
d M , , 

dt dt 

*[ZM*[ZM RR] ] 

dt dt 

==  C-E + T ( ;U) 

== - C ' + E + F + TR (3.2) 

== - C ' Z + F Z + F Z + TZ (3.3) 

wheree Ez is the metal eject,ion-rate of stars formed within the region under consideration, Fz the infall (or 
accretion)) rate of metals onto this region, and Tg and Tz are the amounts of gas and metals returned by stars 
thatt moved into (or out of) this region. In general, all quantit ies in the right hand side of Eqs. (3.1-3.3) are 
agee dependent. For a composite galactic system of multiple regions, these quantit ies depend also on spatial 
positionn (e.g. galactocentr ic radius). Terms associated with gas infall (F) and transport of stars (T) can be 
eitherr positive (addit ion) or negative (reduction). 

Thee evolution of the stellar and gas content is described by Eqs. (3.1) and (3.2) with corresponding 
boundaryy condit ions Mg(Z = 0) = M t o t(0) and M*(t = 0) = 0. The total mass of metals present in the ISM 
iss denoted by ZMg where Z(t) = Mz(t)/Mg(t) is denned as the interstellar metal-abundance integrated over 
elementss heavier than helium (including elements contained within dust). The chemical evolution of element 
jj  can be described in a similar way when replacing the Z-dependent terms in Eq. (3.3) by corresponding 
quant i t iess related to the abundance of element j . The resulting age-metallicity relations (AMR) are obtained 
byy solving iteratively the above system of non-linear, coupled integro-differential equations while accounting 
forr the dependence of the stellar lifetimes, remnants, and stellar yields on initial metallicity (see below). An 
approx imatee analyt ical solution method is given in the appendix to this chapter (Appendix A) . 

3.1.11 Star formation rate and initial mass function 

Thee star formation rate by mass (' and returned mat ter rate E are defined as follows: 

C{t)C{t) = S{t) ƒ mAf (m) dm = ${t) < m* > (3.4) 

ff (m - mrem{m, Z+)) M{m)$(t - T{m, Z , )) dm (3.5) 
rn„(t) rn„(t) 

wheree < m * > is the mean stellar mass formed, m\ and muare the stellar mass limit s at birth, M(m) is the 
IMF ,, S(t) is the SFR by number, r (m, Z») is the lifetime of a s tar with initial mass m born with metallicity 
Z»,, and m r e m( m, Z .) is the stellar remnant mass. In this notation, S{t. — r(m, Z*) ) denotes the star formation 
ratee by number at the t ime a star of initial mass m (dying at galactic age t) was formed. The turnoff mass 
m0( t )) is defined as the mass of a star formed at( / = 0) which ends its lif e at galactic age t, e.g. by evolving off 
thee red giant branch (R(ÏB; or later branches if the star experiences subsequent hydrostatic burning stages). 
Wee emphasize that the turnoff mass m0{t) is very sensitive to the initial stellar metallicity Z*  which has 
impor tantt impl icat ions for galactic chemical evolution (see Sect. 3.2). For convenience, we wil l exclude this 
metall icityy dependence in the notation of m0(t). 

Thee star formation rate C'{/) is defined as the product of the number of stars formed per unit t ime and 
thee mean stellar mass formed. For the IMF, we wil l adopt a power law, i.e. M(m) ~ dN{m)jdm oc n)-"" 
normalisedd as f™u M ( m ) dm = 1 . In general, the conventional assumptions of a separable SFR (i.e. the 
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agee and mass-dependent parts of the SFR are separated) and of an age-independent IMF are convenient 
approximationss when solving the galactic chemical evolution equations. More general expressions for the 
SFRR and IM F wil l be considered in Sect. 4.2. 

Thee ejection rate E(t) includes all mat ter ejected by stars ending their lives at a galactic age t. Since 
thee remnant mass of a star with initial mass m depends on initial metallicity Z_, direct computation of E{t) 
usingg Eq. (3.5) is impossible without detailed knowledge of Z(t). Therefore, an iterative solution method is 
requiredd in order to compute E[t) and Z(t) simultaneously. To facilitate this procedure, Eq. (3.5) has been 
transformedd into an integral over stellar birth t ime tb: 

E(t)=E(t)= [ ( m t - m r e m( r o t , Z . ) ) M(mt)S(tb) ^ dth (3.6) 

wheree mt = m0(t — t , Z*(tb)). This integral can be calculated directly by incorporating the stellar birth 
t imee and the initial metallicity Z* = Z(m,tb) of a star born with mass m. Analogue transformations are 
usedd below when solving integrals with similar terms related to the ejection of material by evolved stars. In 
thiss manner, the galactic chemical evolution equations (Eqs. 3.1—3.3) can be solved iteratively. 

3.1.22 Newly synthesized and unprocessed metals 

Wee consider the total ejection rate of metals Ez(t) (cf. Eq. 3.3) in more detail. We define the rate of newly 
synthesizedd and ejected metals by evolved stars at galactic age t as: 

u u 

#z«w(00 = / mp* (m,Z ,) M(m)S{t - r(m,Z*)) dm (3.7) 
JmJm00(t) (t) 

wheree pz(m, Z+) is the heavy element integrated stellar yield which is defined re la t i v e to the initial metal-
abundancee of the star (cf. Sect. 3.3). In a similar way, we define the ejection rate of unprocessed metals 
(whichh originate from the material out of which a star was formed) as: 

#zoid(00 = / A m t 0 t Z{t - r{m,Zm)) M(m)S(t - r{m,Z*)) dm (3.8) 
JmJm00{t) {t) 

wheree A m t o t = (m — mrem(m, Z*)) refers to the total amount of material ejected by a star of initial mass 
m,, and Z*  = Z(t — r(m, Z*)) is the initial metal-abundance of stars that evolve off the RGB at galactic age 
i.i. Note that Eqs. (3.7) and (3.8) are valid also for the ejection rates of elements j by replacing pz (and Z) 
withh pj (and Zj). In this manner, the total ejection rate of metals can be written as: 

EEzz(t)(t) = E?d(t) + EÏ™(t) (3.9) 

Thiss expression is consistent with the definitions of A m t o t and px above (see Eq. 3.12). In contrast, as has 
beenn pointed out by Maeder (1992), the inclusion of a term —mpz in the definition of Am t o t (e.g. Tinsley 
1980;; Chiosi 1986; many others) is inconsistent with the above definitions and results in large errors for 
elementss with high ISM  abundances such as helium. 

Fromm Eqs. (3.3) and (3.8) it is evident that the p resen t -day metal-abundance is very sensitive to 
thee solution of the metall icity equation in the p a s t. Apart from the retardation term Z(t - r(m, Z*) ) in 
Eq.. (3.8), both the metallicity dependent stellar yields pz(m, Z+), remnant masses 7nrem(m, Z , ), and stellar 
lifetimess r(m,Z*), determine the stellar ejection rates E(t) and Ez(t). In turn, the stellar ejection rate E(t) 
affectss the present-day gas-to-total mass ratio /M = Mg/Mtot which, thereby, is a strong function of the 
enrichmentt history of the ISM (and so are all quantit ies that are related to // such as the SFR). Conversely, 
thee gas fraction fi(t) plays an important role for the abundances in the ISM and an iterative solution method 
off  the galactic chemical evolution equations is required. 

Inn Sect. 3.3 we wil l describe the yields pz(m,Z* ) of Asymptot ic Giant Branch (AGB) stars, SNII, 
SNIa,, and SNIb/c. These yields are used in Eq. (3.7) and are linearly interpolated in m and Z*  if necessary. 
Wee wil l assume that the enriched material is returned instantaneously at the moment a star ends its life, 
evenn though a substantial fraction of the metals ejected is returned during the lifetime of the star. This 
assumptionn seems justified as model calculations by Guzik & Struck-Mar cell (1988), which incorporate the 
effectss of continuous stellar mass loss, show that the resulting gas fraction ft(t) as well as age-metall icity 
relationn Z(t) do not differ by more than ~ 1 0% compared to models with instantaneous loss of the stellar 
envelopee at the end of a star 's lifetime. Note that this assumption is rather distinct from the instantaneous 
recyclingg approximation in which the stellar lifetimes are assumed to be zero. 
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Ass discussed above, we assume that the interstellar gas is well mixed, i.e. homogeneous, at all evolution 
t imes.. This assumpt ion is valid as long as the mixing time scale of the ISM (~107 — 108 yr; e.g. Edmunds 
1975;; Tinsley 1980; Cioffi ^ Shull 1991: Roy k Kunth 1995) is comparable to (or shorter than) the enrichment 
t imee scale. Inhomogeneous chemical evolution of the ISM wil l be considered in Chapter 5. 

3.1.33 Init ial condit ions, model parameters, and solution method 

 Initial conditions 

Thee main initial condit ions to the galactic chemical evolution equations, Eqs. (3 .1-3.1), are the galaxy 
initiall  mass, the present-day gas mass and total mass, the initial abundances, the galactic age, and the 
normal isat ionn of the SFR. In this section, we discuss these conditions for the («atactic disk (MW) and the 
Magellanicc Clouds (LM C and SMC). 

Inn Table 3.1 we summarize the values adopted for the total mass and gas content in these systems. 
Thee present-day gas content is given by the sum of the masses contained in molecular and atomic hydrogen, 
andd in hel ium. We neglect the mass contained in ionized species as well as that contained in elements other 
thann hydrogen and helium. The corresponding present-day gas-to-total mass ratio /i] is also listed in Table 
3.1.. Unless stated otherwise, we wil l assume that the initial galaxy is void of stars, i.e. M*{0 ) = (J and has 
totall  mass M g(0) = Mtot (i.e. /<(0) = 1) as listed in Table. 3.1. We note that absolute errors in the data 
includedd in Table 3.1 may be as large as 50%. 

Thee value of f.t\ — 0.05 — 0.15 in the Galactic disk is based on observations in the solar neighbourhood 
(e.g.. Kulkarni k Heiles 1987; Fich k Tremaine 1991). In the following, we wil l adopt /*j = 0.1 as the most 
probablee value. For the LMC, a somewhat larger value of//] - 0.15 is adopted. In the SMC, nearly half of 
thee total galaxy mass has been converted into long-living stars (and remnants), i.e. /i] ~ 0.5. 

Initiall  element abundances are taken to be primordial (unless stated otherwise). Primordial hydrogen 
andd helium abundances are adopted as Xp = 0.768 and Yp = 0.232 (cf. Page] 1992). Primordial abundances 
off  elements heavier than helium are set to zero. 

Tab lee 3.1 Total mass and gas content of the Galactic disk and Magellanic Clouds 

M mm M~H^ ^ m> M~g M ^ Jt~x References 
[M H]]  [M,;,] [M„ ] [M (,] [M(;>] Hl H, He Total 

M W **  2.2 109 2T7ÖTi FTTf? 6 ^ T f ? Ï T T f F 5 T ^ 3 1,2 4 5,6 
LM CC 3.6 108 1.8 108 1.6 107 5.6 108 6.1 109 5 7,8 9 10 11-13 
SMCC 4.8 108 1.6 108 1.4 107 6.5 1Q8 1.5 109 0 14,15 16 10 14 

**  disk component for R<15 kpc; M lot includes bulge-halo mass contained within R<15 kpc. 
References:: (1) Scoville k Sanders 1987, (2) Kulkarni k Heiles 19*7, (3) Bloemen et al. 19X6, (4) Pagel 1991, (5) 
Fichh k Tremaine 1991, (6) Littl e & Tremaine 1987, (7) Luks k Rohlfs 1992, (8) McGee k. Millon 1966, (9) Cohen et 
al.. 19X8, (10) Lequeux 1984, (11) Meatheringham et. al. 1988, (12) Meatheringham 1991, (13) Hughes et al. 1991, 
(14)) Hindman 1967, (15) Schwering 1988, (16) Rubio et al. 1988 

Inn principle, the ages of the oldest open disk clusters observed in the solar neighbourhood define a minimum 
agee of the Galact ic disk (i.e. the gaseous disk may have been considerably older). Similarly, ages of the oldest 
globularr clusters present in the Galactic halo provide a lower l imi t to the age of the Galaxy as a whole. There 
are,, however, several caveats with such age determinations for the Galaxy. First, the present-day cluster 
distr ibut ionn in our Galaxy, as well as the distinction observed between disk, halo, and bulge components, 
mayy be different, from that in the past. For instance, star clusters may have been tidally disrupted by and/or 
accretedd from nearby galaxies such as the Magellanic Clouds. Second, the onset of main star formation in our 
Galaxyy may not have coincided with the epoch of formation of our Galaxy. Since star formation probably 
propagatedd outwards from the bulge to the outer regions of the Galactic disk and halo, age determinations 
basedd on the .stellar contents of these regions are likely to differ substantially (see Chapter 2). 

Fromm studies of the Galactic open cluster system, the age of the Galactic disk is estimated to be older 
thann 9 - 10 Gyr (e.g. Grenon 1989; Twarog & Anthony-Twarog 19S9). Recent age determinat ions of galactic 
diskk open clusters (e.g. Meynet, Merrnilliod, and Maeder 1993), based on up-to-date theoretical isochrones 
forr stars born with Z — Zt., reveal the presence of open disk clusters older than 9 Gyr (e.g. NGC 2682, NGC 
188,, and NGC 6791) from colour-magnitude diagram fits. The mean age of globular clusters is estimated to 
bee 1 4 - 18 Gyr, both in the MW (e.g. Demarque 1980; Carney 1980; Sandage 1986; Armandroff 1989; I lesser 
kk Bolte 1990) and in the LM C (e.g. Gascoigne 1980; Da Costa 1991). Still many uncertainties are involved 
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withh the ages of the low-metallicity, low-mass stars present, in globulars, in particular concerning the detailed 
chemicall  structure and initial abundances of such stars. 

Wee wil l assume a galactic age /ev =14 Gyr both for the Galaxy and Magellanic Clouds. The onset 
off  star formation in these systems as a whole is assumed to coincide with galactic evolution t ime / = 0. 
However,, we can also simulate e.g. a present-day age of the stellar disk in our Galaxy o f - 10 Gyr by assum-
ingg that the onset of main star formation in the disk occurred at a galactic evolution time / ~ 4 Gyr. In 
otherr words, for a given value of tev, the present-day age of the majority of stars in e.g. the Galactic disk 
cann be fixed in our models by adjusting the specific variation of the SFR with galactic evolution t ime. The 
sensitivityy of e.g. the resulting age-metallicity relations to the adopted value of tev wil l be discussed in Sect. 
4.1. . 

Oncee the galactic age tev, the initial galaxy mass Mtot<  and the present-day gas fraction /JI are specified, the 
nett gas consumption rate (NGOR) averaged over the galaxy lifetime can be derived from: 

< N G C R > == ( 1~ f ) M t o t [M t, y r -1 ] (3.10) 

andd the average past SFR by: 

<SFR>== rJo c(t)dl =
 I ^TT T tM^r_,i  < : U I > 

wheree H(t) = E(t)/C(t) denotes the returned fraction which depends on the SFR, IMF, and the set of 
metallicityy dependent remnant masses assumed (see Appendix B). In this manner, the normalisation constant 
off  the SFR. i.e. C0 ~ S0 < m* > (cf. Eq. 3.4), is constrained by the gas fraction /q reached at a galactic 
evolutionn time tev. 

Tablee 3.2 Present-day and averaged past SFRs [Me y r - 1 ] in the MW, LMC, and SMC 

MW W 
LMC C 
SMC C 

S F R OB B 

3.6 6 
0.14 4 
0.038 8 

S F R H« « 

0.18 8 
0.048 8 

SFRwm m 
2.5 5 
0.23 3 
0.023 3 

S F R T IR R 

5.0 0 
0.30 0 
0.026 6 

<SFR,> > 
3.66  1. 
0.22 1 
0.0355 2 

<SFR> > 
16.55  1.5 
0.66  0.05 
0.088  0.02 

K K 

-4.5 5 
~ 3. . 
-2.5 5 

M W :: data adopted from Dopita 1987; Schwering 1988; Walterbos 1991; 
L M C ,, S M C: Rocca-Volmerange 1981 k. 1984; Kemiicutt & Hodge 1986; 

Apartt from constraints on the normalisation constant, the present-day SFRi can be constrained by inde-
pendentt observations of the Galactic disk and Magellanic Clouds. In Table 3.2 we include present-day SFRs 
ass determined from the observed number of O and B stars (label OB), the integrated Ho emission, and 
thee warm and total infrared luminosities (labelled W1R and TIR, respectively). Present-clay SFRs based 
onn the IR luminosities were obtained by applying the method described by Walterbos (1991, as applied to 
M31)) with the IR luminosities adopted from Schwering (1988). The present-day SFR based on the total IR 
luminosityy provides an upper limi t to the actual SFR (e.g. Parravano 1989; Walterbos 1991). 

Meann present-day SFRs < S F R i> in the Galactic disk and Magellanic Clouds were estimated by av-
eragingg the values based on these individual methods. Average past SFRs < S F R> in these systems were 
derivedd using Eq. (3.11), < Ft> - 0.3 (see Sect. 3.4), and the data in Table 3.1. The ratio K of the average 
pastt and present-day SFR is given in the last column of Table 3.2. We find upper limit s of K = 4.5, ~3 and 
2.5,, for the Galactic disk, LMC, and SMC, respectively. The upper limi t obtained for the Galactic disk is 
consistentt with values of K = 2 .5-4 .5 derived by Twarog (1980) from star counts of F and G dwarfs. We 
concludee that the mean SFR in the past has been considerably higher than at present, both in the Galactic 
diskk and Magellanic Clouds. Other constraints to the normalisation constant and variation of the SFR with 
galacticc age wil l be discussed in Chapter 4. 
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 Model parameters 

Inn addit ion to the initial conditions discussed above, the galactic chemical evolution equations incorporate 
inputt parameters related to the assumed SFR, IMF, infall, and transport functions, as well as parameters 
relatedd to the stellar evolution data used. We here concentrate on the latter kind of input parameters while 
parameterss associated with the SFR, etc. wil l be discussed in Sect. 4.1. 

Inn Table 3.3 we list for the standard chemical evolution model of the Galactic disk, the adopted IMF-
slope,, stellar mass l imit s at birth, and progenitor mass ranges for stars ending their lives as AGB stars, 
S M a,, SNIb/c, and S M I . 

I M FF s l o p e: The stellar visual luminosity function provides severe constraints on the Galactic IM F and SFR 
(e.g.. Sealo 1986, 1988). These observations indicate that 7 as -2 .35 to - 2 .7 for stars more massive than ~1 
MM .. in the solar neighbourhood. The shape of the IM F in the Magellanic Clouds is found to decrease more 
steeplyy towards larger masses (7 « - 2 . 7; cf. Sealo 1986). In our models, the slope (or detailed shape) of the 
IMF ,, in part icular at stellar masses less than 1 M,;} , is an input parameter which is further constrained by 
independentt observations (cf. Sect, 4.3). 

Tab lee 3.3 IMF related parameters and stellar enrichment 

77 -2.35 slope of power-law IM F ?7i"" 
?'?i,, ??J,U [0.1, 60] M<;, stellar mass limit s at birth 
77>jA(;B,, m£tiB [0.8, 8] M(., progenitor mass range for AGB stars 
mfNI1.. m™u [8, 30] M(:}  progenitor mass range for SNII and SNIb/c 
?j)j"Nla,, m'^Nl a [2.5,8] M(.) progenitor mass range for SNIa 
0S N I aa 0.005 fraction of progenitors ending as SNIa 
0S N l b/ °° 0.33 fraction of SNII progenitors ending as SNIb/e 

Wee assume stellar mass l imit s at birth of mi = 0.1 and mu = 60 M^ . Observations are inconclusive about 
thee precise value of m\ due to the uncertain mass-luminosity relation for low-mass stars (i.e. 77*  <̂  0.2 M,0; 
cf.. Sect. 2.3). The precise value of mu = 60—120 M(.)is unimportant for the results presented here as long 
ass the IM F decreases strongly towards massive stars. The formation probability of high-mass stars (777 ^ 60 
M,.,)) is extremely low according to the local IM F (cf. Sealo 1986; Rana 1991), i.e. less than 10~5 t imes the 
formationn probabil i ty of a 1 Mf.) star (assuming a Schmidt-like SFR; cf. Sect. 4.1). In addit ion, the yields 
off  such stars do not. strongly increase with initial mass (e.g. Maeder 1992). 

A G B ::  We assume that stars with initial masses between ~0.8 and 8 M(.) pass through the AGB phase at 
thee end of their lives (e.g. Groenwegen 1993). The lower mass limi t for AGB stars is relatively uncertain 
andd probably depends on initial metallicity (cf. Sect. 3.2). The exact value assumed for m JG B is relatively 
un impor tantt for the results presented here. 

SNIa::  Accreting white dwarfs (WD) in binary systems are thought to be the immediate progenitors of SNIa 
(e.g.. Nomoto et al. 1991). To ensure that the accreting WD eventually reaches the Chandrasekhar limi t 
andd ends as SNIa, a min imum progenitor mass of 77*fNIa ~2.5 MM is required (e.g. Nomoto et al. 1984). 
Similarly,, the max imum mass of the pr imary that can produce a carbon-oxygen WD is m ™ a ~8 M (;). Both 
masss l imit s are somewhat uncertain due to the uncertainties involved with the detailed evolution scenario 
assumedd for SNIa. In addit ion, these limit s depend on e.g. the mass-ratio and the orbital separation of the 
binaryy members (e.g. Greggio k Renzini 1983), as well as on initial metallicity. In the standard evolution 
model,, we assume that a fraction <iSNIa — 0.005 of all WD progenitors, with initial masses between ~ 2.5 
andd 8 M,.M wil l u l t imately end as SNIa (e.g. Ishimaru k Arirnoto 1995). In fact, 0S N I a is the main input 
parameterr used to vary the contribution by SNIa to the enrichment of the ISM. 

S N I I ::  In our models, the main parameter related to the enrichment by SNII is the upper mass limi t for 
SNII.. We assume that stars more massive than m'^Nn do not explode as supernova but end as black hole 
(cf.. Maeder 1992; Nomoto et al. 1994; Prantzos 1994; Tsujimoto et al. 1995: Tinimes et al. 1995). 
Consequently,, such stars contr ibute to the enrichment of the ISM only during their wind phases. Recently, 
Woosleyy and Weaver (1995) argued that when the shock energy (available from neutrino deposition) does 
nott increase substant ial ly as one moves towards higher mass stars, there is a critical mass in,:nt ~30 M,., 
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abovee which stars leave a black hole remnant, (instead of a neutron star). However, black hole formation 
mayy be suppressed (e.g. Maeder 1992) when massive stars experience intense mass loss, especially if they 
aree formed with high metallicities (see Sect. 3.2). 

Anotherr argument often used for black hole formation by very massive stars is based on the fact that 
galacticc evolution models, which use up-to-date SNII yields, predict abundances that are considerably too 
largee compared to the abundances observed in the local ISM and the Sun, in particular for helium and oxygen 
(e.g.. Twarog ik Wheeler 1982; Maeder 1992, 1993; Timines et al. 1995). However, there is no consensus on 
thiss issue due to the uncertainties involved with the pre-SN and SN yields of massive stars which allow for 
mc r i tt £ 50 M(:) (cf. F'rantzos 1994). 

AA similar argument is based on the observed ratio of AY/AZ  ̂ 4 which would require that stars with 
TTII  <; 25 — 30 M(.} collapse as a black hole (e.g. Maeder 1992; Brown & Bethe 1995). This argument relies 
onn theoretical models which predict AY/AZ to decrease towards more massive stars (e.g. Maeder 1992). 
However,, when a massive star experiences efficient mass loss during its wind phase, the mean AY/AZ in 
thee stellar ejecta can be much larger than for the inefficient mass-loss case (Woosley et al. 1995). Therefore, 
thee critical mass above which stars end as black hole is still very uncertain. 

Forr now, we like to emphasize that the value of ??i^NI1 = 30 M ( ) assumed, either motivated by black 
holee formation or by intense mass loss, has a decisive impact on the enrichment by SNII and is of crucial 
importancee for the outcome of galactic chemical evolution models (e.g. Maeder 1992; Tsujirnot.o et al. 1994; 
T immess et al. 1995). We wil l address this important issue in more detail in Sect. 3.3. 

S N I b / c:: Since SNIb/c are thought to originate from stars that lost their hydrogen-rich envelopes during 
thee pre-SN stage, the upper mass limi t for SNIb/c may be considerably larger than in the case of SNII (e.g. 
Woosleyy et al. 1995a). However, because of the uncertainties involved with the observations we here simply 
assumee m'u = mjJNI1. In our models, the contribution by SNIb/c to the enrichment of the ISM is primar-

il yy determined by the fraction </>SNIb/c of stars with initial masses in the range [mpNI1, m^N I 1 ] , that ult imately 
endd as SNIb/c (e.g. when they experience intense mass loss in a close-binary system or during the Wolf-Kayet 
stage).. In the standard evolution model, we assume <£SNIb/c = [SNIb/c / (SNIb/c + SNII)] ~ 0.33 which 
iss based on the observed ratio of the present-day formation rates of SNII and SNIb/c in the Galaxy (e.g. 
vann den Bergh & Tammann 1991; Tutukov, Yungelson k, Iben 1992; Oappellaro et al. 1993). This value is 
somewhatt larger than <^SNIb/c ~ 0.13 — 0.26 derived by F'odsiadlowsky et al. (1992) assuming a Salpeter IMF. 

 Solution method 

Afterr specifying the SFR, IMF, infall functions (F(t), Fz( i ) ) , and transport functions (TR, Tz), the galactic 
chemicall  evolution equations (Eqs. 3.3—3.3) are solved for a given set of boundary conditions and stellar 
inputt data. 

Wee start from a zero order est imate of the enrichment history of the galactic ISM (e.g. linearly increas-
ingg with age) according to the star formation history (SFH) assumed. Thereafter, we compute the resulting 
age-metallicityy relation Z(t) as well as the revised star formation rate C{t) (which e.g. depends on fi(t) by 
meanss of the metallicity dependent stellar ejection rate E{t); see Eq. 3.5). Subsequently, the resulting rela-
tionss for Z(t) and C(t) are used as input in Eqs. (3.1—3.3) and are recomputed. This procedure is repeated 
untill  both relations converge and do not differ by more than a few percent from the corresponding relations 
derivedd in the previous iteration. Usually, between 5—10 iterations are sufficient to find stable solutions, 
dependingg on e.g. the initial conditions and whether or not infall is involved, etc. 

Thee integro-differential equations are solved using a fourth order Runge-Kutta integration method 
withh variable step-size. In general, each integral is calculated up to an accuracy of a few percent. Quantit ies 
off  interest are computed with a t ime resolution of At —5 107 yr. This corresponds to ~ 250 grid points for 
aa galactic age of tev = 15 Gyr. In particular cases, e.g. burst models in which the SFR (or the gas-fraction 
/i )) varies strongly with age over t ime scales ^ 1 0' yr, the number of grid points is increased accordingly. 

Wee verified that the solutions of Z(t) and C{t) are independent of the initial conditions assumed and 
aree insensitive to the adopted age resolution At ^ 1 08 yr as well as the minimum step-size used in the 
integrationn routines. After convergence of Z(t), the entire set of galactic chemical evolution equations is 
solvedd in a self-consistent manner for usually ~15 elements (e.g. H, He, O—Fe). In this manner, the stellar 
yieldss are self-consistently coupled to the variation of the overall metallicity Z(t) according to the assumed 
starr formation history. 
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3.22 Stellar lifetimes and remnant masses 

Wee describe the metall icity dependent set of stellar lifetimes and remnant masses that are used as input 
da taa to the galactic chemical evolution model described in the previous section. 

3.2.11 Stel lar lifetimes 

Wee use the stellar lifetimes from the metallicity dependent stellar evolution tracks presented by the Geneva 
groupp (i.e. Schaller et al. 1992; Schaerer et al. 1993, 1995; Charbonnel et al. 1993; Meynet et al. 1994). Fig. 
3.11 i l lustrates the stellar lifetimes adopted as a function of initial mass (between 0.1 and (JO M,. ) and initial 
metal l ici tyy (between Z — Ü.ÜÜ1 and 0.04) for the following evolutionary phases: main sequence (MS: core 
hydrogenn burning), red giant branch (RGB: shell hydrogen burning), horizontal branch (HB: core helium 
burning),, and (early) asymptot ic giant branch (EAGB, AGB: double shell burning). 

CD D 

en n 
O O 

11 1 

10 0 

RG3 3 hBB — 
ii r 

EAGB B AGE E 

11 0 11 0 1 11 0 1 11 0 1 11 0 1 

Logg in i t ia l Mass [ M 0 ] 
©J J 

F igu ree 3.1 Stellar lifetimes for stars in the mass range 0.8 —GO M,., formed with initial metallicities Z = 0.02 (solid 
curve),, 0.005 (dotted), and 0.001 (dashed). Data from the Geneva group (1995; MS-EAGB), Lattanzio (1991; HB), 
Groenewegenn k. de Jong (1993; EA(iB-AGB) 

Thee Geneva tracks adopted here have been checked against a very wide range of independent obser-
vationss (e.g. Meynet, Si Maedcr 1992). Nevertheless, these tracks are rather sensitive to e.g. the detailed 
t reatmentt of convection, mixing, overshooting, mass-loss, and nuclear reaction rates used (cf. Schaller et 
al.. 1992; Bertelli et al. 1994). In part icular, post-RGB lifetimes are uncertain but this has negligible effect 
onn the ISM enrichment and primarily affects the integrated properties of post-RGB stars (e.g. total number 
andd luminosity; cf. Sect. 4.3). Overall, we expect that the uncertainties involved with the stellar lifetimes 
aree un impor tant for the (qualitative) results presented below. 

Forr stars with m ^ 1.7 \\,.<. the Geneva tracks were computed up to the He (lash. For these stars, we 
usee the metall icity dependent HB and EAGB lifetimes from Lattanzio (1991). The Geneva tracks do not 
extendd beyond the HB for stars with 2< 77)[M,.,] <5. For stars in this mass range, EAGB lifetimes are taken 
fromm Lattanzio (1991) as well. For low and intermediate mass stars (i.e. m =0.8—8 M,.,), we adopt the AGB 
lifetimess from Groenewegen & de .long (1993). Note that the EAGB lifetimes for stars with m i>8 M r t refer 
too the t ime spent by these stars after the HB, i.e. these stars usually do not become AGB stars but become 
Wolf-Ravett stars. 
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Inn general, stellar lifetimes are dominated by the times spent on the main-sequence and increase with 
initiall  metallicity for low- and intermediate mass stars (i.e. m <, 10 M,.,; see below). For more massive stars, 
main-sequencee lifetimes decrease with increasing metallicity. This is primarily due to the large hydrogen 
contentt of stars born with relatively low metal abundances (cf. Schaller et al. 1992). Metallicity effects on 
thee stellar MS lifetimes are generally small for massive stars (i.e. <, 15%) but can be important for low-mass 
starss (i.e. up to ~ 65%). Post-MS lifetimes are relatively insensitive to initial metall icity except for low-mass 
starss (in <>  8 M .,: i.e. variations less than ~25%). 

Fig.. 3.2 shows the turnoff mass as a function of age of a stellar population formed with Z = 0.001, 
0.005.. 0.01, and 0.02. This figure corresponds to the main-sequence panel from Fig. 3.1 and il lustrates that 
att a galactic lifetime of tev = 15 Gyr, the main-sequence turnoff mass m0(tev) is rather sensitive to initial 
metallicity,, i.e. m0( i e v) = 0.8 and 0.95 M(., for Z = 0.001 and 0.02, respectively. Conversely, the stellar 
lifetimee T(m,Z,) for a given turnoff mass of m = 0.9 M,., increases from 11 to 18 Gyr for stars born with 
ZZ = 0.001 and 0.02, respectively. This has important implications for galactic chemical evolution models 
since,, at a galactic age t, only stars with r(m, Z,) ^ i are able to contribute substantially to the enrichment 
off  the ISM. 
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F igur ee 3.2 Stellar main-sequence 
turnofff  mass vs. galactic evolution t ime 
ttevev for  stars formed with initial nietal-
licitiess Z = 0.02, 0.010, 0.005, find 0.001 
(seee legend). Data from the Geneva 
groupp (1995) 
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Thee primary effect of taking metallicity dependent (main-sequence) lifetimes into account is that intermediate 
andd low-mass stars with low metallicities contribute their nucleosynthetis products at relatively early epochs 
inn galactic chemical evolution as compared to conventional (solar metallicity) models (e.g. Bazan h Mathews 
1990). . 

3.2.22 Stellar remnant masses 

 Asymptot ic giant branch stars 

Fig.. 3.3 shows the initial-final mass relations adopted for low and intermediate mass stars born with metal-
licitiess between Z = 0.001 and 0.04 (see Groenewegen & de Jong 1993; van den Hoek fc (iroenewegen 1997). 
Thesee relations were computed by taking implicitl y into account the dependence of mass-loss on the AGB 
onn initial stellar composition (standard AGB model, cf. Sect. 3.3). At high metallicities (e.g. Z ~ 0.04), the 
initial-finall  mass relation predicts the smallest WD remnant masses. 

Thee initial-final mass relations mrem(m) at different initial compositions are roughly consistent with 
thee maximum limi t of remnant-masses allowed for by observations of C +O white dwarfs (WD) in the solar 
neighbourhoodd (see Weidemann & Koester 1983; Weidemann 1990). Furthermore, these relations agree well 
withh the theoretical predictions by Vassiliadis & Wood (1993). 

Observationss of intermediate mass AGB stars (3.5 ^ m[M,.,] <i 8) are dominated by WDs born at 
highh metallicty (Z w 0.02). This is probably due to to the short cooling times of massive WDs (mvyi) *£ 0.8 
M (.,;; cf. Wood 1992). Also, the initial-final mass relation observed for stars with m <, 1 M(., appears to 
includee predominantly stars born with Z <; 0.02. This is probably due to the combined effects of: 1) stellar 
main-sequencee lifetimes which decrease with metallicity for low and intermediate mass stars, and 2) the 
rapidd early enrichment of the Galactic disk. 
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F i g u ree 3.3 Theoretical initial-final 
masss relations for intermediate mass 
starss with m — 0.8—8 M.., and Z — 
0.04,, 0.02, 0.008, 0.004, 0.001. Maxi-
mumm initial-final mass relation allowed 
forr by the observations of white dwarfs 
inn the solar neighbourhood (e.g. Wei-
demannn & Koester 1983; Weidemann 
1990)) is indicated by the shaded area 

Forr AGB stars in the Magellanic Clouds, having metallicities substantially below that observed in the 
Galact icc disk, we wil l use initial-final mass relations similar to those shown in Fig. 3.3. In particular, AGB 
starss in the SMG probably experience mass-loss that is less efficient than predicted by the standard model 
forr AGB stars in the Galact ic disk. Thus, the WD remnants of low and intermediate stars in the SMC on 
averagee wil l have substant ial ly larger masses than those in the Galactic disk (see Sect. 6.2). 

 Supernova progenitors 

SNIaa progenitors presumably originate from accreting and/or coagulating WDs in a binary system. SNla 
leavee no remnant as the WD is believed to he disrupted completely during the explosion. In contrast, SNII 
progenitorss usually leave a neutron star remnant (or a black hole if the progenitor mass is larger than a 
certainn critical stellar mass; see above). 

Fig.. 3.4 shows the adopted sets of rnetallicity dependent initial-final mass relations for stars with 
mm = 8 — 60 M(.j. Remnants of stars with ?7i <, 8 M Q are shown for comparison. We use two distinct data 
sets:: the first da ta set is from the Geneva group which includes rnetallicity dependent stellar mass loss, the 
secondd one is from Woosley and Weaver (1995, hereafter WW) and does not include mass loss. The remnant 
massess shown are the final masses after core collapse. For stars with masses m is 30 M,:,, the core collapse 
iss accompanied by a SNII (or SNIb/c) explosion. For more massive stars, core collapse may be so rapid 
thatt an explosive shock wave cannot escape from the stellar surface. Such stars presumably end as black 
hole.. As can be seen from Fig. 3.4, large differences are present in the remnant masses predicted by the two 
groups,, especially for stars more massive than ~30 M(.,. These differences are primarily due to the different 
t reatmentt of stellar mass loss as we wil l discuss below. 

Inn case of the Geneva group data, a star with m — 10 M Q born with solar rnetallicity leaves a neutron 
starr remnant, of ~1.4 M Q . Similarly, a 25 M Q star is predicted to leave a ~3.2 M Q neutron star whose 
masss is relatively insensitive to initial rnetallicity. Stars with 10  ̂ m[M ;.,] <i 30 usually experience iron core 
collapsee inside a helium and hydrogen-rich envelope while those with m ^ 30 M Q presumably undergo iron 
coree collapse inside an envelope which predominantly contains helium (e.g. helium-rich Wolf-Rayet stars; 
e.g.. Branch &  Nornoto 1991). This has important consequences for the remnant mass as can be seen from 
Fig.. 3.4. 

Thee Geneva group explicitly takes into account the dependence of stellar mass loss on initial rnetallicity. 
Inn part icular, the large opacity in high-metall ir i ty stars results in relatively high mass-loss rates and small 
remnantt masses. In fact, stars with m ,> 25 - 30 M Q born with high metallicities may loose most of then-
envelope,, during the stellar wind phase and/or the Wolf-Rayet stage. Alternatively, stars with m ^ 25 - 30 
M QQ may end their lives as a black hole depending on the part of the mantle layer that is accreted onto the 
coree (e.g. Maeder 1992). For this reason, remnant masses of stars with m ^ 25 MH are relatively uncertain, 
especiallyy at low metall icit ies. Remnant masses for stars with Z = 0.02 (cf. Maeder 1992) are similar to 
thosee given by Hashimito k Nornoto (1992) and Thielemann et al. (1993), except for small differences for 
starss in the mass range 20 — 25 M(-,. 
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Figuree 3.4 Left panel: Remnant masses of stars in the mass range O.S—60 M(., formed with initial nietallicities Z = 
0.04.. 0.02, 0.00S, 0.004, 0.001 (see legend). Data from the Geneva group (1995) and van den Hoek fe Groeiiewegen 
(1997)) for stars with m <i 8 M 0 . Right: Same as left panel but data from Woosley k Weaver (1905). Data for SNIb/c 
aree taken from Woosley, Langer, and Weaver (1995). Remnants of SNII and SNIb/c progenitors with in = X — 12 
M(:,, and with m ït 40 M[.; were extrapolated 

Inn case of the WW data, the remnants of stars with m ^ '25 — 30 M,., are substantially less massive than 
thosee given by the Geneva group. For instance, the WW models predict a remnant of mr em ~ 1.9 M,. for a 
255 IV!,., progenitor, compared to mr em ~ 3.2 for the Geneva tracks. In contrast to the Geneva group, WW 
followedd the iron collapse and the subsequent explosion of the stars in detail. This in part explains the large 
differencess observed between the two sets of remnant masses, in particular for stars with m ,> 25 — 30 M..; 
sincee the WW models suggest that a considerable amount of envelope matter is accreted onto the collapsing 
coree after a reverse shock (see below). For the more massive stars, the large differences are primarily due to 
thee exclusion of mass loss in the WW models. This is also the reason why the metallieity dependence of the 
initial-finall  mass relation for stars with m ^ 30 M,., is weak in the WW models compared to the Geneva 
models. . 

Forr comparison, we show in Fig. 3.4 (right panel) the remnant masses of SN progenitors that have 
lostt their hydrogen-rich envelope. Such stars may be associated with the progenitors of SNIb/c for which 
wee adopt the models from Woosley, Langer, and Weaver (1995; hereafter WLW). The WLW models follow 
thee collapse of SNIb/c in a fashion similar to that for the SNII  models of WW. Due to substantial mass loss 
priorr to collapse, both the helium star progenitors and the collapsed remnant masses of SNII)/'' are usually-
muchh smaller than for SNII  (cf. Fig. 3.4). We note that the initial-final mass relation for SNIb/c is very-
uncertain.. We wil l adopt an ad hoc relation which wil l be discussed further in Sect. 3.3 and is unimportant 
forr the results presented below. 

3.33 Stellar Nucleosynthesis Prescriptions 

Wee describe the enrichment of the Galactic ISM in terms of the characteristic element contributions by 
Asymptot icc Giant Branch (AGB) stars, SNII , SNIa, and SNIb/c. This distinction is based on the specific 
abundancee patterns observed within the ejecta of stars that pass through these evolutionary stages (e.g. 
Trimblee 1992; Matteucci 1992; Russell k Dopita 1992). AGB stars usually end their lives by gradual ejection 
off  their outer envelope during double-shell burning (H + Me). SNIa are probably related to exploding white 
dwarfss (WD) in binary systems although variations in the explosion mechanism and progenitor history are 
likelyy to exist. SNII and SNIb/c are believed to be linked to the gravitational collapse of massive stars 
(111(111 ;> 8 M Q ) at the end of their evolution. The possible impact of binary stars on galactic chemical evolution 
wil ll  be briefly discussed at the end of this section. 

AA detailed comparison of the stellar yields is made in order to provide the reader with some affinity 
withh the adopted stellar input data as well as with its uncertainties. This wil l be particularly useful when 
discussingg model results for the chemical evolution of the Galactic disk which incorporate the detailed star 
formationn and enrichment history of both AGB stars, SNII, SNIa, and SNIb/c, and which account for the 
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dependencee of stellar lifetimes, remnant masses, and nucleosynthesis yields, on initial stellar metallicity. 
Wee first recall some definitions related to the stellar yields which depend on both the initial stellar 

masss and initial abundances of a star. Thereafter, we describe in detail the adopted yields for each of the 
stellarr groups mentioned above and discuss their relative roles in enriching the ( ialactic ISM. 

3.3.11 Definition of stellar yields 

Stellarr yields are measures of the lifetime-averaged element, abundances within the eject a of a star. In 
principle,, abundances within the stellar envelope are determined by the initial chemical structure of the star, 
thee dist inct nuclear and envelope burning phases the star experiences (hydrostatic and/or explosive), the 
amountt of mater ial that is dredged-up and mixed by convection to the stellar surface and/or accreted to the 
compactt core, and by the mechanisms driving the stellar mass-loss (thermal expansion, radiation pressure, 
Roche-lobee overflow in binary systems, etc.). 

Thee element yield pj of a star of initial mass m is defined as the newly formed and ejected mass of 
element,, j integrated over the stellar lifetime r(/?i) (normalised to the initial stellar mass): 

mmPlPl(m)(m) = / Em{mJ) .(Z]{t)~Zj{0)) dt (3.12) 
Jo Jo 

wheree E*(?n, t) denotes the stellar mass-loss rate and Z*{t)  the abundance by mass of element, j in the stellar 
ejectt a at age t. Negative yields may occur e.g. in the case of consumption of hydrogen. 

Inn general, stellar yields depend on the initial stellar abundances in various ways. First, the abundances 
inn the stellar envelope Z*{t)  are related in a complex manner to the initial abundances of distinct elements 
(e.g.. helium and /or oxygen). To first, order, we take this important effect into account, by the dependence of 
thee evolutionary algor i thms used on the initial stellar nietallicity Z* (0) integrated over elements with atomic 
weightss heavier than helium. Second, stellar lifetimes r(m), remnant masses mrem(m), and mass-loss rates 
E*(mJ)E*(mJ) depend strongly on the initial stellar metallicity (see below). Third, stellar yields are defined with 
respectt to the initial element abundances Z*(0) (of. Eq. 3.12). 

Wee here adopt the initial abundances as used in the stellar evolution tracks presented by the (ieneva 
groupp (see above). In brief, the (ieneva group derived the initial helium abundance from: 

AY AY 
YY = Yt + -K2Z (3.13) 

assumingg a primordial helium abundance VQ of 0.232 (e.g. Audouze 1987; Steignian et al. 19!S9) and AY/ AZ 
== 3 (e.g. Pagel et al. 1986; Pagel 1992) for stars in the (Jalactic disk. This implies a revised solar metallicity 
off  Z.„  = 0.0188 with Y0) =  0.299 (see Schaller et al. 1992). Initial abundances of C, N, and O were taken 
accordingg to the relative ratios (of. Anders &; (irevesse 1989) used in the opacity tables by Rogers fe Iglesias 
(1991).. The hydrogen content was calculated from X = 1 — Y — Z. Table 3.4 lists the adopted initial 
abundancess of H, 4He, 1 2C, 1 30, 1 4N, and 1 60 at initial stellar metallicities Z*(0) = 0.001, 0.004, 0.008, 
0.02,, and 0.04. Unless stated otherwise, abundances wil l be given by mass throughout this thesis. 

Tab lee 3.4 Initial element abundances adopted 

Element t 

H H 
44 He 
l2l2C C 

„ ( : : 1 4N N 
166 O 

Z=0.001 1 
0.756 6 

0.243 3 
2.244 (-4) 
0.04(-4) ) 

0.70(-4) ) 
5.31(-4) ) 

0.004 4 
0.744 4 

0.252 2 
9.73(-4) ) 
0.1G(-4) ) 
2.47(-4) ) 
2.111 (-3) 

0.008 8 

0.728 8 

0.264 4 

1.79(-3) ) 
0.29(-4) ) 

5.511 (-4) 
4.24(-3) ) 

0.02 2 
0.68 8 

0.30 0 
4.47(-3) ) 

0.72(-4) ) 
1.40(-3) ) 

1.06(-2) ) 

0.04 4 
0.62 2 

0.34 4 
9.73(-3) ) 

1.56(-4) ) 
2.47(-3) ) 

2.11(-2) ) 

Itt is convenient to compare stellar yields for distinct stellar evolutionary phases such as the R.GB and A(JB. 
Inn this case, the total mass of element j ejected during mass-loss phase i (with age boundaries t\(rti) and 
t\,{yn)t\,{yn) in Eq. 3.12) is defined as: 

Am)Am) = AirfZjiO) + mp){m) (3.14) 

wheree A?7j' — SjAm'- denotes the total stellar mass lost during phase i. Similarly, the mean abundance of 
elementt j in the eject a returned to the ISM during phase j , can be written as: 

<3>> = ^ + z;(°) (3-15) 
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Thee lifetime-integrated stellar yielr.1 of element j in terms of the stellar yields for distinct mass-loss phases / 
iss given by: 

mpj(m)mpj(m) = E,-7»/>;(m) = £,- (Am}  - Am''ZJ (0)) (3. l(i ) 

Accordingg to Eq. (3.12), we have EjPj — 0 and £,-Zj = 1. Hence, the total stellar mass ejected can be 
expressedd as: Am"-*  = £ , A m l = £,-SjA?»'- = m — 7nrem(?») where mr e m(m) is the stellar remnant mass. In 
thiss manner, Eq. (3.12) also can be written as: 

mpj(m)mpj(m) — ATIIJ — (m — mr e m) Zj(0) (3 17) 

Wee wil l refer to the terms mpj (i.e. newly formed and ejected mass of element j) and Anij (i.e. total 
returned;; cf. Eq. (3.14)) by using indices n ew and t o t, respectively. 

Wee like to emphasize that in the galactic chemical evolution models presented below, the stellar yields 
off  all elements considered are corrected according to the initial abundances of the progenitor star at t ime of 
it ss formation (cf. Sect. 3.2). For the moment, by lack of a detailed chemical evolution model, we approximate 
thesee corrections by using the initial abundances of H, He, (.!, N, and (.) from the Geneva group (as described 
above).. For elements heavier than oxygen, we simply ignore such corrections which may result in a small 
overestimatee of the newly synthesized yields of these elements. 

3.3.22 Asymptotic Giant Branch stars 

Wee discuss the yields of intermediate mass AGB stars for appropriate ranges in initial mass, composit ion, 
masss loss parameter 7/AGB, and effects of second dredge-up and HBB. We show that, the yields of intermediate 
masss stars are determined by their final stages and play an important role for the carbon and nitrogen 
enrichmentt of the Galactic disk ISM. 

I n t r o d u c t i on n 

Presumablyy all main sequence stars with initial masses between ~ 0.9 and ~8 M(v) pass through a double-
shelll  burning phase at the end of their lifetime, also referred to as the asymptot ic giant branch (AGB) 
phase.. During this phase, intermediate mass stars lose most of their envelope mass while they contr ibute 
substantial lyy to the interstellar abundances of He, C, N, and s-process elements (e.g. Renzini & Voli 1981, 
hereafterr RV; Iben k Renzini 1983; Dopita & Meatheringham 1991). 

Beforee reaching the AGB phase, the main sequence stellar composition is changed during the first 
dredge-upp (experienced by all stars on the red giant branch (RGB)) and during the second dredge-up 
(experiencedd by stars with initial masses larger than some certain critical mass). The first dredge up occurs 
whenn the convective envelope moves inwards as a star becomes a red giant for the first time so that helium 
andd ( 'NO processed material are brought to the surface. Several tenths of solar masses can be lost in this 
phasee for intermediate mass stars (e.g. Schaller etal 1992; Sweigart et al. 1990; Rood 1973). 

Thee second dredge-up is associated with the formation of the electron-degenerate CO core after central 
heliumm exhaustion and occurs on the early-AGB (hereafter EAGB). The base of the convective envelope 
movess inward through matter pushed outwards by the He-burning shell. In this case, helium and nitrogen 
mayy be dredged up towards the stellar surface. No mass loss is assumed during the second dredge-up. 

Duringg the third dredge up, carbon is dredged up to the stellar surface by convection of the carbon-rich 
pockett formed after each helium shell flash (or thermal pulse (TF)). By mixing additional carbon to the 
envelope,, the star may undergo a transition from M-star (oxygen-rich), to S-star (carbon roughly equal to 
oxygen),, and C-star (carbon outnumbering oxygen). For stars with m <; 3 — 4 M ( i , this transition is affected 
byy hot bottom burning when both carbon already present and newly dredged-up carbon are processed at 
thee base of the convective envelope according to the ( 'NO cycle, [hiring the thermal pulsing AGB, stars lose 
mostt of their mass: typically ~ 0.4 M(.) for a 1 M(;) star and ~4.8 M,:, for a ö M :, star (at solar initial 
metallieity;; see below). The stellar yields of intermediate mass stars are dominated by the mass loss and 
chemicall  evolution during the third dredge up. 

Afterr gradual ejection of their outer envelope, most AGB stars leave a white dwarf remnant usually 
accompaniedd by the formation of a planetary nebula (FN). 

Syn the t i c,, e v o l u t i on m o d el u s ed 

Wee use the evolutionary tracks of the Geneva group up to the early AGB, in combination with the synthetic 
thermal-pulsingg AGB evolution model presented by Groenewegen & de Jong (1993, hereafter GJ) to follow 
inn detail the chemical evolution and mass loss up to the end of the AGB including the first, second, and third 
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dredge-upp phases. The adopted model has heen applied to various observational aspects of AGB evolution, 
bothh for AGB stars in the Galactic disk and Magellanic Clouds (GJ; Groenewegen, van den Hoek k de Jong 
1995,, hereafter GHJ). Result ing yields for models in good agreement with observations of AGB stars both 
inn the Galact ic disk and Magellanic Clouds have been presented by van den Hoek & Groenewegen (1997, 
hereafterr HG). 

Ann impor tant aspect of AGB evolution largely neglected in previous studies is the rnetallicity depen-
dencee of the evolutionary algorithms used. In the adopted model, a nearly complete rnetallicity dependent 
t reatmentt of the evolution of AGB stars is used covering the first, second, and third dredge up. In addit ion, 
severall  new physical ingredients have been accounted for including the variation of the luminosity during the 
interpulsee period, the fact that the first few pulses are not yet. at full ampl i tude, and the detailed inclusion 
off  mass loss and chemical evolution prior to the AGB (see GJ). 

Wee here briefly repeat that part of the synthetic evolution model that is related to the chemical 
evolutionn of stars on the AGB and we discuss the impact of the basic assumptions and parameter values 
usedd on the result ing yields of intermediate mass stars. 

 Pre-AGB evolution 

Pre-AGBB evolution is based on the comprehensive set of rnetallicity dependent stellar evolution tracks re-
centlyy provided by the Geneva group (see above). These uniform grids of stellar models are based on 
up- to-datee physical input (e.g. opacities, nuclear reaction rates, mixing schemes, etc.) and cover the relevant 
initiall  stellar mass range from 0.8 to 8 M 0 as well as initial rnetallicity from Z = 0.001-0.04. For stars with 
77)) <>  1.7 M(., these tracks have been computed up to the He flash, for 2 < m[M(0] <5 up to the EAGB, and 
forr ?n > 7 M(.) until the end of central C-burning. 

Forr stars with initial mass above 1.25 M ( ) , the Geneva tracks used are with overshooting and standard 
masss loss rates (see e.g. Schaller et al. 1992). For stars below 1.25 M ( ) , the tracks used are without 
overshootingg (for m = 1.25 M,:, we include yields both for tracks with and without overshooting). We 
ignoredd the fact that the Geneva tracks for stars with m £ 1.7 M (0 and Z = 0.004, 0.008, and 0.04 end at 
thee hel ium flash and do not extent to the end of the EAGB. However, these low-mass stars do not experience 
thee second dredge-up and are expected to loose littl e mass on the horizontal branch and EAGB, so that the 
influencee on their yields is negligible (see HG). 

 Thermal-pulsing AGB 

Thee evolution model of GJ is started at the first TF», taking into account the changes in mass and abundances 
priorr to the first TF. and is terminated when the envelope mass has been lost due to mass loss or if the core 
reachess the Chandrasekhar mass. The latter situation never occurs in the best fitting models for the Galaxy 
andd the Large Magellanic ( ' loud (see GJ, GHJ). 

Inn brief, GJ account for the dependence of core mass on initial stellar rnetallicity and assume that 
thirdd dredge-up occurs only if the core mass is larger than a critical value M™u\ They argue that, a value of 
A/™mm ~ 0.58 M 0 is required to fit the low-luminosity tail of the observed carbon star luminosity function 
inn the LM C (see below). 

Thee t ime scale on which thermal pulses occur is a function of core mass as discovered by Paezynski 
(1975).. GJ use the core-mass-interpulse relation presented in Boothroyd & Sackmann (1988) where the 
increasee in core mass dur ing the interpulse period (tip) is given by: 

AA certain fraction of this amount is assumed to be dredged up: 

A A ^ M g ee = A A M c (3.19) 

Thee free dredge-up parameter A is assumed to be a constant, In GJ it was found that a value of A = 0.75 is 
requiredd to fit the peak of the observed carbon stars LF in the LM C (see below). 

Inn principle, the composit ion of the dredged-up material is determined by the detailed chemical evo-
lutionn of the core. For simplicity, GJ assume that the composition of the material dredged-up after a T l ' is: 
4Hee = 0.76, 1 2C = 0.22, and l f i O = 0.02 (cf. Boothroyd k Sackmann 1988). The carbon is formed through 
incompletee helium burning in the triple a process and the oxygen through the 1 2C(o, 7 )1 60 reaction. 

Newlyy dredged-up material can be processed at the base of the convective envelope in the CNO-cycle, 
aa process referred to as hot. bot tom burning (HBB) and extensively discussed by RV. To a large extent, 
HBBB determines the composit ion of the material in the stellar envelope of thermal-pulsing AGB stars. The 
processs of HBB is able to slow down or even prevent the formation of carbon stars (e.g. Groenewegen k. de 
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Jongg 1994a). Since 1 2C is converted into 1 3C and 1 4N, it also gives rise to the formation of  uC-r ieh carbon 
starss (usually referred to as J-type carbon stars) and l4N-rich objects (e.g. Richer et al. 1979). 

RVV treated HBB in considerable detail as a function of the mixing length parameter (e.g. a — 0, 1.0, 
1.5,, 2). In GJ (see for details their Appendix A) it was decided to approximate in a semi-analytical way 
thee results of RV for their a — 2 case as it gave the largest effect of HBB. Since then new results regarding 
HBBB have been obtained, both theoretically (Boothroyd et al. 1993, 1995) and observationally for AGB 
starss in the Magellanic Clouds (Plez et al. 1993; Smith et al. 1995). These results suggest that HBB is a 
commonn phenomenon in ACB stars which occurs at a level roughly consistent with that predicted by RV in 
casee a = 2. In particular, Boothroyd et al. (1995) est imate that the initial stellar mass above which HBB 
takess place is ~4.5 MM which is similar to the value of ~3 .3 M(., predicted by RV (a=2). Observations 
indicatee that virtually all stars brighter than Mbol & —6 mag undergo envelope burning (Smith et al. 1995). 
Thesee luminosities are reached for stars with initial masses slightly below 4 M(;, and larger (Boothroyd et 
al.. 1993). 

Thee free parameters in the synthetic evolution model are the mass loss scaling parameter 7;AC;B for 
starss on the ACB (using a Reimers law), the minimum core mass for dredge-up M" l m , the third dredge-up 
efficiencyy A, and the core mass mHBB at which HBB is assumed to operate (according to the recipes outlined 
inn the Appendix in GJ). As derived from previous extensive modeling, 7/AGB = 4, M™in = 0.58 M (), A — 0.75, 
andd mHBB = 0.8 M Q , are in best agreement with observations of AGB stars both in the Galactic disk and 
Magellanicc Clouds (see GJ, GHJ). In the following, we wil l refer to this set of parameters as the standard 
model. . 

C h e m i c all  en r i chment by A G B stars 

Wee consider the resulting yields for the standard model and discuss the dependence of the stellar yields on 
thee values adopted for the Reimers mass loss coefficient ?/AGB = 1—5, the third dredge-up efficiency A = 
0.6—0.9,, the critical core mass for dredge up M c

min = 0.56—0.62 M^ , and the minimum core mass for HBB 
"2-HBBB = 0.8—1.3 M(;>. A detailed discussion of the assumptions and uncertainties involved with the AGB 
yieldss as predicted by the synthetic evolution model can be found in HG. 

Forr the standard model, we present in Tables 3.5—3.8 metallicity dependent theoretical stellar yields 
off  H, 4He, 1 2C, 1 3C, 14N and 1 60 for AGB stars with initial masses m = 0 .8 -8 M(-., and initial metallicities 
ZZ = 0.001, 0.008, 0.02, and 0.04. In these tables, we list subsequently the initial mass mi n j , the yields 
y>jy>j  of the above elements, total element yield Y t ot (elements heavier than hel ium), the total amount of 
masss returned Amej , and the stellar mass me nd at the end of the AGB. Elements heavier than oxygen are 
nott considered here since the abundance variations during the AGB of these elements are relatively small 
(seee HG). Furthermore, post-AGB yields (i.e. possible synthesis during and after the FN stage) have been 
neglectedd except for the case where the WD remnant becomes a Type la supernova (see below). 

 Dependence on mass loss 

Fig.. 3.5 shows the resulting AGB yields for various values of the Reimers mass-loss parameter VAGB = 1 — 5-
Thee other parameters are as for the standard model (unless stated otherwise). Low-mass AGB stars (m <> 
44 M(:,) predominantly contribute to helium and carbon. High-mass AGB stars are important contr ibutors 
too helium and nitrogen (see below). For the standard model (i.e. ?/AGB = 4), element yields are smaller by 
factorss typically 2—3 compared to the 7/AGB ~ 1 case. Theoretical yields increase with decreasing values of 
7/A(iBB (i-e. smaller mass-loss rates) since a lower value of r; results in longer AGB lifetimes and therefore 
moree thermal pulses (assuming that the amount of mat ter dredged-up is roughly constant for each thermal 
pulse).. For high values of ?/AGB ^ 5, the effect of increasing Ï/AGB on both the AGB lifetimes and number of 
thermall  pulses becomes negligible and the predicted yields remain approximately constant. 

 Dependence on initial metallicity 

Inn general, carbon and oxygen yields are found to increase with decreasing initial metallicity Z (ef. Fig. 3.5). 
Thiss is due to the fact that dredge-up with subsequent CNO-burning affects more strongly the composition 
off  envelopes with relatively low initial abundances. In addition, the core mass at the first thermal pulse 
iss larger for low metallicities (see GJ). Therefore, the amount of material dredged-up from the core to the 
envelopee is substantial ly larger in initiall y l o w -Z AGB stars. In contrast, nitrogen yields slightly increase 
withh metallicity since nitrogen is formed during CNO-burning by consumption of C and 0. For hydrogen 
andd helium, the sensitivity of the yields to initial metallicity is mainly due to the effect of dredge-up, i.e. 
postt dredge-up processing of H and He is usually low. 
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Tab lee 3.5 Total yields for Z l n i = 0.001, T/AC;B=4, and i\ 

" ' i l l . . 

.0 0 
1.0 0 

1.3 3 
1.3 3 

1.5 5 

2.0 0 

3.0 0 

4.0 0 

5.0 0 

7.0 0 

8.0 0 

H H 

-.140E-01 1 

-.14.SE-01 1 

-.244E-01 1 
-.247E-01 1 

-.245E-01 1 

-.295E-01 1 

-.203E-01 1 

-.2GXE-01 1 

-.311E-01 1 
-.412E-01 1 

-.382E-01 1 

4He e 

.140E-01 1 

.14XE-01 1 

.213E-01 1 

.215E-01 1 

.210E-01 1 

.242E-01 1 

.149E-01 1 

.202E-01 1 

.234E-01 1 

.316E-01 1 

.295E-01 1 

, 2C C 

-.2266 E-04 

-.260E-04 4 

.2X1E-02 2 

-2S1E-02 2 

.321E-02 2 

.463E-02 2 

.472E-02 2 

.109E-02 2 

.5800 E-03 

.734E-03 3 

.603E-03 3 

i.-,(. . 

-.135E-04 4 

-.149E-04 4 

-.175E-04 4 

-.178E-04 4 

-.195E-04 4 

-.220E-04 4 

-.2344 E-04 

.223E-03 3 

.525E-04 4 

.910E-04 4 

.«5KE-04 4 

Tabloo 3.G Total yields for Zm i = 0.008, r/AGB=4, and 

" » i l , l l 

.9 9 

1.0 0 
1.3 3 

1.3 3 

1.5 5 
2.0 0 

3.0 0 

4.0 0 

5.0 0 

7.0 0 

8.0 0 

H H 

-.121E-01 1 

-.136E-01 1 

-.191E-01 1 

-.192E-01 1 
-.222E-01 1 

-.303E-01 1 

-.422E-01 1 

-.31GE-01 1 
-.331E-01 1 

-.395E-01 1 

-.50NË-01 1 

44 He 

.120E-01 1 

.134E-01 1 

.174E-01 1 

.174E-01 1 

.191E-01 1 

.249E-01 1 

.342E-01 1 

.262E-01 1 

.265E-01 1 

.311E-01 1 

.406E-01 1 

^ C C 

-.147E-03 3 

-.1699 E-03 

.12XE-02 2 

.12XE-02 2 

.253E-02 2 

.439E-02 2 

.681E-02 2 

.65KE-03 3 

.104E-05 5 

.458E-04 4 

-.520E-04 4 

. , ( ; ; 

.124E-04 4 

.144E-04 4 

.170E-04 4 

.171E-04 4 

.1833 E-04 

.215E-04 4 

.245E-04 4 

.300E-03 3 

.971E-04 4 

.130E-03 3 

.158E-03 3 

Tabloo 3.7 Total yields for Zim = 0.020, «A G B = 4, and 

« » i t l i i 

.9 9 
1.0 0 
1.3 3 

1.3 3 

1.5 5 

2.0 0 

3.0 0 

4.0 0 

5.0 0 

7.0 0 

8.0 0 

H H 

-.992E-02 2 

-.208E-01 1 

-.294E-01 1 

-.157E-01 1 

-.182E-01 1 

-.240E-01 1 
-.399E-01 1 

-.37GE-01 1 

-.377E-01 1 

-.43GE-01 1 

-.474E-01 1 

4He e 
.992E-02 2 

.186E-01 1 

.257E-01 1 

.148E-01 1 

.1G0E-01 1 

.200E-01 1 

.329E-01 1 

.313E-01 1 

.314E-01 1 

.358E-01 1 

.390E-01 1 

V1V1i) i) 

-.415E-03 3 

-.123E-03 3 

-.334E-04 4 

-.494E-03 3 
.804E-03 3 

.235E-02 2 

.511E-02 2 

.462E-02 2 

-.741E-03 3 
-.78GE-03 3 

-.9233 E-03 

133 c 

.309E-04 4 

.480E-04 4 

.670E-04 4 

.491E-04 4 

.513E-04 4 

.597E-04 4 

.6688 E-04 

.698E-04 4 

.141E-03 3 

.170E-03 3 

.17GE-03 3 

Tablee 3.8 Totall  yields for Z1IU = 0.040, r/AGB=4, and 

« ' n i l l 

.9 9 

1.0 0 
1.3 3 

1.3 3 

1.5 5 

2.0 0 

3.0 0 
4.0 0 

5.0 0 
7.0 0 

8.0 0 

H H 

-.858E-02 2 

-.243E-01 1 

-.229E-01 1 

-.921E-02 2 

-.903E-02 2 

-.142E-01 1 

-.318E-01 1 

-.388E-01 1 

-.452E-01 1 

-.4G0E-01 1 

-.513E-01 1 

4He e 
.858E-02 2 
.204E-01 1 

.193E-01 1 

.919E-02 2 

.S74E-02 2 

.123E-01 1 

.262E-01 1 

.314E-01 1 

.3G4E-01 1 

.3722 E-01 

.41GE-01 1 

llH: H: 
-.99 74 E-03 

-.347E-03 3 

-.804E-03 3 

-.140E-02 2 

-.1G7E-02 2 

-.108E-02 2 

.189E-02 2 

.454E-02 2 

.4G8E-02 2 

-.188E-02 2 

-.195E-02 2 

1 M C C 

.729E-04 4 

.113E-03 3 

.127E-03 3 

.982E-04 4 

.109E-03 3 

.142E-03 3 

.1588 E-03 

.1G1E-03 3 

.1G8E-03 3 

.27GE-03 3 

.277E-03 3 

ofof modelling the chemical evolution of the (lahirtic disk 

H B B = 0 .8 8 

144 N 

2644 E-04 

3044 E-04 

3G4E-04 4 

3711 E-04 

424E-04 4 

8111 E-04 

8022 E-04 

472E-02 2 

657E-02 2 

8G9E-02 2 

794E-02 2 

i ü 0 0 

-.197E-05 5 

-.223E-05 5 

.249E-03 3 

.249E-03 3 

-284E-03 3 

.400E-03 3 

.417E-03 3 

.4311 E-03 

-412E-03 3 
.629E-04 4 

.960E-04 4 

11 TUT 

-.108E-05 5 

-.847E-0G G 

.309E-02 2 

.309E-02 2 

.353E-02 2 

.529E-02 2 

.535E-02 2 

.656E-02 2 

.772E-02 2 

.9G1E-02 2 

.878E-02 2 

A m ej j 

.38 8 

.40 0 

.67 7 

.69 9 

.89 9 

1.32 2 
2.18 8 

3.09 9 

4.02 2 

5.87 7 

6.17 7 

» ie . ,d d 

.56 6 

.57 7 

.59 9 

.59 9 

.62 2 

.68 8 

.82 2 

.91 1 

.98 8 

1.13 3 
1.84 4 

HBB=0.8 8 

14N N 

198E-03 3 

2411 E-03 

3066 E-03 

3088 E-03 

3566 E-03 

55 76 E-03 

7844 E-03 

443E-02 2 

643E-02 2 
881E-02 2 

111E-01 1 

166 0 

.2855 E-04 

.53GE-04 4 

.139E-03 3 

.148E-03 3 

.216E-03 3 

.254E-03 3 

.3055 E-03 

.5722 E-04 

.660E-04 4 

-.6322 E-03 

-.9922 E-03 

Y T O T T 

.6833 E-04 

.112E-03 3 

.170E-02 2 

.171E-02 2 

.306E-02 2 

.543E-02 2 

.798E-02 2 

.544E-02 2 

.659E-02 2 

.835E-02 2 

.102E-01 1 

Arnej j 
.33 3 

.44 4 

.6H .6H 

.68 8 

.92 2 

1.39 9 

2.3G G 

3.10 0 

4.03 3 

5.89 9 

6.81 1 

« l e nd d 

.58 8 

.58 8 

.59 9 

.59 9 

.59 9 

.61 1 

.64 4 

.90 0 

.97 7 

1.11 1 

1.20 0 

(HBB-0.8 8 

u N N 

4855 E-03 

773E-03 3 

122E-02 2 

8677 E-03 

9866 E-03 

127E-02 2 

173E-02 2 

182E-02 2 

729E-02 2 

976E-02 2 
108E-01 1 

i«J0 0 

-.387E-04 4 
.9811 E-03 

.187E-02 2 

.416E-03 3 

.3711 E-03 

.777E-04 4 

-.147E-05 5 

-.216E-03 3 
-.2911 E-03 

-.128E-02 2 
-.160E-02 2 

Y T O T T 

-.150E-07 7 

.161E-02 2 

-303E-02 2 

.7444 E-03 

.208E-02 2 

.394E-02 2 

.692E-02 2 

.624E-02 2 

.628E-02 2 

.774E-02 2 

.841E-02 2 

Alllej Alllej 

.33 3 

.53 3 

.90 0 

.72 2 

.97 7 

1.40 0 

2.38 8 

3.21 1 
4.08 8 

5.93 3 

6.85 5 

« i e tu u 

.57 7 

.58 8 

.59 9 

.59 9 

.59 9 

.60 0 

.62 2 

.79 9 

.92 2 

1.07 7 

1.15 5 

HBB=0.8 8 

4N N 
114E-02 2 

171E-02 2 

214E-02 2 

171E-02 2 
205E-02 2 

244E-02 2 

317E-02 2 

3300 E-02 

359E-02 2 

110E-01 1 

124E-01 1 

i « 0 0 

-.8055 E-04 

.191E-02 2 

.174E-02 2 

-.107E-03 3 

.2288 E-04 

.878E-04 4 

.964E-04 4 

-.417E-03 3 

-.5900 E-03 

-.125E-02 2 

-.130E-02 2 

Y T O T T 

.360E-05 5 

.321E-02 2 

.298E-02 2 

.158E-04 4 

.247E-03 3 

.180E-02 2 

.529E-02 2 

.739E-02 2 

.867E-02 2 

.845E-02 2 

.924E-02 2 

A«i ej j 

.35 5 

.55 5 

.80 0 

.69 9 

.94 4 

1.41 1 

2.39 9 

3.32 2 

4.23 3 

6.02 2 

6.91 1 

««end d 

.55 5 

.55 5 

.56 6 

.56 6 

.57 7 

.59 9 

.61 1 

.68 8 

.77 7 

.98 8 

1.09 9 
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Wee like to emphasize that the AGB yields of intermediate mass stars are strongly dependent on the 
abundancess of distinct elements (e.g. (', N, and ()) in the galactic ISM from which these stars formed. In 
turn,, even small changes in the yields of AGB stars due to variations in initial metallicity can significantly 
affectt the enrichment of the ISM (after weighing by the initial mass function and star formation rate at the 
timee these stars were formed). Consequently, the yields of intermediate mass stars and the enrichment of 
thee ISM wherein these stars formed are mutually dependent. This is an important property which should 
bee adequately taken into account when modeling e.g. the chemical evolution of the Galactic disk (see Sect. 
3.1). . 

0 0 

-0.05 5 

-0.1 1 

-0.15 5 

0.02 2 

0.01 1 

0 0 

2x10"J J 

10"3 3 

0 0 
- i o - 3 3 

-2x10" " 

F iguree 3.5 Stellar yields of H, 4He, I 2C, 14N, I 6 0, and total CNO vs. initial stellar mass for i,AGB = l - 5 and initial 
compositionss (Z, Y) = (0.02, 0.32; solid linei) and (0.001, 0.24; em dashed). Parameters values are further as for the 
standardd model (i.e. J/AGB = 4) 

 Dependence on the amount of HBB 

Ass discussed before, HBB may prevent or slow down the formation of carbon stars by the destruction of 
newlyy dredged up carbon at the base of the convective envelope. Fig. 3.6 illustrates that for low mass AGB 
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starss (?7i < 4 M,.:), the effect of HBB is negligible. This is due to the low temperature at the bottom of their 
envelopess (GJ). For high mass ACJB stars, the effect of HBB depends on the amount of mat ter exposed to 
thee high temperatures at the bottom of their envelopes, the net result being the conversion of carbon and 
oxygenn to nitrogen. Yields of H, He, and total CNO are not affected by HBB since basically two reaction 
chainss of the ( 'NO-cycle are involved, i.e. the CN and the ON-cycle. 

HBB B Joo HBB X=0.6 X=0.9 Mc=0,56 :=0.f f 

yj j 
(D D 

y y 

22 4 6 8 0 2 4 6 

Initiall Mass 

F igu ree 3.6 Stellar yields of H, 4He. 12C, 14N, 1 60, and total CNO vs. initial stellar mass for the standard model: 
effectt of varying 1) the amount of HBB (first tiro columns), 2) the dredge-up efficiency (center columns), and 3) the 
criticall  core mass for dredge-up (last two columns). Dashed and dotted curves have the same meaning as in Fig. 3.5. 

Wee compare in the first two columns of Fig. 3.6 the resulting yields in case 7/ÏHBB = ° - ' a l K ' 1-3 M (;), 
respectively.. A choice of ? I /H BB « 1 -'S My or larger results in no HBB as none of the ACB stars in our 
modell  reach such high core masses. In the case of HBB, the strong decrease of the carbon and strong increase 
inn the nitrogen yield can be seen at masses at w ^ 4 - 5 M,.,. In the no HBB case, the stellar vields of 
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carbonn are seen to dominate the total CNO-yields over the entire mass range. 

Inn GHJ we argued that ?»HBB = 0.9 Mr.) provides a reasonable upper limi t to the minimum stellar 
masss experiencing HBB (as indicated by the masses of carbon stars observed in the Galactic disk). The 
effectt of changing mHBB from 0.9 to 0.8 M(., is that. HBB operates in stars of initial mass £ 4 M H instead of 
^^ 5 M(.). Also, in case /UHBB = 0-9 M(:, the yields are somewhat smaller than those given by the standard 
modell  (i.e. mHBB = 0.8 M^) . We emphasize that substantial HBB in AGB stars is required to explain the 
observationss (see GJ, GHJ). 

Wee note that many uncertainties are still involved with HBB which may affect the resulting AGB yields. 
Inn particular, the temperature structure of the envelope, the fraction of dredged up material processed in 
thee CNO cycle, and the amount of envelope matter mixed down and processed at the bottom of the envelope 
mayy vary among AGB stars differing in initial mass, composition, and age (see HG). Notwithstanding, the 
defaultt choice of TTIHBB = 0.8 M(.) for the standard model, based on our implementation of the HV a = '1 
model,, appears consistent with recent observations of HBB in AGB stars both in the SMC and LM C as well 
ass with recent model calculations on massive AGB stars (see above). 

 Dependence on third dredge-up efficiency 

Fig.. 3.6 shows the resulting AGB yields for third dredge-up efficiencies A = 0.6 and 0.9 (i.e. the range allowed 
forr by the observations; GJ ). Predicted yields increase substantial ly when A is increased, i.e. enhancing the 
amount,, of carbon and helium that is dredged-up and added to the stellar envelope after each thermal pulse. 
Inn addit ion, the composition of dredged-up material may be strongly affected by HBB, in particular for high 
masss stars. In other words, increasing A leads to an increase in the carbon yields for low mass stars and 
too an increase in nitrogen for high mass stars. Furthermore, helium yields increase for all stars with initial 
massess above ?a 1.5 M w corresponding to the limi t of M™m = 0.58 M^ . 

 Dependence on critical core mass for dredge up 

Yieldss for extreme values of the minimal core mass for third dredge-up M™m = 0.56 and 0.60 M,.,, respec-
tively,, are shown in last two columns of Fig. 3.6. The effects of varying M™'" are limited to relatively low 
masss AGB stars (<, 2 M^) . A larger value of Afc

mm implies a higher initial mass for stars that can turn into 
carbonn stars. This results in negative carbon yields (corresponding to the depletion of carbon during first 
dredge-up)) over a larger range in initial mass (helium yields decrease over this mass range as well). A value 
off  M™tn as small as ~ 0.56 M 0 would imply that all AGB stars end as carbon stars while Afc

mi" Z 0.61 
M (00 would inhibit carbon star formation. Clearly, the third dredge-up and the precise values of M ("

i m and A 
aree of crucial importance for the formation of carbon stars. Note that the parameter value ranges consistent 
withh the observations are rather narrow and are mutually correlated (e.g. in case of M"un and A). 

 Dependence on pre-AGB evolution 

Inn GJ and GHJ the description of the pre-thermal pulsing AGB evolution was taken from recipes in the 
l i teraturee or fits made to published results. An alternative approach is to directly use rnetallicity dependent 
stellarr evolution tracks as has been done here. In both cases, the stellar evolution prior to the AGB is 
coupledd consistently to the thermal-pulsing AGB phase. 

Inn HG we found that differences between the two sets of yields are very small except for hydrogen and 
heliumm where the G J / G HJ approach predicts higher yields for massive stars. This is traced back to differences 
inn the treatment of the second dredge-up process. The larger yields imply higher helium abundances which 
hass interesting consequences for the helium abundances predicted in PNe. Abundances observed in PNe 
inn the galactic disk suggest that the effect of second dredge-up is more pronounced than predicted by the 
Genevaa tracks for ~ 3 0% of the AGB stars (see Sect. 4.3). We list in Table 3.9 the AGB yields of H and He 
forr pre-AGB evolution according to the G J / G HJ recipes. These yields wil l be used as an alternative to the 
standardd model yields in the galactic chemical evolution models discussed below (cf. HO). 

 Application to AGB stars in nearby galaxies 

Fromm the results presented in GJ and GHJ, it was argued that, the standard model with //ACIB ~ 4 provides 
aa reasonable approximation of the yields of intermediate mass AGB stars in the Galactic disk and the Large 
Magellanicc ('loud (LMG). These systems have a rnetallicity that differ by only a factor of ~2 (e.g. Russell k 
Dopitaa 1992). In galaxies with a substantial lower rnetallicity such as the SMC, a lower value of ?/A<;B may 
bee more appropriate. Note that using a fixed value of IJAGB does not necessarily mean identical mass-loss 
ratess since two stars of the same initial mass evolve differently in the synthetic model due to the explicit 
rnetallicityy dependence of the recipes used. 
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Tablee 3.9 Total AGB yields for H, He for synthetic evolution model 

Zin,, =0.001 Zini =0.008 Zj„j=0.020 Zini =0.040 
W i l l i i 

.X X 

.n n 
1.0 0 

1.3 3 

1.5 5 

1.7 7 

2.0 0 
2.5 5 

;.*.o o 
3.5 5 

4.0 0 

4.5 5 

5.0 0 

0.0 0 

7.0 0 

8.0 0 

H H 

-.12E-01 1 

-.13E-01 1 

-.14E-01 1 

-.24E-01 1 

-.24E-01 1 

-.23E-01 1 

-.23E-01 1 

-.22E-01 1 

-.19E-01 1 

-.10E-01 1 

-.36E-01 1 

-.53E-01 1 

-.6KE-01 1 
-.89E-01 1 

- . 10E+00 0 

- .10E+00 0 

4He e 
.12E-01 1 

.13E-01 1 

.14E-01 1 

.21E-01 1 

.21E-01 1 

.20E-01 1 

.1XE-01 1 

.17E-01 1 

.14E-01 1 

.13E-01 1 

.30E-01 1 

.46E-01 1 

.60E-01 1 

.80E-01 1 

.95E-01 1 

.94E-01 1 

H H 

-.11E-01 1 

-.12E-01 1 

-.13E-01 1 

-.18E-01 1 
-.22E-01 1 

-.22E-01 1 
-.21E-01 1 

-.24E-01 1 

-.27E-01 1 

- . lxE-01 1 

-.27E-01 1 

-.46E-01 1 

-.61E-01 1 
-.N4E-01 1 

- .10E+00 0 

- .11E+00 0 

4He e 

.11E-01 1 

.12E-01 1 

.13E-01 1 

.17E-01 1 

.19E-01 1 

.1SE-01 1 

.17E-01 1 

.18E-01 1 

.19E-01 1 

.12E-01 1 

.22E-01 1 

.41E-01 1 

.55E-01 1 

-77E-01 1 

.92E-01 1 

.10E+00 0 

H H 

-.99E-Ü2 2 

-.99E-02 2 
-.11E-01 1 

-.11E-01 1 

-.15E-01 1 

-.15E-01 1 

-.1GE-01 1 

-.19E-01 1 

-.22E-01 1 

-.19E-01 1 

-.17E-01 1 

-.21E-01 1 

-.3SE-01 1 
-.63E-01 1 

-.81E-01 1 

-.94E-01 1 

4He e 

.99E-02 2 

.99E-02 2 

.11E-01 1 

.11E-01 1 

.13E-01 1 

.13E-01 1 

.13E-01 1 

.14E-01 1 

.15E-01 1 

.13E-01 1 

.12E-01 1 

.16E-01 1 

.32E-01 1 

.57E-01 1 

.75E-01 1 

.87E-01 1 

H H 

-.83E-02 2 

-.8GE-02 2 

-.91E-02 2 

-.91E-02 2 

-.79E-02 2 

-.65E-02 2 

-.61E-02 2 

-.12E-01 1 

-.14E-01 1 

-.20E-01 1 

-.20E-01 1 

-.19E-01 1 

-.19E-01 1 
-.19E-01 1 

-.1KE-01 1 

-.28E-01 1 

4He e 

.83E-02 2 

.S6E-02 2 

.91E-02 2 

.91E-02 2 

.79E-02 2 

.65E-02 2 

.53E-02 2 

.88E-02 2 

.94E-02 2 

.14E-01 1 

.13E-01 1 

.13E-01 1 

.13E-01 1 

.14E-01 1 

.13E-01 1 

.23E-01 1 

Direct,, observational information on the metall icity dependence of the mass loss and element yields in AGB 
starss is rare. In Groenewegen et al. (1995), the spectral energy distr ibutions and 8-13 /mi spectra of three 
long-periodd variables (one each in the SMC', LM C and Galaxy) with roughly the same period were fitted. 
Fromm the derived ratios of the dust optical depths in these stars, it was argued that the mass loss rates of 
AGBB stars in the Galaxy, LMC, and SMC! are roughly in the ratio of 4:3:1. This corroborates that ?/A (;B 
couldd be similar for AGB stars in the Galaxy and LMG. Furthermore, this suggests that for AGB stars in 
loww metall icity systems like the SMC [Z < 0.004), values of IJAGR ~ 1-2 may be more appropriate. We wil l 
studyy this effect by using yields for models with Ï/AC;B = 2 for Z = 0.004 and T/A(-;B = 1 for Z = 0.001 in 
casee of AGB stars in the SMC! (see Chap. 6; HG). 

Concludingg r emarks 

Thee resulting AGB yields are most sensitive to the mass loss parameter J/AGB, the effect, of HBB, and the 
initiall  stellar abundances. Variations in other model parameters result in stellar yields not, substantially 
differentt from those predicted by the standard model with T/AGB = 4, Mc

nii n = 0.58 M (;), A = 0.75, mHKB = 
0.88 M(.,, and second dredge-up according to the synthetic evolution model. We wil l show in Sect. 4.3 that 
thee standard model predictions are in good agreement with the observed abundances in planetary nebulae 
(PNo)) in the Galact ic disk and Magellanic Clouds (see also GH.J; (iroenewegen & de Jong 1994c). 

Whenn modell ing the chemical evolution of the Galactic disk, we wil l use the standard model yields for 
ann equidistant grid of about 100 initial masses between 0.8 and 8 M(., at 10 metallicities in the range Z 
==  1 0- 4 to 0.04 (unless stated otherwise). At intermediate composit ions and masses, stellar yields wil l be 
linearlyy interpolated. 

Thee dependence of the AGB yields on the integrated metal-abundance Z as well as on the individual 
H,, He, C, N, and (.) abundances, wil l be taken into account in a self-consistent manner by using an iterative 
solutionn method of the galactic chemical evolution equations (ef. Sect. 3.1). As an example, we show in Fig. 
3.77 the result ing AGB yields when taking into account the abundance variations of individual elements during 
thee chemical evolution of the disk as predicted by the reference model. The strong metallicity dependence of 
thee yields of intermediate mass stars in the Galactic disk is illustrated in Fig. 3.7. Note that, small differences 
inn the predicted AGB yields may be important when integrating over the initial mass function (and star 
formationn rate) at the t ime these AGB stars were formed according to the galactic chemical evolution model 
adoptedd (see Chapter 4). In the following, we wil l refer to the standard model yields computed with the 
Genevaa group initial abundances (as listed in Table 3.4) when discussing the cumulative yields of low and 
intermediatee mass. 
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AGBB yields: Z —dependence 
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Figuree 3.7 Theoretical yields of intermediate mass stars at metallicities Z = 0.04, 0.02, O.008, 0.004, and 0.001 
accordingg to the standard AGB model from Groenewegen & de Jong (1993). Initial abundances of individual elements 
aree as predicted by the reference model for the chemical evolution of the Galactic disk (see Chapter 4). Shown are 
thee newly formed and ejected masses of He, total Z (heavier than He), C, N, and O. In case of II, the hydrogen mass 
consumedd is plotted. 

3.3.33 Supernovae Type I I 

Supernovaee Type-ll (SNII) presumably originate from the gravitational collapse of stars more massive than 
mm ^ 8 — 10 M,., at the end of their hydrostatic evolution. SNII all show hydrogen lines in their optical 
spectraa (e.g. Branch fe Nornoto 1991) which implies that the immediate progenitors of SNII are stars still 
surroundedd by their hydrogen-rich envelopes (e.g. Hashimoto k Nornoto 1988; Woosley & Weaver 1992). 
Inn contrast, SNIb/c seem to be events related to the core collapse of massive stars that have lost their 
hydrogen-richh envelope (SNIb) and even lost (tnost of) their helium-rich envelope (SNIc). 

Inn this section, we concentrate on the yields of massive stars that ultimately end as SNII. For these 
stars,, we consider the pre-SN and SNII stages separately. In sections 3.3.4+5, we wil l discuss the yields of 
starss that end as SNIa and SNIb/e. 

P r e - SNN e v o l u t i on of m a s s i ve s t a rs 

Hydrostaticc burnings of subsequently H, He, C, Ne, (), and Si, in the interiors of massive stars are important 
forr abundance changes in the stellar core and envelope before the eventual supernova explosion occurs, d ins 
sequencee ends with the formation of  56Fe since later nuclear fusion reactions are endoenergetic. Only stars 
withh initial masses larger than ~10— 12 M(., undergo all six hydrostatic burnings in their cores while most 
off  the products of hydrostatic Si burning usually end up in the compact remnant. However, stars slightly 
differingg in initial mass and composition may show considerably different final structures and abundances 
owingg to the complex interplay of convective shells that occurs during the late stages of their evolution (e.g. 
Woosleyy and Weaver 1995). 
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Thee initial abundances of a star determine the conditions under which these hydrostatic burnings 
occur,, the mass of the resulting helium core M f t , and the final compound structure of the star at the time of 
coree collapse (e.g. Maeder 199*2, 1993). In turn, the resulting helium-core masses and the chemical structure 
off  the stellar envelope determine the sensitivity of the yields of massive stars to the initial abundances. In 
addit ionn to the hydrostat ic burnings, the materials in the deepest layers of the stellar envelope e.g. may 
undergoo CNO cycling therein' being enriched in helium and nitrogen. 

Duringg pre-SN evolution, the yields of massive stars change strongly with initial metallicity (e.g. Maeder 
1992:: Weaver (V Woosley 1995). This is primari ly due to the fact that metallicity affects the opacities in the 
outerr stellar envelope, and therefore, the mass-loss rates in the winds of massive stars (Abott 1982; Kudritzki 
ett al. 1987, 1991). In turn, the envelope abundances and mass loss strongly affect, the stellar evolution and 
nucleosynthesiss (e.g. Chiosi k Maeder 1986). 

Forr the pre-SN yields of massive stars, we consider two distinct sets of theoretical (.lata which dif-
ferr by means of their physical ingredients (e.g. nuclear reaction network, t reatment of convection, mixing, 
overshooting,, and mass loss). The first, set contains the pre-SN yields from the (Geneva group (the higher 
mass-losss rates were used) for stars with m £ 8 M,.}  formed with initial rnetallicities Z = 0.001. Ü.004, 
0.008.. 0.02, and 0.04, for the elements H, He, C, N, O, and Ne. We use this particular set of pre-SN yields 
because:: 1) it is compat ible with the tracks used for low and intermediate mass stars describe above, 2) this 
sett is used in many studies related to the chemical evolution of the Galactic disk, and 3) until very recently 
otherr extensive metall icity dependent da ta sets were unavailable. The second set contains the pre-SN yields 
ass part, of the final SN yields presented by Woosley k Weaver (1995) for stars with 11£ m[M,J ^ 40 at 
rnetallicitiesrnetallicities Z - 0., 10"6, 10"4, 0.002, and 0.02 (see below). These data include the most extensive set of 
metall icityy dependent evolution tracks currently available for massive stars and follow in detail the chemi-
call  evolution from the main-sequence up to the end of the core collapse and SNII explosion for ~200 isotopes. 

Forr the first set of SN yields, we assume that the initial abundances of elements heavier than Ne are 
unalteredd dur ing pre-SN evolution as these elements were not incorporated in the Geneva models. This 
introducess unavoidable errors because the pre-SN abundance changes and ejection of elements like Mg, Si, 
S,, and Ca can be substantial and even can be larger than the corresponding amounts ejected during the 
explosivee nucleosynthesis (e.g. Woosley and Weaver 1995). 

Thee last observable stage in massive star evolution before neutron star (or black hole) formation is the 
Wolf-Rayett (WH) stage which is followed in detail by the Geneva tracks. We couple the pre-SN tracks from 
thee Geneva group to the evolution of exploding helium stars as presented by Hashimoto k Nomoto (1988; 
seee for a recent review Thielemann et al. 1995). This is done by using the metallicity dependent helium 
coree masses M 0 predicted by the Geneva group (see e.g. Maeder 1992) as input to the models of Hashimoto 
^^ Nomoto (1992; hereafter UN). This procedure may be somewhat unsafe because: 1) the UN models were 
computedd for solar metall icity only, 2) the Geneva tracks for massive stars do not extend beyond carbon 
burningg (i.e. ignoring later hydrostat ic burnings), and 3) the pre-SN evolution and chemical structure of the 
heliumm stars in the HN models may be different from that predicted by the Geneva group. 

Notwi thstanding,, the major uncertainty is that the metallicity dependent, helium core masses Ma 

att the end of the ( ' -burning phase predicted by the Geneva group may not correspond to the immediate 
progenitorss of SNII (as considered by HN). In fact, this is a more general problem since mass loss during 
thee WR stage critically affects the initial mass vs. helium core mass relation (e.g. Maeder 1992; Woosley, 
Langer,, fc Weaver 1993, hereafter WLW) : 

 First, the final helium core masses Ma of massive stars may be drastic-ally reduced by efficient 
masss loss during and /or prior to the WR. stage. In fact, such stars resemble the evolution of less 
massivee stars (e.g. WLW) . In this case, the metallicity dependence of the yields becomes evident 
ass mass loss by massive stars (i.e. m ^ 30 M(r)) is argued to increase with initial metallicity (e.g. 
Kudritzkii  et al. 1987, 1991; Maeder 1992). In particular, the high-Z models of the Geneva group 
predictt relatively high mass-loss rates during the pre-WR stages (see Sect. 3.2). This means that 
h igh-ZZ stars enter the WR. phase relatively early. Recent results suggest that mass-loss during 
thee WR stage is proport ional to the actual stellar mass (cf. Langer 1989). Consequently, for high 
metall icityy stars, high mass-loss rates may continue for long times during the WR phase and can 
stronglyy reduce the resulting helium core masses (e.g. Maeder 1992), 

 Second, Ma may increase or decrease during the helium burning phase depending on the size 
off  the helium core and the amount of fresh helium mixed into the core by convection. In this 
case,, the metall icity dependence of the pre-SN yields enters because Ma increases with decreasing 
metall icity.. This is due to the fact, that the central temperatures of stars during main-sequence 
evolutionn are higher at lower metallicity. Consequently, the convective cores of low metallicity stars 
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aree relatively large so that fresh helium can be mixed into the core by convection. In addit ion to 
thee treatment of overshooting and convection, the growth of the helium burning core is determined 
byy the 1~C(a, 7 )1 60 reaction rate which is still somewhat uncertain (e.g. Thielemann et al. 1996). 

Consequently,, the largest uncertainties in the above procedure are probably associated with the metall icity 
dependentt m vs. Mn(m) relations (i.e. the adopted parametrisat ion of the mass-loss rates, t reatment of 
convection,, and nuclear reaction rates). Since the Geneva tracks have been succesfully checked with many 
independentt observations (e.g. Maeder 1992; Maeder k Meynet 1994; Meynet et al. 1992), we use their 
MMaa(m)(m) relations for the first set of pre-SN yields, in spite of the uncertainties and problems involved with 
thee chemical structure of the precollapsing star discussed above. 

Forr the second set of SN yields computed from the models of Woosley k Weaver (1995, hereafter WW), 
thee evolution of massive stars is followed in a consistent manner, i.e. from the main-sequence up to the end 
off  the core collapse, and part of the problems discussed previously are not encountered. Nevertheless, the 
metall icityy dependent Ma(m) relations predicted by WW are uncertain for the same reasons as discussed 
before.. Since mass loss has not been included in the WW models, the helium core masses predicted are 
probablyy overestimated (independent of initial metall icity). For massive stars which do experience consider-
ablee mass loss during the pre-SN stage, we wil l use the models of SNIb/c from WLW (1993, 1995) discussed 
inn Sect. 3.3.5. 

I tt is tempt ing to see how the above two sets of nucleosynthetis yields of massive stars, based on the 
mostt extensive and up-to-date stellar evolution tracks available today, compare to each other and to the 
observationall  constraints imposed by the chemical evolution of the Galactic disk. This wil l be subject of 
Sect.. 3.4 (see also Sect. 4.3). 

Cor ee co l lapse of SN I I 

Coree collapse of SNII progenitors occurs as soon as the mass of the iron core, formed at the end of a star 's 
lifetime,, reaches the Chandrasekhar mass. During the collapse, the proto-neutron star (or black hole) grows 
byy accretion and releases binding energy in the form of neutrinos while it contracts to neutron star densities. 
Afterr core collapse, the bounce at nuclear densities generates a delayed shock wave which propagates through 
alll  the material exterior to the iron core. Simultaneously, the temperature in the stellar mantle rises rapidly, 
bothh due to the propagation of the shock wave and the heating by neutrinos escaping from the proto-neutron 
starr (or proto black hole). In principle, this process may lead to the explosive burnings of Si, O, Ne, C, He, 
andd H, during the supernova outburst (e.g. Thielemann et al. 1996; WW). The shock breaks through the 
stellarr surface only a few minutes after core collapse. 

Dependingg on the the initial energy of the shock and the density structure of the star, material may fall 
backk onto the collapsed remnant (WW). The shock may bounce at the interface between the helium core and 
thee hydrogen-rich envelope and its deceleration can lead to significant amounts of material falling back to the 
collapsedd remnant, under the influence of gravity. This has important implications for the nucleosynthesis 
andd the nature of the remnant (i.e. depending on the size of the iron core either a neutron star or a black 
hole;; cf. Bethe 1990). ( 'ore collapse models from WW suggest that stars with initial masses larger than 
aboutt 30 My wil l experience considerable reirnplosion of heavy elements, provided that the explosion energy 
doess not exceed some critical value (~1.2 1051 ergs). 

Thee nucleosynthesis products by SNII are determined by the complex set of processes that occur 
afterr core collapse. In brief, essential parameters describing the explosion mechanism are: 1) the delay t ime 
betweenn the core bounce at nuclear densities and the explosion caused by neutrino heating (usually on a t ime 
scalee of seconds or less depending on the neutrino transport and core structure), 2) the location of the mass 
cutt between the neutron star and the stellar envelope ejected, and 3) the energy of the shock wave (a reduction 
off  the explosion energy results in less heavy elements to be ejected). Clearly, theoretical nucleosynthesis 
yieldss of SNII depend strongly on these parameters (apart from their dependence on progenitor mass and 
compoundd structure) which cannot be constrained very tightly yet by the observations. Nevertheless, we 
expectt that the quali tat ive conclusions presented below are insensitive to the uncertainties involved with the 
presentt generation of comprehensive SNII models. 

Chemicall  en r i chment by SN II 

Enrichmentt of the ISM in elements such as O, Ne and the a—elements (Mg, Si, S, Ca) is accepted to be 
mainlyy due to SNII. As discussed above, the SNII abundance spectrum of elements heavier than helium 
dependss on many details of the nucleosynthesis during the explosion (e.g. Woosley k Weaver 1986; Nomoto 
1992,, Thielemann et al. 1993; Hashimoto et al. 1993; Woosley, Langer k Weaver 1993, hereafter WLW; 
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W W ;; Thie lemann et al. 1996). Intermediate mass nuclei (i.e. more massive than Si) are found to originate 
predominant lyy from explosive () and Si burning which supply similar amounts of heavy nuclei for progenitor 
massess up to <, 25 M . . The amount of lighter elements in the range ('-Si (e.g. (), N> and Mg) has a 
dominantt contr ibut ion from hydrostatic burning of the C/Ne core (or explosive Ne burning) and strongly 
dependss on progenitor mass. The ejected amount of iron-group nuclei (V, Cr, Zn. Mn, Ni) is directly related 
too the explosion mechanism and to the mass cut between the ejecta and the central object. In particular, 
thee innermost layers experience complete Si burning and are the source of the iron group elements and some 
intermediate-masss elements like Ti . For the two sets of pre-SN+SN yields described above, we discuss the 
dependencee of the nucleosynthesis yields on the SMI progenitor mass and initial stellar metallieity. 

 Pre-SN and SNII yields f rom the Geneva group and Nomoto et al. 

Explosivee nucleosynthesis yields of SNII have been described in detail by Nomoto & Hashimoto 1988, Nomoto 
ett al. 1991, Hashimoto k Nomoto (1992; herafter UN), and Thielemann et al. (1993, 1996). We have used 
aa complete set of numerical models for SNII progenitors born with Z = 0.02 presented by HN for initial 
stellarr masses of 13, 15, 18, 20, '25, 40 and 70 M 0 (corresponding to helium core masses M a = 3.3, 4, 5, 6, 
8,, 16 and 36 M,-.-,, respectively). The 20 M(.) progenitor mass model of this set has been very succesful in 
explainingg the observed element abundances in SN1987A (see further Nomoto et al. 1991). In the following, 
wee wil l refer to this da ta set as the Nomoto et al. da ta set. 

Nomotoo et al. have computed SNII yields of He up to Zn by following the envelope abundances from 
thee start of gravi tat ional contraction of the helium core to the shock wave propagation through the stellar 
mant le.. The critical initial mass above which stars become SNII is assumed to be 8 M<;) while stars with 
mm ^ 13 M M are argued to form an iron core after central ignition of both Ne and Si. In principle, the 
remainingg iron core mass is determined by the carbon abundance both after helium burning and during the 
overshootingg of eonvective elements at the edge of the helium burning core. The fate of stars in the mass 
rangee 6 <, m[M,.)] ^ 8 is still matter of debate. These stars may explode by carbon deflagration (subsonieal 
explosion)) or detonat ion (supersonically) completely disrupting the star (e.g. Nomoto, Thielemann, and 
Yokoii  1984). Alternatively, these stars may end their lives as a C-f-0 white dwarf. For stars with m ,> 8 
M M ,, we discuss the explosive nucleosynthesis yields from Nomoto et al. 

Electronn degeneracy becomes significant during and/or after carbon burning in the O +O core for stars 
wit hh masses between 8 and ~ I 0 M<;, (M f t « 2 .5-2 .7 M (0). In general, the mass of the O /Ne /Mg core 
doess not exceed the critical mass of 1.37 M(., needed for neon ignition (Nomoto k Hashimoto 19NN; for 
comparison,, the critical mass for carbon ignition is ~ 1.0(5 M(.,) and the compact dwarf residual consists of a 
degeneratee O / N e / Mg core surrounded by a thin outer layer of C +O containing small amounts of elements 
upp to Ne. As a consequence these stars do not contribute substantially to the ISM enrichment of elements 
heavierr than Ne and, in general, produce small amounts of heavy elements (see e.g. Nomoto, Shigeyama k 
Tsuj imotoo 1991). Although these stars presumably leave a degenerate O /Ne /Mg core, the abundances in 
thee ejecta may be very similar to those in massive AGB stars (cf. Hashimoto, Iwamoto k Nomoto 1993) 

Starss in the mass range 10 to ~ 13 M (0 presumably form a semi-degenerate O /Ne /Mg core which is 
massivee enough to allow for (off-center) neon ignition (Nomoto k Hashimoto 1988). An impor tant question 
iss whether or not the inwards propagating neon-burning shell reaches the center. This depends on details 
off  the core structure. If not, a degenerate O /Ne /Mg core is left. Alternatively, explosive neon-flashes may 
leadd to the ejection of a helium layer. We wil l assume that stars in the mass range 8 to ~13 Mw eject a 
helium-layerr moderately enriched in heavy elements up to Si. For these masses, we linearly extrapolate the 
Nomotoo et al. yields from the 13 M<:, and 15 M(.> SNII models for elements up to Si. These stars do not 
contr ibutee to the interstellar iron content since iron is predominantly produced by explosive O or Si burning 
(e.g.. Woosley k Weaver 1986; Nomoto, Shigeyama k Tsujimoto 1991). We emphasize that the yields of 
starss in the mass range 8 - 13 M(:) are relatively uncertain and depend strongly on the detailed evolution 
scenarioo adopted. Unfortunately, the IMF-weighed contributions by stars in this mass range are important, 
inn part icular for elements like O, Ne, Mg, Al , and Si. 

Starss above ~ 13 M(., (M r t « 3.3 MM ) develop core masses sufficiently large for central Ne ignition. 
Thesee stars undergo nuclear burning under non-degenerate conditions and eventually form iron cores more 
massivee than 1.4 MM while ejecting large amounts of metals (e.g. Hashimoto et. al. 1993). The detailed 
explosionn mechanism for these stars is determined both by the final mass of the iron core and by the density 
gradientt near this core. 

Fig.. 3.8 displays the yields of the 20 and 40 M(:, SNII progenitor masses for the Nomoto et al. data 
set.. In general, the main elements returned by SNH progenitors are He, O, and Fe. Comparison of the 20 
andd 40 M,., SNII yields reveals that the latter yields are larger for all elements up to the iron peak except 
forr the a— elements which are relatively un impor tant. 
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F iguree 3.8 Yields of SNII progenitors with initial masses of 20 M(y (left) and 40 M,, (right), formed with solar 
metallicityy (data from Nomoto et al. ) 

Thee iron mass ejected by SN 1987A, which probably has a progenitor of ~20 M,.,, is estimated to be 
Am(Fe)) = 0.075 1 M 0 from its optical light curve (e.g. Kumagai et al. 1991). This is in good agreement 
withh the ejected amount of iron of a 2 0 - 25 M,.} progenitor star (assuming a helium core mass of ~ 6 M<:,) as 
predictedd by the theoretical SNII models from Nomoto et al. A 20 M Q star further returns ~0.2 M,., of Mg 
andd ~0.1 M 0 of Si. In case of Al and Ca, these amounts are 0.001 and 0.005 Mp>, respectively. Stars with 
main-sequencee masses in the range of 20 -25 M 0 are probably the dominant sites of nucleosynthesis products 
sincee they produce most species from oxygen to the iron-peak elements in about the solar abundance ratios 
(Woosleyy & Weaver 1986; Nomoto 1992). In addit ion, the IM F weighed heavy element yields of these stars 
aree relatively important (see below). 

Fig.. 3.9 shows the total synthesized and ejected yields of H, He, (.', N, O, a-elernents, Al , Fe, and total 
Z,, as a function of initial stellar mass and metallicity (data from the Geneva group for the higher mass-loss 
ratess and from Nomoto et al. described below). In order to be consistent with the stellar yields presented by 
thee Geneva group for phases preceding the SNII explosion, we adopted the SNII yields for H, He, G, N, and 
OO from the Geneva group as well (see Maeder 1992). For stars with m <, 8 M(.,, the AGB yields discussed 
inn Sect. 3.3.2 are shown for comparison. 

Wee briefly discuss the burning stages during which these elements are synthesized as well as their 
qualitativee dependence on initial stellar mass and metallicity. This discussion also refers to the data from 
Woosleyy and Weaver described below. 

Thee elements H, He, G, and N are ejected mostly during the wind (i.e. pre-SN) phase of massive stars 
(seee below). Carbon is formed during helium burning, its production depends on the details of convection 
att the end of helium burning. For instance, a small increase of the helium convec.tive core can dramatical ly 
decreasedecrease the carbon yield. Also, the carbon yield is sensitive to the 1 2C(a, 7 )1 60 which is still somewhat 
uncertain.. Nitrogen is produced by the GNO cycle (in the deep envelope by the GN cycle). In some massive 
stars,, it is possible that the convective helium shell dredges up carbon with the consequent production of 
largee amounts of nitrogen (cf. T immes et al. 1995). In general, the newly synthesized yields of G and N 
increasee with initial stellar mass (m ^ 8 M(:>) and metallicity, which both have a favourable effect on the 
hydrostaticc burning of He. 

Oxygenn is formed both during helium burning and neon burning and is the most abundant heavy-
elementt synthesized in massive stars. A substantial oxygen contribution comes from the SNII phase especially 
forr stars born with low metallicities. The remaining oxygen is produced during the pre-SN phase (which is 
sensitivee to the 1 2C ( a , 7 )1 60 reaction rate as well). 

Magnesiumm and aluminium are mostly products of hydrostatic carbon and neon burning (e.g. Arnett 
kk Thielemann 1985). In general, the yields of Mg and Al decrease with increasing metallicity. This is due 
bothh to the strong reduction of the helium core mass with increasing metallicity and to the corresponding 
increasee in mass loss with metallicity (as discussed above). The same is true for intermediate mass elements 
(Si-Sc)) which are produced mostly during oxygen burning (i.e. both during hydrostatic oxygen shell burning 
andd explosive oxygen burning, in proportions that vary from star to star). Intermediate mass elements are 
burnedd to iron group elements during and after shock passage. However, these elements are created by 
explosivee oxygen burning in amounts similar to those previously burned (see below). When moving upwards 
inn atomic mass, the nucleosynthesis becomes increasingly sensitive to abundance changes that occur during 
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thee SN explosion (and less sensitive to the initial stellar abundances). In particular, the iron-peak elements 
aree mainly synthesized during the explosive burnings of Si and O. Therefore, the yields of these elements are 
relativelyy insensitive to initial metallicity. 
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F igu ree 3.9 Total yields of SNII progenitors with initial masses m ^ 8 M(.,, and initial metallicities Z = 0.04, 0.02, 
0.008,, 0.004, and 0.001 (see legend). Data are taken from the Geneva group and Nomoto et al. (1994). Total yields 
forr AGB stars with m ^ 8 M(.) are shown for comparison (standard model; cf. Fig. 3.3) 

 Pre-SN and SNII yields from Woosley and Weaver 

Recently,, Woosley & Weaver (1995; hereafter WW) presented a comprehensive set of Type II supernova 
modelss for various initial masses (11 <>  m/ M :0 <>  40) and metallicities (Z= 0., H)" 4, 10"2, 0.1 and 1. Z,.,). 
Wee here discuss these pre-SN and SNII yields and compare them to the yields from Nomoto et al. discussed 
inn the previous section. 
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SNIII yields: Z-dependence (Woosley et a 
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Figuree 3.10 Total yields of SNII progenitors with initial masses m ;> 8 M 0, and initial metallicities Z = 0.02, 0.008, 
0.004,, and 0.001 (line texture as in Fig. 3.5). Data are taken from Woosley &  Weaver (1995). Total yields for AGB 
starss with m ^ 8 M(.) are shown for comparison 

Fig.. 3.10 shows the total synthesized and ejected yields of H, He, G, N, O, a-elements, AI, Fe, and total Z, 
ass a function of initial stellar mass and metallicity (data from Woosley & Weaver 1995; their A-models were 
used).. Yields were linearly extrapolated for stars with m ^ 40 M<:,. For stars with ??i £ 8 M,;,, the A(i B 
yieldss discussed in Sect. 3.3.2 are shown. 

Comparisonn of the yields from WW with those from Nornoto et al. (and the Geneva group) reveals 
thatt for stars with m ^ '20 M Q the yields of H, He, G, N, and O, are similar (i.e. within a factor of 2). 
Inn contrast, for stars with m <; 20 M 0 mass-loss becomes important and the H, He, (', N, and O yields 
predictedd by WW are considerably smaller (in some cases by more than one order of magnitude) than those 
fromm Nornoto et al. In addition, the metallicity dependence of these element yields is relatively weak in the 
W WW models which is due to the fact that the strong metallicity dependence of the mass lost by massive 
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starss was not taken into account by W W. This illustrates the importance of the inclusion of mass loss for 
thee heavy element yields of massive stars. 

Al thoughh a larger initial helium abundance generally leads to larger helium cores in (he WW models, 
thee trend expected breaks down for stars more massive than ~ 30 M (;). This is due to the inclusion of the 
reversee shock in the W W models which results in additional accretion of mat ter onto the iron core (this 
ext raa amount increases towards initiall y more massive, larger gravity stars). As a consequence, the heavy 
elementt yields of stars with 7?» ^ 30 M,., are drastically reduced. The combined effects of the reverse shock 
(includedd in the WW models) and the metallicity dependent mass loss during the pre-SN phase (ignored in 
thee WW models) are the main explanation for the differences between the WW and Nomoto et al. data in 
thee product ion of intermediate mass elements by stars more massive than ~ 20 M h . Similarly, the yields of 
iron-peakk elements are reduced by large factors (up to ~25) in the WW models, due to the more efficient 
accretionn of products of explosive Si and O burnings. Note the high sensitivity of the iron yields to the 
initiall  stellar metal l ici ty in the WW models. 

Inn contrast to the W W models, Nomoto et al. considered stars of solar composition only and used 
evolvedd helium stars to model the SNI1 explosion (instead of taking into account in detail the pre-SN 
evolut ion).. This results e.g. in Ma(m) relations distinct from that in the WW models (e.g. M rt is ~ 9.2 
andd ~8 M,., for a 25 M<.) star born with Z = Zf:)}  in the WW and Nomoto et al. models, respectively). 
Fur thermore,, the calculations by Nomoto et al. were performed by depositing energy at a specific radius 
insidee the Fe core while neglecting the effects of neutrino t ransport through the stellar mantle as well as 
ignoringg the effects of a reverse shock in the more massive SN progenitors. In contrast, WW used a piston 
locatedd at. the outer edge of the iron core (which may differ for stars differing in mass). The actual explosion 
wass delayed for some t ime during which the neutrino deposited energy built up to a critical value. This 
resultss e.g. in large differences between the two sets of models in the final iron core masses predicted. 

Overall,, the W W models have some important advantages over those from Nomoto et al. in combina-
tionn with the Oeneva group tracks. However, a disadvantage of the WW models is that they do not account 
forr mass-loss dur ing the pre-SN stage which depends on initial stellar metallicity and strongly affects the 
result ingg yields as discussed above. We wil ! consider the IMF-weighed yields for the two sets in Sect. 3.4. 

3.3.44 Supernovae Type la 

Type-II  supernovae are subclassified in Type la, lb, and Ic according to their photospherie spectra (see e.g. 
revieww by Harkness and Wheeler 1990). The lack of strong hydrogen lines in the spectra of SNI implies 
thatt the progenitors have lost most of their hydrogen-rich envelope at t ime of the explosion, e.g. by mass-
transferr in a binary system. SNIa are characterised by spectra showing a deep absorption line produced by 
blueshiftedd Sill A6355 which is absent in SNIb and Ic. The optical spectra of SNIa exhibit also lines of Ca, 
S,, Mg, and () (e.g. Branch et al. 1981) and are sensitive to the production of  r>6Ni which decays via 5 f'Co to 
stablee 5 f'Fe. 

SNIaa are generally accepted to originate from mass-accreting C +O white dwarfs (WD) in close binary 
systems,, based on models of the thermonuclear explosion of an electron-degenerate O +O core (e.g. Woosiey 
kk Weaver 1986; Nomoto 1986; Yamaoka et. al. 1992). In this case, the accreting WD experiences a steady 
supplyy of gravi tat ional binding energy associated with the H-rich mat ter accreted from the secondary. F'art 
off  this energy is radiated away, while the remaining part heats the interior of the WD (e.g. Nomoto 1982). 
Thee rate of mass accretion onto the WD surface determines the degree to which compressional heating and 
radiat ivee cooling of the WD occurs. When the WD mass increases and reaches the Chandrasekhar limit , 
eitherr thermonuclear explosion or collapse occurs, depending on the accretion rate and the CO-mass at 
thee end of the C-burning phase. Besides its mass and accretion rate, the fate of the WD depends on the 
composit ionn of the accreted matter and thus on the evolution of the companion star (see further Shigeyama 
ett al. 1992). 

Att present, no unique explosion model exists that can explain all SNIa observed. Apart from the 
amountt of mat ter surrounding the WD at t ime of explosion, the companion of the WD either may be an 
evolvedd star supplying mat ter onto the WD (i.e. the single degenerate model; e.g. Wheeler k I ben 1973; 
Nomotoo et al. 1991; R.enzini 1993) which ult imately results in the SNIa explosion, or may be a WD as well 
andd the SNIa explosion may occur when the two orbit ing WDs merge after loosing angular momentum by 
gravi tat ionall  wave radiat ion (i.e. the double degenerate model; I ben k Tutukov 1984; Pacynski 1985; cf. 
R.enzinii  1993). Observations of slowly rising SNIa light curves, appear to require explosion models in which 
thee C +O WD is surrounded by an unburnt extended envelope of typically 0.2 to 0.4 M^ (Muller k Hoflieh 
1993).. Also, the WD may have a He or O + N e + Mg composition although models suggest that the fate of 
suchh WDs is inconsistent with the observations (e.g. Midler 1990; Myaji k Nomoto 1987). 

Inn order to retain the energy required to power the thermonuclear explosion of SNIa, the propagation of 
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thee mixing front through a significant part of the star may be supersonically (detonation), subsonically (de-
flagration),, or subsonically in the outer regions and supersonically in the inner regions (delayed detonat ion). 
Wee here adopt the nucleosynthesis yields for SNIa based on the carbon deflagration wave model in a ( '+ () 
WDD as presented by Nomoto et al. (1984) and Thielemann et al. (1986). The nuclear energy released in these 
modelss is large enough to disrupt the white dwarf completely. However, nova-like explosions based on the 
ignitionn of degenerate hydrogen may prevent the WE) from reaching an explosive configuration (He+(' double 
detonationn models; Nomoto 1993) so that in this case the SNIa explosion would not occur at all (or very late). 

O O 

< < 
O O 

00 r 

--

-- He-

SNIaa 5. M 0 

00 Si e 
cc .  b 

ii \\emhhT 
I ff \ / » V 17 \ / Ti f 

VV P M N 
Naa K a / Va 

NN I 
Sc c 

1 1 

Fe e 

AA N'i 

|Mn\// 1 
Col l 

Zn--

Cu"" " 

00 -

- 33 -

10 0 20 0 30 0 

He e 
I I 

--

--
—-|| , 

-- Li B e 

SNIII 20. MQ 

11 C i . . _ 
CC P[ Ne , S 
K / ll  I M9A X Ar 

r*r*  K A A A r^ Ca 

/NN /\/V V \ / i 
li..»...Al..p...- ii  1 
[[ Na Cl I 

\\ A' 
FF « 

Sc c 

--

Ni i 
Fee -

AA / \ 
Cr// V \ Zn 

^ ii Cov* 
Mnn Cu 

--

10 0 200 30 0 10 

Atomicc Number 

- 6 6 

Figuree 3.11 Newly synthesized and ejected element yields of a 5 M Q SNIa progenitor (top left; data from Nomoto 
ett al. 1984) and a 12 M Q helium star SNIb progenitor (top right; data from Woosley et al. 1995). Yields of SNII 
progenitorss of 20 M Q (bottom left) and 40 M Q (bottom right); data from Woosley fc Weaver 1995) are shown for 
comparison.. Solar metallicity has been assumed for the SN progenitor stars. 

Thee standard deflagration model W7 of Nomoto et al. (1984) and Thielemann et al. (1986) for SNIa 
accountss well for the observed light curve and spectra at both early and late times of SNIa. We here adopted 
thee SNIa yields of the W7 model for an initial stellar mass of M QQ which leaves a WD remnant of 
1.377 M Q . Metallicity dependent SNIa yields were used for Z = ZQ and Z = 0. of the accreted material, 
respectively.. Heavy element yields for other SNIa progenitor masses are assumed to be the same since SNIa 
yieldss are argued to depend only on the critical mass for Ne ignition (e.g. Nomoto 1991). 

Wee note that the outcome of carbon deflagration depends on the propagation speed of the shock wave, 
whichh is uncertain (e.g. depending on the mixing length of convection; cf. Wheeler and Harkness 1990). Also, 
latee detonation models may reduce the SNIa yields considerably for elements up to Mg, while the yields for 
elementss more massive than Si wil l be somewhat increased (e.g. Yamaoka et al. 1992; Thielemann et al. 
1993).. Furthermore, it is possible that the accreting C +O WD collapses rather than explodes (Nomoto et 
al.. 1991), which would have considerable effect on the resulting SNIa yields. 

Inn Fig. 3.11 we compare the element yields of SNIa (Nomoto et al. 1984) with those of SNIb (Woosley 
ett al. 1995) and SNII (Woosley k Weaver 1995), for stars born with solar metallicity. For SNIa, the ejecta 
fromm mass-loss phases preceding the explosion were not taken into account. In general, the SNIa yields of 



42 2 33 Basics of modelling the chemical evolution of the (1atactic disk 

iron-peakk elements exceed those of SNII and SNIb by about one order of magnitude. Typical amounts of 
ironn produced are ~0 .8 M(.}  for SNIa, ~ 0.07 M 0 for SNII, and ~0.1 M(., for SNIb/c. Observations require 
thatt a total amount of 0 .4 -1 M(.» of  56Ni should be ejected in each SNIa event (e.g. Thielemann et al. 
1989).. This is in good agreement with the sum of the Fe and Ni yields predicted by the SNIa model shown. 
Notee that the oxygen production by SNIa is practically negligble compared to that by SNII and SNIb/e (e.g. 
Nomotoo et al. 1984: Hashimoto et al. 1989; Woosley and Weaver 1991). SNIa are thought to be a major 
sourcee of the iron-peak elements and of intermediate mass elements like Si, S, and Ca (of. Fig. 3.11). SNII 
(andd SNlb/o) are the main contributors to elements such as He, O, Ne, and the rv-elements (of. Fig. 3.9). 
Wee consider the yields of SNIb/e in more detail below. 

3.3.55 Supernovae Type Ib/c 

SNIb/oo explosions are probably associated with the core collapse of massive stars that lost their entire 
hydrogen-richh envelope (lb) and even lost (most of) their helium-rich envelope (Ic; e.g. Yarnaoka k Nomoto 
1991;; Woosley et al. 1993). The hydrogen-rich envelope may be lost due to mass-transfer in a close binary 
systemm or by means of a strong stellar wind around single massive stars (e.g. Woosley, Langer k Weaver 1993, 
hereafterr WLW; Maeder k Meynet 1994). Once the hydrogen envelope is entirely lost, the remaining helium 
starr may be identified as a W R s t ar (e.g. Maeder fe Meynet 1994). The strong winds observed around helium 
starss with m ^ 4 M(., may be due to instabil it ies associated with radial pulsations (Glatzel, Kiriakidi s k 
Frickee 1993; WLW) which may imply a convergence of final masses near ~4 M(., (Langer et al. 1994). The 
opticall  light curves and spectra of SNIb/c are found to be in agreement with explosion models for low-mass 
heliumm stars between 3 and 5 M(:) (which correspond to main-sequence masses of ~ 12 — 18 M ( ! ; see e.g. 
Yarnaokaa k Nomoto 1991; Nomoto et al. 1994; Woosley et al. 1995). Since SNIb/c presumably undergo 
ironn core collapse as in SNII, their yields are expected to resemble those of low-mass SNII progenitors (e.g. 
Sh igeyamaett al. 1990; Hachisu et al. 1990). 

Recently,, WLW presented models for the chemical evolution of helium stars with masses in the range 
44 — 20 M(.i which are str ipped off their hydrogen-rich envelopes. The final masses of these helium stars, left 
overr after the hydrostat ic nuclear burnings and mass-dependent mass loss (e.g. Langer 1989), were found by 
WL WW to converge to a very narrow range between 2.26-3.55 M(:) and were considered as the immediate 
progenitorss of SNIb /c. Explosive nucleosynthesis of these final masses was treated in a way similar to that, 
forr SNII (see WW; WLW) . For helium stars more massive than ~7 M(.,, some mat ter was found to fall back 
too the collapsed core during the explosion (as for SNII). 

Wee wil l adopt the SNIb/c yields for the helium stars models presented by WLW (their A models were 
used)) as the sum of the pre-SN and SN yields of massive stars stripped off their hydroge-rich envelopes. 
Furthermore,, we wil l ignore any variation of the SNIb/c yields with metallicity as the models by WLW were 
performedd for solar metall icity only. 

Inn Fig. 3.11 we show an example of the SNIb/c yields of a 12 M(.> helium star as predicted by the 
modelss of WLW . The progenitor mass of this helium star is probably as massive as ~ 40 M(l) (see below). 
Overall,, the SNIb /c yields are similar to that for a SNII progenitor of roughly the same mass (~40 M (.,). 
Exceptionss include the SNIb /c yields of He and 0, and the mean O/Fe abundance ratio in their ejecta, which 
aree substant ial ly larger than in SNII. 

Inn Fig. 3.12 we compare the yields of the most abundant elements of SNIb/c with those of SNIa and 
SNIII  (for stars formed with solar metal l ici ty). The SNIb/c yields shown were related to a main-sequence 
starr mass using the initial mass vs. helium star mass relation given in Eq. (3.20) below. In principle, SNIb/c 
contr ibutee to the same elements as SNII. However, SNIb/c are more important contr ibutors to He, C, and 
Fee (over the entire range of SNII progenitor mass considered), even after weighing with the IM F and with 
thee relative SN frequencies (see below). Also, SNIb/c may be important for the enrichment of elements like 
Na,, Al , and Ti (cf. WLW) . 

Thee SNIb /c yields shown in Fig. 3.12 are associated with stars that lost their hydrogen-rich envelopes 
earlyy in their evolution while the SNII yields shown have been computed for stars that did not experience 
anyy mass loss. Comparison reveals that the yields of intermediate mass elements are strongly reduced when 
masss loss by massive stars is included. In WLW it was argued that the chemical composition of helium stars 
withh str ipped envelopes differs from stars which evolved without efficient mass loss even though the density 
s t ructuree of such stars is the same. Thus, the chemical composition of a helium-burning helium star keeps 
memoryy of its initial mass. Furthermore, the immediate progenitors of SNIb/c have their helium-burning 
shelll  relatively close to the core compared to stars without mass loss (cf. WLW), due to the small sizes of 
thee final masses of helium stars that lost their envelopes. At the t ime of the SNIb/c explosion, this causes 
ann intense neutron irradiat ion when the shock wave passes through the helium shell which st imulates the 
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Figuree 3.12 Comparison of the yields of SNII, SNIa, and SNIb progenitors in the mass range 2.5-GO M f l formed 
withh solar metallicity. In case of SNIa, the immediate progenitor is assumed to be a WD remnant with WIWD ~ 1.2 
My.. The SNIb/c yields shown were related to a main-sequence star mass using the initial mass vs. helium star mass 
relationn given in Eq. (3.20). Literature sources for the yields are as given in Fig. 3.11 

formationn of massive elements such as Ti , Fe, and Ni. Note that if a major part of the helium envelope is 
lostt as well (as has been proposed for SNIc), the overall nucleosynthesis can be considerably altered (WLW) . 

Itt is clear that the yields of massive stars that experience substantial mass loss before they ult imately 
explodee as SN, are sensitive to the detailed mass-loss history (which affects both the mass of the resulting 
heliumm star and its chemical composition; see WLW). In addit ion, these yields are sensitive to e.g. the initial 
compositionn of the star, the nucleosynthesis and convection that may occur in the envelope before mass 
losss occurs, and — in the case of massive stars in close binary systems — the amount of enriched material 
thatt is (re-)accreted from the secondary before the primary actually explodes. These effects have not been 
accountedd for in the models of WLW. Nevertheless, as discussed above, the largest uncertainty in applying 
thee SNIb/c yields of WLW in galactic chemical evolution models arises from the unknown initial mass vs. 
heliumm star mass relation. 

Forr single stars, loss of the entire hydrogen envelope is restricted to stars more massive than m ~ 30 
M,.,, with solar metallicity at birth (e.g. Langer 1989; Maeder 1992). These stars wil l leave relatively large 
heliumm stars (e.g. <:  10 M 0 ) while their surface layers wil l be enriched in carbon (and possibly also oxygen) 
sincee a substantial fraction of the helium-burning lifetime can be spent before the hydrogen-rich envelope 
iss lost. In contrast, in the case of binary stars, stars with initial masses as low as ~ 10 M<., can lose their 
entiree hydrogen envelope. These stars leave relatively small helium stars (i.e. 4 -5 Mw) surrounded by a 
substantiall  mantle of pure helium, provided that they loose their hydrogen-rich envelopes before the onset of 
coree helium burning (e.g. Vanbeveren 1991). Thus, SNIb/c progenitors resulting from massive stars in close 
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binaryy systems wil l be, on average, less massive and wil l have surface layers that are chemically less evolved 
at.. the t ime of explosion than SNIb/c originating from single stars. Therefore, both the pre-SN and SN yields 
off  SNIb/c associated with binary stars are substantial ly less than those associated with single stars. 

Forr stars that ul t imately explode as SNIb/e, we wil l adopt an initial mass vs. helium star mass relation 
whichh favours the formation of low-mass helium stars (i.e. 4—5 Mr.,). This seems justified because: 1) the 
min imumm initial stellar mass that can lose its entire hydrogen-rich envelope is much lower for stars in binary 
systemss (~ 10 M,.,) than for single stars (<~~ 30 M,.,), and 2) the formation probabil i ty of mass-losing stars 
off  ~10 MM in close binaries is probably larger than that of ~30 MM single stars (assuming a Salpeter like 
IMF ;; cf. (.ireggio k Matteucci 1990). 

Forr simplicity, we wil l assume that the helium star mass niy{e(rn) distribution of massive stars that 
endd as SNIb/c is the same as the IM F for these stars. This implies a linear relation between initial stellar 
masss and the resulting helium star mass ( independent of metall icity). If we assume that only helium stars 
withh masses between 4 and 20 M(l) are formed, we have 

,, SNIb/c x 

mmlitlit .{m).{m) [M„ ] = 4 + 16 j 's ; (3.20) 
(muu - m\ ') 

wheree m\ J ' and mu are the lower mass limi t of stars that presumably end as SNIb/c and the upper mass 
limi tt at birth assumed (cf. Sect. 3.2), respectively. If anything, this wil l overestimate the contribution by 
SNIb/cc since massive stars (<; 30 M,.,) eventually may end as low-mass helium stars as well (i.e. ~ 4 - 5 M.,; 
cf.. Woosley et al. 1993; WLW) . In this manner, a first order approximation can be made of the yields of 
massivee stars that lose their hydrogen-rich envelope prior to core collapse, either by means of strong stellar 
windss or due to mass-transfer in close binary systems. 

3.3.66 Close binary stars 

Betweenn 75 and 90% of all stars in the SNBH have been identified as a member of a binary or multiple 
stellarr system (e.g. Abt 1983; Halbwachs 1986). This is expected to have several important consequences for 
thee chemical evolution of the ("J atactic disk. The ul t imate fate of a single star (or effectively a star in a wide 
binary)) is primari ly determined by its initial mass m and mass-loss history. In the case of close binary stars, 
thee fate of a star is further determined by the rate of mass exchange with the companion star. In general, 
transferr of envelope material from the pr imary (initiall y more massive star) to the secondary may leave less 
materiall  to turn into metals. If we assume that the bulk of the mass transfer occurs from the primary to 
thee secondary, the general tendency would be to reduce the overall nucleosynthesis yields of heavy elements. 
Thee reverse is probably true when mass-transfer occurs from the secondary to the compact object. 

H i ee formation of a WE) from an intermediate mass progenitor star requires the loss of the envelope 
duee to a strong stellar wind (Reimers 1975) which prevents the core from growing beyond 1.4 M<0 (e.g. Iben 
UU Renzini 1984). When massive stars in binaries experience drastic mass loss due to Roche-lobe overflow 
off  the pr imary component (e.g. upon leaving the main-sequence), this may lead to the formation of a WD 
insteadd of a neutron star remnant (which would have been formed if the star had not experienced substantial 
masss loss). These massive stars may ult imately end as a SNIa instead of SNII with important consequences 
forr their yields. 

Whenn material is transferred, it may be further processed by the secondary which may result in an 
enhancementt of its stellar yields depending on the relative time scales for mass accretion and mass loss in the 
stellarr wind. However, when the secondary later on fill s its own Roche lobe, mass-transfer from the secondary 
too the pr imary can strongly alter the yields of both stars. Other effects which e.g. may play an important role 
include:: 1) stellar envelope mass which is directly returned to the ISM instead of being transferred to and 
furtherr processed by the companion star, and 2) mass accretion to the surface of a massive star which results 
inn an enhancement of the envelope opacity thereby increasing the stellar mass loss by radiation pressure (i.e. 
mass-accretionn induced mass loss by the primary which results in a reduction of the core helium mass of the 
secondary,, with corresponding effects on the heavy element yields). 

Thee integrated effect of binary systems on stellar nucleosynthesis is poorly known. The tendency of a 
detailedd inclusion of the evolution of a binary system is expected to result, in a substantial reduction of the 
heavyy element yields as compared to the sum of both single star yields. For low-mass elements (i.e. lighter 
thann neon) the net effect of binary stars may be an enhancement of the total ejected element mass compared 
too the sum of the single star yields. However, this effect strongly depends on: e.g. 1) the evolutionary 
phase(s)) during which mass-transfer occurs, 2) the underlying physical mechanism and amount of mass loss, 
3)) the composit ion of the envelope mass transferred, and 4) the distributions of the initial mass-ratios and 
orbitall  separations of the binary components (cf. Iben 1991). 
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Wee wil l assume that the IMF-weighed element yields of the single star progenitors of AGB stars, SNII, 
SNIa,, and SNIb/c discussed above are representative for a stellar population that consists of predominantly 
binaryy stars. If anything, the enrichment by the single star population overestimates that of the binary 
populationn depending on the frequency of close binary systems in which mass-transfer leads to substantial 
changess in the yields of their single star components. 

3.44 Overall comparison of the yields of intermediate and massive 
stars s 

Wee give a brief overview of the l i terature sources for the metallicity dependent stellar yields described in 
thee previous section. Thereafter, we compare these yields for stellar generations differing in IMF, initial 
metallicity,, and relative frequency of AGB stars, SNIa, SNIb/c, and SNII, by means of the cumulative 
IMF-weighedd yield and the net yield function. 

3.4.11 Overview of the stellar yields adopted 

Tablee 3.10 summarizes the l i terature sources for the stellar yields adopted. Stellar yields for the wind and 
post-windd evolutionary stages are distinguished. For SNII progenitors, we use either the yields from the 
Genevaa group for the pre-SN phase combined with the yields from Hashimoto k Nomoto (1992, hereafter 
HN),, or the data from Woosley and Weaver (1995, hereafter WW) both for the pre-SN and SN phases. 
Thee stellar yields listed in Table 3.10 have been discussed extensively in the previous section and usually 
coverr the range in initial metallicity from Z = 0.001 to 0.02, except for the SNII yields from HN (see also 
Thielemannn et al. 1993, 1996) and the SNIba/c yields from Woosley, Langer, and Weaver (1995; hereafter 
WLW)) which were computed with Z = 0.02 only. When necessary, the yields are linearly interpolated (or 
extrapolated)) down to Z = 0.0001 and up to 0.04. 

Tablee 3.10 Adopted stellar yields and remnant masses: literature sources 

Am Am 
0.8 8 
0.8 8 
2.5 5 
88 -
88 -
88 -
88 -

[M H] ] 
-- 60 
-- 8 
-- 8 
60 0 
60 0 
60 0 
60̂  ^ 

Phase e 
Wind-phase e 
EAGB+AGB B 
SNIa a 
SNIb/c c 
SNir r 
SNIP P 
SNIP P 

Elements s 
H,He,C,N,0,Ne e 
H,He,C,N,0 0 
H-Zn n 
H-Zn n 
H-Zn n 
H,He,C,N,0 0 
F-Zn n 

Metallicityy range 
ZZ = 0.001 -0 .04 
ZZ = 0.0001 -0 .04 
ZZ = 0. and Z = 0.02 
ZZ = 0.02 
ZZ = Q.- 0.02 
ZZ = 0.001 and Z = 0.02 
ZZ = 0.02 

References s 
Genevaa group 
GJ933 k HG96 
N0844 k TH86 
WLWW 95 
WW95 5 
M92 2 
HN92 2 

Notes: : 
**  SNII yields were taken either from the combined M92 + HN92 data sets or from the WW95 models 
Iff  yields of elements heavier than Si were neglected for stars with m ^ 13 M(., (cf. Sect. 3.3.3) 
References:: Geneva group: Schaller et al. (1992); Schaerer et al. (1993, 1995); Oharbonnel et al. (1993); 
Meynett et al. (1994); GJ93: Groenewegen k de Jong (1993); HG96: van den Hoek k Groenewegen (1997); 
NOS4:: Nomoto et al. (1984); TH86: Thielemann et al. (1986); WLW95: Woosley, Langer, and Weaver (1995); 
WW95:: Woosley k Weaver (1995); M92: Maeder (1992); HN92: Hashimoto k Nomoto (1992) 

Thee data set listed in Table 3.10 is the most comprehensive and uniform set of metallicity dependent stellar 
yieldss currently available. The underlying stellar evolution models from these sources are based on up-to-
datee input physics and have been checked against many independent observational constraints. In addit ion, 
thesee models cover a wide range both in initial mass and metallicity, and extend from the main-sequence up 
too the final stages of stellar evolution. Although many uncertainties are still involved, we believe that the 
sett of stellar yields adopted is an important step further towards an adequate and representative da ta base 
off  nucleosynthesis yields well suited for use in galactic chemical evolution studies. 

3.4.22 Cumulat ive IMF-weighed yields 

Cumulat ivee IMF-weighed yields are a measure of the relative contribution by stars, with masses in a given 
masss range, to the total mass of element j ejected by the stellar generation to which these stars belong. 
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Cumulat ivee IMF-weighed yield distr ibutions are computed by integrating the IMF-weighed stellar yields 
overr a given initial mass range (mi, m. |+Am) and dividing this number by the same integration over the 
entiree mass interval (mi. mu ) : 

,-.,.,, A , X"!' +Am
 PJ("1- Z.)M{m)dm 

rm(.rm(. V A m = —  ̂ _ . . . . . . (3.21) 

wheree pj{m, Zr) is the stellar yield of element j (see Eq. 3.12) and mi, mu denote the lower and upper stellar 
masss l imit s at birth, respectively. In the following, we wil l refer to these distr ibutions shortly as cumu la t i v e 
yields. . 

Althoughh cumulat ive yields can be used e.g. to estimate the contribution by AGB stars to the total 
amountt of helium returned by a stellar populat ion, there are some l imitations in their application. First, 
thee ejecta of AGB stars are returned on t ime scales much longer than those of more massive stars (e.g. 
SNIII  progenitors) that belong to the same stellar generation. Second, due to their long lifetimes, AGB stars 
usuallyy have initial abundances substantial ly less than those of e.g. SNII progenitors. Third, among the 
starss that nowadays return the main part of their ejecta to the ISM, AGB stars may have been formed with 
SFRss much higher in the past than those of massive stars. The latter effect would imply that the cumulative 
yieldss of AGB stars would be much more important than in the above definition of the cumulative yields. 

Forr the cumulat ive yields considered in this section, we assume that the initial abundances of e.g. 
AGBB stars and SNII progenitors are identical and that both low and high-mass stars return their ejecta 
too the ISM simultaneously. Furthermore, for the present purpose, we exclude the the yields of SNIa and 
SNIb /ee since their contr ibut ions heavily depend on the assumed fraction of stars that ult imately end as 
SNI.. Consequently, some of the quant i tat ive conclusions presented below may be altered when we take into 
accountt the detailed star formation histories, initial metallicities, and ejection t ime scales of these stars (cf. 
Chapterr 4). 

 Comparison of individual stellar yields: H, He, C, N, and 0 

Fig.. 3.13 shows the wind and post-wind element yields of H, He, C, N, O, and Z as a function of initial stellar 
masss and initital metall icity. Data for stars with m Z 8 M(:) have been adopted from the Geneva group and 
Nomotoo et al. as discussed in Sect. 3.3. For stars with m <>  8 M r t l we adopted the standard model for AGB 
starss (cf. Fig. 3.5). Yields for the wind-phase (i.e. pre-AGB phase) of AGB stars are usually negligible 
andd have not been plotted separately from their post-wind (i.e. AGB phase) yields. Newly synthesized and 
ejectedd element masses are given by the sum of the wind and post-wind yields. Note that these yields do not 
includee any unprocessed material initiall y present in the star (cf. Fig. 3.9). For hydrogen, the total amount 
off  H consumed is plotted. 

Beforee discussing these yields for each element individually, we show in Fig. 3.14 the corresponding 
cumulat ivee IMF-weighed total yield distr ibut ions of stars born with Z = 0.02 for various IMFs. Cumulat ive 
yieldss are considered for the IM F derived from star counts in the solar neighbourhood (cf. Scalo 198(3) and 
forr two power law IMFs with 7 = - 2 . 35 (Salpeter IMF) and - 3 , respectively. The cumulative distributions 
weree normalised to one using initial mass limit s of m\ =0.1 and mu — 60 M(.,. 

H y d r o g enn is consumed predominantly by massive stars during their wind phases. However, most hydrogen 
iss deposited in long lived low-mass stars (m ^ 1 M w ) rather than being consumed. As can be seen from 
Fig.. 3.13, total hydrogen yields are insensitive to the initial stellar metallicity. In contrast, both the wind 
andd post-wind hydrogen consumptions do depend on the initial metal-abundance. For the local IMF, more 
thann ~ (S5 % of hydrogen is consumed (or deposited) by stars less massive than 8 M(.} , independent of Z 
(seee below). For a power-law IM F with slope 7 = -2.35 this fraction is ~70 %. In principle, the interstellar 
hydrogenn abundance can be used to constrain the depletion and consumption of gas by the total galactic 
stel larr populat ion. 

Inn Figs. 3.15 and 3.16, we show the variations of the cumulative yields with initial stellar metallicity 
forr the Nomoto et al. (1994) and Woosley fc Weaver (1995) models, respectively, assuming a Salpeter IMF. 
Bothh da ta sets show very similar cumulative hydrogen yields and are insensitive to initial metallicity. Note 
thatt despite the similarity in the cumulative hydrogen yields for the two sets, the corresponding total hydro-
genn masses returned may differ considerably (see below). 

H e l i u mm is predominant ly synthesized during the wind-phase of massive stars (c{. Fig. 3.13). Because of 
thee large convective cores and reduced mass-loss rates of massive stars born with relatively low metallicities, 
thee helium yields for the wind-phase of these stars increase with initial metallicity. For the same reason, 
thee helium yields of massive stars for the post-wind phase decrease with increasing metallicity. AGB stars 

http://'lala.ct.ic
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F i g u ree 3 .13 Yields for the wind and post-wind phases of SNII progenitors with initial masses m <; 8 M ( ) and initial 
metallicitiess Z = 0.04, 0.02, 0.008, 0.004, and 0.001 (see legend). Data has been adopted from the Geneva group and 
Nomotoo et al. (1994). Yields for AGB stars with m <>  8 M Q are shown for comparison (standard model; cf. Fig. 
3.5) ) 
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IMF-- Weightedd yields: IMF—dependence at Z = Z„  (Geneva /Nomoto) 
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F igu ree 3.14 Cumulative IMF-weighed yields for solar metallicity stars in the mass range 0.1—tiO M;., formed 
accordingg to a power law IMF with 7 = —2.35 (i.e. Salpeter), 7 = —3, and the IMF derived for stars in the solar 
neighbourhoodd (Scalo 1986; see legend). Data adopted from the Geneva group, Nomoto et al. (1994), and van den 
Hoekk & Groenewegen (1997) 

producee relatively small amounts of helium, typically less than 0.5-1 M(-, while most of the helium enrichment 
byy AGB stars originates from stars with initial masses between ~4 and 8 M<;). 

However,, after weighing by the Salpeter IMF, AGB stars are found to account for more than ~ 6 5% of 
thee helium enrichment of the ISM. For the local IMF, this number increases to ~80 % (cf. Fig. 3.14). Since 
thee cumulat ive helium yields are dominated by AGB stars and are relatively insensitive to initial metallicity, 
thee interstellar helium abundance provides a valuable constraint to the formation history of low and inter-
mediatee mass stars. 

C a r b onn is mainly produced during the wind-phase of massive stars (as is helium). Large amounts of carbon 
(i.e.. up to ~6 M,.)) can be ejected during this phase while post-wind carbon yields are usuall small (i.e. 
^>0.55 M(.) ; cf. Fig. 3.13). The trend with initial metallicity is similar to that for helium except, at Z 'Z 0.02. 
Thiss is related to the reduced convective helium core in this case. Production of carbon in AGB stars is low 
comparedd to that in massive stars. In fact, stars with masses ranging from 4—8 M(., may consume carbon 
byy 11 MB burning depending on their initial metallicity (cf. Sect 3.2). 

Thee IMF-weighed carbon contribution by AGB stars formed with Z — Z,., is ~ 3 0% assuming a Salpeter 
IM FF (~50% for the local IMF) . For the WW models, these numbers are substantially larger, i.e. ~60 and 
~800 %. respectively (cf. Fig. 3.16 and 3.17) since the carbon contribution by massive stars is relatively low 
inn the WW models (see Sect. 3.3). For the Geneva/Nomoto models, the AGB contribution to the cumulative 
carbonn yields is relatively insensitive to initial metallicity. In this case, most, insterstellar carbon is produced 
byy stars more massive than ~8 M(.) (independent of Z). In contrast, the AGB star carbon contribution 
decreasess from - 6 5% at, Z=0 .04 to - 3 5% at Z=0.001 in the WW models. In this case, the interstellar 
carbonn abundance is expected to be dominated by massive stars at early epochs of galactic evolution, while 
AGBB stars start to dominate the stellar carbon ejection rate at more recent, evolution times. 

N i t r o g enn is mainly formed by ( 'NO burning in massive AGB stars as well as during the wind-phase of 
massivee stars born with rnetallicities Z ^0.01 (cf. Fig. 3.13). In particular, nitrogen is not, formed in signif-
icantt amounts dur ing the post-wind evolution of stars more massive than —8 M,.,. Thus, the IMF-weighed 
nitrogenn contr ibut ion is strongly dominated by AGB stars, i.e. AGB stars contribute at least 80 — 90% to the 
interstellarr nitrogen abundance (cf. Figs. 3.14 — 3.16) depending on the assumed IM F and initial metallicity 
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iF—weightedd yields: Z-dependence (Geneva/Nomoto) 
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Figuree 3.15 Cumulative IMF-weighed yields for stars in the mass range 0.1-GO Me formed according to a Salpeter 
IMFF with initial metallicities Z = 0.04, 0.02, 0.008, 0.004, and 0.001 (see legend). Data from the Geneva group, 
Nomotoo et al. (1994), and van den Hoek & Groenewegen (1997) 

off  the stars. This is true both for the Geneva/Nomoto and WW models. Therefore, interstellar nitrogen is 
aa valuable tracer of the AGB star population formed in the past. This is especially true for low metallicities 
[Z[Z <>  0.005) at which CNO cycling in massive stars becomes negligble (cf. Maeder 1992). 

O x y g enn production is dominated by massive stars during their post-wind phases (i.e. SN explosions). Small 
amountss of oxygen are returned during the wind-phase of these stars (cf. Fig. 3.13). The variation of the 
explosivee oxygen yields with initial metallicity can be explained in a way similar to that for helium and 
carbonn (see above). 

Forr a Salpeter IMF, the IMF-weighed oxygen contribution by AGB stars formed with Z = Z{., amounts 
~ 2 0%% (cf. Fig. 3.14). However, the initial metallicity assumed for these stars is certainly too high because 
off  their formation at relatively early epochs in galactic chemical evolution. Therefore, the actual oxygen 
contributionn by AGB stars is much less than that shown in Fig. 3.14. In addit ion, the variation of the 
cumulativee oxygen yields with metallicity is mainly due to the initial abundances of AGB stars assumed (cf. 
Figs.. 3.15 and 3.16). In general, stars more massive than ~10 M,., do contribute more than ~ 9 0% of the 
oxygenn returned by a stellar generation. 

Sincee oxygen is basically synthesized in SN progenitors with initial masses between 20 and ~40 M,,., 
thee interstellar oxygen abundance puts severe constraints on the past population of massive stars. This 
constraintt is independent of initial metallicity (or IMF) and thus provides a severe upper limi t to the total 
numberr of SNII (and SNIb/c) that has occurred during the lifetime of the Galactic disk. The same is true 
forr the cumulative yields of the element integrated metallicity Z (cf. Figs. 3.13-3.16). 
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1F—weightedd yields: Z-dependence (Woosley et at.) 
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F igu ree 3.16 Cumulative IMF-weighed yields for stars in the mass range 0.1-60 Mw formed according to a Salpeter 
IM FF with initial metallicities 2 = 0.04, 0.02, 0.008, 0.004, and 0.001 (see legend). Data from Woosley k Weaver 
(1995),, and van den Hoek fe Groenewegen (1997) 

 Comparison of individual stellar yields: Mg, A l , Si, S, Ca, and Fe 

Elementss heavier than oxygen are synthesized in considerable amounts by SNIa and in massive stars (m i> 12 
M(.,).. We here ignore the ejecta from SNIa since their contribution strongly depends on the formation history 
off  low and intermediate mass progenitors (cf. Sect. 3.2). However, we note that SNIa may substantially 
contr ibutee to elements such as Fe and Ni. 

Inn Figs. 3.15 (WW models) and 3.1(5 (( icneva/Nomoto models), we show the cumulative yields of Mg, 
Al ,, Si, S. ('a, and Fe for stars formed with initial metallicities Z- 0.04, 0.02, 0.008, 0.004, and 0.001. In 
general,, the cumulat ive yields of these elements strongly depend on initial mass, i.e. more massive stars in 
generall  eject larger amounts of heavy elements. However, in case of the WW models, stars more massive 
thann ~30 M,., experience strong reverse shocks during which substantial amounts of envelope material are 
accretedd by the iron core formed during the preceding collapse (cf. Sect. 3.3). Therefore, cumulative heavy 
elementt yields in the W W models are dominated completely by stars with initial masses between 10 and ~30 
M(j).. Furthermore, the cumulative yields for the heavy elements shown are insensitive to initial metallic.ity 
ass compared to the Gene.va/Nomoto models. This is because stars in the WW models do not experience 
metallic.ityy dependent mass loss. 

Thee cumulat ive yields in case of the (Jeneva/Nomoto models do strongly depend on initial metallicity 
forr elements such as Mg, Al , S, and ('a. This is mainly due to variations of the helium core mass and stellar 
mass-losss rates with initial metallicity. Iron is an exception since it is mainly produced during explosive silicon 
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andd oxygen burning. At relatively high metallieities Z ^ 0.02, stars with 10 <>  m[M ( .] <, 30 contr ibute ~50 
%% of the total heavy element enrichment (this fraction is somewhat larger for the WW models). Note that 
thee Geneva/Nomoto models predict substantial ly larger heavy element contributions by stars with m <;30 
M,.,, compared to the WW models. 

Inn principle, the ISM abundances of intermediate mass elements like Mg, Al , and Si, provide contraints 
too the total number of massive stars (m *t 8 M^ ) ever born in the Galactic disk. However, the use of these 
contraintss is complicated by the fact that SNIa may contr ibute substantial ly to the ISM abundances of such 
elementss as well (which usually originate from stars less massive than ~8 M ( ) ) . As discussed in Sect. 3.2.3, 
thee abundances of heavy elements in the ejecta of SNII and SNIa differ considerably. Therefore, interstellar 
abundancee ratios like [O/Fe] and [Ne/Fe] may put more severe constraints on the total number of SNII and 
SNIaa as well as on their relative importance for the chemical enrichment of the Galactic disk. However, the 
usee of such constraints is further complicated by the contribution of SNIb/e (and/or SNII progenitors which 
lostt their hydrogen-rich envelopes), e.g. for elements like Mg, Al , and Si (cf. Sect. 4.3). 

3.4.33 Net yield function 

Thee net yield of a stellar generation is a useful quanti ty when comparing stellar input data for galactic 
chemicall  evolution models. The theoretical net yield Yj is defined as the newly synthesized and ejected mass 
off  element j , IMF-weighed and integrated over all stars, divided by the net mass locked up by the same stars 
(seee e.g. Tinsley 1980): 

Y-(t)Y-(t) - — - ->ma[t) J_v—___/ v / ( 3 . 2 2 ) 
33 S™"mM{m)dm - f ^ t ) ( m - mr e m( m, Z«))M(m) dm 

wheree m0(t) denotes the turnoff mass at galactic lifetime t and m\,mu denote the mass boundaries between 
whichh stars are formed. Net yields Yj(t) can be used as a first approximation to the element abundance 
Zj(t)Zj(t) for a given IM F and set of stellar yields pz without incorporating the detailed galactic star formation 
andd chemical enrichment history (e.g. Tinsley 1980). Note that the net yield depends on the initial metal-
abundancee Z* of the stars under consideration by means of the stellar yields pz(ni, Z+). 

Thee net yield may be also expressed as: 

ii  IZ\t)mPj(m>z*)M(m)dm 

Y j - \ - RR r-mM(m)dm [ } 

wheree the returned fraction H(t) is defined as the ratio of the stellar mass ejected at instant / and the total 
masss of stars formed for a given stellar generation (cf. Tinsley 1980): 

W)W) = m ( t ) rma u ( , . (3-24) 
ƒƒ JllMim) Am 

Thee net yield Y^ can be calculated also for different stellar subsamples i (such as AGB stars) by 
replacingg the integral in the nominator of Eqs. 3.21 (and 3.22) by: 

// P{m)mpj{m,Z+)M{m) dm (3.25) 

wheree the specific mass boundaries mj,-, mU)J' correspond to the subsample of evolved stars which belong to the 
samee stellar generation, and the formation probabilities /*(m) correct for the possible different evolutionary 
outcomess for stars of the same mass. For a stellar generation containing N stellar subsamples i (which have 
noo stars in common), one has Yj = T =̂lYj. For convenience, we assume that the formation probablit ies ƒ; 
aree independent of initial mass. In this case, the net yields V*  are directly proportional to the formation 
probablit iess ƒ;. 

3.4.44 Comparison of net yields 

Wee have calculated the net yields Yj of H, He, C, N, O, Mg, Al , Si, S, Ca, Fe, and Z at initial metallieities 
ZZ = 0.001 and 0.02 either assuming a Salpeter IM F or assuming the local IM F derived by Sealo (1986) at a 
(ïalact icc age of 7Q = 15 Gyr (cf. Tables 3.11—3.12). We further assumed a present-day turnoff mass m0 = 
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Tablee 3.11 Net yields V, at Z = 0.02 and 0.001 for a Salpeter IMF 

ZZ = 0.02 

H H 

He e 
C C 
N N 

(.) ) 
Ne e 
M g g 
A] ] 
Si Si 
S S 
Ca a 

Fe e 
Z Z 

ZZ = 0.001 

H H 

He e 
<: : 
N N 

() ) 
Ne e 

MS S 
Al l 
Si i 
S S 
Ca a 

Fe e 
Z Z 

AGB B 

-8.36(-3) ) 
7.07(-3) ) 
7.00(-4) ) 

1.25(-3) ) 
-3.75(-5) ) 

--
--
--
--
--
--
--

1.29{-3) ) 

AGB B 
-1.31(-2) ) 

1.1K-2) ) 
8.93(-4) ) 
6.855 (-4) 
1.47(-5) ) 

--
--
--
--
--
--
--

1.63(-3) ) 

G N N 
SNI I 30 0 

-1.71{-2) ) 
l . l l ( - 2 ) ) 

8.67(-4) ) 
1.10(-4) ) 
3.1K(-3) ) 
8.69(-4) ) 
3.755 (-4) 
3.47(-5) ) 
3.90(-4) ) 

1.15(-4) ) 
1.67{-5) ) 
4.05(-4) ) 
6.14(-3) ) 

SNI I 60 0 

-2.82(-2) ) 
1.64(-2) ) 
3.17{-3) ) 

2.30(-4) ) 
5.19(-3) ) 
1.04(-3) ) 
4.91(-4) ) 
4.22(-5) ) 

5.34(-4) ) 
1.53(-4) ) 
2.19(-5) ) 

5.86(-4) ) 

1.12{-2) ) 

G N N 
SNI I 30 0 

-1.98(-2) ) 
1.30(-2) ) 
1.12(-3) ) 
5.38(-5) ) 
3.57(-3) ) 
8.89(-4) ) 
4.07(-4) ) 
3.844 (-5) 

4.02(-4) ) 
1.24(-4) ) 
1.80(-5) ) 
4.10(-4) ) 
7.511 (-3) 

SNI I 60 0 

-3.100 (-2) 

1.68(-2) ) 
1.57(-3) ) 
5.29(-5) ) 

8.97(-3) ) 
1.53{-3) ) 
8.08(-4) ) 
9.58(-5) ) 
7.71(-4) ) 
2.43(-4) ) 

3.39(-5) ) 
5.40(-4) ) 

1.52(-2) ) 

W W W 
SNI I 30 0 

-1.19(-2) ) 
6.21(-3) ) 

3.222 (-4) 
1.93(-4) ) 
3.46(-3) ) 
6.84(-4) ) 
2.44(-4) ) 
3.00(-5) ) 
5.70(-4) ) 

2.86(-4) ) 
3.31(-5) ) 

1.15(-4) ) 

G.04(-3) ) 

SNII60 0 

-1.91(-2) ) 
9.26{-3) ) 
4.74{-4) ) 

2.66(-4) ) 
4.85(-3) ) 

9.98(-4) ) 
3.37(-4) ) 

4.32(-5) ) 
6.44(-4) ) 
3.33(-4) ) 
4.G0(-4) ) 
1.38(-4) ) 
8.11(-3) ) 

W W W 
SNII 30 0 

-1.46(-2) ) 

9.43(-3) ) 
6.66(-4) ) 
5.16(-6) ) 
3.52(-3) ) 
2.82(-4) ) 
1.344 (-4) 

5.99(-6) ) 
4.65(-4) ) 
2.26(-4) ) 
3.11(-5) ) 
1.13(-5) ) 

5.96(-3) ) 

SNII60 0 

-2.19(-2) ) 
1.44{-2) ) 

9.06(-4) ) 
1.01(-5) ) 
5.42(-3) ) 
6.62(-4) ) 
1.94(-4) ) 

9.00(-6) ) 
4.82(-4) ) 
2.41(-4) ) 

3.13(-5) ) 
1.23(-5) ) 

8.48(-3) ) 

SNIa a 

--
1.20(-6) ) 
2.03{-5) ) 

--
5.98(-5) ) 
1.90(-6) ) 
3.611 (-6) 
4.16(-7) ) 
6.43(-5) ) 
3.644 (-5) 

5.16(-6) ) 

3.13(-4j j 
5.79(-4) ) 

SNIa a 
--

1.64(-6) ) 
2.11(-5) ) 

--
5.52(-5) ) 
9.97(-7) ) 
6.40{-6) ) 

6.53{-8) ) 
5.75(-5) ) 
3.82(-5) ) 
7.99(-6) ) 

3.22(-4) ) 

5.73(-4) ) 

SNIb /c c 

-1.01(-2) ) 
5.80{-3) ) 
1.04(-3) ) 
7.555 (-5) 

6.90(-4) ) 
2.32(-4) ) 
1.09(-4) ) 
9.44(-6) ) 
1.72(-4) ) 

5.11(-5) ) 
6.80{-6) ) 

3.83(-4) ) 
2.79(-3J J 

SNIb /c c 

-1.08(-2) ) 
6.65(-3) ) 
1.09(-3) ) 
9.411 (-5) 

8.32(-4) ) 
2.29(-4) ) 

1.07(-4) ) 
9.34(-6) ) 

1.70(-4) ) 
5.06(-5) ) 
6.72(-6) ) 
3.79(-4) ) 
3.03(-3) ) 

G N N 
Tota l30 0 

-3.54(-2) ) 
2.38(-2) ) 
2.62(-3) ) 

1.43(-3) ) 
3.88(-3) ) 
1.10(-3) ) 

4.86(-4) ) 
4.44(-5) ) 

6.25{-4) ) 
2.02(-4) ) 
2.86(-5) ) 
1.10(-3) ) 

1.08(-2) ) 

G N N 
Tota l30 0 

-4.36(-2) ) 
3.07(-2) ) 
3.12(-3) ) 

8.33(-4) ) 
4.46(-3) ) 
1.12(-3) ) 

5.19(-4) ) 
4.76(-5) ) 

6.28(-4) ) 
2.12(-4) ) 
3.26(-5) ) 
1.111 (-3) 

1.12(-2) ) 

G N:: refers to the stellar evolution tracks from the Geneva group and the SNII models from Hashimoto & Nomoto 
(1992) ) 
W W :: refers to the pre-SN and SN models from Woosley and Weaver (1995) 
300 and 60: indicates that an upper mass limi t for SNII (and SNIb/c) of m f " = 30 and 60 M,;,, respectively, lias 
beenn assumed 

I .. M (0 and stellar mass l imit s at birth of mi = 0.1 M 0 and mu = 60. M (.,, respectively. These particular 
choicess were used to allow for a detailed comparison of the net yields presented here and those calculated 
byy Maeder (1992, 1993). 

Forr the stellar subsamples considered, we adopted initial mass boundaries and formation probabilities 
fifi  (cf. Table 3.3) as follows: AGB stars (mi = 1 M (.); mu = 8 M 0 , f(m) = 1), SNIa (2.5, 8, 0.01), SNIb/c 
(8,, m i N I b / ' , 0.33), and SNII (8, m JN H , 0.66). For comparison, we list the net yields of SNII assuming 
?/^N I 11 = mu

 J L = 30 and 60 M(:,, respectively, both for the O n e v a / N o m o to and the WW data sets. 

Thee yields computed are given in Tables 3.11 and 3.12 for the AGB, SNII, SNIa, and SNIb/c stages 
separately.. Total net yields are tabulated as the sum of the yields in case of the Geneva/Nomoto da ta with 
mmuu = 30 M(.,. Although a detailed discussion of the net yields is beyond our scope, we like to note several 
impor tantt points: 

 AGB stars dominate the net yields of nitrogen. Massive stars dominate the hydrogen consumption 
andd contr ibute to about 60% of the helium enrichment, of the ISM at Z = Z ( ) . SNII are the main 
contr ibutorss to all other elements listed except carbon (dominated by SNIb/c at Z= 0.02), and 
ironn (~30-40% originates from SNIa). Except for the iron peak elements, the contribution by SNIa 
too the net yields of heavy elements is usually negligible. SNIb/c contribute about 2 0 - 3 0% of the 
nett yields of elements heavier than oxygen; 

 net yields of SNII increase by ~50 % when raising the upper mass limi t for SNII from m^N11 = 30 
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Tablee 3.12 Net yields Y} at Z - 0.02 and 0.001 for a Scalo IMF 

ZZ = 0.02 

H H 
He e 

C C 
N N 
O O 
Ne e 
M S S 

Al l 
Si i 
S S 
Oa a 
Fe e 
Z Z 

AGB B 

-1.55(-2) ) 
1.33(-2) ) 

1.64(-3) ) 

2.09(-3) ) 
-2.21(-5) ) 

--
--
--
--
--
--
--

2.26(-3) ) 

G N N 
SNII30 0 

-1.78{-2) ) 

1.26(-2) ) 
9.29(-4) ) 
1.19(-4) ) 
3.03(-3) ) 

8.16(-4) ) 

3.62(-4) ) 
3.32(-5) ) 

4.02(-4) ) 
1.13(-4) ) 
1.69(-5) ) 
3.411 (-4) 

5.96(-3) ) 

SNII60 0 

-2.62(-2) ) 
l .62(-2) ) 
2.53(-3) ) 
2.07(-4) ) 
4.50(-3) ) 
9.87(-4) ) 

4.39(-4) ) 
3.86(-5) ) 
5.05(-4) ) 
1.38(-4) ) 
2.09(-5) ) 

5.32(-4) ) 
9.51(-3) ) 

W W W 
SNII30 0 

-1.19(-2) ) 
6.57(-3) ) 

3.10(-4) ) 

2.06{-4) ) 
3.18(-3) ) 

6.36(-4) ) 

2.42(-4) ) 
2.91(-5) ) 
5.63(-4) ) 
2.98(-4) ) 

3.39(-5) ) 
1.19(-4) ) 
5.655 (-3) 

SNIIG0 0 

-1.72(-2) ) 
8.87(-3) ) 

4.02(-4) ) 
2.62(-4) ) 
4.28(-3) ) 
8.89(-4) ) 

3.16(-4) ) 
4.00(-5) ) 
6.19(-4) ) 

3.29(-4) ) 
4.61(-5) ) 
1.37(-4) ) 
7.26(-3) ) 

SNIa a 

--
2.04(-6) ) 

3.44(-5) ) 

--
1.01(-4) ) 
3.22(-6) ) 

6.12(-6) ) 
7.04(-7) ) 
1.09(-4) ) 

6.17(-5) ) 
8.75(-6) ) 
5.31(-4) ) 
9.82(-4) ) 

SNIb /c c 

-1.08(-2) ) 
6.27(-3) ) 

1.03(-3) ) 
8.311 (-5) 
6.94(-4) ) 

2.41(-4) ) 

1.12(-4) ) 
9/64(-6) ) 
1.81(-4) ) 

5.48(-5) ) 
7.46(-6) ) 
4.19(-4) ) 
2.85(-3) ) 

G N N 
Total30 0 

-4.41(-2) ) 
3.21(-2) ) 
3.63(-3) ) 
2.29(-3) ) 
3.80(-3) ) 

1.06(-3) ) 
4.81(-4) ) 
4.35(-5) ) 
6.92(-4) ) 
2.30(-4) ) 
3.311 (-5) 
1.29(-3) ) 

1.21(-2) ) 

ZZ = 0.001 

H H 
He e 
0 0 
N N 
C) ) 
Ne e 

Mg g 
Al l 
Si Si 

s s 
Ca a 
Fe e 
Z Z 

AGB B 

-2.36(-2) ) 
2.01(-2) ) 
1.95(-3) ) 
1.01{-3) ) 
7.011 (-5) 

--
--
--
--
--
--
--

3.022 (-3) 

G N N 
SNII30 0 

-2.06(-2) ) 
1.43(-2) ) 
1.20(-3) ) 
6.85(-5) ) 

3.23(-3) ) 
8.32(-4) ) 
3.86(-4) ) 
3.61(-5) ) 
4.04(-4) ) 
1.22(-4) ) 

1.79(-5) ) 
4.111 (-4) 
7.333 (-3) 

SNII60 0 

-2.85(-2) ) 
1.69(-2) ) 
1.45(-3) ) 

6.73(-5) ) 
7.16(-3) ) 
1.28(-3) ) 
6.70(-4) ) 
7.70(-5) ) 
6.69(-4) ) 
2.05(-4) ) 

2.93(-5) ) 
4.96(-4) ) 
1.27(-2) ) 

W W W 
SNII30 0 

-1.45(-2) ) 
9.799 (-3) 
6.69{-4) ) 
4.77(-6) ) 
3.24(-3) ) 
2.60(-4) ) 
1.23(-4) ) 
5.455 (-6) 
4.23(-4) ) 

2.07(-4) ) 
2.69(-5) ) 
1.14(-5) ) 

5.60(-3) ) 

SNII60 0 

-1.99(-2) ) 

1.34(-2) ) 
8.43(-4) ) 
8.59(-6) ) 
4.61(-3) ) 

5.43(-4) ) 
1.74(-4) ) 
8.27(-6) ) 
4.50(-4) ) 
2.21(-4) ) 
3.01(-5) ) 

1.19(-5) ) 
7.50(-3) ) 

SNIa a 

--
2.74(-6) ) 
3.52(-5) ) 

--
9.21(-5) ) 
1.66(-6) ) 

1.07(-5) ) 
1.09(-7) ) 

5.955 (-5) 
6.37(-5) ) 

1.33(-5) ) 
5.38(-4) ) 

9.57(-4) ) 

SNIb /c c 

-1.14(-2) ) 
7.07(-3) ) 
1.07(-3) ) 
1.011 (-4) 
8.31{-4) ) 

2.35(-4) ) 
1.09(-4) ) 

9.39(-6) ) 
1.76(-4) ) 
5.33(-5) ) 

7.26(-6) ) 
4.08(-4) ) 

3.07(-3) ) 

G N N 
Total' '0 0 

-5.57(-2) ) 

4.15(-2) ) 
4.266 (-3) 
1.18(-3) ) 

4.22(-3) ) 
1.07(-3) ) 

5.06(-4) ) 
4.56(-5) ) 
6.77{-4) ) 

2.39(-4) ) 

3.85(-5) ) 
1.36(-3) ) 
1.44(-2) ) 

Seee Table 3.11 for the meaning of symbols used 

too 60 M(:) (apart from C, N, and/or O in case of the GN data); 

 the net yields of SNII for the GN and WW data sets differ considerably due to e.g. the in- and 
exclusionn of pre-SN mass loss in these models (cf. Sect. 3.4). In particular, large deviations 
(i.e.. more than factors 2-3) are present for elements like N, Al, Mg, and Fe, especially at low 
rnetallicities.. Net iron yields strongly depend on initial metallicity in the WW models, in contrast 
too the Geneva/Nomoto models. Net oxygen yields for the two sets, however, agree remarkably well; 

 variations in the net yields with initial metallicity are generally less than ~5fJ% when going from 
ZZ = 0.02 to 0.001; 

 the net yields computed with the Scalo IMF are generally a factor 2—3 larger for AGB stars and 
SNIaa than those computed using the Salpeter IMF. For SNII and SNIb/c progenitors, the net yields 
aree relatively insensitive to the adopted IMF. 

Inn principle, the net yields included in Tables 3.11 and 3.12 can be used: 1) to estimate the magnitude of 
thee element contributions by AGB stars, SNIa, SNIb/c, and SNII (by means of the IMF, the adopted mass 
boundaries,, and/or the formation probabilities ƒ,), 2) to compare the net yields for the GN and WW models, 
andd 3) to predict the dependence of the net yields on initial metallicity. In addition, many galactic chemical 
evolutionn models predict simple relations between the resulting ISM abundance and the net. yield of a given 
elementt (see below). For instance, in the instantaneous recycling approximation (IRA) one can show that 
forr two elements k and / (cf. Maeder 1992): 

dZfcc Yk 

soo that before performing detailed model calculations, observational constraints such as the helium-to-metal 
enrichmentt c\Y/c\Z ~ 4 -5  1 (e.g. Pagel 1992) immediately imply that: 1) the contribution by AGB stars 
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Tab lee 3.13 Comparison of total net yields Y3 at Z = 0.02 and 0.001 for a Salpeter IMF 

ZZ = 0.02 

H H 
He e 

( .

X X 

() ) 
z z 

T o t a l1 0* * 

-3.3X(-2) ) 
2.35(-2) ) 
1.99(-3) ) 

1.411.41 (-3) 
4.70(-3) ) 
1.05(-2) ) 

G N N 
Tota l30 0 

-3.54(-2) ) 
2.3X(-2) ) 
2.G2(-3) ) 

1.43(-3) ) 
3.. XX (-3) 

1.0X(-2) ) 

Tota l60 0 

-4.9X(-2) ) 
3.122 (-2) 
5.71(-3) ) 
1.56(-3) ) 
G.17(-3) ) 

1.71(-2) ) 

Tota l3 0' * * 

-2.61(-2) ) 
1.63(-2) ) 

1.18(-3) ) 
1.53(-3) ) 
5.155 (-3) 

1.03(-2) ) 

W W W 
Total30 0 

-3.01(-2) ) 
1.90(-2) ) 
2.06(-3) ) 

1.50(-3) ) 
4.17(-3) ) 

1.07(-2) ) 

Tota l60 0 

-4.06(-2) ) 
2.40(-2) ) 
3.00(-3) ) 

1.59(-3) ) 
5.3X(-3) ) 

1.41(-2) ) 

M a e d er r 
A A 

--
3.91(-2) ) 
7.52(-3) ) 

--
1.04(-2) ) 

2.51(-2) ) 

C C 

--
3.63(- l) ) 
5.37(-3) ) 

--
9.53(-3) ) 

2.05(-2) ) 

ZZ = 0.001 

H H 
He e 
( ' ' 
N N 

() ) 
Z Z 

T o t a l3 0* * 

-4.26(-2) ) 
3.05(-2) ) 
2.57(-3) ) 
7.G5(-4) ) 
5.35{-3) ) 
1.2,S(-2) ) 

G N N 
Tota l30 0 

-4.3G(-2) ) 

3.07(-2) ) 
3.12(-3) ) 
X.33(-4) ) 
4.46(-3) ) 

1.27(-2) ) 

Tota l60 0 

-5.X3(-2) ) 
3.66(-2) ) 
4.36(-3) ) 
X.4G(-4) ) 
1.02(-2) ) 
2.18(-2) ) 

Total3 0'* * 

-3.49(-2) ) 
2.51(-2) ) 
1.8X(-3) ) 
6.X7{-4) ) 
5.29(-3) ) 

1.06(-2) ) 

W W W 
Total30 0 

-3.X3(-2) ) 

2.70(-2) ) 
2.655 (-3) 
7.77(-4) ) 
4.411 (-3) 

1.12(-2) ) 

Tota l60 0 

-4.92(-2) ) 

3.42(-2) ) 
3.6X(-3) ) 
X.00(-4) ) 

6.62(-3) ) 

1.50(-2) ) 

M a e d er r 
A A 

--
3.56(-2) ) 
2.19(-3) ) 

--
2.13(-2) ) 
3.24(-2) ) 

C C 

--
2.72(-2) ) 
9.94(-4) ) 

--
x.G7(-3) ) 
7.66(-3) ) 

Seee Table 3.11 for the meaning of GN and W W 
Maeder:: refers to the A and C models from Maeder (1992, 1993) 
10:: indicates that an upper mass limit for SNII (and SNIb/c) of m f ' = 30 M(:, has been used 
**  for this column the contributions from SNIa and SNlb/c have been excluded (see text) 

too the He enrichment of the Galactic disk ISM is much larger than predicted in the IRA (i.e. the IRA is not 
validd for AGB stars), and 2) the average past SFR must have been substantially larger than at present, (see 
below). . 

Inn Tables 3.13 and 3.14 we compare the total net yields of H, He, C, N, O, and Z, with those from 
Maederr (1992 & 1993). This is done both for the Salpeter and Scalo IMF, and for stars born with initial 
metall icit iess Z = 0.001 and 0.02. 

Wee list, the total net, yields both for the GN and WW data sets in three distinct cases: 1) without 
contr ibut ionss from SNIa and SNIb/c: (<^SNIa, 0S N I b/ c , m'™") = (0., 0., 30 M,>), 2) with SNIa and SNlb/c 
contr ibut ionss (0.001, 0.33, 30 M ( )) included as in Tables 3.11 and 3.12, and 3) as for 2) but with m*NU = 
600 M ( l) . Net yields from Maeder have been tabulated for his case A, providing an upper limi t to Yj because 
alll  onion skin layers surrounding the remnant were assumed to be ejected, and for his case 0 for which an 
upperr mass l imi t for SNII of 25 M(.}  was assumed (cf. Maeder 1992, 1993). 

Inn his original paper, Maeder (1992) computed net yields according to the Salpeter IM F while ignoring 
thee consumpt ion of gas by low-mass stars with m ^ 1 M 0(e.g. he used a returned fraction Ft ~0.8). However, 
thee corrected net yields assuming a Salpeter IM F with mi = 0.1 M 0 and the correct value of R ~ 0.29 were 
neverr published (cf. Maeder 1993). It can be shown that this correction results in a reduction of the net 
yieldss included in Table 7 from Maeder (1992) by roughly a factor seven (cf. Eq. 3.21). The corrected net, 
yieldss from Maeder (1992) are included in Table 3.13. In his erratum, Maeder (1993) revised his net yields 
forr the Scalo IM F using a returned fraction R ~ 0.46 at Z = 0.02 (both for case A and 0 ). At metallicities 
ZZ — 0.001, Maeder used somewhat lower values of R = 0.45 (case A) and 0.41 (case G). The net yields from 
Maederr (1993) for the Scalo IM F have been directly included in Table 3.14. 

Thee main differences between the two sets of stellar yields discussed above and the one from Maeder 
(1992,, 1993) are the detailed inclusion of the metall icity dependent yields and remnant masses of AGB 
starss (i.e. the models from the Geneva group do not extend beyond the EAGB for stars with m <>  8 M f.,). 
Fur thermore,, the set of SNII yields is somewhat different, from that, presented by Maeder (1992). 

Inn general, differences in the net, yields due to the differences in the adopted data for stellar remnant 
massess are small. For our models, we find R ~0 .4 and 0.29 for the Scalo and Salpeter IMF, respectively, 
forr s tars born with Z = 0.02. These values are somewhat, lower than the corresponding values of R ~0.46 
andd 0.35 listed by Maeder (1993; case A) . Furthemore, we adopted an an upper stellar mass limi t mu = 60 
Mr;,, instead of mu = 120 M(., as used by Maeder. In general, the combined differences in R and mu do not 
a t t r ibu tee to variat ions larger than ~ 1 0% in the net yields. 
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Tablee 3.14 Comparison of total net yields Y3 at Z = 0.02 and 0.001 for a Scalo IMF 

ZZ = 0.02 

H H 
He e 
C C 

N N 
O O 

z z 

Total3 0' * * 

-4.22(-2) ) 
3.21(-2) ) 

3.03(-3) ) 
2.27(-3) ) 
4.522 (-3) 
1.12(-2) ) 

G N N 
Total30 0 

-4.41(-2) ) 
3.21(-2) ) 

3.63(-3) ) 
2.29(-3) ) 
3.80(-3) ) 
1.21(-2) ) 

Tota l60 0 

-5.48(-2) ) 
3.71(-2) ) 
5.80(-3) ) 
2.38(-3) ) 
5.47(-3) ) 
1.65(-2) ) 

Total3 0'* * 

-3.31(-2) ) 
2.311 (-2) 
2.10(-3) ) 

2.39(-3) ) 
4.74(-3) ) 
1.07(-2) ) 

W W W 
Tota l30 0 

-3.80(-2) ) 
2.60(-2) ) 
3.00(-3) ) 

2.37(-3) ) 
3.95(-3) ) 
1.17(-2) ) 

Tota l60 0 

-4.57(-2) ) 
2.98(-2) ) 
3.66(-3) ) 
2.43(-3) ) 
5.25(-3) ) 

1.43(-2) ) 

M a e d er r 
A A 

--
5.46(-2) ) 
9.42(-3) ) 

--
7.09(-3) ) 

2.38(-2) ) 

c c 
--

5.38(-2) ) 
9.12(-3) ) 

--
4.82(-3) ) 

2.07(-2) ) 

ZZ = 0.001 

H H 
He e 
C C 
N N 
O O 

z z 

Total3 0' * * 

-5.46(-2) ) 
4.16(-2) ) 
3.76(-3) ) 
1.11(-3) ) 
4.91(-3) ) 
1.40(-2) ) 

G N N 
Tota l30 0 

-5.57(-2) ) 
4.15(-2) ) 

4.26(-3) ) 
1.18(-3) ) 
4.22(-3) ) 
1.44(-2) ) 

Tota l60 0 

-6.60(-2) ) 
4.55(-2) ) 
5.07(-3) ) 
1.19(-3) ) 
8.38(-3) ) 
2.08(-2) ) 

Total3 0' * * 

-4.52(-2) ) 

3.47(-2) ) 
2.955 (-3) 

1.01(-3) ) 
4.93(-3) ) 
1.14(-2) ) 

W W W 
Tota l30 0 

-4.94(-2) ) 
3.68(-2) ) 
3.71(-3) ) 
l . l l ( - 3 ) ) 

4.23(-3) ) 
1.26(-2) ) 

Tota l60 0 

-5.73(-2) ) 
4.20(-2) ) 
4.45(-3) ) 
1.13(-3) ) 

5.83(-3) ) 

1.55(-2) ) 

M a e d er r 
A A 

--
5.33(-2) ) 

2.17(-3) ) 

--
1.88(-2) ) 
3.03(-2) ) 

C C 

--
4.211 (-2) 

7.60(-4) ) 

--
2.30(-3) ) 
7.93(-3) ) 

Notes:Notes: see Table 3.13 

(Comparisonn of the total net yields for the GN data set with those of Maeder (case A) reveals that both the 
nett helium and carbon yields at Z = 0.02 are considerably smaller (up to ~80 %) than the values given by 
Maeder.. This is due to the fact that the element contributions by AGB stars were not incorporated by the 
Genevaa group. At Z — 0.001 the differences are much smaller for helium while the net yields of carbon are 
considerablyy larger than those presented by Maeder. This is due to the relatively high carbon yields of AGB 
starss at low metallicities (cf. Sect. 3.3). Net yields of oxygen and Z are smaller than the corresponding 
yieldss of Maeder, typically by factors ~ 2. At Z = 0.001, the difference in mu becomes noticeable because 
Maederr has included stars with m ^ 60 M(:) with relatively high oxygen yields at low initial metallicities. 

Forr the elements included in Tables 3.13 and 3.14, the net yields increase considerably (up to a factor 
2)) when m^NU is increased from 30 to 60 M 0 . However, we find that this effect is in general small compared 
too the difference between m^mi = 25 and 120 M f l for the C and A models from Maeder, respectively. In 
general,, the inclusion of SNIb/c has only limited effect on the resulting net yields except for carbon. Finally, 
thee net yields for the W W data set are £ 3 0% smaller than those for the GN set (both at Z = 0.02 and 
0.001). . 

3.4.55 Concluding remarks 

Inn principle, the effective net yield Y  ̂ of element j for the current generation of evolved stars can be 
theoreticallyy related to its ISM abundance Zj. For instance, the following relations can be derived if one 
considerss (A) a closed box model assuming instantaneous recycling or, (B) a similar model but with gas 
infalll  (zero metallicity) exactly balancing gas consumption by star formation (e.g. Tinsley 1980; Marshall 
1982): : 

YfYf  = <! 
nn (£) 

11 - exp ( l - ) 

 closed box model 

 gas infall balancing SFR 

3.27) ) 

wheree Zj is the present-day ISM abundance by mass of element j and /.i the present-day gas-to-total mass-
ratioo in the Galactic disk. Assuming /f — 0.1 (see Sect. 3.1) and a current mean oxygen abundance in the 
locall  ISM of Z%m ~ 0.6Zg « 0.0055 (Zg ~ 0.009; Grevesse k Noels 1993; see also Chapter 5) one finds: 
V'̂ fff = 0.0055  0.0025. This value is in good agreement with the net oxygen yield given in Tables 3.13 and 
3.144 (at Z = Z(.)). 
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Ass discussed above, another way to compare the net stellar yields with the observations is by means 
off  their ratios (cf. Eq. (3.25)). In Table 3.15 we list the net yield ratios AHe/AZ, AHe/AO, AO/AFe, 
AFe/AZ,, and AO/AZ, respectively, which correspond to the net yields given in Tables 3.11 and 3.12. These 
theoreticall  yield ratio s can be compared directly with the corresponding present-day abundance ratio s 
observedd in the ISM and can provide constraints on the stellar input data, initial stellar abundances, and 
IM FF used. A more detailed discussion of the net yield ratios in Table 3.15 is postponed to Sect. 4.3, but here 
wee like to emphasize the following points: 1) the effect of initial metallicity on the yield ratios is usually much 
strongerr than that of varying the IMF, 2) large differences exist between the GN and WW models, 3) AGB 
starss are very important in maintaining the AHe/AZ abundance ratio in the ISM, 4) SNIb/c determine the 
too a large extent the AHe/AO ratio, 5) both SNIa and SNlb/c are important in reducing the mean AO/AFe 
andd enhancing the mean AFe/AZ ratios, and 6) SN1I alone predict AO/AZ abundance ratios of ~0.55 1 
soo that values consiserably less require a substantial contribution by SNIa and SNIb/c (see Sect. 4.2). 

Tablee 3.15 Predicted net yield ratios AHe/AZ, AHe/AO, AO/AFe, AFe/AZ, and AO/AZ 

A H e / A Z Z 

A H e / A O O 

A O / A F e e 

A F e / AZ Z 

A O / A Z Z 

Z Z 

0.02 2 
0.001 1 
0.02 2 
0.001 1 

0.02 2 
0.001 1 
0.02 2 
0.001 1 

0.02 2 
0.001 1 
0.02 2 

0.001 1 

0.02 2 
0.001 1 
0.02 2 
0.001 1 

0.02 2 
0.001 1 

0.02 2 
0.001 1 

I M F F 

Salp. . 
Salp. . 
Scalo o 
Scalo o 

Salp. . 
Salp. . 

Scalo o 
Scalo o 

Salp. . 
Salp. . 

Scalo o 
Scalo o 

Salp. . 
Salp. . 
Scalo o 
Scalo o 

Salp. . 
Salp. . 

Scalo o 
Scalo o 

AGB B 

5.8 8 
6.8 8 
5.9 9 
6.7 7 

--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

SNI13( ( 

1.8 8 
1.7 7 
2.1 1 
2.0 0 

3.5 5 
3.6 6 
4.2 2 
4.4 4 

7.9 9 
8.7 7 
8.9 9 

7.9 9 
0.07 7 

0.05 5 
0.06 6 
0.06 6 

0.52 2 
0.48 8 
0.51 1 
0.44 4 

G N N 
)) SN1160 

1.5 5 
1.1 1 
1.7 7 

1.3 3 
3.2 2 
1.9 9 

3.6 6 
2.4 4 

8.9 9 
16.6 6 
8.5 5 
14.4 4 

0.05 5 
0.04 4 
0.06 6 
0.04 4 

0.46 6 
0.59 9 
0.47 7 
0.56 6 

W W W 
SNII30 0 

1.0 0 
 1.6 
1.2 2 
1.7 7 

1.8 8 
2.7 7 

2.1 1 
3.0 0 

30.1 1 
311.5 5 
26.7 7 

284.2 2 

0.02 2 
0.00 0 
0.02 2 
0.00 0 

0.57 7 
0.59 9 
0.56 6 
0.58 8 

SNII60 0 

1.1 1 

1.7 7 
1.2 2 
1.8 8 

1.9 9 
2.7 7 

2.1 1 
2.9 9 

35.1 1 
440.6 6 

31.2 2 
387.4 4 

0.02 2 
0.00 0 
0.02 2 
0.00 0 

0.60 0 
0.64 4 
0.59 9 
0.62 2 

SNIa a 

— — 
— — 
— — 
--
— — 
— — 
— — 
--

0.2 2 
0.2 2 
0.2 2 
0.2 2 

0.54 4 
0.56 6 
0.54 4 
0.56 6 

0.10 0 
0.10 0 

0.10 0 
0.10 0 

SNIb /c c 

2.1 1 
2.2 2 
2.2 2 
2.3 3 

8.4 4 
8.0 0 
9.0 0 
8.5 5 

1.8 8 
2.2 2 
1.7 7 

2.0 0 

0.14 4 
0.13 3 
0.15 5 
0.13 3 

0.25 5 
0.28 8 
0.24 4 
0.27 7 

G N N 
Tota l30 0 

2.2 2 
2.7 7 
2.7 7 

2.9 9 
6.1 1 
6.9 9 

8.4 4 
9.8 8 

3.5 5 
4.0 0 
2.9 9 
3.1 1 

0.10 0 
0.10 0 
0.11 1 

0.09 9 

0.36 6 
0.40 0 

0.31 1 
0.29 9 

Inn the following, we will use the stellar yields of SNII based on the Geneva group and Hashimoto & 
Nornotoo (1992) data. As discussed above, many uncertainties are still involved with these yields, in particular 
withh the coupling of the different data sets, the details of stellar mass loss, the chemical evolution during the 
Wolf-Rayett stage, and the treatment of convection in the stellar interior (especially for stars more massive 
thann m ~ 30 M 0; see Maeder 1992; Woosley k Weaver 1995). Furthermore, the metallicity dependent 
yieldss of SNII and SNIb/c strongly depend on the core helium mass, the chemical structure of the mantle 
layerss of the SN progenitor, and on the details prescribing how the shock wave proceeds through the stellar 
envelopee (both inwards and outwards). These uncertainties also affect the stellar remnant masses and their 
dependencee on initial metallicity and progenitor mass. 

Thee yields of SNIa and SNIb/c are relatively uncertain due to unknown details of the evolution of 
thee progenitor stars (in particular during their final evolution stages) and the explosion mechanism (see e.g. 
Smecker-Hanee fc Wyse 1992; Woosley et al. 1993). The yields of AGB stars are sensitive to the detailed 
descriptionn of hot bottom burning which is still a delicate problem in the chemical evolution of AGB stars. 
Otherr uncertainties involved with the yields of individual stars include the 1 2C(a,7)1 60 reaction rate and 
mayy give an uncertainty of at least a factor of two in the carbon and oxygen yields of massive stars (e.g. 
Prantzoss et al. 1994). 

Inn the near future, improvements in the theoretical description of many of these quantities, as well as 
inn the corrections for mass exchange in close-binary systems, will provide an even more detailed picture of 
thee stellar enrichment of the Galactic ISM. For now, we expect that the above uncertainties are unimportant 
forr the qualitative results obtained below and that the adopted set of stellar yields provides a reasonable 
inputt basis for the galactic chemical evolution models presented in the following chapters. 
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Appendices s 

AA Approximate and exact solutions of the metallicity equation 

Thee integro-differential equation for the evolution of the metallicity of an interstellar gas cloud ran be written 

as: : 

M^M  ̂ = E*m{t) + E*M{t) + FM+TM - Z(t)[E(t) + F(t) + T^(t)] (Al ) 

wheree A/g is the gas content of the cloud, Z[t) the interstellar metal-abundance by mass, V the star formation 
rate,, E the gas ejection rate, EZold and EZUKVI the supply rates of old and newly returned metals, respectively, 
FF and F, the gas infall rate and infall rate of metals, respectively, and Tg and Tz the supply rates of gas 
andd metals associated with stars moving into the galactic region under consideration. 

Inn general, the Ez(t) terms in Eq. (Al ) depend on the time retarded metallicity Z(t, — T{m>Z*)) with 
r(m,Zr(m,Zmm)) the metallicity dependent lifetime of a star of initial mass m. For this reason, only a numerical 
solutionn of the metallicity equation is possible. However, if we consider the term EZoid(t) — Z[t)E{t) in Eq. 
(Al )) in more detail we get: 

EEZolóZoló{t)-Z{t)E(t)={t)-Z{t)E(t)=  / Amtot{Z(t-r{m))-Z{t)) M(m)S{t - r{m, Z„) ) dm (A2) 
JrnJrn00{t) {t) 

wheree Am t ot = (m — mrem(m,Z*)), and S(t) and M{m) denote the SFR and IMF , respectively, and if we 
assumee that Z(t — r(m,Z*)) ^ Z(t) V t, we have EZoXd{t) <>  Z{t)E(t) V t with the following extremes: 

Iff  Z{t - r(m, Z»)) « Z{t) -> EZoJt) - Z{t)E{t) « 0 

Iff  Z(*  - r(m, Z«.)) < Z{t) - j - EZoid{t) - Z(t)E{t) « -E{t)Z{t) 

Inn general, one can define: EZolci(t) — Z(t)E(t) ~ ~G(t)Z(t) so that Eq. (Al ) can be written as: 

^^ = WJt) [~Z{t)- (G(t) + m + Tg(t)) + Et„Jt)  + Fz(t) + Tz(t)]  (A3) 

== -Z(t)P(t)+Q{t) (A4) 

where e 

mm = M ^ y [ G { t ) + m + T* {t)]  ( A 5 ) 

Q(t)Q(t) = ^ y  [E^Jt) + Fz(t) +Tz(t)} (A6) 

Hence,, the general solution for the gas metallicity at instant /. can be written as: 

Z(t)Z(t) = e- ƒ' ' W * . [Z(t = 0) + ƒ _^l,)dT,dr] (A7) 

forr which minimu m and maximum solutions can be found using G(t) = E(t) and G(t) — 0, respectively. 
Notee that P{t) and Q(t) usually are functions of the metallicity Z(t — r(m,Zm)) in the past, by means of 
thee metallicity dependent stellar liftimes, remnant masses, and nucleosynthesis yields involved. 
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BB Normalisation of the SFR 

AA useful relation is derived between the normalisation constants ('A and C^ of the SFR for two models A 
andd B which differ with respect to their present-day gas-to-total mass-ratio fi\, galactic age T, initial galaxy 
masss Mtot(O), infall fraction ftmf, and /or stellar mass function M(m,t) at birth. Such a relation allows 
beforehandd scaling of the SFR normalisation constant for a particular SFR model without the need to solve 
thee galactic chemical evolution equations. Such scaling is e.g. necessary when models appropriate for the 
Galact icc disk are applied to other galaxies, such as the Magellanic Clouds, that differ from the Galactic disk 
inn terms of their total mass, IMF, SFR, etc. 

Iff  we neglect any transport of stars and assume that infall of gas is proport ional to the SFR, i.e. 
F(t.)F(t.) = ctjnf(7(/), the net amount of gas converted into stars at galactic evolution t ime t = T can be written 
as: : 

A C ,, = (1 " /<(T)) Mt 0t (T ) - (1 - /«(T)) [M t o t(0) + aMT < C >T]  (BI) 

inn which the average SFR is given by: 

i.. fT r i u 

<< C >T = — I j mM{m,t)S(t) dmdt (B2) 
-**  JO Jm, 

wheree m\, mu denote the stellar mass limit s at birth and $(t) the SFR by number at evolution time t. 

Wee define the average stellar returned fraction <R>T in terms of the mean SFR as follows: 

i.. rT r i u 

<< Ft >T = — / / AmM{m,t)$(t-T(m)) dmdt (B3) 
TT < ( >T Jo Jm0(t) 

wheree mc,(t) is the turnolf mass at galactic age t and A m is the total mass returned to the ISM by a star of 
initiall  mass m. Therefore, the net amount of gas converted into stars at age t = T also can be written as: 

* C tt = T < C > T [ 1 - < R >T]  (B4) 

Equat ingg Eq. (B l ) and (B4) for two SFR models A and B results in the following relation between the 
correspondingg SFR. normalisation constants: 

(Jl(Jl _ £ ! Z k ( l - / « A ( T A ) ) M a t ( 0 ) ƒ 1- < RB >TB -«Pnf (1 - / i B ( 7 B )) , , m 

<V<V CATA (1 - / * B ( 7 B ) ) M» t (0) I 1- < RA >TA -<*£, (1 - / I A ( T A ) ) 

wheree C = < C > T A 'O is defined as the normalised SFR averaged over galactic evolution t ime /. = T. Note 
thatt < R >T is independent of the SFR. normalisation CQ. 
Ass an example, when we consider two SFR models with similar IMFs and star formation histories and further 
neglectt infall, Eq. (B4) reduces to: 

(Jl(Jl Mt
A

0MTB(\-fiA(TA)) 

rt ff  A/B t (o) r A ( i - / 1 B(TB) ) [m) 

http://la.Ia.ctic


Modellingg the chemical evolution of the 
Galacticc disk: basics considerations, selected 
models,, comparison with observations 
vann den Hoek, L.B., Groenewegen, M.A.T., Nomoto, K., and de Jong, T. 

Abstract t 
Wee model a large set of observational data related to the chemical evolution of the Galactic disk and halo 
usingg a comprehensive and up-to-date galactic evolution model that incorporates metallicity dependent, 
stellarr yields, lifetimes, and remnant masses. An iterative solution procedure is applied to solve the galac-
ticc chemical evolution equations in a self-consistent manner with the freedom to study complex relations 
betweenn e.g. the IMF and the SFR. We make a distinction between the enrichment contributions by AGB 
stars,, SNIa, SNIb/c, and SN1I while using state-of-the-art evolution models for the chemical evolution of 
thesee final stages of stellar evolution. 

First,, we consider some basic concepts of Galactic chemical evolution. We address the abundance inhomo-
geneitiess observed among similarly aged stars and open clusters in the Galactic disk. We analyse in detail 
thee possibility that stellar orbital diffusion in combination with radial abundance gradients in the disk ISM 
aree the main explanation for these abundance inhomogeneities. We show that in case of large errors in the 
derivedd ages and orbital parameters of the stars in the Edvardsson et al. (199.3) sample, orbital diffusion 
ass described by Wielen et al. (1996) can provide an adequate explanation for the majority of the observed 
stellarr abundance variations. At the same time, we argue that this requires several specific assumptions 
whichh may be unjustified. In order to interpret part of the observations, we discuss several basic issues 
concerningg the dynamical and chemical evolution of the Galaxy. We do not attempt to model individual 
componentss of the Galaxy (e.g. bulge, halo, disk at different galactocentric radii) but restrict ourselves to 
thee star formation history and chemical evolution of the Galaxy as a whole. 

Second,, we investigate the sensitivity of the age-metallicity relation (AMR) to specific model assumptions 
andd we select a set of models that can explain the mean [Fe/H] vs. age relation observed in the local 
Galacticc disk. We study the sensitivity of the AMR to the main parameters and assumptions involved in 
ourr models. We demonstrate that a wide range of enrichment scenarios is consistent with the observed 
AMR,, i.e. no unique model exists which is in best agreement with the observed AMR. Gonversely, the 
observedd AMR alone is insufficient to constrain tightly Galactic chemical evolution models and additional 
constraintss are needed. 

Third,, we confront the models selected on their ability to fit  the observed AMR with observational con-
straintss related to the ISM abundances and stellar content of the disk: 

 the present-day stellar mass function (PDMF) and IMF; 

 the total number and formation rates of (post) main-sequence stars; 

 the gas depletion, infall, and star formation rates in the disk ISM; 

 the enrichment history of the Galactic disk as recorded by the abundance-abundance variations 
(i.e.. the variation of the abundance of a given element as a function of the abundance of another 
element)) and the present-day abundances observed. We investigate the impact of: 1) the adopted 
stellarr yields, 2) the star formation history, 3) the IMF, 4) the delay time of SNIa, and 5) the 
upperr mass limi t for SNII, on the resulting abundance-abundance variations of the most abundant 
elementss in the disk ISM including C, N, O, Mg, Al, Si, and Fe. 

 the abundances in planetary nebulae (PNe); 

4 4 
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 the luminosity function of white dwarf (WD) remnants; 

 the mass distribution of WD remnants; 

 the age and metallicity distributions of long-living stars in the local disk (i.e. the classical 
(i-dwarff  problem). 

Byy means of this comparison, we attempt to converge to a set of models for the chemical evolution of the 
Galaxyy consistent with the above constraints and we trace back eventual discrepancies between our results 
andd the observations. 

Inn particular, we aim to deduce the star formation history of the Galaxy both from the abundance-
abundancee variations observed and other independent observational constraints to the chemical evolution 
off  the Galaxy. As a shortlist of interesting results we like to emphasize the following ones: 1) we find that 
evolutionn scenarios in which the SFR gradually increases up to a given maximum in the disk and thereafter 
decreasess exponentially are clearly favoured by the observations. We argue that models which incorporate 
infalll  of gas regulating this kind of behaviour of the SFR in the Galactic disk with age are preferred over 
modelss which do not incorporate gas infall; 2) we demonstrate that the ejecta of SNIa, associated with stars 
formedd early in the evolution of the Galaxy and with initial masses in the range ~2.5—8 M ( ), need to be 
delayedd over at least 3 — 5 Gyr after the formation of their WD progenitors in order to fit the observations. 
Insteadd of such a time delay, SNIa may be associated with considerably less massive stars than previously 
thought,, i.e. with masses between ~1.5 and 2 M(:,; and 3) we show that models in which the upper mass 
limi tt of SNI1 increases as a function of galactic age during early epochs of star formation in the Galaxy 
aree consistent with the observations for variations of mu between ~20 and ~30—40 M(.] if these variations 
didd occur delayed with respect to the variation of the SFR. Such a behaviour of the upper mass limi t of 
SNIII  may be supported by the formation of massive stars both in the Galactic disk and in external galaxies 
(seee ('hap. 2). 

Fourth,, we briefly compare our main results with those presented in several other recent investigations 
dealingg with Galactic chemical evolution. We summarize the type of chemical evolution models that are in 
bestt overall agreement with the observations and we discuss what this may imply for the chemical evolution 
off  the Galaxy as a whole. 

(Combinedd with the detailed description in (.-hap. 3 of the galactic chemical evolution model assumptions 
andd ingredients involved, the extensive results for a wide range of observations presented here make that 
ourr model is one of the best documented Galactic chemical evolution models currently available. 

Introduction n 
Thee u l t imate goal of modell ing various observational characteristics of the chemical evolution of the local 
diskk ISM is to obtain information about the principal processes that have directed the star formation history 
andd chemical enrichment of the Galactic disk. In the past decade, many of such individual constraints have 
beenn modelled by numerous authors independently, using distinct galactic chemical evolution models. The 
presentt study of the chemical evolution of the Galactic disk has several important improvements over previous 
investigationss which include: 1) simuUaneous modelling of various independent observational constraints 
(e.g.. the luminosity functions of asymptot ic giant branch (AGB) stars and white dwarfs (WD), the age 
andd metall icity d istr ibut ions of main-sequence dwarfs, the abundances in planetary nebulae, the remnant 
masss distr ibut ion, abundance-abundance variations, and the present-day element abundances in the disk) 
usingg one1 and the same galactic chemical evolution model, 2) the application of a uniform, up-to-date, 
andd comprehensive metall icity dependent set of stellar evolution data, and 3) the use of a wide range of 
observationall  constraints which were not available until recently. While exploiting these improvements, both 
inn theoretical and observational fields of Galactic evolution, we aim to reconstruct the star formation history 
off  the Galact ic disk and to derive essential quantit ies such as the current gas infall and star formation rate, 
thee typical enr ichment t ime scale, and the upper mass limi t for SNII. Apart from studies that concern the 
evolutionn of our Galaxy, knowledge of these quanti t ies are of part icular interest for research on the evolution 
off  nearby systems such as the Magellanic Clouds and M31. In turn, these Local Group galaxies provide an 
impor tantt reference frame of observations to which the evolution of more distant galaxies in the universe 
cann be compared. 

Inn this chapter, we concentrate on the star formation history and chemical evolution of the local 
Galact icc disk. In Sect. 4 .1, we consider several basic issues concerning the dynamical and chemical evolution 
off  the Galaxy as a whole. In Sect. 4.2, we investigate the sensitivity of the age-metallicity relation (AMR) 
too specific model assumpt ions and we select a set of models which can explain adequately the mean [Fe/H] 
vs.. age relation observed in the local Galactic disk. In Sect. 4.3, the selected models are confronted with 
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observationall  constraints related to the ISM abundances and stellar content of the disk (e.g. the age and 
metall icityy distr ibutions of F and G dwarfs, and the abundances in planetary nebulae). In Sect. 4.4, we 
summarizee the type of chemical evolution models that are in best overall agreement with the observations 
andd we discuss what our results may imply for the chemical evolution of the Galaxy as a whole. 

4.11 Basic considerations 

Inn this section, we describe the selection criteria for a sample of stars suited to study the chemical evolution 
off  the Galactic disk and we briefly discuss some observational samples that are currently available for this 
purpose.. In particular, we address possible signatures of the effects of inhomogeneous chemical evolution of 
thee Galactic disk and stellar orbital diffusion in combination with radial abundance gradients in the disk 
ISM.. In addit ion, we discuss the evolution of the vertical structure of the stellar disk in the SNBH and the 
scalee height corrections that we wil l adopt. First, we briefly recall the conventional abundance notation and 
calibrationn used here. 

4.1.11 Notation and calibration of abundances 

Thee abundance of a given element relative to that of hydrogen is usually expressed in terms of the corre-
spondingg abundance ratio in the Sun: 

[El/H ]]  =1 0 log(El /H)o bj - 1 0 l og (E l /H)0 (4.1) 

wheree (El/H)0bj and (El/H)(;> are the abundance ratios in the object and the Sun, respectively. Unless stated 
otherwise,, we wil l refer to the abundances by m a ss so that (El/H)0bj denotes the total mass of element El 
relativee to the total mass in hydrogen for the same object. A similar expression is used for the abundance 
ratioo of any two elements P and Q. 

Forr the solar element abundances, we wil l use the data presented by Anders k. Grevesse (1989, 1991; 
hereafterr AG). For instance, solar iron and oxygen abundance ratios by mass are adopted as l 0 log (Fe/H)( . 
== - 2 . 65 5 dex and 10log ( O / H )0 = - 1 . 87  0.05 dex , respectively (see AG1) . Due to the inclusion 
off  non-LTE effects and the use of more up-to-date transition probabilities, the above value for the iron 
abundancee in the Sun differs considerably from that given by e.g. Gameron (1982), i.e. 10log (Fe/H)( ) ~ 
—2.72,, which has been used in many previous investigations. When different sets of abundance data are 
compared,, it should be verified that the solar abundance of a given element used is the same for all data sets. 
Ass an example, we note that the iron abundance da ta of Twarog (1980; described below) is calibrated using 
thee standard tfmi(H/?) —[Fe/H] relation from Grawford and Perry (1976) which implicitl y is based on a solar 
ironn abundance similar to that given by Gameron. (Consequently, direct comparison with the Edvardsson 
ett al. (1993) data, which is calibrated to the AG solar abundances, is allowed only after sett ing a common 
referencee point for [Fe/H]. Both the observational and theoretical data discussed below wil l be calibrated 
usingg the accurate da ta presented by AG (when possible). 

Wee recall several addit ional uncertainties involved with the comparison between observational and theoretical 
abundances: : 

 the observed abundance ratio [El/H] is sensitive to the total (i.e. atomic+molecular+ionized) 
hydrogenn content of the object of interest. This may introduce abundance errors if a substantial 
partt of the hydrogen is "missed". In general, we expect that the total hydrogen abundances 
predictedd by models for the Galactic disk are consistent with the observations within a few percent, 
att least during the last ~5 Gyr. We note that the effect of a large discrepancy of ~10% between 
thee predicted and observed total hydrogen abundances in the local disk ISM would be limited to 
aa shift of ~0.05 dex in [El/H] . Substantial errors can be introduced if part of the mass contained 
inn element El is undetected, e.g. because a considerable fraction of this element may be highly 
ionized,, molecular, and/or contained in solid dust grains. We expect that such errors are important 
whenn physical properties —such as temperature, density, radiation field— vary strongly among the 
objectss studied (e.g. ISM regions, stars of different spectral type, etc); 

^ hee hydrogen density in tli e Sun (by number) is usually fixed to 10log NH = 12 to provide a convenient and uniform 
abundancee scale for other elements. Element abundances by number relative to hydrogen are usually given as Ae\ — l 0 log (yVe| 
// N H ) + 12. (solar abundance scale). Conversion of the astronomical/meteoritic abundance scale (Ns\ = 106) to the solar 
abundancee scale (log Nu = 12.) involves a correction factor R ~ 35.8 with which the meteoritic abundances of all elements 
shouldd be multiplied. 
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 in many previous investigations, the theoretical [Fe/H] abundance ratio was computed using a 
conversionn between [Fe/H] and [Z/Z,:,] , such as [Fe/H] « [Z/Z (.,] + 0.07 dex (e.g. Twarog 1980; 
Tosii  1988; Rocca-Volmerange k Schaeffer 1990). We stress that such abundance conversion relations 
(becausee of a lack of appropriate observational data) may introduce considerable systematic and 
stochasticc errors. Careful analysis is needed to disentangle the artefacts caused by such errors 
andd the real t rends present in the data. As discussed in ( 'hap. 3, we compute the abundances of 
elementss M and N individually when determining [A//TV] ; 

 if iron is produced in substantial amounts by the thermonuclear explosion of intermediate mass 
starss (as is probably the case; see Chap. 3), the overall chemical evolution of the (ialactic disk is 
nott well represented by [Fe/H]. Instead, it is expected that [O/H] is a much more reliable indicator 
off  metall icity since the bulk synthesis of oxygen comes from massive stars (m<; 10 M^ ; cf. Wheeler, 
Snedenn k Truran 1989). 

 in the models discussed below, we assume that the ISM is enriched homogeneously. However, if a 
substant iall  fraction of the ISM would be unavailable for star formation and stellar enrichment, the 
remainingg part of the ISM would be enriched much more efficiently than predicted by our models. 
Similarly,, selective enrichment of preferred regions in the Galactic ISM over substantial fractions 
off  the lifetime of the disk (e.g. galactic winds, chimney material) would slow down the enrichment 
off  the global disk ISM as compared to our results. 

4.1.22 Sample selection criteria 

Ann ideal sample of stars suited to study the chemical evolution of the local disk has to meet at least two 
condit ions:: 1) the sample must be unbiased and representative for the stars born within the region of interest 
overr the lifetime of the Galactic disk, 2) the sample needs to be complete within a certain volume (e.g. the 
solarr cylinder with a radius of 50 pc). The first condition implies that the sample stars are representative 
withh respect to e.g. age and metallicity. Furthermore, this condition implies that the sample must be 
homogeneous,, i.e. not contaminated by stars formed outside the region, and is unbiased towards stars that 
aree atypical for the stellar generations formed within the volume of interest. The second condition requires 
e.g.. that corrections should be made for stars which: 1) have a relatively low detection probabil ity within the 
volumee considered (e.g. low-luminosity stars), 2) did move out of the volume during their lifetime, and/or 
3)) did evolve to other evolutionary phases (e.g. white dwarf remnants) and, therefore, are missed according 
too the usual selection criteria for stars of a given spectral type. 

I tt has been noted previously that stars nowadays observed in the solar neighbourhood (SNBH) are 
nott exclusively related to the chemical evolution of the local disk ISM but rather are associated with a much 
moree extended region of the ( ialactic disk from which these stars evolved and recently moved to the SNBH 
duee to their galactocentr ic orbits (e.g. Grenon 1989; Wielen, Fuchs k Dettbarn 1996, hereafter WIEL) . 
Ass a consequence, nearby stars do trace the evolution of the Galactic ISM over a much wider range in 
galactocentr icc distance than they are observed. Other aspects of the orbits of stars is that stars born long 
agoo in the SNBH may have travelled to regions elsewhere in the Galaxy and that even the Sun itself may 
havee formed at a galactocentr ic distance much different from its present-day position in the disk. Therefore, 
detailedd information is required about the present-day and past orbits of the sample stars (e.g. positions and 
spacee velocities), to fulfi l the selection criteria of a stellar sample suited for Galactic evolution studies. In 
addi t ionn to the effects of orbital diffusion of stars born in the Galactic disk, the stellar populat ions observed 
inn the SNBH may be contaminated by e.g. stars which formed long ago in the Galactic halo or which formed 
inn galactic systems that merged with the Galaxy in the past. If this is the case, a useful analysis of the 
starss observed in the SNBH can be made only when: 1) it is possible to trace back the star formation 
historyy and chemical evolution of each of the ( ialact ic components which are involved separately, and 2) to 
correctt for the dynamical evolution of the stellar populations associated with each component. However, if 
thee contaminat ion is small and/or the enrichment history of the contributing subsytems is similar to that 
off  the stellar populat ions in the disk, a sample of stars observed in the SNBH may be suited to constrain 
thee evolution of the local Galact ic disk. In the following, we wil l ignore any possible contaminat ion by other 
galact icc stellar components (unless stated otherwise). In particular, we wil l assume that the star formation 
historyy and chemical evolution as deduced from a sample of stars in the SNBH applies to the evolution of 
thee ( ia lact ic disk. 
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4.1.33 Inhomogeneous chemical evolution of the Galactic disk 

Elementt abundances of long-lived stars (e.g. F and G dwarfs) provide a record of the nucleosynthesis history 
off  the Galaxy since the onset of star formation therein (e.g. Twarog 1980; Carlberg et al. 1985; Meusinger, 
Reimannn & Stecklum 1991; Somrner-Larsen 1991; Pagel 1992; Edvardsson et al. 1993). Accordingly, abun-
dancee differences among such stars born at the same galactic age may trace spatial abundance variations 
throughoutt the Galaxy revealing differential rates of enrichment in distinct ISM regions while stars born at 
thethe same time and same place provide information about local ISM inhomogeneities and the efficiency of 
mixingg (and/or infall) of interstellar gas. 

Studiess related to the heavy element enrichment of the local Galactic disk have long shown that stars 
similarr in age exhibit large abundance variations (e.g. Mayor 1976; Twarog 1980; ('arlberg et al. 1985; 
Meusingerr et al. 1991; see Chap. 5). Recently, Edvardsson et al. (1993) presented accurate abundance 
dataa for nearly 200 F and G main-sequence dwarfs in the SNBH. Their spectroscopic data, analysed with 
up-to-datee input physics, confirms abundance variations as large as ~0.6 dex in A[E1/H] (where El = Fe, (), 
Mg,, Al , Si) among similarly aged stars (see Fig. 4.1). Such variations are much in excess of experimental 
uncertaintiess and demonstrate that the abundance spread among stars observed in the SNBH is similar in 
magnitudee to the overall increase in metallicity during the lifetime of the disk. 
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Figuree 4.1 Observational data on the chemical evolution of the Galactic disk: [Fe/H] vs. age. Left panel: F and G 
main-sequencee dwarfs observed in the SNBH (data from Edvardsson et al. 1993). Bars indicate the maximum range 
inn [Fe/H] observed in age bins of ~1.5 Gyr width, asterisks indicate the mean [Fe/H] ratio in each age bin. R ight 
panel:: open disk clusters (triangles: uncorrected for radial metallicity gradient, data from Boesgaard 1989; Friel fe 
Boesgaardd 1990; Friel fe Jones 1990, full circles: data corrected for radial metallicity gradient of —0.1 dex kpc- 1 in 
[Fe/H]]  from Garraro fe Chiosi 1994). 

Additionall  support for the existence of large abundance inhomogeneities in the Galactic disk has been 
providedd by studies of stars in open clusters (e.g. Nissen 1988; Boesgaard 1989; Lambert 1989; Garcia-Lopez 
ett al. 1993; Friel & Janes 1993: Garraro k Chiosi 1994) and B stars in star forming regions in the SNBH 
(e.g.. Gies k Lambert 1992; Cunha k Lambert 1992). In Fig. 4.1 we compare the abundance data for two 
sampless of open clusters in the Galactic disk: data mainly based on Friel k Janes (1993) and data from 
Garraroo k Ghiosi (1994). The main difference between the two data sets is that the latter da ta set has been 
correctedd for a radial gradient in [Fe/H] of —0.1 dex k p c- 1 when moving outwards in the Galactic disk, 
accordingg to the galactocentric distances at birth estimated for the sample clusters (see Garraro & Ghiosi 
1994).. For both samples, the abundance variations among similarly aged clusters is large, i.e. i> 0.5 dex 
inn [Fe/H]. It is evident that the scatter in [Fe/H] at a given age is much larger than any possible trend of 
[Fe/H]]  with galactic age for open clusters (Nissen, 1988). 

Correctionss for stellar orbital diffusion do not seem to affect the large abundance inhomogeneities 
observed.. However, direct comparison of the two data sets, as well as comparison of the open cluster da ta 
withh the abundances of F and G dwarfs in the SNBH, is hindered by the lack of an accurate and adequate 
methodd to determine the galactocentric distances of stars at birth from their present-day orbits (see below). 
Therefore,, the abundance data corrected for orbital diffusion from Garraro k Ghiosi still may suffer from 
considerablee systematic errors. 



04 4 44 Modelling the chemical evolution of the Galactic disk 

Inn any case, these studies show that the concept of a well-defined tight age-rnetallicity relation for the 
Galact icc disk ISM  is unfounded (Edmunds 1993) and that the chemical enrichment of the disk has been 
inhomogeneouss on t ime scales as short as <U0* - 10'' yr. Similar conclusions were obtained by Merehaiit-
Boesgaardd (1989) from high-quality spectroscopic da ta on selected F dwarfs in six young disk clusters. 

Inn Chap. 5, we wil l deal with the origin of the abundance variations observed among similarly aged 
objectss in the Galact ic disk. For the moment, we like to emphasize that, the AMR, of stars observed in the 
SNBHH is determined by various processes associated with: 1) the star formation history of the Galactic disk 
(e.g.. radial, longitudinal, and /or vertical variations of the SFR), 2) the occurrence of small-scale abundance 
variat ionss in the ISM, 3) the individual evolution of specific stars, and 4) the birthplaces (e.g. halo, bulge, 
outerr disk) and epicyelic orbits of stars in the Galaxy. Each of these processes may lead to considerable 
variat ionss in the abundances of stars nowadays observed in the SNBH. Therefore, to interpret the observed 
abundancee variations in a correct manner, detailed knowledge about the dynamical evolution (and mixing 
history)) of the Galaxy and its constituent components is required, 

4.1.44 Stellar orbital diffusion 

E v o l u t i o nn of s te l lar  o rb i t s in t h e Ga lac t ic g rav i ta t iona l po ten t i al 

Kinemat icc propert ies (e.g. total orbital energy and angular momentum) of stars nowadays observed in the 
SNBHH are determined by the corresponding properties of the gas clouds from which these stars formed 
ass well as by the subsequent dynamical evolution of the stellar orbits in the gravitat ional potential of the 
Galaxyy (e.g. Gi lmore et al. 1989). Therefore, for a given sample of stars in the SNBH, accurate stellar ages 
ass well as abundances, posit ions, and kinematical properties at t ime of birth, are needed to deduce the star 
formationn history and chemical evolution of the regions in the Galaxy where these stars formed. 

Directt evidence for the diffusion of stellar orbits is provided by observations which show that the 
velocityy dispersion of stars in the SNBH increases with stellar age (e.g. Wielen 1977; Wielen et al. 199*2). 
Thee observed mean radial velocity dispersion of stars in the SNBH is ~55 km s- 1 . This corresponds to a 
spatiall  dispersion of ~3—4 kpe in 10 Gyr for stars formed at a galactocentrie distance of about 8.5 kpc. An 
immediatee consequence is that, the mixture of stars at a given galactocentrie distance becomes more and 
moree contaminated by stars from distant regions in the Galactic disk with age. 

Inn first approximat ion, the mean galactocentrie distance Rm of a stellar orbit may be unchanged by 
thee diffusion process since the exponential radial density profile of the Galactic disk seems hardly affected by 
orbitall  diffusion (Fuchs et al. 1994). However, this approximation neglects local variations in the Galactic 
potent iall  which may have systematic effects on the variation of Rm with galactic age as we wil l discuss below. 

Wit hh the use of a kinematical model for the formation and evolution of the Galaxy (e.g. disk, halo, 
andd bulge), one can distinguish between stars which formed in the local disk and stars that probably did 
nott (e.g. Grenon 1989; Sornmer-Larsen 1991). This can be done on the basis of the present-day positions 
andd orbits of stars in the Galact ic disk which are then integrated back in t ime according to the kinematical 
evolutionn model. However, this method is sensitive to uncertain assumptions about the detailed evolution 
off  the gravi tat ional potential in the Galaxy, both as a function of location and t ime. Apart from this, 
kinematicall  decomposit ions with respect to stellar birthplaces often result in subsets of stars that are too 
smalll  for use in statist ical studies of the chemical evolution of the local disk (e.g. Edvardsson et al. 1993; 
hereafterr EDV). 

Byy using a ehemo-dynamical model for the Galactic disk, it is possible to derive approximate positions 
off  stars at birth on the basis of their ages and abundances. In this case, radial abundance gradients observed 
inn the Galactic disk are used to est imate the stellar galactocentrie distances at birth. This is done by 
transformingg the difference between the metall icity of the star and the mean metallicity predicted by the 
chemo-dynamicall  model at the galactocentrie distance this star is observed into a distance scale (WIEL) . 
Apart,, from the uncertaint ies involved in chemo-dynamical evolution models, use of this method may be 
furtherr complicated by abundance inhomogeneities which may occur on small scales in the local disk ISM 
(seee above; Chap. 5). Furthermore, this method is relatively sensitive to errors in the observed ages and 
metall icit iess of the sample stars and heavily depends on the radial abundance gradients in the disk assumed. 
Inn the following, we wil l compare the results obtained from the cherno-dynamical and kinematical methods 
inn more detail and discuss the main assumptions involved. Such a comparison is important to understand 
whatt the abundances of stars in the SNBH can tell us about the chemical evolution of the Galactic disk. 

C o m p a r i s onn of E D V a nd W I E L ga lac tocen t r ie d i s t a n c es at b i r t h 

Inn Fig. 4.2 we compare the galactocentrie distances at birth presented by EDV and WIEL for a subsample 
off  F and G dwarfs for which accurate iron and oxygen abundances are available. 
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Thee E DV g a l a c t o c e n t r ic d i s t a n c es at b i r t h were obtained using the stellar orbits reconstructed 
fromm their present-day galactocentric distances, proper motions, and radial velocities, according to both 
theoreticall  and empirical models for the Galactic potential (see EDV). In brief, these kinematieal models 
predictt the evolution of stellar orbits in the gravitational potential of the Galactic disk which in turn is 
self-consistenlyy coupled to the distribution of stars and gas in the disk. Back integration of the orbits of 
starss with predicted kinematieal properties that are on average the same as those observed for a given sample 
star,, provides an est imate of the galactocentric distance at birth of this star. 

Mostt stars in the EDV sample were found to have peri- and apocentric distances within ~2.5 kpc from 
thee actual galactocentric distance of the Sun (R(:y = 8.4 kpc). Mean galactocentric distances at birth were 
est imatedd from Rm — (RRpo -j- Rperi)/2 where i ï a po and Rpen are the apo- and perigalactoeentrie distances, 
respectively.. However, there are two main caveats involved with this procedure. First, this est imate ignores 
thee different times spent by stars in different parts of their orbits so that Rm underestimates the mean 
stellarr galactocentric distance at birth. This suggests that stars nowadays observed in the SNBH (such as 
thee EDV sample) are biased towards stars which have their apocenters near the Sun. Secondly, this est imate 
implicitl yy assumes that Rm remains conserved over the evolution of the Galactic disk as has been argued e.g. 
byy Grenon (1989). Since changes in the disk gravitational potential probably have occurred from the onset 
off  star formation in the disk, conservation of Rm with galactic age may be unrealistic, at least for individual 
stars,, and substantial errors in Rm may be present especially for old stars. According to these assumptions, 
nearlyy 85% of the sample stars have estimated birthplaces Rm within 1 kpc from the Sun (i.e. with Rm = 
ftft ((  1 kpc). 

Thee W I E L g a l a c t o c e n t r ic d i s t a n c es at b i r t h were derived by directly translat ing the abundance varia-
tionss observed among similarly aged stars in the SNBH into a spatial dispersion of the stellar orbits due to 
thee diffusion process (Wielen et al. 1996). In this case, the mean dispersion A[Z/H ] in metallicity at a given 
galactocentricc distance Ro (relative to the mean stellar metallicities at this distance) can be related to the 
meann spatial dispersion by (Fuchs et al. 1994): 

A[Z/H ]]  = <([Z/H] - <[Z/H]) f i 0 )2) i =  ([Z/H]) Ro . ((R - R0f)  ̂ (4.2) 

wheree [Z/H] and R correspond to the metallicity and galactocentric distance of a star at birth, respectively, 
andd j^( [Z/H] )R0 is the mean radial metallicity gradient at a galactocentric distance R0. 

Inn principle, this relation may be used to estimate the mean effect of orbital diffusion on the abundance 
variationss of a given element among similarly aged stars which are observed at a galactocentric radius Ro 
(butt originate from a wide range in galactocentric distance). However, application of Eq. (4.2) to individual 
starss may be erroneous because: 1) abundance inhomogeneities among stars formed at roughly the same 
t imee and position may be present (e.g. due to local gas infall or sequential stellar enrichment; see Chap. 5), 
i.e.. the initial dispersion in [Z/H] among stars formed at roughly the same t and R can be large, 2) stars 
formedd at a given galactocentric distance may show abundance variations due to tangential variations in 
metallicityy (e.g. in the regions associated with the spiral arms), 3) individual stars may have experienced 
peculiarr gravitational perturbat ions of their orbits that are uncommon to the majority of the stars observed 
att a given galactocentric radius R, and 4) both radial metallicity gradients and stellar orbits may have varied 
substantial lyy over the t ime interval needed for a given star to travel from its birthsite to the galactocentric 
distancee at which i t is nowadays observed. Another aspect which is not clearly visible from Eq. 4.2, is that 
bothh the radial dispersion velocity (or spatial dispersion) and the radial metallicity gradients itself may be 
functionss of galactocentric distance. 

Thee complete Edvarsson et al. da ta suggest that: 1) the mean metallicity {[Z/H] ) of stars of a given age 
r**  decreases with mean galactocentric distance (R\ni) at birth (see EDV), and 2) the mean metallicity {[Z/H] ) 
off  stars born at a given galactocentric distance Rtni decreases with mean stellar age {r») (see e.g. Nissen 
1995;; Joench-Sörensen 1995; however, we note that accurate quant i tat ive relations for these variations are 
stilll  lacking). If indeed true, a mean relation between stellar metallicity, age, and galactocentric distance at 
birthh can be derived from the complete Edvardsson et al. data provided that the radial metallicity gradient 
inn the Galactic disk has been constant both in t ime and space (Wielen et al. 1996): 

([Fe/H])) = 4-0.05 - 0.048 L ^ \ - 0.09 ({{R  ̂ ~ H"A ( 4 . 3 ) 

wheree {[Fe/H]) = +0.05 dex is the mean iron abundance of stars formed at the present-day galactocentric 

distancee of the Sun. A mean gradient a# ] = - 0 .09 dex kpc"1 in [Fe/H] at R = R0] was adopted (e.g. 

Friell  1995; see below). Conversely, the mean galactocentric distance at birth (Rini) of stars of a given age r 
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Figur ee 4.2 Stellar galactocentric distances at birth ftm, [kpc] for F and G dwarfs in the SNBH (data from Edvardsson 
ett al. 1993). Left panel: Comparison of R,„, (EDV) derived using a model for the gravitational potential of the 
Galacticc disk (see EDV) with /ïml (WIEL, [Fe/H]) as predicted by Wielen et al. (1996) using [Fe/H] abundance ratios 
(1788 stars). For comparison, the dotted line indicates ft,,,, (EDV) = ftini (WIEL). Right panel: same as left panel 
exceptt for values ft,„,(WIEL,  [O/H]) derived using [O/H] abundance ratios (84 stars). A present-day galactocentric 
distancee of the Sun of ft(.:. = 8 kpc was assumed here. 

andd metall icity [Fe/H], can be derived from Eq. (4.3) by: 

((ft,)) - ft,() = -11 [Fe/H], - 0.53 (~- J + 0.6 [kpc] (4.4) 

assumingg that the initial variation in metall icity among similarly aged stars born at (ft;) is relatively small'-. 

A[E1/H] ,, < o f ' / H ] . ((ft,) - Re) ( 4 .5 ) 

Inn general, each element for which Eq. (4.5) is valid can be used to constrain the galactocentric distances at 
birthh of stars observed in the SNBH. For instance, similar relations can be derived when oxygen abundances 
aree considered: 

( [O/H] )) = +0.035 - 0.038 
Gyr r 

0.07 7 ((fli )) ~ go) 
kpc c (4.6) ) 

wheree ([O/H] ) = +0.035 dex is (he mean present-day iron abundance of stars at ft ~ }{,,, ami the mean 
gradientt in [O/H] at ft ~ Re is assumed to be a[°/il]  = -0 .07 dex kpc"1 (e.g. Matteucci et al. 1992; see 
below). . 

( ( f t , ) -- ft,,) = - 1 4 .3 [O/H] . - 0 . 54 
Gyr r 

0.5 5 [kpc] ] (4.7; ; 

Wee emphasize again that Eqs. (4.2-4.7) implicitl y rely on the assumptions that: 1) the rate of enrichment 
off  the disk ISM with age is independent of galactocentric distance, and 2) the mean value of [El/H] in the 
diskk ISM increases linearly with galactic age. 

Fig.. 4.2 compares the stellar galactocentric distances at birth derived using the kinematical (EDV) 
andd chemo-dynamieal models (WIEL) both from the stellar [Fe/H] and [O/H] abundances observed. Values 
off  ft,m(E!)V) derived from the kinematical da ta range between 6 and 10 kpc for the majority of the sample 
stars.. In contrast, the range in ft,n,(WIEL) between 3 and 13 kpc as predicted by the chemo-dynamical 
modell  is much larger. It is evident that the values of ft,ni predicted by the two methods disagree (except for 
aa few stars which may be relatively young and have unperturbed orbits). 

22 We will argue in Chap. 5 that this condition probably is not fulfilled for a substantial fraction of the stars in the Edvardsson 
ett al. sample as well as for other objects in the SNBH. In principle, inhomogeneous chemical enrichment of the disk ISM may be 
importantt in determining the abundance variations observed among similar aged stars in the SNBH, ill addition to the effects 
off  orbital diffusion. 



4.14.1 Basic considerations 

\ \ 

\ \ 

!_ ,, l _ _ ^  , , 1 1_, , _ L _ , , , , 1 
- 0 . 55 - 0 . 2 5 0 0.25 0.5 - 0 . 5 - 0 . 2 5 0 0.25 0.5 

[O/H] ,, - < [0 /H]> , [O/H] , - <[0/H]> t 

Figuree 4.3 Stellar galactocentric distances at birth RI!U [kpc] vs. A[0/H] for F and G dwarfs in the SNBH (data 
fromm Edvardsson et al. 1993). Left panel: 7ïini (EDV) according to a model for the gravitational potential of 
thee Galactic disk (see Edvardsson et al.), R ight panel: /t!jni (WIEL, [O/H]) vs. A[G/H] relation (similar to that 
proposedd by WIEL for [Fe/H]). A present-day galactocentric distance of the Sun of R(.t = 8 kpc was assumed. 

Fig.. 4.3 amplifies the differences in galactocentric distance predicted by the two models in another 
way:: the kinematical model predicts large scatter in the Rlm vs. A [ 0 / H ] with no clear correlation, while 
thee chemo-dynamical model implicitl y assumes no scatter and a linear correlation between Rnn and A [ 0 / H ] . 
Whichh of the two figures is appropriate to the chemical evolution of the Galactic disk is still mat ter of 
debatee but we wil l argue below that independent observations probably favour the relation from the chemo-
dynamicall  model proposed by WIEL. 

Fig.. 4.4 shows the galactocentric distances at birth derived from the chemo-dynamical model using 
thee stellar [Fe/H] and [O/H] abundance ratios, respecitively. A correlation is found although considerable 
scatterr is present, i.e. ARlm ~4 kpc at a given value of Rim. Part of this scatter may be reduced when 
onee accounts for: 1) errors in the stellar ages derived by EDV, 2) uncertainties in Rini due to the unknown 
phasee of the star in its epicyclic orbit around the Galactic center, and 3) experimental errors in the iron 
andd oxygen abundances measured as well as in the radial metallicity gradients assumed. Derived values of 
RRlmlm are very sensitive to the radial abundance gradients OR adopted (see Eqs. 4.3 and 4.6). Thus, errors 
inn otfi may cause a substantial part of the observed scatter. However, apart from the fact that these values 
havee been derived empirically, a reduction of an would increase the range in galactocentric distance at birth 
predictedd for stars nowadays observed in the SNBH which would increase the scatter correspondingly. 

Oonversely,, an enhancement of an would reduce the scatter but this possibility is probably excluded 
byy the observations (see below). Corrections for errors in the measured abundances of individual stars do 
nott necessarily have to result in a reduction of the scatter apparent from Fig. 4.4. Unless systematic errors 
aree present, the same is probably true when one would account for possible errors in the derived stellar ages. 
Notee that systematic deviations from the line y equals x appear to be present in the abundance dispersion 
data.. These deviations are due to the different radial gradients in [Fe/H] and [O/H] in the Galactic disk 
derivedd from the observations (see below). 

Thee corresponding correlation between the abundance dispersions (relative to the mean abundance of 
starss formed at a given galactic age) reveals that the dispersion in [O/H] is correlated with that in [Fe/H] 
apartt from the scatter discussed before. However, we stress that this correlation is initiall y present in the 
EDVV abundance data (see Chap. 5) and may not provide additional support for orbital diffusion as the 
mainn explanation for the observed abundance variations because stellar abundance variations caused by 
metal-deficientt gas infall and/or sequential stellar enrichment can result in similar correlations between the 
abundancee dispersions (see Chap. 5). 

Wee have shown that the stellar galactocentric distances at birth obtained from kinematical and/or 
abundancee data for individual stars usually give very different results. Apart from the large number of as-
sumpt ionss and uncertainties involved, we argue that both the kinematical and the chemo-dynamical methods 
aree likely to give erroneous results if used to determine the galactocentric distances of individual stars because 
thesee models are essentially a statistical description of the orbital diffusion process. In other words, although 
bothh the kinematical and chemo-dynamical methods may provide good descriptions of what is happening 
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F igu ree 4.4 Stellar galactocentric distances at birth Rlm [kpc] and abundance-dispersions A[M/H ] for F and (ï dwarfs 
inn the SNBH (data from Edvardsson et al. 1993). Left panel: Rini(WIEL , [O/H]) vs. ftini(WIEL, [Fe/H]) obtained 
accordingg to the relations proposed by Wielen et al. (1996). Right panel: A[0/H] vs. A[Fe/H] for the data shown 
inn (he left panel. For comparison, the dotted line indicates y equals x. A present-day galactocentric distance of the 
Sunn of R,., = 8 kpc was assumed. 

withh the orbit of a star in the gravitation field of the Galactic disk i n a s ta t i s t i cal ma imer, these methods 
usuallyy cannot he used to determine the orbital characteristics of i nd iv idua l s t a r s. 

Fromm the da ta currently available, we conclude that stellar orbital diffusion is probably a common 
andd impor tant process in the Galactic disk which, at least in a statistical manner, can provide an adequate 
explanat ionn for the large abundance variations observed among similarly aged stars in the SNBH. At the 
samee t ime, however, we are forced to conclude that stellar orbital diffusion alone is probably insufficient 
too explain these abundance inhoinogeneities for all stars in the EDV sample (see Chap. 5). The relative 
impor tancee of orbital diffusion and other processes (such as metal-deficient gas infall) in determining these 
abundancee variations is unclear from the present data. Clarification of this situation is extremely important 
forr our interpretat ion of the abundance data of stars observed in the SNBH and wil l greatly improve our 
understandingg of the chemical evolution of the Galactic disk as a whole. In addit ion, solving this problem 
cann facil i tate the selection of samples of stars suited to study specific aspects of Galactic chemical evolution. 

Ste l l arr  o rb i ta l d i f fus ion : obse rva t i ons vs. t h e o ry 

Ass part of the basic considerations presented in this section, we discuss some of the differences in the orbital 
diffusionn predictions by EDV and WIEL . In part icular, we wil l argue that part of the discrepancies between 
thee orbital parameters and galactocentric distances at birth as derived by EDV and WIEL can lie explained 
iff  the kinematical da ta and stellar ages presented by Edvardsson et al. are subject to large errors. We 
highlightt several interesting aspects of stellar orbital diffusion (i.e. the birthplace of the Sun in the Galactic 
diskk and the dispersion in metallicity as a function of Galactic age as pointed out by Wielen et al. 1996) 
withh part icular emphasis on the abundance variations observed among similarly aged stars in the SNBH. 

 Predicted stellar orbital parameters: additional constraints 

Iff  orbital diffusion is the dominant mechanism responsible for the abundance variations observed among 
similarlyy aged stars in the SNBH, it is expected that old stars, which have travelled relatively large distances 
throughh the Galact ic disk before finally reaching the SNBH, show a larger spread in abundance than do 
youngg stars. 

Fig.. 4.5 displays the variation of the dispersion of metallicity with stellar age, both for all stars in the 
EDVV sample with accurate metallicities 10log(2'/Z(: )) and for a subsample of these stars with ft,ni(WIEL, 
[Fe/H]]  = 6 - 10 kpc. Prom these data, Wielen et al. conclude that the abundance spread observed among 
similarlyy aged stars in the SNBH decreases with stellar age. We believe that this conclusion is rather 
uncertainn on the basis of the EDV data (e.g. due to the selection criteria that were used by Edvardsson 
ett al). Por the subsample of stars with a restricted range in galactocentric distance at birth as derived by 
Wielenn et al. the spread in metallicy at a given age is considerably reduced and a mean AM R for such stars 
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Figuree 4.5 Stellar age vs. heavy element integrated metallicity 10log(Z/Z(.)) both for all F and G stars in the 
SNBHH with accurate metallicities (left panel) and for a subsample of these F and G dwarfs with ftj„j(WlEL,  [Fe/H]) 
betweenn 6 and 10 kpc (r ight panel). Data from Edvardsson et al. 1993. 

remains.. This concept forms the basis of the idea of stellar orbital diffusion as the primary cause for the 
abundancee variations observed among similarly aged stars in the SNBH (Wielen et al. 1996). 

Thee method presented by Wielen et al. is based on the translation of a stellar abundance deviation 
(fromm the mean abundance observed among stars of a given age) in terms of a shift in galactocentric distance. 
Wee like to emphasize that this method in principle can be applied to any set of stellar abundance data no 
mattermatter the origin of the abundance inhomogeneities present in the data set. Therefore, the basic results 
presentedd by Wielen et al. probably remain unchanged even when the abundance spread among similarly 
agedd stars would be entirely due to processes other than orbital diffusion. This is true provided that such 
processes:: 1) do not result in mean stellar abundances considerably different from the mean of the EDV 
dataa at a given age, and 2) predict the abundance inhomogeneities for different elements to be correlated in 
aa progressive manner. 
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Figuree 4.6 A[Fe/H] (left panel) and fti„i(WIEL,  [Fe/H] (r ight panel) vs. stellar age for F and G dwarfs in the 
SNBHH (data from Edvardsson et al. 1993). 

Fig.. 4.6 shows that there is no clear trend from the EDV data for an increase in the abundance dispersion 
A[Fe/H]]  with stellar age. The same is true for the variation in the range of ftmi with stellar age. This 
mayy be due to errors in the stellar ages derived by EDV and/or due to selection effects which concern the 
galactocentricc distances of the sample stars. Alternatively, processes other than stellar orbital diffusion may 
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bee involved which might erase the initial trend. 

Fig.. 4.7 confirms that there are also no signs of a correlation between A [ 0 / H ] and stellar age or 
betweenn [O/H] and the stellar W velocity perpendicular to the Galactic plane. If stellar orbital diffusion 
iss the dominant mechanism causing the observed abundance variations among similarly aged stars in the 
SNBH,, one again would expect that A[() /H ] increases with stellar age. Similarly, one would expect that 
thee dispersion in W increases with decreasing values of A [0 /H ] (such a relation is observed for F, G, and 
KK dwarfs in the Galact ic disk between W-velocity and [Fe/H]; see Bahcall et al. 1992). However, these 
correlat ionss appear not to be present in the current data. This either suggests that orbital diffusion is not 
thee dominant mechanism causing the observed abundance variations, or that the EDV data: 1) are biased 
towardss young stars (old, metal-rich stars are probably under-represented), and/or 2) are considerable in 
errorr for what concerns the ages and W velocities of the sample stars. 
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F igu ree 4.7 Stellar ages (left panel) and W velocities (perpendicular to the Galactic plane; r ight panel) vs. A[()/H ] 
forr F and (! dwarfs in the SNBH (data from Edvardsson et al. 1993). 

Similarly,, Fig. 4.8 i l lustrates that the EDV da ta do not provide evidence in support of a larger maximum 
distancee Z m ax above the Galactic plane for older stars or for larger dispersions | A[Fe/H] |. Thus, the EDV 
da taa do not comply with the generally accepted idea that Zm ax increases with age for stars in the Galactic 
diskk due to the effects of orbital diffusion (e.g. Wielen 1977; Sommer-Larsen 1991). This suggests that the 
starss in the EDV sample suffer from severe selection effects (e.g. birthplace, age) and/or that the derived 
stellarr ages as well as values of Zn l ax contain considerable systematic errors. 

Inn Fig. 4.9 we show the variations of A[Fe/H] and fi, nl([Fe/H]) vs. the heavy element integrated 
metal l ici tyy Z. Both A[Fe/H] and 7ïmi([Fe/H]) were computed according to Eqs. 4..3 and 4.4 while Z was 
takenn directly from the da ta presented by EDV. Although the scatter is considerable, Fig. 4.9 suggests a 
correlationn between the magni tudeof | A[Fe/H] | and 10log(Z/Z(:)) (i.e. the deviation of the stellar metallicity 
ZZ from solar). Such a relation is expected if orbital diffusion is responsible for the majority of the abundance 
variat ionss observed among stars in the SNBH. Apart from the large scatter, a radial metallicity gradient 
off  1" log(Z/Z ( .)) = - 0 .11 dex kpc" found.. This suggests that, on average, stars with A[Fe/H]<;0 wen 
formedd more inwards in the Galactic disk, i.e. at galactocentric distances Rml <̂  Ft,.-,. The scatter in these 
relat ionss may be due to errors in the stellar ages derived by EDV (which lead to incorrect values of A[Fe/H] 
accordingg to Eq. 4.3) and /or to processes other than orbital diffusion which cause considerable spread in Z 
att a given A[Fe/H]. 

Wee conclude that, for the majority of the stars in the EDV sample, the results presented by Wielen 
ett al. may be correct, at least to first order, provided that: 1) large errors are present in both the stellar 
agess and kinematical da ta presented by Edvardsson et al. and 2) the EDV data suffer from substantial 
selectionn effects both with respect to stellar age, metallicity, and galactocentric distance at birth. To what 
extentt these effects are indeed present in the EDV da ta is unclear although the possibility of large errors in 
thee absolute stellar ages has been emphasized by Edvardsson et al. Furthermore, if the stellar ages derived 
byy EDV are indeed incorrect by large factors, how must one interpret Eqs. 4.3—4.7 which were derived by 
Wielenn et al. and are based on these ages? 
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Figuree 4.8 Maximum present-day distances from the Galactic plane Zm l x vs. age (left panel) and vs. A[Fe/H] 
(r ightt panel) for F and G dwarfs in the SNBH (data from Eclvardsson et al. 1993). 
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Figuree 4.9 A[Fe/H] (left panel) and /ïini(WIEL , [Fe/H] (r ight panel) vs. heavy element integrated metallicity 
10log(Z/Z(.,)) for F and G dwarfs in the SNBH (data from Edvardsson et al. 1993). 

 The birthplace of the Sun in the Galactic disk 

Stellarr abundances are usually given in terms of solar abundances. Therefore, it is important to know to 
whatt extent the abundances in the Sun are representative for the abundances of stars born ~4.5 Gyr ago at 
thethe present-day galactocentric radius of the Sun. 

Accordingg to the overabundance of the Sun of A[Fe/H] = +0.17  0.04 dex, compared to the mean 
ironn abundance of stars formed about 4.5 Gyr ago which are observed at the present-day galactocentric 
distancee of the Sun, it is argued by Wielen et al. that the galactocentric radius of the Sun at birth is R,m]l.; 
== 6.6 9 kpc. This est imate is based on the assumption of a radial gradient in iron of aR

e = —0.09
0.022 dex k p c- 1 and a present-day galactocentric radius of the Sun of ft(., = 8.5 kpc. A similar calculation of 
ftini.oftini.o from the oxygen overabundance in the Sun leads to ftjni,Q = 6.4  1.0 kpc which is in good agreement 
withh the previous estimate. This suggests that the Sun formed ~1.9 kpc more inwards in the Galactic disk 
thann its present-day galactocentric distance (Wielen et al. 1996). 

Ass an alternative to this interpretation, we emphasize that: 1) the Sun may well have been enriched 
sequentiallyy in oxygen and iron by roughly similar amounts (relative to the mean element abundances of 
starss formed ~4.5 Gyr ago at the galactocentric distance of the Sun) since independent observations suggest 
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thatt the material out of which the Sun formed has been enriched sequentially by massive stars (see Sect. 5.5; 
Chap.. 2). If indeed true, the agreement, between ftim,w([0/H]) and #„!,,,.,( [Fe/H]) in the orbital diffusion 
scenarioo would be just an odd coincidence and would provide no constraint to the orbital diffusion effect 
onn the galactocentric distance of the Sun; and 2) for a substantial fraction of the stars in the EDV sample 
#,„,,«« as derived from their [Fe/H] abundances is probably inconsistent with that derived from their [O/H] 
abundances.. Thus, orbital diffusion may be insufficient as well to explain the abundance variations of stars 
(suchh as the Sun) with consistent values of R-in\^. We argued above that the effects of orbital diffusion 
onn the abundance variat ions among similarly aged stars in the SNBH may provide an adequate statistical 
descriptionn of inhornogeneous chemical evolution of the Galactic disk. In contrast, we believe that application 
off  the orbital diffusion theory to individual stars can give erroneous results. 

Too first order, the regular orbit of a disk star in the mean gravitat ional field of the Galaxy can be 
describedd by an epicyelic orbit (see e.g. Scheffler k Elsasser 1982). If the guiding center of the epicycle is 
assumedd to move around the Galactic center in a circular orbit with radius Rm, one can derive the present-
dayy semi-axis AR (of the (elliptical) epicycle in the R direction) of a disk star using its observed space 
velocities.. In this manner, Wielen (1982) derived AR = 0.7 kpc and Rm  ̂ - R0) = +0.6 kpc. Combined with 
Aim,!-- "- 6.5 kpc, this suggests a change in Rm>i:) of ~0.6+1.9 - 2.5  0.7 kpc over the past —4.5 Gyr if the 
orbitall  diffusion prediction is correct (Wielen et al. 1996). From these results, it seems improbable that the 
diffusionn in galactocentr ic distance of the Sun can be ascribed only to variations in the epicycle movement 
off  the Sun. Nevertheless, variations in galactocentric distance due to the epicycle movement of stars around 
thee guiding centers of their orbits may explain part of the scatter observed in the ftini(WlEL, [Fe/H]) vs. 
ƒ?,,„,, (WIEL , [O/H] ) and A [Fe/H] vs. A [ 0 / H ] diagrams discussed above, in particular for stellar orbits with 
ARAR <; 1 kpc. 

 Dispersion in metal l ici ty as a function of stellar age 

Inn general, models for the orbital diffusion of stars in the Galactic disk predict that the radial diffusion is 
proport ionall  to the diffusion in velocity (e.g. Fuchs et al. 1994). For such models, it is expected that the 
abundancee dispersion among similarly aged stars observed at a given galactocentric distance is related to 
thee velocity dispersion of these stars by (WIEL) : 

* [ E I / H ] ( T )) - | o4E 1 / H] | . fvav(r) = \ af/H] \ . fvay(r) (4.8) 

wheree a\\ and ay are the velocity dispersions in U (towards the galactic center) and in V (total peculiar 
velocity),, respectively. Assuming an isotropic diffusion coefficient and an expression for a\\ (or <rv) following 
fromm the diffusion model, the empirical values of the diffusion coefficients / v = 3.8 kpc / 100 km s~' and fu 
ff fv = 1.3 can be well explained (Wielen 1977). If one further assumes that the radial abundance gradients 
aaRR in the Galact ic disk are independent both of galactic age and location, the dispersion in the abundance 
off  a given element (relative to the mean abundance among stars observed at a given galactocentric distance) 
mayy be related to stellar age by (WIEL) : 

* [E i /H]( r ) == ! ^ E I / H ] | .((AR(T))2)Ï (4.9) 

where e 

((AR(T))'^((AR(T))' ̂ = [((ARm(r))2) + I < ( A . 4 R ( r ) ) 2 ) ] i = ~ 0.92 [ ^ - ) ' [kpc] (4.10) 

iss the variation of the diffusion in galactocentric distance with stellar age as derived from the observations 
(Wielenn 1977). For 10 and 4.5 Gyr old stars, Eq. (4.10) gives AR = 3 and ~2 kpc, respectively. Note that 
thiss equation takes into account the diffusion of stellar orbits, both due to the stochastic increase in Rm and 
too the increase in the semi-axis of the epicycle *4R with stellar age (WIEL) . 

Accordingg to Eqs. 4.9 and 4.10, variations in <T[F e/n] and qo/H] with age for stars observed at a given 
galactocentr icc distance result in: 

0-[Fe/H]f>)) = 0.083 ( ^ - J and <r[0/H](r ) = 0.064 f ^ - J ' (4.11) 

whichh leads to: 

°"[O/H]]  = 0-78 o-[Fe/H] (4.12) 

Thiss equation predicts that the scatter in the stellar [O/H] abundances is smaller by a factor of 0.78 than the 
scatterr in [Fe/H] independent of stellar age. The factor 0.78 is simply determined by the ratio of the radial 
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gradientss in [0 /H] and [Fe/H]. This simple result is new and not addressed by Wielen et al. (1996). It shows 
thatt the model for orbital diffusion of stars in space proposed by Wielen et al. predicts that the ratio of the 
abundancee variations of two elements P and Q among similarly aged stars observed at a given galaetoeentric 
distancee R0bs, is simply given by to the ratio of the radial abundance gradients of these elements at ft0bs-
Forr the variations in oxygen and iron this result is in good agreement with the observations despite the 
uncertaintiess involved with the radial abundance gradients (see at the end of this section). This is true 
evenn though Eqs. 4.11 and 4.12 are clearly inconsistent with the Edvardsson et al. data (see Fig. 4.6). 
Forr elements other than iron and oxygen, the prediction is more difficul t to check since radial abundance 
gradientss for such elements are relatively uncertain. It is interesting to note that the relative abundance 
scatterr observed among similarly aged stars in the SNBH for two elements P and Q may provide direct 
informationn about their relative abundance gradients in the local disk. 

Ass far as the discrepancy between the predictions of Eqs. 4.11 and 4.12 and the EDV data is concerned, 
wee can think of three effects which may play an important role: 1) the stellar ages determined and presented 
byy EDV are systematically in error for stars with abundances that deviate considerably from the mean 
abundancee of similarly aged stars; 2) the EDV data are incomplete with respect to stellar age; this effect 
mayy arise when the EDV sample stars were selected in such a way that they were more or less evenly 
distr ibutedd over galactic age. Since the abundance dispersion is predicted to increase with stellar age, such 
aa pronounced effect probably shows up only in samples of stars that contain relatively large numbers of 
oldd stars compared to young ones, provided that the stellar abundance variations (relative to the mean 
abundancee of similarly aged stars) are distributed in a Gaussian manner; and 3) the EDV sample is biased 
towardss stars which formed at galaetoeentric distances relatively close to the present-day galaetoeentric 
distancee of the Sun, i.e. stars with R]ni > R0j or Rin\ < # w in the EDV sample are under-represented (see 
Figs.. 4 .2 -4 .6 ). 

A tt present, i t is unclear to what extent the stars in the sample of Edvardsson et al. (1993) is statistically 
representativee with respect to age, galaetoeentric distance at birth, and metallicity. We expect, that the EDV 
da taa are subject to each of the three effects discussed above. If indeed true, this would favour the possibility 
thatt stellar orbital diffusion is the dominant mechanism causing the abundance variations observed among 
similarlyy aged stars in the SNBH. At the same time, this would weaken the possibility that infall of metal-
deficientt gas and sequential stellar enrichment (as discussed in Chap. 5) provide an adequate explanation for 
thee dominant part of the abundance variations observed (although these processes are likely to be important 
onn small scales in the disk ISM). On the other hand, it is unclear whether the results of Wielen et al. would 
bee altered when both the effects of abundance inhomogeneities in the disk ISM (due to metal-poor gas infall 
andd sequential stellar enrichment) and stellar orbital diffusion would be present in the Edvardsson et al. 
data.. To definitely solve the problem of the abundance variations observed among similarly aged stars in the 
SNBH,, a large, statistically complete sample of stars with accurate abundances, ages, and orbital parameters 
iss needed. Here, we have argued that stellar orbital diffusion may be a much more important process than 
previouslyy thought and certainly much more important than suggested by Edvardsson et al. (1993) and 
Grenonn (1990). In particular, the galaetoeentric distance Rm of the guiding center of an epieyclie orbit of 
aa star moving in the gravitational potential of the Galactic disk is strongly affected by orbital diffusion as 
arguedd in the work of Wielen et al. (1996). 

Inn the near future, the chemical and orbital properties of a sample of stars nowadays observed in the 
SNBHH may be corrected for diffusion in galaetoeentric radius on the basis of accurate kinematical da ta as 
welll  as on the basis of more reliable models for the kinematical evolution of stars in the disk gravitat ional 
potential.. At present, such corrections for individual stars are probably premature and, therefore, we wil l 
simplyy assume that the total number of stars within a given volume around the Sun remains unaffected by 
radiall  orbital diffusion. This is probably untrue in case of a stellar surface density that decreases exponentially 
whenn going outwards in the Galactic disk, but it is an inevitable and convenient first, order approximation. 
Forr what concerns the corrections for the evolution of the vertical structure of the stellar disk in the SNBH, 
thee diffusion effect, may be more substantial and we wil l apply correction factors as discussed below. 

4.1.55 Evolution of the vertical structure of the Galactic stellar disk 

Starss adopt the velocity dispersion of the protostellar gas at their birth and are accelerated by gravitat ional 
perturbat ionss of their orbits later in their evolution. This leads to an increase of the vertical scale height 
off  the Galactic stellar disk with age as shown by Wielen 's (1977) empirical stellar velocity dispersion-age 
relationn <r oc rA where A ~ 0.5. Possible acceleration mechanisms may include collisions with massive gas 
cloudss (e.g. Spitzer k Schwarzschild 1951; Lacey 1984), large scale fluctuations in the galactic graviational 
potentiall  such as spiral arms (e.g. Sellwood k Carlberg 1984; Jenkins & Binney 1990), collisions with massive 
blackk holes (e.g. Lacey & Ostriker 1985; Fuchs et, al. 1994), and merging with satellite galaxies which deposit 
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theirr orbital energy as kinetic energy of disk stars (Tóth k Ostriker 1992; Quinn et al. 1993; Athanassoula 
1993).. Stellar acceleration laws with A between 0.2 and 0.5 can be generally reconciled with the observations 
(e.g.. Wielen 1977; Jahrein k Wielen 1983; Strömgren 1987; Lacey 1991; Ran a 1991). 

Thee increase of the scale height of the stellar disk in the SNBH with age is an important effect which 
shouldd be taken into account when statist ical properties are considered of stellar samples that refer to a 
smalll  volume around the Sun. In part icular, such scale height corrections are necessary when converting 
thee local volume densities of stars observed in the SNBH to z-integrated volume (or surface) densities for the 
entiree solar cylinder (in general model results refer to the latter volumes). To correct local volume limited 
sampless to represent the entire solar cylinder, a kinematical model for the variation of the scale height of 
diskk stars with age is needed. In this manner, mean correction factors ƒ for the solar cylinder need to be 
determinedd as a function of stellar age (or as a function of metall icity when the mean AM R is used). 

AA simple and convenient parametr izat ion of the evolution of scale height with age is (e.g. Rana 1991): 

hh33 = h0(l + ——j (4.13) 

wheree /i(, is the scale height of the stellar disk at the time a star is born, (T - t) the stellar age, r0 a 
character ist icc t ime scale, and 7/ = 1/2 or 1/3 depending on the adopted mechanism of scattering stars out of 
thee Galact ic plane. The correction factor for a subpopulation of the Galactic disk born at a given galactic age 
tt is then given by f(t) oc / > S N B H / £Z where />SNBH and Ez are the volume density of stars in the SNBH and the 
z-integratedd surface density of the local solar cylinder of the stellar subpopulation of interest, respectively. 

Wee here consider the scale height correction factors presented by Sommer-Larsen (1991) which essen-
tiall yy are based on two distinct kinematical models for the evolution of the vertical structure of the Galactic 
disk.. The first model is that from Norris k Ryan (1989; hereafter NR), the second that of Kuijken k Gilmore 
(1989;; hereafter KG). Result ing correction factors \/f(T-t) usually range between ~0.2 and 1 for values of 
[Fe/H]]  « - 1 dex and [Fe/H] k. 0.05, respectively (Sommer-Larsen 1991). Due to the vertical expansion of 
thee stellar disk, the oldest stars are distr ibuted over z—distances ~ 5 times larger than stars recently formed 
inn the disk. At values of [Fe/H] between - 0 .4 and 0, the NR kinematical model predicts 1 / / factors that 
aree substant ial ly less than the KG model (by more than a factor of two). Assuming r0 = 0.5 Gyr (Rana 
1991)) both model predictions comply with the range of 1//-values resulting from Eq. (4.13) by applying ij 
==  1/3 and 1/2. In general, the older and more metal-poor stars that have more perturbed orbits and, on 
average,, are kinematical ly more excited are subject of relatively large scale height corrections (e.g. Grenon 
1989;; Sommer-Larsen 1991), We emphasize that such corrections, in principle, should take into account the 
factt that the present-day position of the Sun is offset from the Galactic plane. Whenever possible we wil l use 
thee scale height corrections for the KG model as presented by Sommer-Larsen (1990, 1991). Furthermore, 
wee note that the scale heights of main-sequence stars and their remnants are expected to have the same 
dependencee on stellar age since the velocity dispersion is essentially an effect of the kinematical evolution of 
thee stellar disk (e.g. Fuchs k Wielen 1987). 

4.1.66 Dist inct ion between halo, thick and thin disk stars 

Wee briefly dicuss the usual distinctions made between halo, thick and thin disk stars. In principle, such a 
dist inct ionn is impor tant when the proper t ies of stars nowadays observed in the SNBH are considered. The 
da taa of Edvardsson et al. suggest the existence of at least two discrete populations of stars observed in the 
SNBH:: 1) a thin disk component with age smaller than 10 Gyr, - 0 .4 ^ [Fe/H] £ +0 .3, (V) 10 km/s, 
velocityy dispersions that increase with age, and a radial metallicity gradient that probably depends on age as 
well.. For this component, the data of Beers & Sommer-Larsen (1994) indicate a mean rotational velocity of 
2100 krn /s in the SNBH, mean velocity dispersions in U, V, W of 40, 30, 20 krn/s, respectively, an exponential 
scalee height of 300 pc, and a radial scale length of ~4 .5 kpc. The thin disk contains most (i.e. 9 0 - 95 %) of 
thee luminous mass in the local Galaxy; and 2) a thick disk component with age older than 10 Gyr, - 0 .8 <> 

[Fe/H]]  ^ - 0 . 4, (V) 50 krn/s, a mean rotational velocity in the SNBH of 190 km/s, velocity dispersions 
inn II , V, W = 60, 40, 40 km/s, respectively, an exponential scale height of ~1000 pc, and a radial scale 
lengthh of ~4 .5 kpc (Beers k Sommer-Larsen 1994). The onset of the thick disk becomes apparent in the 
rapidd change in the vertical velocity distr ibution at metallicities [Fe/H] 0.4. Most of the thick disk stars 
havee abundances in the range - 1 <>  [Fe/H] <>  - 0 .5 but a tail beyond [Fe/H] £ - 1 is present (e.g. Bahcall 
ett al. 1992). The thick disk provides about 5 - 10 % of the galactic luminous mass. 

Theree is considerable overlap of the thick and thin disk components for stars with [Fe/H] between 
- 0 . 755 and - 0 .3 as the old thin disk probably extends down to at least [Fe/H]—0.75 (e.g. Wyse k Gilmore 
1995;; hereafter WG). Star count, models indicate a local ratio of thick disk to thin disk stars of about 
2 - 100 percent (e.g. Gi lmore et a!. 1989; Majewski 1993; Qjha 1994). In contrast, studies of the abundance 
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distr ibutionn of long-living stars in the SNBH (e.g. Pagel 1989; Sommer-Larsen 1991) suggest that, thick disk 
starss with [Fe/H] <>  -0.4 contain as much as ~ 2 5% of the local sample stars. However, it was pointed out 
recentlyy by WG that the majority of the stars near the Sun with metallicities around the peak of the thick 
diskk rnetallicity distr ibution (i.e. [Fe/H] ~-0.6) have kinematics appropriate to that of the thin disk and not 
off  the thick disk. Thus, the thick disk contribution to stars with [Fe /H ]^ —0.4 has been overestimated by 
considerablee factors in samples of long-living stars in the SNBH. This has important consequences for the 
kinematicall  corrections applied to e.g. the age and metallcity distr ibutions of such samples (see WG; Sect. 
4.3.8). . 

Thee rapidly rotat ing ( thin+thick) disk components observed in the SNBH are distinct from the non-
rotat ingg metal-poor halo population with a mean rotational velocity of ~ 0, and velocity dispersions of U, V, 
WW = 140, 100, 100 km/s, respectively. The stellar halo starts to dominate at metallicities [Fe/H] ^ -1 (e.g. 
Marquezz k Schuster 1994). 

Thee combination of kinematics, spatial distr ibution, and chemical abundances for samples fo stars 
selectedd according to different selection criteria is required to understand how different components (halo, 
thick,, and thin disk) contribute to a local sample of stars observed. However, to what extent the chemical 
propertiess of the stellar populations observed in the SNBH are affected by differences in dynamical evolution 
off  the stars associated with e.g. the thin and thick disk components is not well known. Such corrections may 
bee particularly important when these properties are compared to predictions of chemical evolution models 
forr the entire solar cylinder (see e.g. Wyse k Gilmore 1995). Nevertheless, we wil l ignore such corrections 
inn the following and assume that the stellar disk as a whole has experienced a common star formation and 
chemicall  evolution history. 

4.1.77 Radial abundance gradients 

Thee existence of radial abundance gradients play an important role in the chemical evolution of the Galactic-
disk.. In our models, however, we wil l not deal with radial abundance gradients and simply consider the 
chemicall  evolution of the Galactic disk as a whole. Nevertheless, comparison of our results with the abun-
dancess of stars observed in the SNBH may require an interpretation in terms of different rates of enrichment 
att different galactocentric radii. For this reason, we like to discuss briefly the existence of radial abundance 
gradientss in the Galactic disk and to address several interesting aspects involved. 

AbundanceAbundance gradients from Hn regions. Observations of both gas (e.g. Shaver 1983) and stars (e.g. Friel k 
Janess 1993) indicate that substantial radial abundance gradients are present in the Galactic disk. Gradients 
derivedd from optical and radio spectroscopy of Hll regions (Shaver et al. 1983; Fich fc Silkey 1991) are 

22 dex kpc "1 in [O/H] and 2 dex kpc "1 in [N/H] for Hn regions with galactocentric 
distancess between 4 and 14 kpc. Steeper gradients are found for Hn regions in the innermost parts of the 
Galaxyy which are relatively metal-rich. Abundance gradients of [Fe/H] among Hll regions in the local disk 
aree of the order of 2 dex k p c- 1 (Clarke 1989; Fanagia k Tosi 1981). We note that abundance 
gradientss derived from Hll regions may be systematically affected by: 1) errors in the specific condit ions 
(e.g.. high temperatures and densities, intense radiation fields, highly ionized gas, large extinction factors) 
assumedd in the models for these regions (e.g. Osterbrock et al. 1992), and 2) depletion of heavy elements by 
dustt grains which is expected to be more severe in high-metallicity regions (see Chap. 7). 

AbundanceAbundance gradients from disk stars. For comparison, Friel k Janes (1993) observed a mean gradient in 
[Fe/H]] 2 dex k p c- 1 from the metallicities of 24 open clusters (R ~ 8 -16 kpc, ages 1-8 Gyr). In 
contrast,, gradients determined from B-main-sequence stars in young clusters and Hll regions indicate much 
smallerr graciients of 1 and 1 dex k p c- 1 in [O/H] and [N/H] , respectively (e.g. Rolleston et 
al.. 1994; Kilia n et al. 1994); Kaufer et al. 1994). At a galactocentric distance of ~5—6 kpc these gradients 
appearr to increase inwards. Gradients of O, N, Mg, Si, and Fe, in the outer part of the Galactic disk covered 
byy B-star observations are flat or almost negligible (Kaufer et al. 1994). In particular, Kaufer et al. conclude 
thatt the B-type stars have oxygen abundance gradients in [O/H] of 0.00  0.01 dex k p c- 1 between 7 and 
166 kpc and that the steep abundance gradient in [O/H] of-0.09  0.02 dex k p c- 1 reported by Shaver et al. 
(1983)) is due to linear fittin g of the Hll region abundances over the full range in Galactocentric distance. 

Inn principle, abundance gradients are best traced by the present-day disk ISM and by young stars 
whichh have not moved far from their birthsites. However, several selection effects may be present, such as a 
strongg bias to regions containing young, massive stars. Since star forming regions may be contaminated by 
earlierr generations of massive stars, gradients derived from such regions may be systematically larger than 
thosee obtained from old disk stars. Abundance gradients from old stars in the disk can be derived if the 
orbitall  parameters of these stars can be determined. However, the derivation of abundance gradients from 
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oldd stars is complicated by the fact that reliable corrections for the radial diffusion of their orbits must be 
applied.. Since stellar orbital diffusion causes (Rm) to increase with stellar age, it can be shown that the 
abundancee gradients derived from old stars omit t ing corrections for the diffusion of Rm may underestimate 
thee actual gradients by roughly a factor of ~2 (Wielen et al. 1996). 

Duee to the effects of orbital diffusion (Wielen et al. 1996) and because the surface density of stars 
increasess inwards in the Galactic disk (e.g. Bahcall k Soneira 1980), the mean rnetallicity of stars nowadays 
observedd at R = R() is substantial ly larger than the rnetallicity of similarly aged stars born at Rini = R(l. 
Indeed,, this is suggested e.g. by the presence of old, metal-rich stars in the SNBH with +0.3 ^ [Fe/H] ^ 
+0.6,, ages of ~10 Gyr, and kinematical properties which indicate that they were formed in the inner part 
off  the Galaxy (e.g. Grenon 1990). 

Thee magni tude of radial abundance gradients in the Galactic disk probably varies with galactocentric 
distancee (e.g. Kaufer et al. 1994; Minnit i et al. 1995). Radial gradients may depend on galactic age as well 
(e.g.. Vila-Gostas k Edmunds 1992) since the stellar surface density decreases outwards and stellar yields 
dependd on initial rnetallicity. In this maimer, stellar orbital diffusion may lead to systematic changes in 
thee variation of abundance gradients with galactic age. Differential movement of stars between their t ime 
off  formation and the t ime of ejection of their heavy elements (e.g. for SNIa and SNII progenitors) may 
affectt the variation of abundance gradients in the Galactic disk as well. Furthermore, radial t ransport of gas 
associatedd with infall of material may affect abundance gradients in the disk ISM (e.g. Mayor k Mart inet 
1977;; Yoshii k Sommer-Larsen 1987). 

Itt is generally accepted that the radial abundance gradients observed in the Galactic disk originate 
fromm the inside-out formation and evolution of the Galaxy in which the bulge formed first and star formation 
proceededd outwards in the disk thereafter (e.g. Rocca-Volnierangek Schaeffer 1990; Burkert k Hensler 1994). 
Thiss idea is consistent with models for which the SFR is very sensitive to the gas density (e.g. Schmidt 1959; 
Dopitaa 1985; see also Edmunds k Pagel 1984; Phill ipps k Edmunds 1991) and by observations which suggest 
thatt the origin of large abundance gradients may be linked to the existence of (un-barred) spiral structure 
inn gas-rich disk galaxies (Edmunds k Roy 1993). 

4.1.88 Concluding remarks 

Inn this section, we considered several interesting aspects of stellar orbital diffusion with part icular emphasis 
onn the abundance variat ions observed among similarly aged stars in the SNBH and the interpretation of 
thesee abundance variations by Edvardsson et al. (1993; EDV) and Wielen et al. (1996; WIEL) . 

Wee summarize the main results obtained in this section as follows: 

 the stellar galactocentric distances at birth derived from kinematic (EDV) and abundance data 
(WIEL )) for individual stars are inconsistent. Apart from the large number of assumptions and 
uncertaint iess involved, both the kinematical and the chemo-dynamical models are likely to give 
erroneouss results when used to determine the galactocentric distances at birth for i n d i v i d u al 
s t a rss because these models are essentially a s ta t i s t i cal description of the orbital diffusion process; 

 the basic results presented by WIEL probably remain unchanged even when the abundance spread 
amongg similarly aged stars would be entirely due to processes other than orbital diffusion (e.g. 
duee to metal-poor gas infall and sequential stellar enrichment). This is true provided that such 
processes:: 1) do not result in mean stellar abundances considerably different from the mean of the 
EDVV da ta at a given age, and 2) predict the abundance inhomogeneities for different elements to 
bee correlated in a progressive manner; 

 for the majority of the stars in the EDV sample, the results presented by WIEL may be correct, at 
leastt to first order, provided that: 1) large errors are present in both the stellar ages and kinematical 
d a taa presented by EDV, and 2) the EDV da ta suffer from substantial selection effects both with 
respectt to stellar age, rnetallicity, and galactocentric distance at birth. However, if the stellar 
agess derived by EDV are indeed incorrect by large factors, how must one interpret the abundance 
dispersionn relations derived by WIEL which are based on these ages?; 

 the results presented by WIEL imply that the scatter in the stellar [O/H] abundances among 
similarlyy aged stars in the SNBH is smaller by a factor of 0.78 than the scatter in [Fe/H] independent 
ofof stellar age. The factor 0.78 is simply determined by the ratio of the local radial gradients in 
[O/H]]  and [Fe/H]. This simple result is new and has not been addressed by WIEL . It shows that 
thee model for orbital diffusion of stars in space proposed by WIEL predicts that the ratio of the 
abundanceabundance variations of two elements P and Q among similarly aged stars observed at a given 
galactocentricgalactocentric distance Rohs, is simply given by to the ratio of the radial abundance gradients of 
thesethese elements at R0[ ys. Gonversely, the relative abundance scatter observed among similarly aged 
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starss in the SNBH for two elements P and Q may provide direct information about their relative 
abundancee gradients in the local Galactic disk; 

 it is unclear to what extent the chemical properties of the stellar populations observed in the SNBH 
aree affected by the differences observed in the dynamical evolution of stars associated with the thin 
andd thick disk components. Such corrections may be particularly important when these properties 
aree compared to predictions of chemical evolution models for the entire solar cylinder; 

 from the da ta currently available, we conclude that stellar orbital diffusion is probably a common 
andd important process in the Galactic disk which, at least in a statistical manner, can provide 
ann adequate explanation for the large abundance variations observed among similarly aged stars 
inn the SNBH. At the same t ime, however, we are forced to conclude that the theory of stellar 
orbitall  diffusion alone as presented by WIEL is probably insufficient to explain these abundance 
inhomogeneitiess for all stars in the EDV sample (see Chap. 5). 

Inn this section, we have paid attent ion to some important observational aspects of Galactic chemical evolu-
tion.. These considerations may help to interpret some of the observations and results presented below. In 
part icular,, it is important to realize that the chemical properties of stars observed in the solar neighbourhood 
(orr elsewhere in the Galaxy) are determined by many independent processes which operate simultaneously in 
thee Galactic disk such as stellar orbital diffusion and inside-out enrichment of the disk ISM. As a consequence, 
hugee samples of stars (N ^> 1000) are needed to study specific aspects of Galactic chemical evolution in 
detail.. Until such samples become available in the near future, we have to cope with relatively small samples 
off  stars which may or may not reflect the chemical evolution of the Galactic disk in all its aspects. Severe 
selectionn effects may bias our interpretation of specific observational characteristics of the sample stars. For 
thee moment, it seems justified to restrict ourselves to the chemical evolution of the Galactic disk as a whole 
whenn dealing with the relatively small samples of stars that are currently available — especially when such 
sampless are confined to the solar neighbourhood — since the sample stars probably do originate from regions 
widespreadd throughout the Galaxy. 
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4.22 Modelling the Age—Metallicity Relation 

Inn this section, we model the mean interstellar [Fe/H] vs. age relation (hereafter AMR) observed for F and 
GG dwarfs present in the Galactic disk. First, we investigate the sensitivity of the predicted AM R to the 
boundaryy condit ions and main input parameters assumed. Many of the quali tat ive results obtained for the 
dependencee of the AM R on these specific assumptions apply to other heavy elements as well. Thereafter, 
wee concentrate on the star formation and gas accretion history of the Galactic disk and we select a set of 
modelss that meet the observational constraints associated with the AMR. 

Inn the next section, we wil l examine in detail how the models selected behave with respect to various 
addit ionall  constraints to the present-day stellar content, (e.g. main-sequence stars, AGB stars, different types 
off  supernovae, white dwarfs) and interstellar abundances of elements up to Zn observed in the Galactic disk. 
Inn the final section, models in best overall agreement with the observations wil l be discussed. These models 
wil ll  be used as a reference set to which the chemical evolution of nearby galaxies, such as the Magellanic 
Clouds,, can be compared. 

4.2.11 Model assumpt ions 

Wee briefly recall the entire set of initial condit ions and assumptions used for each galactic chemical evolution 
modell  run: 

 boundary conditions, e.g. the galactic age tev and total initial mass: M^(t — 0) (cf. Sect. :3.1). In 
part icular,, we adopt a present-day total galaxy mass Mtot{t^) — 1.8 1011 M,-., (see Table 3.1). 

 the adopted set of stellar evolution tracks and stellar yields. These have been described in detail in 
Chapterr 3. Unless stated otherwise, we wil l use the standard AGB model and the Geneva/Nomoto 
stellarr evolution da ta (see Sect. 3.3). 

 parameters which describe the relative frequency of evolved stars such as AGB stars and SNIa. 
Thesee include e.g. the initial mass range from which SNIa, SNIb/c, and SNII originate, and the 
fractionn fSNIa of WD progenitors ending their lives as SNIa (cf. Table 3.3; Sect. 3.1). 

 assumptions related to the IMF, SFR, and infall of gas. These include e.g. the IM F slope, the upper 
andd lower stellar mass limit s at t ime of star formation, and the normalisation constant ,S'o of the 
SFR.. We wil l discuss these assumptions below. 

4.2.22 Basic set of models 

Thee base of models from which we start our computat ions is given in Table 4.1. Parameters related to the 
IM FF and SFR are listed assuming a present-day gas-to-total mass-fraction /<i = 0.1 and a galactic age fev = 
144 Gyr (indices 1 and 0 wil l be used when referring to quantities related to the current and initial epoch of 
Galacticc disk evolution, respectively). The majority of the parameter values used has been chosen arbitrarily 
withinn ranges appropr iate for the Galactic disk since our main purpose here is to i l lustrate the sensitivity of 
thee AM R to a number of relevant quanti t ies. In the next section, we wil l consider specific parameter choices 
thatt are in best agreement with the observations. 

Forr the IMF, we either assume a power law M(m) oc m~'y (label PL in Table 4.1), or we derive the IM F 
fromm the present-day mass function observed in the SNBH according to the star formation history adopted 
(seee Sect. 4.3). This is accomplished using either the present-day mass function (PDMF) presented by Scalo 
(1986;; label SCA) or that presented by Rana (1991; RA). Unless stated otherwise, the upper stellar mass 
limi tt at birth is taken as mu = 60 M(.}  (see Sect. 3.1). In columns 2—5, we list the adopted IMF, lower mass 
limi tt mi, IMF-slope 7, and the mean stellar mass <m> trv at birth (averaged over the Galactic lifetime * e v) . 

Forr the SFR, we consider two principal cases: A ) a density dependent SFR assuming no gas infall, i.e. 
C(t)C(t) oc /*" with index n = 1 (see Schmidt 19593), and B) as A) but with gas infall decaying exponentionally 
att a rate F(t) oc exp( —/./rinf) assuming a gas infall t ime scale rmf = 3 Gyr. Unless stated otherwise, the nor-
malisationn constant of the SFR. has been chosen such that /q = 0.1 is achieved at t = tev (i.e. present epoch). 

'' Schmidt's star formation function (Schmidt 1959, 1963) C(t) ix p£iV! is given in terms of the volume density of the gas. In 
termss of gas surface density, the relation is identical both for n = 1 (no matter the scale of the gas) and for any value of n 
providedd that the scale height of gas is independent of galactocentric radius over the galactic region considered (cf. Lacey fr 
Falll  1985). We here consider the Galactic disk up to a galactocentric distance of ~ 15 kpc as a whole and use Schmidt's law in 
termss of the gas-to-total mass-ratio /<. 
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Forr each SFR case, we tabulate in columns 6-11 the average past and present SFR (respectively denoted by 
<C><C>  and 6*i) and the returned fraction <R> which is a measure for the recycling efficiency of interstellar 
gass by evolved stars. Quanti t ies related to case B (i.e. with gas infall) are given in columns 9—11. In 
thiss case, the initial disk mass has been assumed to be one tenth of the present-day total system mass, i.e. 
Mg(0)) = SoMtot(tev) where So = 0.1 (unless stated otherwise). 

Tablee 4.1 Basic set of models: parameters related to the IMF and SFR 

(1) ) 
# # 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 
16 6 
17 7 
18 8 
19 9 
20 0 

(2) ) 
IMF F 

PL L 
PL L 
PL L 
PL L 
PL L 
PL L 
PL L 
PL L 
SCA* * 
SCA* * 
SCA* * 
SCA* * 
SCA* * 
RA* * 
RA* * 
SCA* * 
RA* * 
PL L 
PL L 
PL L 

(3) ) 
ni\ ni\ 

[Mo] ] 
0.1 1 
0.1 1 
0.1 1 
0.1 1 
0.01 1 
0.05 5 
0.2 2 
0.5 5 
0.01 1 
0.05 5 
0.1 1 
0.2 2 
0.5 5 
0.05 5 
0.1 1 
var r 
var r 
var r 
0.1 1 
var r 

(4) ) 
7 7 

2.35 5 
2.55 5 
2.7 7 
2.9 9 
2.35 5 
2.35 5 
2.35 5 
2.35 5 
--
--
— — 
--
— — 
--
— — 
--
— — 
2.35 5 
var r 
var r 

(5) ) 
<m><m>tt„ „ 
[Me] ] 
0.35 5 
0.27 7 
0.24 4 
0.21 1 
0.04 4 
0.18 8 
0.67 7 
1.60 0 
0.82 2 
0.82 2 
0.81 1 
0.98 8 
1.73 3 
0.71 1 
0.75 5 
1.03 3 
0.99 9 
0.37 7 
0.46 6 
0.18 8 

(6) ) 
<C><C>A A 

[M 0yr r 
16.5 5 
13.9 9 
13.2 2 
12.4 4 
13.1 1 
14.8 8 
19.3 3 
29.4 4 
23.6 6 
23.2 2 
22.0 0 
22.7 7 
29.3 3 
23.6 6 
23.4 4 
24.4 4 
24.3 3 
16.7 7 
17.5 5 
15.9 9 

(7) ) 

f-ï ï 
' l l l 
4.6 6 
4.1 1 
3.8 8 
3.5 5 
3.8 8 
4.2 2 
5.6 6 
10.7 7 
7.8 8 
7.9 9 
7.2 2 
7.6 6 
10.4 4 
6.9 9 
7.1 1 
6.9 9 
7.3 3 
3.2 2 
4.7 7 
3.4 4 

(8) ) 
<R><R>A A 

0.30 0 
0.19 9 
0.14 4 
0.09 9 
0.12 2 
0.23 3 
0.40 0 
0.62 2 
0.52 2 
0.52 2 
0.49 9 
0.51 1 
0.61 1 
0.51 1 
0.51 1 
0.53 3 
0.55 5 
0.33 3 
0.36 6 
0.34 4 

(9) ) 
<C><C>B B 

[M 0yi i 
16.2 2 
13.8 8 
12.9 9 
12.2 2 
12.6 6 
14.2 2 
18.7 7 
26.7 7 
21.6 6 
21.3 3 
21.2 2 
21.4 4 
28.6 6 
21.4 4 
21.3 3 
22.8 8 
22.4 4 
15.3 3 
16.8 8 
13.5+ + 

(10) ) 

Cf Cf 
- 1 ] ] 

5.4 4 
4.8 8 
4.4 4 
4.1 1 
4.5 5 
5.2 2 
6.5 5 
10.1 1 
8.3 3 
8.3 3 
8.4 4 
8.2 2 
12.0 0 
7.6 6 
7.8 8 
7.3 3 
7.4 4 
3.8 8 
5.0 0 
5.3+ + 

(11) ) 
<R>* <R>* 

0.30 0 
0.19 9 
0.13 3 
0.08 8 
0.12 2 
0.22 2 
0.39 9 
0.57 7 
0.48 8 
0.48 8 
0.48 8 
0.48 8 
0.60 0 
0.47 7 
0.47 7 
0.50 0 
0.49 9 
0.29 9 
0.32 2 
0.32+ + 

Remarks s 

Standard d 

SS00 = 0.2 
SS00 = 0.2 
SQSQ = 0.2 
77 = 2 to 2.4 
SoSo - 0.2 

PLL = power law IMF, SCA = Scalo (1986) PDMF, RA = Rana (1991) PDMF. 
**  IMF computed from the PDMF in the solar neighbourhood. 
++ derived for f.i\ = 0.2. 

Thee models listed in Table 4.1 are used to il lustrate particular effects of the adopted IMF and SFR on the 
AM RR . Models 1—4 ( IMF-s lope) are computed for a power-law IM F with various slopes 7 between 2.35 
too 2.9 assuming a fixed lower mass l imi t mi =: 0.1 M (:j . Models 5—8 ( lower  m a ss l imit ) are computed for 
variouss values of mi between 0.01 M ö and 0.5 M(:) using a fixed IMF-slope 7 = 2.35. The IM F used in 
modelss 9—15 is computed iteratively from the present-day mass function (PDMF) observed in the SNBH 
usingg appropriate correction factors related to the past SFR and metallicity dependent stellar lifetimes (see 
Sect.. 4.3). These models either incorporate an IM F computed according to the PDMF presented by Scalo 
(1986;; models 9—13) or according to the PDMF from Rana (1991; models 14+15) and cover the above range 
inn m|. Models 16—20 deal with the effects of an a g e - d e p e n d e nt I M F on the AMR. In total, a set of 
400 basic models is contained in Table 4.1. These models serve to i l lustrate the effects of the main model 
parameterss on the resulting AMR. 

4.2.33 Model results 

Inn this section, we investigate the sensitivity of the AM R to the following quantit ies: 1) the IMF, 2) the 
stellarr mass limit s at birth, 3) the age of the Galactic disk, 4) the present-day gas-to-total mass ratio, 5) the 
upperr mass limi t of SNII, 6) the contribution by SNIa, and 7) the star formation history. We note that the 
enrichmentt by SNIa has been excluded (unless stated otherwise) in order to show the effect of the individual 
modell  parameters in a more explicit way. 
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S t a n d a rdd m o d el a nd obse rved A M R 

Inn Fig. 4.10 we show the [Fe/H] vs. age relation for the standard model (i.e. model 7A) with a density 
dependentt SFR. (n = 1), power law IM F (7 = 2.35), and lower mass limi t in\ = 0.2 M(.,. We adopt this 
modell  as the s tandard model since it fits the observed AM R for the set of basic parameters listed in Table 
3.1.. Galact ic evolution t ime runs from the instant of disk formation, assumed to be 14 Gyr ago, to the 
currentt epoch. Observational data provided by the large sample of 329 F and G dwarfs in the SNBH, based 
onn narrowband ubvy-Wfi photometry presented by Twarog (1980a, b), has been plotted for comparison. 

Twarog'ss da ta (averaged over 1 Gyr age bins) are found to be in good agreement with the more recent, 
sampless of Meusinger, Reimann, and Stecklurn (1991; hereafter MRS), who reanalysed the AMR using 536 
starss both from the Twarog (1980) and Carlberg (1985) data samples and made several improvements in 
thee reduction details, and of Edvardsson et al. (1993) who presented new and accurate data for ~200 disk 
FF and G dwarfs. However, the da ta of EDV should not be used to determine the mean age-metallicity 
relationn in the SNBH as old, metal-rich stars have been excluded. Except for dwarfs older than 12 Gyr, the 
da taa of these three samples are consistent within the observational errors of ~0.1 dex in [Fe/H] at Galactic 
agess less than 12 Gyr. In contrast, the error-box for the oldest dwarfs may extend up to ages of ~16 Gyr, 
dependingg on the theoretical stellar evolution tracks used. It is clear that more accurate age determinations 
forr such stars are needed to constrain the chemical evolution models at these early epochs of disk evolution 
(cf.. Edvardsson et al. 1993). 
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F igu ree 4.10 Resulting AMR for the "standard" model (model 7A; solid line) compared with the [Fe/H] vs. age 
relationn observed in the Galactic disk. Galactic age increases from left to right. Data of F and G main-sequence 
dwarfss from Twarog (1980; averaged over 1 Gyr bins) is shown by full circles with vertical error bars. Galactic disk 
openn clusters presented by Boesgaard (1990) and by Friel & Jones (1990) are plotted as open triangles. Individual 
errorss are as shown for the bottom right open cluster at [Fe/H] = —0.7. In addition, globular cluster data from Kraft 
(1979)) and Armandrolf (1989) has been included (open squares; globular cluster ages were assigned to 14 Gyr.) 

Wee included da ta for open clusters in the Galactic disk presented by Boesgaard (1989) and by Friel & 
Boesgaardd (1990). Ages and metallicities for older clusters, based on medium resolution spectroscopic data, 
weree taken from Friel fc Jones (1990) except for the old, metal-rich cluster NGC 6791 (with [Fe/H]=+0.01, 
agee ss 10 Gyr) for which the tabulated data is probably in error. Alternatively, NGC 6791 is not a member 
off  the Galact ic open cluster system, has been enriched sequentially, or originates from a region much closer 
too the Galact ic center than the SNBH (see below). 

Globularr cluster da ta from Kraft, (1979) and Armandroff (1989) have been included which cover metal-
licitiess [Fe/H] <, —1.4 ami ages i>12 Gyr, i.e. the era during which cluster formation in the Galactic halo 
presumablyy took place. Evidence in support of globular cluster ages in the range 14—17 Gyr has been re-
viewedd e.g. by Hesser (1993; cf. Chap. 1). Nevertheless, globular cluster ages continue to be a controversial 
topic,, pr imari ly due to uncertainties in stellar evolution theory and scenarios of globular cluster formation. 
Wee have assigned an age of 14 Gyr to all globulars included in Fig. 4.10. 

http://Ga.la.ctic
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Bothh the cluster and F +G dwarf data included in Fig. 4.1Ü exhibit substantial scatter in [Fe/H] of 3 
dex.. clearly in excess of experimental errors (e.g. Edvardsson et al. 1993; see Chap. 5). No corrections were 
madee for orbital diffusion or for other sample inhomogeneities. However, it has been shown that considerable 
scatterr in the AM R remains even when such corrections are made (cf. Sect. 4.1). In particular, the recent 
analysiss of Carraro Sz C'liiosi (1995) reveals that variations in [Fe/H] of 4 dex exist among similarly aged 
openn clusters in the SNBH, even after correcting for radial (and vertical) abundance gradients in the Galactic 
disk. . 

Wee concentrate on the AM R of iron as constrained by the best determined ages and metallicities of 
FF and G dwarfs in the local Galactic disk currently available. Within the error bars of the mean data, a 
graduallyy increasing AM R is found with [Fe/H] ss — 1 at the early epoch of star formation in the disk about 
122 Gyr ago", rising to solar metallicity ~4.5 Gyr ago, and climbing another —0.15—0.2 dex during the last 
feww Gyr. As discussed in Sect. 4.1, it is probably incorrect to use the observed AM R as representative 
forr the enrichment history of gas and stars in the SNBH. Instead, we wil l use this AM R as typical for the 
GalacticGalactic disk as a whole, while assuming that the scatter in metallicity among stars observed in the SNBH 
iss representative for the Galactic disk ( / ï<15 kpc), and we compare it to the basic set of galactic chemical 
evolutionn models presented below. The shape of AM R predicted by the standard model is characteristic of 
exponentiallyy decreasing SFRs (or, more general, for SFRs that were considerably higher in the past than 
present)) and is in good agreement with the observations. In contrast, constant SFR models are inconsistent 
withh the observations. As we wil l discuss below, the shape of the resulting AM R is predominantly determined 
byy the SFR, IMF, and iron yields of massive stars. 

Wee note that the [Fe/H] ratio for the standard model shown in Fig. 4.10 has been computed using the 
stellarr nucleosynthetic yields of both Fe and H. Therefore, in contrast to many previous investigations, an 
adad hoc conversion between e.g. the heavy element integrated metallicity Z and the iron abundance was not 
required. . 

In i t ia ll  M a ss Func t i on 

Thee impact of the IMF-shape on the [Fe/H] vs. age relation is basically twofold. First, a steeper IM F means 
ann increase of the formation probabil ity of low-mass stars compared to that of high-mass stars, which results 
e.g.. in a direct reduction of the (iron) enrichment by SNII. Second, a steeper IM F results in a decrease of the 
returnedd gas fraction (cf. Table 4.1) since low-mass stars deplete gas more efficiently than high-mass stars 
(in(in ^ 1 M R ) . Therefore, for a fixed amount of gas converted into stars, a steeper IM F generally yields a 
reductionn of the total number of post main-sequence stars with m ^ m0(tev). Both effects strongly decrease 
thee rate of enrichment by massive stars in case of relatively steep IM F models. In Fig. 4.11 we il lustrate 
thesee effects for a power-law IMF: an increase in the IM F slope from 7 =2.35 to 2.55 (i.e. models 1A and 
2A,, respectively) leads to a reduction of ~0.5 dex in [Fe/H] at all galactic ages. 
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Figuree 4.11 Effects of IMF slope on the AMR. Resulting AMRs are shown for power-law IMFs with 7 = 2.35 
(dash-dottedd curve) and 2.55 (dotted), and for IMFs computed iteratively using the PDMF observed in the SNBH, 
usingg data from Scalo (1986; solid line) and Rana (1991; dashed). In all cases, the SFR has heen normalised such 
thatt /M = 0 . 1. 
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Inn case of an exponentially decreasing SFR, the overall level of the AM R is determined mainly by the 
ironn production by SN1I at early Galactic phases (/ <, 2 Gyr). If no gas would be returned to the ISM by-
evolvedd stars, the AM R would continue to rise rapidly with age (even for decreasing SFR.s). The fact that 
thee AM R flattens is caused by the mixing of low-metallicity gas from relatively long-living, low —mass stars 
evolvingg off the main-sequence. Such flattening is consistent with the shape of the observed AMR (cf. big. 
4.11 1 ). At values of /( ^ 0.1 , the [Fe/H] ratio in the ISM approaches the limi t set by the yield function of iron 
forr the actual generation of evolving stars (see Sect. 3.4). Note that low-mass stars (i.e. m <, 1 M . ) that 
doo not evolve off the main-sequence within the galactic lifetime /e v, determine the rate of gas consumption 
(andd thus the gas fraction /;) at all evolution times. 

Forr I Mi' s flattening towards low-mass stars, the enrichment by massive stars becomes increasingly 
importantt d u e to the effects of gas depletion discussed above. For instance, IMFs computed using the 
observedd I 'DM F show a huge reduction (i.e. up to two orders of magnitude) of the formation probability 
off  low-mass stars compared to that for the Salpeter IMF (7 = 2.35). Conversion of the F'DMF to a 
t ime-averagedd IM F requires knowledge of the star formation history over the lifetime of the galactic region 
off  interest, in order to correct, for stars that evolved off the main-sequence in the past and are therefore 
"missed""  in present-day star counts. Under the assumption of a separable SFR, both Scalo (1986) and Rana 
(1991)) computed the IM F using the observed I 'DM F for stars in the SNBH. Using their PDMF data, we 
followedd a similar procedure according to the specific SFR. assumed and galactic age adopted (cf. Sect. 4.3). 

Inn Fig. 4.1 1 we show the resulting AMR.s for IMFs computed from the Scalo and Rana PDMF data 
usingg an exponenially decreasing SFR (models 1IA and 15A, respectively; detailed IMFs are discussed in 
S e d.. 4.3). Clearly, the overall level of the AM R is increased drastically and il lustrates that the formation 
probabil i tyy of low-mass stars can strongly affect the resulting AMR.. Both models appear inconsistent with 
thee observations for the set of parameter values used, especially in case of the Rana I 'DMF, since the inclusion 
off  SNIa would heighten the resulting AMRs by at least Ü. 15-0.2 dex (see below). However, since the detailed 
SFRR history assumed plays an important role as well, further analysis is needed before any conclusions can 
bee drawn from this discrepancy (see Sect. 4.3). 

 Age-dependent IMF 

Ass the mass spectrum of stars at birth is likely to vary with the environment (e.g. molecular cloud density, 
ambientt radiation field), the assumption of an IM F that is constant in t ime and space is rather unrealistic 
(cf.. ( 'hap. 2). However, the reason that this assumption is frequently used in spite of its poor approximation 
off  reality, is that the galactic chemical evolution equations can he solved conveniently for a time-invariant 
IMF . . 

MWW Age dependent IMF 
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F iguree 4.12 Effects of an age-dependent IMF on the AMR. Resulting AMRs are shown for models with a density 
dependentt SFR (ti = I ) , power law IMF, and age-dependent IMF slope: 7(f) = 70 + A->[1 - (C(/.)/C'0 )'

i]  where ("(/) 
denotess the SFR and (70, A7, ft) = (2.2, 0.2, 1; solid line), (2.2, 0.4, 1; dash-dolled), (2, 1, 2; dotted) . and (2.2, 0.4, 
1;; but for an exponentially decreasing SFR with r,i,.<, = \\ Cyr; dashed). In all cases, the SFR was normalised to 
satisfyy /ii = 0 . 1. 
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Wee here investigate the resulting AM R for models which incorporate an IM F varying with galactic age. As 
ann example, we consider a power law IM F that favours the formation of high-mass stars at high levels of 
starr formation (see e.g. Larson 1989). In case of a density dependent SFR (n = 1), this means that low-mass 
starr formation preferentially occurs at relatively low gas densities. We simulate this effect by considering an 
IM FF slope that depends on the SFR as: -)(t) = j 0 + Aj[\ - ( ( ' ( O A ' o ) ^-

Fig.. 4.12 shows resulting AMRs for various combinations of 70, A7, and 0. Models consistent with 
thee observed AM R appear restricted to values of 0 ~ 1, 70 ~ 2 2 and A 7 <, 0.5. Note that the flattening 
off  the AM R is directed by the rate at which the IM F steepens with galactic age. The AM R flattens as 
soonn as the ejection of low-abundant mat ter by low-mass stars dominates the enriched material returned by 
high-masss stars (cf. Fig. 4.12). These models i l lustrate the high sensitivity of the AM R to variations in the 
IM FF with galactic age. 

S t e l l arr m a ss l i m i t s at b i r t h 

Inn Fig. 4.13 we show theoretical AMRs for different choices of the lower stellar mass limi t ni\ = 0.05, 0.1, 
andd 0.2 M 0 (models 1A, 6A, and 7A, respectively) in case of the Salpeter IM F (with fixed slope 7 = 2.35). 
Thee overall level of the AM R is found to increase by ~0.4 dex when m\ is raised from 0.05 to 0.2 M(.,. In 
general,, the formation probablil ity of massive stars increases with ni\. As discussed before, this is due to the 
increasee in both the average stellar mass formed and the returned gas fraction with ni\ (cf. Table 4.1). More 
precisely,, the magni tude of the shift in the AM R due to variations in mi is determined by the detailed slope 
off  the IM F at the low mass end. However, this effect is negligible for an IM F computed from the F'DMF 
(Scaloo 1986; models 10A, 11 A, and 12A, respectively; see Fig. 4.13), that roughly remains constant at low 
massess (m ^ 0.5 M w ) . In general, the shape of the AM R is insensitive to the adopted value of ni\ for values 
off  mi ^ 1 M 0 . 
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Figuree 4.13 Effects of the lower stellar mass limi t on the AMR. Results are shown for AMRs computed with m\ = 
0.05,, 0.1, and 0.2 M{.)(solid lines; bottom to top, respectively) using the Salpeter IMF (7 — 2.35). For comparison, 
thee same models but for the IMF computed using the F'DMF (Scalo 1986) are shown (dashed curves). In all cases, 
thee SFR was normalised to satisfy /M = 0 . 1. 

Inn general, a maximum value m[ l l ax exists at which the overall level of the AMR. exceeds the observed 
levell  (for a given IMF, SFR., and set of input parameters). According to the model inputs described above 
whilee excluding the iron contribution by SNIa, we find that ?7ijTlax ~ 0.2 M(., for a power law IM F with 
77 = 2.35, and similarly m["ax ~ 0.38 M 0 (7 = 2.55), 0.57 M 0 (2.7), and 0.80 M<:; (2.9). Thus, the observed 
AM RR can be explained equally well using any combination of 7 and mi along the relation shown in Fig. 4.14 
whilee assuming a density dependent SFR (n = 1) normalised such that /«( = 0 .1 is achieved, no contribution 
byy SNIa, and parameter values as in Table 3.3. The corresponding relation for models which include the 
enrichmentt by SNIa is shown for comparison (i.e. mfNI A = 2.5 M 0 and FS N I A = 0.015; cf. Table 3.3). 
Inn this case, the value of m"111" at a given value of 7 is considerably smaller. The main point i l lustrated in 
Fig.. 4.14 is that observational constraints other than the AM R are needed to determine the IMF-shape and 
lowerr mass limi t of stars formed in a galactic region such as the Galactic disk. Furthermore, a small and 
limitedd range in m\ is consistent with the observations for a given IM F (and vice versa). 
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F igu ree 4.14 Combinations of 7 and mi for which the resulting AMR is consistent with the observations. A density 
dependentt SFR (n = 1) and model parameters as in Table 3.3 were assumed: curves are drawn both for models with 
SNIaa enrichment, (open circles; mfmA = 2.5 M 0 and FS N IA = 0.015) and without SNIa enrichment (filled circles). 
Preferredd values of 7 and m, for stars formed in the Galactic disk are indicated (hatched region). Values of 7 < 2.2 
andd 7/11 <; 0.05 M 0 are not supported by the observations (dashed lines; see Chap. 2). 

 Age-dependent lower stellar mass l imit 

Wee investigate the effect of an age-dependent lower mass limi t m,(r) on the AM R in a manner similar to 
thatt in case of an age-dependent IM F slope j(t). We concentrate on models for which m, is large at early 
phasess of star formation in the Galactic disk and decreases with age to m, ~ 0.05-0.1 M,., (as nowadays 
observedd in the SNBH; cf. Scalo 1986). In this case, the early rise of the AM R proceeds at a substantial ly 
higherr rate than models for which m, is assumed constant in t ime. In addit ion, the amount of metal-poor 
gass returned by low-mass stars is substantial ly larger and the flattening of the AM R is more pronounced 
thann for the former models. 
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F igu ree 4.15 Effect of an age-dependent lower stellar mass limit on the AMR. Resulting AMRs are shown for models 
withh 111,(1) = 7H,(0) - Am,[l - (C(t)/C0)]  for (m,(0), Ami, 7) = (0.5 M 0, 0.4 M 0 , 2.35; top solid curve) and (1 M 0 , 
0.55 M 0 , 2.9; top dashed curve). For comparison, corresponding AMRs are shown in case of a constant mi(fc) = mi(0) 
== 0.5 and 0.1 M,-.t (bottom solid and dashed lines, respectively). In all cases, the SFR was normalised to satisfy 
,/.,, = 0 . 1. 

Inn Fig. 4.15 we show the AMR s for a Salpeter IM F with nn(t) = m\{Q) - Ani| [ l - (C(t)/C0)
p]  with ?;i,(0) 

== 0.5 M (.,, Ami = 0.4 M,.,, and fi =  1. In this case, the AM R remains roughly constant at recent times 
duee to the increase in gas consumption by low-mass stars while the formation probability of massive stars 
decreases.. At early phases, massive star formation is enhanced and adds to the overall level of the AMR. 
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Wee il lustrate these effects also for a model with a power-law IM F with 7 = 2.9, m|(0)— 0.5 M,-.;. Ami — 
0.55 M (.n and fi — 1. The possible ranges over which mi and 7 may have varied in the past are limited by the 
shapee of the observed AMR. For instance, rapid variations of m\ with age would lead to large fluctuations 
inn the mean AM R which are inconsistent with the observations. However, such fluctuations in the AM R 
wouldd be suppressed in case of simultaneous variations in the IM F slope. We conclude that the shape of 
thee AM R is very sensitive to the variation of the lower mass limi t with galactic age. Furthermore, the lower 
stellarr mass limi t at birth is important in determining the overall level of the AM R for IMFs which continue 
too increase towards low-mass stars. Therefore, we emphasize that ni\ is an important ingredient in galactic 
chemicall  evolution models. 

Ass far as the upper stellar mass limi t at birth is concerned, we discussed in Sect. 3.3 arguments in 
favourr of mu = 60 M(:> (see also Chap. 2). Variations in mu between ~60 and —-120 M<., are expected 
too have a negligible effect on the AM R for IMFs strongly decreasing towards massive stars provided that 
thee yields of very massive stars (m £ 60 M(;,) are similar (or smaller) than the yields of stars with masses 
betweenn ~ 2 0 - 60 M 0 (see Sect. 3.4; Maeder 1992). 

T h ee age of th e s te l lar  d isk i n t h e Ga laxy 

Thee t ime of onset of star formation in the Galactic disk is a crucial quanti ty in chemical evolution models 
forr the AMR. Unfortunately, large uncertainties exist in the ages of the oldest stellar objects that belong 
too the Galactic disk (cf. Sect. 4.1). The oldest dwarfs observed in the disk require at least an age of /disk 
== ~ 10 - 12 Gyr (e.g. Twarog 1980; Edvardsson et al. 1993). This is consistent with tdlsk = 1 Gyr 
ass derived from disk open clusters (e.g. Meynet et al. 1992; Carraro fe Chiosi 1995). These ages provide a 
lowerr limi t to the onset of main star formation in the Galactic disk. However, the oldest disk F and G stars 
observedd in the SNBH might have ages as large as 14—18 Gyr though errors as large as £25 % are likely to 
bee present (cf. Edvardsson et al. 1993). In particular, these ages are uncertain due to the strong metallieity 
dependencee of the evolution tracks for stars with m ^ 1 M(;, (i.e. photometr ic ages of such stars are difficul t 
too determine accurately; e.g. Schaller et al. 1992). Apart from this, it is unclear whether these stars formed 
inn the disk or in the Galactic halo as their present-day orbits, even while these are typical for disk stars, 
mayy have been different from those in the past (e.g. Grenon 1989; Sect. 4.1). We here assume a Galactic 
diskk age of tdlsk 1 Gyr. In our models, the value of ^disk is not used explicitly but is determined by: 1) 
thee assumed lifetime trmev of the Galaxy as a whole, and 2) the instant of onset of main star formation in 
thee disk as set by the detailed variation of the SFR with galactic age assumed (see below). 

Forr the Galaxy as a whole, we wil l adopt an age of/ev 3 Gyr as suggested by recent age determi-
nationss of globular clusters (e.g. Walker 1992; Hesser 1993; Sandage 1993; Shi 1995; Chaboyer et al. 1996). 
Thee latter authors presented arguments in support of a considerable age spread of <; 5 Gyr among the bulk 
off  the globular clusters observed in the outer halo of the Galactic disk. This suggests that, independent of 
thee uncertainties involved with the absolute age calibration of globular clusters, the onset of star formation 
inn the outer Galaxy occured at least 14 Gyr ago. 

Fig.. 4.16 il lustrates the influence of galactic age on the AMR. It can be seen that the shape of the 
resultingg AM R is rather sensitive to the instant of onset of star formation in the disk. This is primarily due 
too the sensitivity of the metal-abundance to the actual gas fraction (cf. Eq. 3.12). For models ending at a 
givenn gas fraction (e.g. f.i\ — 0.1), larger values of tev yield higher present-day levels of the AMR. This is 
relatedd to the fact that the stellar turnoff mass nio(tev) decreases with increasing galactic age, e.g. mo = 
0.91,, 0.82, and 0.76 M 0 for tev = 10, 14, and 17 Gyr, respectively (cf. Fig. 3.6). For larger galactic lifetimes, 
thee total gas reservoir is less rapidly exhausted since the total amount of mat ter returned by low-mass stars 
increasess with /ev- F'art of this mat ter is converted into massive stars within the galactic lifetime /ev and the 
overalll  level of the AM R is increased accordingly. This effect is even more pronounced for the Scalo IM F 
modelss (see Fig. 4.15), for which the returned gas fraction increases from <Ft>  = 0.42 to 0.53 for tev — 
100 and 17 Gyr, respectively. In the latter case, ~10 % of the total system mass is extra available for star 
formationn which results in a corresponding increase in the AMR. For the Salpeter IM F models, the effect is 
negligiblee because this IM F continues to rise towards low-mass stars so that the returned gas fraction (<R> 
~0.30)) does not vary considerably over the range in galactic lifetime considered. 

Wee conclude that the [Fe/H] ratio at a given value of /*(/ ev) basically is determined by the stellar 
recyclingg efficiency of gas averaged over the galactic lifetime tev. Thus, both the shape and overall level of 
thee resulting AM R heavily depends on the adopted age of the Galactic disk since the onset of star formation. 
Currentt estimates for the age of the Galaxy tend to converge to tev = 14  3 Gyr and uncertainties in the 
shapee of the AM R due to the adopted value of /ev = 14 Gyr are similar in magni tude as those due to e.g. 
thee adoped IM F or present-day gas fraction. 
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F igu ree 4.1G Effect of galactic age on the AMR. Results are shown for fcev = 17, 14, and 10 Gyr assuming a density 
dependentt SFK model (n — 1) with either a Scalo IMF (solid lines) or Salpeter IMF (dashed). For each model, the 
SFRR has been normalised such that, the condition [i\  = 0.1 is satisfied. 

Present-dayy gas-to-total mass-ratio 

Thee present-day gas fraction /q in the Galactic disk is determined by the initial disk mass, the star formation 
historyy of t lie disk, and the amount of gas accreted from the Galactic halo since the onset, of star formation 
inn the disk. We investigate the sensitivity of the theoretical AM R to the adopted value of//,] in the disk for 
whichh observational values are generally in the range //j = 0.05 — 0.2 (see Sect. 4.1). 

F igu ree 4.17 Effect of the present-day gas fraction on the AMR. Results are shown for two normalisations of the 
SFRR such that /<i = 0.05 (solid curve) and /t\= 0.2 (dashed), respectively. A density dependent SFR model (n = 1) 
withh the Salpeter IM F with m\ = 0.1 M,., has been assumed. 

Inn Fig. 4.17 we plot the resulting AMRs for two normalisations of the SFR corresponding to ji\  = 0.05 and 
().'2.().'2. respectively. For SFRs which vary directly proportional to the gas density (7). = 1), the precise value 
off  the normal isat ion constant Co of the SFR (or initial system mass) has a cumulative effect both on //.(/) 
andd on the AMR. In general, a reduction of C() (or increase in M g(0)) results in larger values of /< and, 
consequently,, leads to smaller [Fe/H] ratios at all evolution times. 

Iff  the SFK normalisat ion constant is reduced from Co ~ 60 M,., y r~' (//] = 0.05) to 30 M,. yr~' (//, 
== 0.2), the shift in the overall level of the AM R is about 0.3 dex which is primarily caused by the reduction 
off  the total number of massive stars formed. However, the effect is weakened by the amount of unprocessed 
gass returned by low-mass stars (for the //., = 0.05 model this amount is about twice as large as for //,] = 0.2). 



4.24.2 Modelling the Age-Metallicity Relation 87 7 

Whenn IMFs are considered that flatten towards low-mass stars (e.g. the Scalo and Rana IMFs), the shift 
inn the AM R is ~0 .3 dex as well. For such IMFs, however, the amount of unprocessed gas returned by low-
andd intermediate mass stars is considerably larger. Therefore, the overall level of the AM R is considerably 
higherr than for the Salpeter IM F model ending at the same /<i (cf. Fig. 4.12). As a consequence, the 
magnitudee of the shift in the AM R due to changes in /<i as determined by the SFR normalisation constant 
(andd initial system mass) is relatively insensitive to the IM F adopted (for reasonable IMFs. 

Anotherr way to reduce /*i is to extend the period of t ime during which star formation in the Galactic 
diskk did occur (e.g. 14 instead of 11 Gyr). In this case, the increase in the AM R is found to lie less than 
~0.11 dex at values fi\ ^ 0 . 2. 

Wee conclude that uncertainties in fi\ and/or the age of the Galactic disk do account for an uncertainty 
off 5 dex in the overall level of the AM R for exponentially decreasing SFR models ending at /<i = 
0.05—0.2.. We emphasize that this is true for the AMRs of any element heavier than helium. Note that 
scalingg the SFR and the total system mass simultaneously, in such a way that the present-day value of /( 
remainss unchanged, does not affect the solutions of the galactic chemical evolution equations (provided that 
thee variation of the SFR with /i remains roughly the same; cf. Appendices to Chap. 3). In the following 
wee wil l adopt /.i = 0.1 as the most probable value for the present-day gas-to-total mass-ratio in the Galactic 
diskk (e.g. Twarog 1980; Güsten k Mezger 1983; Scalo 1986; Kulkarni k Heiles 1987). 

SNIII  contributio n to the AM R 

Observationall  constraints to the current SNII rate and to the iron peak element contribution of SNIa relative 
too SNII provide valuable information about the importance of massive stars (m ^ 20 — 25 Mo) in maintaining 
thee abundances of specific heavy elements in the ISM (cf. Sect. 3.4). Conversely, the AM R can he used to 
constrainn model assumptions related to the average past and current formation rates of e.g. SNII and SNIa. 
However,, such constraints do also concern the IM F and star formation history adopted and careful analysis 
iss needed to draw reliable conclusions from the AM R alone. 

Wee here consider the impact on the AMR. of the upper mass limi t m„  of SNII, i.e. the initial stellar 
masss above which stars presumably wil l become a black hole (instead of ending their lives as a neutron star; 
cf.. Sect. 3.2). For stars more massive than m„ , most heavy elements wil l be locked up in the rapidly 
contractingg core provided that the collapse does not lead to an explosive shock wave (see Sect. 3.4). Fig. 
4.188 shows that the overall level of the AM R is reduced by ~0.25 dex when m^N I i is decreased from 45 to 
255 M(.) (model 1A). A somewhat smaller shift of ~0.2 dex is found when for the Scalo IM F model, (i.e. 
modell  11A). In principle, the shift in the AMR, of a given element for various values of m;j can be derived 
directlyy from the cumulative IM F weighed yields in Fig. 3.16 (i.e. without the need to solve the galactic 
chemicall  evolution equations). 
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Figuree 4.18 Effect of the upper mass limi t of SNII on the AMR. Results are shown for a density dependent SFR 
modell  (n = 1) , Salpeter IMF with ?7(i = 0.1 M<:j, and ro„ = 25 and 45 MH (bottom and top dashed lines), 
respectively.. For comparison, corresponding AMRs are shown in case of the Scalo IMF (solid curves). In all cases, 
thee SFR was normalised to satisfy /ij = 0.1. 
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Inn the following, the min imum mass above which stars presumably become SNII wil l be fixed at n ipN n = 8 
M.i .. Th is value is mainly based on theoretical models for the core collapse of massive stars and does depend 
onn the initial metall icity of the star (cf. Sect 3.3). For solar metallicity stars, SNII progenitors more massive 
thann ~ 12 M,., are predicted to contr ibute substantial ly to the interstellar iron abundance. We note that 
thee IMF-weighed enrichment of stars with m ^ 15 MM is very important (if not dominant). This implies 
thatt the AM R is rather sensitive to the precise value of mfNU as well as to its variation with metallicity. 
Nevertheless,, we wil l concentrate in the following on the detailed value of the upper mass limi t for SNII. 

I tt is evident that, depending on the adopted IM F and SFR, the overall levels of the AM R observed 
forr different elements can provide independent constraints to the enrichment contribution by SNII + Ib/c and 
SNIaa (Sect. 4.3). Here we find that the detailed choice of m ^N n (between ~20 and 60 M ( )) can result in a 
shiftt of at most 0.3 dex in the AM R of iron. The shape of the AM R remains unchanged for different values 
off  m;JNI1. However, we wil l show that when SNIa are taken into account, the shape of the AMR, is altered 
att galact ic ages at which SNIa start to dominate the iron enrichment. 

SNIaa contributio n to the AM R 

Wee investigate the sensitivity of the AM R to the heavy element contribution by SNIa in terms of: 1) the 
progenitorr mass range (mfN I a, n i^N , a) of stars that leave an accreting WD remnant massive enough to 
explodee as SNIa (for simplicitity, we wil l assume m^N I a = 8 M ( ;)), and 2) the fraction FS N I a of such W7Ds 
whichh ult imately end as SNIa. Furthermore, we wil l assume that F S N l a is constant in t ime (i.e. independent 
off  the WD mass or initial metallicity; cf. Sect. 3.3). Constraints related to the frequencies of SNIa wil l be 
consideredd in Sect. 4.3. 

 SNIa delay t ime 

Thee heavy element enrichment by a SNIa associated with a star formed at galactic age t wil l take place at 
agee t + A / S N l a where A / S N I a is determined by: 1) the lifetime of the progenitor star that leaves the WD, and 
2)) the characteristic delay t ime between the formation of the WD remnant and the actual SNIa occurrence. 
Inn turn, the delay t ime is either determined by the t ime required for the accreting WD to become massive 
enoughh to collapse (in the single WD scenario) or by the time needed to allow for coalescence of the WDs 
afterr the orbital separat ion of the binary system has become sufficiently small (in the double WD scenario; 
cf.. Sect. 3.3). 

Inn general, A£S N I a is a complex function of progenitor mass and further depends on the detailed 
evolutionn scenario of the WD ult imately ending as SNIa. For the most massive SNIa progenitor, i.e. m^N , a ~ 
88 M (:), the typical delay t ime is estimated A / S N I a = 2.5 Cïyr after formation of the progenitor, dominated by 
thee t ime for the WD to end as SNIa (see Sect. 4.3). For the least massive SNIa progenitor, i.e. mfNI a ~ 2.5 
M (.,,, a substant ial part of the delay t ime comes from the rnain-sequence lifetime of the SNIa progenitor (e.g. 
r M S(2 .55 M ( )) ~8 108 yr for Z = Z(:); see Sect. 3.1) and for such stars presumably Af SNIa £ 3.5 Gyr. We 
wil ll  return to the value of A* S N Ia in more detail in Sect. 4.4. For now, we wil l assume that the SNIa delay 
t imee is determined only by the lifetime of the progenitor star leaving a WD, i.e. A£S N la = r(m), so that the 
SNIaa is assumed to occur instantaneously when the WD is formed. In this case, we can simply simulate the 
effectss of an addit ional delay t ime due to the detailed evolution of the WD by reducing the lower mass limi t 
forr SNIa. 

 Lower mass l imi t of SNIa 

Inn Fig. 4.19 we show the resulting AMR s for various values of mfNI a = 3.5, 2.5, and 1.5 M(.}  assuming a 
densityy dependent SFR, (n = 1) and Salpeter IM F (model 1A). Furthermore, we assumed FS N I a = 0.015 and 
m JN nn = 30 M(.)(cf. Table 3.3). It can be seen that the contribution by SNIa to the AM R can be substantial 
andd may increase the present-day [Fe/H] rat io by as much as 0.45 dex as compared to the case in which 
SNIaa are ignored. In part icular, reducing mfN l a from 3.5 to 1.5 M(:> gives rise to an increase in the AM R 
o f - 0 .33 dex. 

Forr the same models, Fig. 4.20 shows the detailed variation of the total ejection rate of iron (i.e. the 
summ of newly synthesized iron and iron initiall y present in the material out of which the progenitor star 
formed)) with galactic age, both for SNI I+ Ib /c, SNIa, and AGB stars. In case mpN I a Z 2.5 MM , the ejecta 
off  SNIa are returned at relatively short t ime scales and closely follow the exponentional decrease of the SFR 
(inn the same manner as do the ejecta of SNI I+SNIb /e). In this case, about 40% of the total ejection rate of 
newlyy synthesized iron originates from SNIa while SNII dominate at all galactic ages. Predicted present-day 
ironn ejection rates of SNII and SNIa are EFe = 3.8 1 0- 3 and 1.6 10"3 M r t y r - 1 , respectively. Interestingly, 
thee iron ejection rate of AGB stars, i.e. E¥e = 2.6 10"3 M,> y r - 1 , constitutes ~ 25% of the total stellar iron 
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F i g u ree 4 .19 Effect of the lower mass limi t of SNIa on the AMR. Results are shown for mfNI a = 3.5 M,., (solid 
curve),curve), 2.5 My (dashed), and 1.5 M w (dotted). A density dependent SFR model (n = 1), Salpeter IM F with m\ = 
0.11 M Q , and F b a = 0.015 were assumed. For comparison, the corresponding AM R is shown when the enr ichment 
byy SNIa is omi t ted (dash-dotted curve). 

ejectionn rate and is even larger than that of SNIa. This is true even though AGB stars only return metals 
thatt were initiall y present in the material from which they formed. The reason for their high contribution is 
that,, for an exponentially decreasing SFR model, the total number of AGB stars with low-mass progenitors 
(i.e.. <> 1.5 M Q ) increases rapidly with galactic age. As a consequence, the ejection rate of iron by AGB stars 
becomess approximately constant a few Gyr after the onset of star formation in the disk. In contrast, the 
ironn ejection rates of SNI I+ Ib /c and SNIa closely follows the SFR and decreases exponentially with galactic-
age. . 

Fig.. 20c shows the variations in the mean iron abundances Ype within the stellar ejecta corresponding 
too Fig. 4.20a. For AGB stars, SNIa, and SNI I+SNIb/c, mean values of YFe were derived as the ratio of 
thee total IMF-weighed stellar iron ejection rate and the total rate of matter returned by the same stars. In 
casee of SNIa, we divided the iron ejection rate of all SNIa by the total rate of mat ter returned by all AGB 
starss (i.e. with m0(t) ^ m ^ 8 M Q ) . This is done to allow for a comparison with the iron initiall y present 
andd returned by AGB stars. To derive SNIa abundances for individual stars in the single WD scenario, 
thee abundances YFe should be multiplied by a factor ( l / F S N I a) . Iron abundances predicted in the ejecta of 
SNI I+ Ib /cc are similar to the solar iron abundance by mass: Zpe,o ~ 4 10~3 (e.g. Anders and Grevesse 1989). 
Forr comparison, the present-day mean iron abundance predicted in the stellar ejecta is Ype ~ 3.5 10~3. 

Meann iron abundances in SNI I+ Ib /c gradually increase with age primarily because of the increase of 
theirr initial abundances with galactic age. The corresponding decrease of Ype for the ejecta of SNIa just 
reflectss the increase in the total mass ejection rate of their low-mass progenitors which dilute the SNIa 
enrichmentt strongly (again this is a result of the normalisation of the SNIa ejecta to the matter returned by 
AGBB stars). It can be seen that the value of Ype averaged over all stellar ejecta remains roughly constant 
withh galactic age. This is mainly due to the increase in the ejection rate of unprocessed material returned 
byy AGB stars. As can be seen, the interstellar iron abundance becomes equal to the mean iron abundance 
withinn the enriched stellar ejecta for low values of the gas-to-total mass-ratio ft. 

Whenn mfNI a ^ 1.5 M Q , the shape of the AM R changes considerably (cf. Fig. 4.19) since in this case 
mostt SNIa return their ejecta to the ISM with a typical delay t ime 7\is(1.5 M Q ) ~2 .2 Gyr. Consequently, 
thee SNIa ejection rate of iron peaks ~2.2 Gyr after the onset of main star formation in the exponentially 
decreasingg SFR model (cf. Fig. 4.20b). A reduction of mjS N Ia from 2.5 to 1.5 M Q increases the mean iron 
ejectionn rate of SNIa by a factor ~2 .5. In this case, SNIa dominate the iron ejection rate at all evolution 
times.. Similarly, the iron abundance averaged over all stellar ejecta is considerably larger than in case mfNI a 

== 2.5 M Q . Furthermore, a slight increase in £>e as well as in yFe is found both for SNI I+Ib/c and AGB 
stars.. This is due to the increase in the initial iron content of these stars as a result of the increase of the 
overalll  level of the AM R (cf. Figs. 4.20c and d). 

http://Age-Meta.llic.ity
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F igu ree 4.20 Variation of the stellar ejection rate of iron ( top panels) and mean iron yield (i.e. approximately equal 
too the mean iron abundance) within the stellar ejecta (bot tom) vs. galactic age for the upper two AMRs plotted 
inn Fig. 4.19 with m\ 2.55 M 0 (left panels) and m\ 1.55 M Q (r ight), respectively. Results are shown 
forr the ejecta of SNII+Ib/c (m > 8 M a; dashed curves), SNIa (mfmA <>  m <, 8 M 0 ; dash-dotted), and AGB stars 
(m0(t)) 5s m <, 8 M,.,; dotted). Total iron ejection rates are indicated by solid curves. For comparison, the AMRs from 
Fig.. 4.19, which give the variation of the iron abundance in the ISM with galactic age, are repeated in the bottom 
panelss (thick solid lines). Mean iron abundances in the ejecta of SNIa were normalised to the total amount of matter 
returnedd by AGB stars (see text). 

 Fraction of WDs that ult imately end as SNIa 

Inn the previous section, we discussed the effect of mfNI a on the iron enrichment by SNIa. In our models, 
thee rate of SNIa is determined also by FSNla, i.e. the fraction of all WDs left by stars in the mass range 

,SNIa a .SNIal l whichh ul t imately end a SNIa. Fig. 4.21 shows resulting AMRs for values of F SNIaa _ 

SNIr r 
0.005, , 

2.55 M w (further model 1A). When FS N , a is increased from 0.0155 and 0.025, respectively, assuming m 
0.0055 to 0.025, the AM R is shifted upwards by ~ 0.2 dex. 

AA closer examinat ion of the AM R in case ,FS N I a - 0.025 reveals that SNIa dominate the iron ejection 
ratee at early evolution t imes (i.e. during the first Gyr after the onset of star formation in the disk; c.f. 
Fig.4.20).. Such models are in marked contrast with the observational idea that SNII are the dominant (or 
only)) contr ibutors to the iron enrichment at early epochs in the evolution of the Galactic disk (see Sect. 
4.5).. This would imply that values of _FS N Ia ;> 0.02 are excluded by the observations. For a value of FS N , a 

== 0.005, the mean present-day ejection rates of iron by SNII and SNIa are 4 10"3 and 5 10"4 M w y r " ' . 
respectively.. In this case, the mean value of Vpe in the ejecta of all stars and of SNIa, respectively, is reduced 
byy 0.3 and 0.7 dex as compared to the FS N I a = 0.025 case. Note that for values of FS N I a ~ 0.005, the 
resultingg AM R is still consistent with the observations (at least during the last 10 Gyr). 

Wee conclude that the particular choices of mfNI a and FSNla have considerable impact on the AMR. 
Thee iron contr ibution by SNIa may shift the AM R by <i0.4 dex for reasonable values of mfNla = 2.5 1 M,:, 
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Figuree 4.21 Effect on the AMR of the fraction of WDs which ultimately end as SNIa. Results are shown for values 
off  FS N I a = 0.005 (dotted curve), 0.015 (dashed) and 0.025 (solid). A density dependent SFR model (n = 1), Salpeter 
IM FF with rn\= 0.1 M Q, and m|bNIa = 2.5 M Q were assumed. For comparison, the corresponding AMR is shown 
whenn the enrichment by SNIa is omitted (dash-dotted curve). 
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Figuree 4.22 Stellar ejection rate of iron ( top panels) and mean iron abundance within the stellar ejecta (bo t tom 
panels)) vs. galactic age for the models shown in Fig. 4.22 with FS N I a = 0.005 (left side) and 0.025 (r ight). A 
lowerr mass limi t for SNIa of mf^1*  = 2.5 M Q has been assumed. Curves have the same meaning as in Fig. 4.20. 
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andd FsNia = 0.015  0.010. The effect of SNIa becomes smaller when the overall level of the AM R is higher. 
Wee note that the contr ibut ion by SNIa depends on the IM F as well. In case of the Salpeter IMF, the iron 
yieldss of SNIa progenitors generally do not exceed those of SNII. However, when the formation probability 
off  stars in the mass range 1-8 M 0 is enhanced (e.g. for a Scalo IMF) , the contribution by SNIa dominates 
overr that by SNII (cf. Table 3.12). 

Thee relative contr ibut ion of the two main sources of interstellar iron, i.e. SNIa and SNII- f lb/c, plays 
aa key role in galactic chemical evolution. In principle, the AM R can be explained by models in which either 
SNIaa or SN I I+ Ib /c act as the dominant supplier of interstellar iron. As we wil l discuss in Sect. 4.4, these 
twoo types of models give rather different results e.g. for the abundance-abundance variations in the disk 
ISM. . 

Starr formatio n history 

Wee investigate the impact of the galactic star formation history (SFH) on the AMR. A distinction is made 
betweenn SFR models without and with gas infall. In view of the limited information about the early phase of 
diskk formation, we wil l consider infall primari ly as a mechanism which may regulate the shape of the AM R 
(especiallyy at early evolution times). Empirical SFHs will be considered at the end of this section. Unless 
statedd otherwise, we wil l use the Salpeter mass function with m\ = 0.1 M 0 and model parameters as given 
inn Table 3.3. 

 Models wi thout gas infall 

Fig.. 4.23 shows resulting AMRs for density dependent SFR models C(t) oc /<" without gas infall. Such 
modelss may be appropr iate to the Galaxy if most of the Galactic disk ISM settled before the onset of main 
starr formation therein (see Chap. 2). For the SFR model with n = 1, the SFR averaged over the lifetime 
off  the disk, i.e. tev = 14 Gyr, is <C>  ~ 15 M 0 y r _ 1. This value wil l be used as reference value to the 
absolutee SFR scale when comparing the models described in this section. The rate at which the theoretical 
A M RR increases with age, both at early and late epochs in the evolution of the disk, suggests that constant 
S FRR models (n ~ 0) are not supported by the observations. In contrast, density dependent SFR models 
wit hh n = 1 — 2 appear consistent with the shape of the observed AM R (although this depends as well on 
e.g.. the adopted IMF) . 

Forr a given IM F and stellar mass boundaries, a higher sensitivity of the SFR to the gas density (i.e. 
nn RS 2) results in a more rapid increase of the [Fe/H] ratio at early epochs in the evolution of the disk (cf. 
Fig.. 4.23). Thereafter, the total amount of gas returned by low-mass stars flattens the AM R more severely 
ass compared to models with n ~ 1 . We conclude that SFR models with n ^ 1.5 for the Galactic disk 
probablyy can be excluded on the basis of the observed AMR,. 

i r r 

(/) ) 
0) ) 
w w 
o o 
b b 
o o 
z. z. 

1 1 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

0 0 

--

--

--

| i \ \ 

l\\ x "* * 
\ \ 
\ \ 

--

\ \ 
. . 

~-»-.̂  ^ 
\\ -̂̂ . 

\\ ""' ~ -_ 

\\ >,~-

VV ^ * " ~ ~ - ^ _ 

11 . , . , I , , , , 1 

-155 -10 - 5 0 

Timee [Gyr] 

F igu ree 4.23 Impact of'the star formation history on the AMR: models without infall. Left panels: normalised SFR 
vs.. galactic age. The mean SFR for the "standard" model, i.e. <C>  ~ 15 M Q y r - 1 , is indicated as reference to 
thee absolute SFR scale whenever possible (full dot). The following SFR models are shown: constant SFR (n = 0; 
dotteddotted line), density dependent SFR with n = 1 (dashed), n = 1.5 (solid), and n — 2 (thick solid), and a bimodal 
SFRR (dash-dotted). In all cases, the SFR has been normalised such that U] = 0.1 is achieved. Right panels: 
correspondingg AMRs assuming the Salpeter IMF with T/IJ = 0.1 M(:j . 
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Thiss conclusion is in agreement with the finding that SFR models with n ,> 1.3 are inconsistent, with 
observationss of star formation in nearby galaxies (e.g. Dopita 1985, 1990; Donas et al. 1987; Rana fc 
Will iamss 1988; Dopita & Ryder 1995). 

Forr comparison, we consider a bimodal SFR model (see Sect. 2) for which the formation of low-mass 
starss (i.e. m <, 1 M,.,) proceeds at a constant rate, independent of galactic age, and the formation rate 
off  high-mass stars varies proportional to the gas density (n = 1; cf. Fig. 4.23). In this case, the mean 
stellarr mass formed decreases rapidly with age. The shape of the resulting AM R is similar to that in case 
off  a constant SFR model. This is due to the fact that the depletion of gas is determined mainly by the 
accumulationn of long-living, low-mass stars formed (m <, 1 Mo). Note that the present-day [Fe/H] ratio is 
roughlyy equal (within 0.1 dex) for all SFR models. 

Wee conclude that the shape of the AM R is sensitive to the assumed formation history of both low 
andd high-mass stars. For exponentially decreasing SFRs in particular, the metal-poor material returned 
byy low-mass stars formed during the early epoch of Calactic evolution is very important in regulating the 
enrichmentt efficiency of the disk ISM by more massive stars. In principle, this sensitivity allows one to derive 
thee variation of the global SFR with galactic age using accurate measurements of the AM R for different 
elements,, provided that other model parameters can be constrained tightly by independent observations. 

 Models with gas infall 

Fig.. 4.24 shows resulting AMRs for SFR models including gas infall. We assumed a disk initial-to-final mass 
ratioo Jo = 0.1 and normalised the infall-rate such that the present-day system mass, M(tev), is equal to the 
initiall  system mass M g(0) = 1.8 1011 M Q assumed in the no infall case (cf. Table 3.1). Furthermore, we 
assumedd metal-poor gas infall, i.e. X 
statedd otherwise). 
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Figuree 4.24 Impact of the star formation history on the AMR: models with infall. Resulting AMRs are shown for 
1)) a constant SFR with model assumptions similar to those made by Twarog (1980; solid line), and 2) a density 
dependentt SFR (n = 1) with infall proportional to the SFR (dotted curve) or with exponentially decaying infall on 
aa time scale r,„f = 3 Gyr with either mi = 0.1 M 0 (dash-dotted curve) or m\ = 0.2 M,.j (dashed curve). A disk 
initial-to-finall  mass ratio S0 =0 .1 was assumed (except for the constant SFR model for which <S0 = 0.5). In all cases, 
thee SFR was normalised such that /ii = 0 . 1. 

Constantt SFR models with constant infall of gas, i.e. F = a Co with a = 0.5, result in gradual flattening of 
thee AM R caused by mixing of relatively unprocessed gas from the halo to the disk. In this case, the observed 
AM RR can be explained adequately as already has been shown by Twarog (1980) who assumed /.i\ ~ 0.05, 
SS00 = 0.5, F = 0.43 Co, and Zmf « 0.1 Z 0 . We here relaxed the instantaneous recycling approximation, 
neglectedd the contribution by SNIa, and used a set of stellar evolution data distinct from that used by 
Twarog.. Nevertheless, we find good agreement with the observed AM R for similar values of /t, = 0.1 and 
Zpee = 2 10~4 of the infailing gas. 

Forr a density dependent SFR model (n = 1) with infall, we consider first the case in which the SFR 
iss directly determined by the gas infall rate, i.e. C(t) oc F(i). In this case, the gas infall rate regulates 
thee SFR: a high gas infall rate implies a high SFR (and vice versa). As a consequence, most of the disk 
iss built from infalling gas within ~ 108 yr after the onset of star formation in the disk. After this initial 
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burstt of self-induced star formation, gas exhaustion strongly reduces the gas infall rate and the SFR ceases 
correspondingly.. This results in a rapid rise of the AM R at early evolution epochs. Thereafter, the shape 
off  the AM R is found to flatten strongly due to: 1) the low enrichment rate of the ISM (i.e. low SFR), and. 
2)) the dilution of the ISM both by the metal-poor material returned by low-mass stars and by the residual 
infalll  of unprocessed gas from the halo (cf. Fig. 4.24). Such a strong dependence of the SFR on the gas 
infalll  rate probably is not supported by the observations. Instead, the disk ISM may have been built up 
moree gradually (see below). 

Exponential lyy decaying infall of primordial (or near primordial) mat ter is motivated by the assumption 
thatt the disk component of the Galaxy built up to many times its initial value during the early phase of 
evolutionn while infall rapidly ceases beyond the t ime scale for disk formation (e.g. Clayton 1982). For the 
samee SFR model, we also consider gas infall exponentially decaying with age: F(t) oc exp(—</rmf ) with an 
infalll  t ime scale rlnf = 3 Gyr (cf. model IB : see e.g. Bravo, Isern, & Canal 1993). In this case, about 50% of 
thee present-day disk mass is settled within ~2 Gyr after the onset of star formation and a more or less linear 
[Fe/H]]  vs. age relation steadily rising with age is found. When the lower mass limi t is increased from m\ = 
0.11 to 0.2 M,.,, good agreement with the observed AM R is obtained. However, we note that this agreement 
cann be achieved also by e.g. including the contribution of SNIa. reducing rlnf, and/or incorporating infall of 
metal-r ichh gas. 
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F igu ree 4.25 Infall models: dependence of the AMR on the gas infall time scale. Resulting AMRs are shown for rlnf 
[Gyr]]  = 1 (solid curve), 3 (dashed) , 5 (dash-dotted), and oo (i.e. no gas infall; dotted curve). A density dependent 
SFRR (ti = 1), Salpeter IM F with m\ = 0.1 Mo, and disk initial-to-final mass-ratio <5o = 0.1 were assumed. In all 
cases,, the SFR was normalised to satisfy /<i — 0.1 

Fig.. 4.26 i l lustrates the effect of the gas infall t ime scale on the AM R for various values of rlnf [Gyr] = 1, 3, 
5,, and co. As before, a density dependent SFR. (n — 1) was used with <5o = 0.1 and mi = 0.1 M,.,. Again, 
itt can be seen that a reduction of the gas infall t ime scale results in a steeper rise of the AM R at early 
phasess and a more severe flattening thereafter. Clearly, both the initial rise and overall level of the AMR. are 
affectedd by the infall t ime scale. A similar but less pronounced effect is found when the disk initial-to-final 
mass-rat ioo <5» is varied. Fig. 4.26 shows resulting AMRs for values of Jo = 0.1, 0.3, 0.5, and 1 with r,nf = 3 
Gyr.. .Smaller values of So generally lead to a more rapid increase of the AM R at early phases. In contrast, 
thee final level of the AM R is hardly affected when going from SQ = 0 .1 to 1. Thus, in case of a density 
dependentt SFR. and exponentially decaying gas infall rate, the amount of gas infall after the onset of star 
formationn in the disk predominant ly affects the shape of the AM R during the first few Gyr. 

Wee conclude that the shape of the AM R can be strongly affected by the infall (or accretion) of gas. The 
effectt depends on the interstellar iron abundance in the disk ISM, the abundances within the infalling gas, 
thee degree to which infall regulates the star formation in the disk, and on the magnitude and variation of the 
infalll  rate with galactic age. For high infall rates of relatively unenriched gas, the AM R rapidly "stabilizes" 
att early evolution phases of the disk for density dependent SFR models. Stabilization occurs at later ages 
forr lower infall rates and /or infall of metal-rich gas. At early epochs in the evolution of the Galactic disk, 
theoreticall  AMR s for models incorporating gas infall differ substantially from those excluding gas infall (cf. 
Fig.. 4.24). However, when gas infall has ceased at. later epochs, the AMR for such models becomes very 
similar. . 
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Figuree 4.2G Infall models: dependence of the AMR on the disk initial-to-final mass-ratio SQ. Resulting AMRs 
aree shown for So = 0.1 (solid curve), 0.3 (dashed), 0.5 (dash-dotted) and 1 (i.e. no infall; dotted curve). A density 
dependentt SFR (n = 1), Salpeter IMF with rn\ = 0 .1 Mo, and rlnf = 3 Gyr were assumed. In all cases, the SFR was 
normalisedd to satisfy ii\  = 0 .1 

 SFR dependence on both total system mass and gas density 

Ann interesting dependence of the SFR on the total amount of mat ter that has fallen onto the disk (since the 
onsett of star formation therein) has been proposed by Dopita (1985, 1989), who argued that the SFR varies 
withh total system mass and gas density as follows (see (.'hap. 2): 

C(i)C(i) « M*I*MU? (4.14) ) 

Inn this case, the disk gradually builds up by exponentially decaying gas infall from the halo (cf. Russell fc 
Dopitaa 1992; hereafter RD) but in a manner different from the cases discussed before. Note that the values 
inn the exponents are sensitive to specific model assumptions (see Dopita 1989; Dopita & Ryder 1995). 

F iguree 4.27 Resulting AMRs for models in which the SFR depends on both the total system mass and gas density 
(e.g.. Dopita 1985). Exponentially decaying gas infall has been assumed with r,nf [Gyr] = 1 (solid curve), 3 (dashed), 
andd 5 (dotted). A Salpeter IMF with mi = 0.1 M(., and S0 = 0.1 was assumed. In all cases, the SFR was normalised 
too satisfy /(i =0 .1 

Inn Fig. 4.27 we il lustrate resulting SFRs and AMRs according to the Dopita SFR model with gas infall 
t imee scales rmf = 1,3 and 5 Gyr, respectively. A disk initial-to-final mass-ratio <J0 = 0.1 was assumed. We 
relaxedd the bimodality of the IM F adopted by RD and simply used the Salpeter IMF. In the Dopita SFR 
case,, an early, extended burst of star formation is initiated by the rapid increase of the gas density in the 
diskk due to gas infall. Thereafter, the SFR decreases exponentially while the disk ISM is replenished by the 
gass returned by low-mass stars formed during the preceding burst. The shape of the observed AM R can be 
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explainedd well by the Dopita SFR model, especially for short, infall t ime scales r„,f ~ (J.5—1 Gyr. When the 
infalll  t ime scale is increased, the overall level of the AM R decreases substantial ly and the inclusion of e.g. 
S Maa would be required to provide agreement with the observations. We confirm that Dopita's SFR model 
iss consistent with the AM R observed in the Galactic disk and may provide a natural and physical expression 
forr the variation of SFR with age, both in our own and in external galaxies (see Chap. 2). 

 Double exponential SFR 

Underr the assumption of sustained infall of gas onto the disk during the early evolution of the Galaxy, 
Claytonn (1988) derived an analytical relation for an SFR that is directly proportional to //(<). 

C(t)C(t) « [ expH / r cons) - e x p H / 7 m f )f (4.15) 

wheree rc o ns is the gas consumption t ime scale and 0 ~ 1. Basically, this model is similar to that proposed 
byy Dopita (1985) since the instant of onset of star formation in the disk can be adjusted both in the double 
exponentiall  and Dopita SFR models. However, in the double exponential SFR mode] of Clayton, the time 
scalee for gas consumption is a free parameter whereas in Dopita's model it is fixed by the dependence of the 
SFRR on the gas-density and the total system mass. 
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F iguree 4.28 Resulting AMRs for the double exponentional SFR model including gas infall (see Clayton 1988). 
Resultss are shown for combinations (TCO„ S, T,„I  in Gyr) = (4, 0.5; solid curve), (4, 3.5; dash-dotted), (14, 0.5; dashed 
curve)curve) and (14, 3.5; dotted). A Salpeter IMF with mi = 0.1 My and 50 = 0.1 was assumed. In all cases, the .SFR 
wass normalised to satisfy /(i = 0 .1 

Fig.. 4.28 shows resulting AMRs for the double exponential SFR, model for combinations of rc o ns = 14 
andd 4 Gyr and r ln f = 0.5 and 3.5 Gyr. We restricted ourselves to the plausible cases r,nf ^ re o n s. Reasonable 
agreementt is obtained with the observations, similar to the Dopita SFR model, for short infall t ime scales 
off  rlnf ~ 0.5 Gyr and gas consumption t ime scales rc o ns <>  4 Gyr. The initial rise of the AMR, relation can 
bee sustained by extending the star formation burst over a longer period of t ime. Models incorporating a 
moree recent and /or more extended burst of star formation appear inconsistent with the observed shape of 
thee AMR. However, we note that values of tau\n{ and rcons in good agreement with the observations are 
sensitivee to e.g. the contr ibut ion by SNIa (neglected here). 

 Empirical SFR 

Fig.. 4.29 displays AMRs for the empirical SFR derived using: 1) the age distributions of F and G main-
sequencee dwarfs (Twarog 1980), 2) the chromospheric Call emission-line ages for ~ 100 dwarf stars (Barry 
1988),, and 3) the present-day stellar mass function (Rana 1991). Empirical SFRs presented by Twarog and 
Ranaa are similar but, differ substantial ly from that inferred by Barry. Since we here deal with empirical SFRs. 
wee like to make a useful comparison with the observed AMR. This is done by including the contribution of 
SNTlaa assuming FS N I a = 0.015 and mfNI a = 2.5 M,., in the models shown in Fig. 4.29. Furthermore, we 
usedd the Salpeter IM F with ni] = 0.1 M 0 . We note that Rana used an IM F rather distinct, from the Salpeter 
IMF . . 
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F iguree 4.29 Resulting AMRs are shown for the empirical SFRs derived by Twarog (1980; solid curve), Barry (1988; 
rebinnedd to ~ 1.5 Gyr bins; dashed), and Rana (1991; dotted). A Salpeter IMF with m\ = 0 .1 M,., was assumed. In 
alll  cases, the SFR was normalised to satisfy /d = 0.1 

Wee find that the resulting AMRs for the Rana and Twarog SFRs are in reasonable agreement with 
thee observed AMR. In these eases, the resulting AM R is similar to that for a density dependent SFR. model 
(n.(n. — 1) without gas infall. In contrast, the variations found in the AM R using Barry's empirical SFR. are 
nott supported by the observations. Both selection effects and errors in the calibration of the chromospheric 
agess of the sample stars may have affected the data (cf. Barry 1988; Kennicutt 1992). 

Wee conclude that the detailed variation of the SFR with galactic age as well as the gas infall history 
determinee to a large extent the AMR. It is evident that no unique model for the chemical evolution of 
thee Galactic disk exists on the basis of the AM R alone, although only a limited set of star formation and 
infalll  histories provides results consistent with the observed AMR. These results are consistent with those 
derivedd by earlier investigations (e.g. Twarog 1980; Tinsley 1980; Tosi 1988; Matteucci & Francois 1992; 
Ferrinii  et al. 1994; Pardi & Ferrini 1994). Here we at tempted to show in a more quantitative way the 
assumptionss and uncertainties involved with the current generation of galactic chemical evolution models 
(withh particular attent ion the AMR, of iron). Other observational constraints, preferably independent of the 
AMR ,, are required to narrow clown the possible range of models appropriate to the star formation history and 
chemicall  evolution of the Galactic disk. In the next section, we wil l investigate whether we can distinguish 
betweenn various models that are consistent with the observed AMR. on the basis of additional observational 
constraints.. Before, we briefly discuss the set of SFR. models selected for this purpose. 

4.2.44 Selected models for the Galactic disk 

Inn the previous section we have shown that the AM R observed in the Galactic disk can be explained 
adequatelyy by a wide range of models with different star formation histories. Apart from the effect of 
thee SFR, we have illustrated that the influence of the main model parameters on the resulting AM R can 
bee large and can affect both the shape and the overall level of the AMR,. Since simultaneous variations 
inn individual model parameters usually have a cumulative effect on the AMR, each star formation model 
comprisess a set of models that are able to adequately reproduce the observed AMR,. Therefore, it is impossible 
too reconstruct the Galactic star formation history from the observed AM R alone. For the same reason, it is 
hardd to constrain other model assumptions, such as the IM F and stellar mass limit s for SNIa ami SN1I, by 
meanss of modelling the AM R in its own. 

Wee here choose to follow a trial and error method: we select a number of SFR models consistent 
withh the AM R and confront these models with various independent observational constraints to the star 
formationn history and chemical evolution of the Galactic disk. Such constraints include the properties 
(e.g.. total number, formation rate, luminosity distribution) of the present-day stellar populations in the 
Galacticc disk (e.g. main-sequence stars, AGB stars, different types of supernovae, white dwarfs) as well as 
thee interstellar abundances of elements up to Zn observed in the disk ISM. After examining how the selected 
modelss behave with respect to these constraints, we aim to converge to a more or less uniform set of models 
thatt apply to the chemical evolution of the Galactic disk. 

http://Age-Meta.llic.ity
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AA set. of six SFR models that fit. the observed AM R hut are distinct in the adopted star formation history, 
IMF ,, and gas infall history, has been selected: 

 density dependent SFR model (n = 1) without gas infall (model A , cf. Fig. 4.23) 

 density dependent SFR model (n = 1) with exponentially decaying gas infall (model B cf Fig 
4.24) ) 

 double exponential SFR model with infall (model C, cf. Fig. 4.28) 

 birnodal SFR model without infall. The formation rate of low-mass stars (m <; 1 M ( )) was assumed 
too be constant, in t ime and the formation rate of high-mass stars was assumed to vary proportional 
too the gas density in the disk (model D, cf. Fig. 4.23) 

 density dependent SFR model with C{t) oc M* /3M  ̂ with infall (cf. Dopita 1989; m o d el E Fig 
4.27) ) 

 density dependent SFR. model (n = 1) with an IM F slope depending on the SFR: -y(t) = 7o + 
A 7 [ ll  - {C(t)/C0)]  wi thout gas infall (model F, cf. Fig. 4.12) 

Inn Table 4.2 we list the basic characteristics of the models selected (columns 1-3), the mean stellar mass 
formedd < m >, the average past and present-day star formation rates ( < C> and d ) and infall rates (<F> 
andd F{), and the mean returned gas fraction <R>. Parameters related to the SFR and infall rate are 
givenn in the last column of Table 4.2. The star formation rate for each model was normalised to satisfy the 
condit ionn fix = 0 . 1. Infall was assumed to decay exponentially on the t ime scale r i n f as indicated. Unless 
statedd otherwise, a Salpeter IM F (7 = 2.35) with 77?, = 0.1 M(r) was assumed. For each model, values of 
F S N I aa and F S N I b were adjusted to fit the observed AM R (canonical values are FS N I a = 0.015 and Fsmb = 
0.33).. For the remaining parameters, values are as listed in Tables 3.2 and 3.3. 

Tablee 4.2 Selected models for the Galactic disk 

Mo o 

# # 
A A 
H H 
t: : 
L) ) 
E E 
F F 

del l 
SFR R 
711 - 1 

7ii  = 1 
doublee exp l 

birnoc c 
totall  1 
1111 ~ 1 

aH H 
nn ass 3 

4 4 

Infall l 

no o 
yes s 
yes s 
no o 
yes s 
no o 

< 7 7 l> > 

[M !:>] ] 
0.35 5 
0.35 5 
0.35 5 
0.39 9 
0.35 5 
0.32 2 

<C> <C> 

[M[M ((,y ,y 
15.9 9 
15.7 7 
16.2 2 
17.7 7 
16.2 2 

15.3 3 

Ci Ci 

r" 1] ] 
4.8 8 
5.6 6 
2.3 3 
11.3 3 
5.5 5 
3.9 9 

< F >> Fx 

[M^yr- 1] ] 
—— — 
11.55 0.51 
11.66 0.00 
—— — 

12.77 0.57 
-- -

<R> <R> 

0.29 9 
0.29 9 
0.30 0 
0.36 6 
0.30 0 
0.26 6 

Remarks s 

referencee model 

T,ntT,nt = 3 Gyr, <J0 = 0.1 
r inff = 0.5,£o = 0.1 

«leutofff  = 1 M(;, 
Tinn f = 3 Gyr, S0 = 0. 
700 = 2.1, A 7 = 0.5 

No tes: : 
11 C{t) oc [exp(- t / rc o n,) - exp(- t / ri n f ) ] with rcons = 4 Gyr 

starss with m <i mcutoff form at a constant rate of 0.35 So yr_1 independent of Galactic age, 
starss with m > mcutofi form at a rate proportional to the gas density: ,S'0 . ft(t) yr_1 

33 C(t) oc A/J^A/^t3 (e.g. Dopita 1985). 
44 SFR dependent IM F slope was assumed: y(t) = 70 + A7[l - (C(t)/C0)] 

Figs.. 4.30 and 4.31 show the resulting star formation and infall histories as well as [Fe/H] vs. age relations 
forr the models selected. Resulting AMRs are shown both for the ('ieneva/Nornoto and Woosley/Weaver 
elementt yields (the star formation histories shown in the left panels are very similar for both sets of yields). 
Forr comparison, we also considered the corresponding AMRs if one would assume that the stellar lifetimes, 
remnantt masses, and element yields would be independent of initial metallicity. In these cases, the solar 
metall icityy values of these quantit ies were adopted. As the iron yields in the Geneva/Nomoto set are 
insensitivee to initial metall icity, the resulting AMRs are very similar to those resulting when the variation 
off  the stellar yields with metall icity are taken into account in detail. This is also due to the fact that, 
thee abundances in the disk ISM over the past 5 -10 Gyr are roughly solar (within factors ~ 2 - 3 ). Stellar 
ironn production in the Woosley/Weaver set of yields heavily depends on initial metallicity and the resulting 
AMR ss shift accordingly when stellar quantit ies for solar metallicity are assumed (cf. Figs. 4.30 and 4.31). 

I tt is evident that there exists no unique galactic chemical evolution model that best fits the observed 
AMR .. However, as we wil l argue below, many of these models can be excluded on other observational 
grounds.. In this manner, we wil l try to reconstruct the star formation history of the Galaxy on the basis 
off  a wide range of independent observational constraints which comply with our current knowledge of the 
chemicall  evolution of the Galact ic disk. 
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Figur ee 4.30 Selected models for the Galactic disk:  Model A: density dependent SFR model (n = 1) without gas 
infall,,  Model B: density dependent SFR model (n = 1) with exponentially decaying gas infall, and  Model C: 
doublee exponential SFR model (see Table 4.2). Left panels: Variation with galactic age of the model SFR (solid 
curve),curve), the ejection rate of gas returned by evolved stars (dotted), the gas infall rate normalised to maximum infall 
ratee (dash-dotted), and the gas-to-total mass-fraction /( (dashed, for models A and B dashed curve coincides with 
solidd curve). In all cases, the SFR and stellar ejection rate were normalised to SFRmax [ M,., yr_ 1] (indicated in 
thee top right corner of left panels) determined by the condition /ii = 0.1. Gas infall rates were normalised to the 
maximumm infall rate (not, indicated). Full circles refer to the galactic age at which the absolute SFR (or infall rate) 
iss equal to 15 M 0 yr_ 1. Right panels: Resulting [Fe/H] vs. age relation (solid curve) according to the SFR model 
shownn in the left panel and the Geneva/Nomoto yields. For comparison, corresponding AMRs are shown in case of 
thee Woosley/Weaver yields both including (dotted curve) and excluding the dependence of the stellar quantities on 
initiall  metallicity (dashed curve; quantities at solar metallicity were assumed). Observations are as shown in Fig. 
4.100 (symbols). 
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F igu ree 4.31 Selected models for the Galactic disk:  Model D: bimodal SFR (n = 1) with the formation rate 
off  low-mass stars (in <J 1 M Q ) independent of age and a density dependent SFR for high-mass stars,  Model E: 
SFRR model with C(t) ex M*'3M,1// (Dopita 1989), and  Model F: density dependent SFR model (n = 1) with an 
IMF-slopee 7(f) depending on the SFR (cf. Table 4.2). In all cases, the SFR was normalised to SFRmax to satisfy /J, 
== 0.1. Curves and symbols have the same meaning as in Fig. 4.30 
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4.33 Results 
Wee confront the set of models selected in the previous section with the following observational constraints 
too the star formation history and chemical evolution of the Galaxy: 

 the present-day stellar mass function (PDMF) and IMF; 

 the total number and formation rates of (post) main-sequence stars; 

 the gas depletion, infall, and star formation rates in the disk ISM; 

 the enrichment history of the Galactic disk as recorded by the abundance-abundance variations and 
present-dayy abundances observed; 

 the abundances in planetary nebulae (PNe); 

 the luminosity function of white dwarf (WD) remnants; 

 the mass distr ibution of WD remnants; 

 the age and metallicity distr ibutions of long-living stars in the local disk (i.e. the classical G-dwarf 
problem). . 

Byy means of this comparison, we a t tempt to converge to a set of models for the chemical evolution of the 
Galaxyy which are consistent with the above observational constraints and we try to trace back eventual 
discrepanciess between the models and the observations. For each of the constraints listed above, we present 
resultss in a separate subsection below. Each subsection consists of: 1) a brief introduction, 2) a description of 
thee observational contraints used, 3) an outline of the main model assumptions, and 4) a results-kliscussion 
part.. We summarize the main results obtained at the end of each subsection. In the next section (Sect. 4.4), 
wee wil l briefly discuss the combined results presented below. 

4.3.11 The present-day and initial mass function 
I n t r oduc t i o n n 

Thee observed present-day mass function ( P D M F ) of field stars in the SNBH provides an important eontraint 
too models for the chemical evolution of the Galactic disk. First, the PDMF can be converted to the stellar 
masss spectrum at birth averaged over the galactic lifetime, i.e. the stellar initial mass function ( IMF) . The 
stellarr IM F is a fundamental ingredient in theoretical models for the evolution of stellar populations. Second, 
thee observed PDMF in principle can be used as an independent check on the adopted star formation history 
andd stellar evolution tracks for models incorporating a theoretical IMF. 

Wee here briefly summarize observations related to the derivation of the PDMF and its conversion to the 
stellarr IMF . Thereafter, we describe the basic method to compute the PDMF theoretically while taking into 
accountt metallicity dependent stellar main-sequence lifetimes, and compare model results with the observed 
PDMF. . 

O b s e r v a t i o ns s 

Inn the following we wil l denote the PDMF by P(m) and the IM F by M(m). The observed PDMF (cf. Mille r 
kk Scalo 1979; Scalo 1986 k 1987; Rana 1991) is usually defined as the total number N of main-sequence 
starss per logarithmic mass interval (per unit area of the local Galactic disk). Here, we wil l define the PDMF 
perr unit mass. The PDMF can be derived from the observed stellar luminosity function </>LF(MV) (corrected 
too the solar cylinder) and the mass-visual luminosity relation for main-sequence stars in the SNBH (e.g. 
Scaloo 1986): 

PP m) = — = 0 L F M v ) j 2/iz r ( m (4.1(5) 
dmm m dm v ' 

wheree /i2 is the scale height of stars of mass m averaged over their main-sequence lifetimes r(rn) (if r exceeds 
thee lifetime tev of the disk then hz is averaged over tev). We note that in order to obtain the luminosity 
functionn for main-sequence stars corrections are usually made for the presence of evolved (i.e. post-MS) stars 
selectedd according to photometr ic criteria (cf. Scalo 1986). 
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Wee show in Fig. 4.32 the F'DMF as constructed from the stellar luminosity function for stars observed 
withi nn about ~40 pc (m <, 2 M (0) to 5 kpc (m <; 10 M,.,) from the Sun by Scalo (1986) and, more recently, 
byy Rana (1991). The FDMF in fact samples a much larger volume of the disk than usually is referred to as 
thee SNBH (see Sect. 4.1). This is because stars due to their orbital motions, traversed large fractions of the 
Galact icc disk during their lifetimes. This effect is strongest for low-mass, long-living stars with m <J2 M,.,. 

Differencess between the Scalo and Rana PDMFs are caused by different kinematical corrections for 
thee inflation of the disk with stellar age and are further due to uncertainties in the calibration of the My 
vs.. mass relation for main-sequence stars, the adopted stellar lifetimes, and corrections for the possible 
mult ipl icit yy of the sample stars (e.g. unresolved binaries; see further Scalo 1986, Rana 1991; see Chap. 2). 
Markedd differences between Scalo's and Rana's PDMF occur at low mass stars (m <, 0.4 M(.;) for which 
Rana 'ss PDMF is higher upto a factor 3. 
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F igu ree 4.32 Log-log plot of the solar neighbourhood PDMF and IMF [# p c- 2 M,;,-1] vs. initial stellar mass. Top 
axiss indicates the initial stellar mass [M (o]. Dotted lines represent the PDMFs adopted from Scalo (1986; full squares) 
andd Rana (1991; open circles). Solid lines show the corresponding IMFs. For comparison, the slope of the Salpeter 
IM FF with 7 = 2.35 (cf. Salpeter 1955) is indicated. 

Too determine the P D MF using Eq. (4.16) involves addit ional difficulties related to the metallicity 
dependencee of both the luminosity and main-sequence lifetime of a star of initial mass in. Due to the 
metall ici tyy dependence of stellar lifetimes, the stellar scale height hz needs to be weighed by metallicity 
dependentt factors related to the variation of the SFR over the time during which the main-sequence stars of 
interestt were formed. In part icular, this is important for low-mass stars with m ^ 1 M R . TO determine these 
scalee height corrections accurately, the absolute scale-height distribution of stars with luminosities in given 
luminosityy bins are required (up to large scale heights ; above the Galactic plane). Additional correction 
factorss are related to the net effect of orbital diffusion which causes the mean galactocentric distances of the 
orbitss of stars to increase with age (i.e. after their birth stars move on average outwards in the Galactic 
disk;; Wielen et al. 1996). 

Wee note that the stellar luminosity function is particularly uncertain between My = 5 and 10 (cor-
respondingg to a mass range of ~1 to 0.3 M r t ) and betweenAŷ = 10 and 18 (i.e. from 0.3 to ^0.1 M(.)). 
Forr instance, large uncertainties may be present for stars with in 5s 0.3 M H due to the relatively unknown 
mass-luminosityy relation for stars approaching the minimum hydrogen burning mass (see further Scalo 1986; 
Zinneckerr 1988). These uncertainties allow the PDMF to continue to rise down to the minimum stellar mass 
observed.. The sensitivity of the F'DMF to these effects is not well established and has been neglected in the 
construct ionss of the PDMF by Scalo and Rana. However, it is evident that large uncertainties are present 
inn the F'[)MF of stars observed in the local Galactic disk. 

Too derive the time-averaged IM F from the F'DMF one needs to know the stellar birth function B(m,t) 
whichh is defined as the number of stars of mass m formed at galactic age / in units [y r - 1 M. . , " ' ] . How-
ever,, B(m,t) is expected to depend on the local properties of the star forming region such as the density, 
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temperature,, chemical composition, velocity structure, ambient radiation field and star formation efficiency. 
Therefore,, the stellar birth function is usually assumed to be composed of two more tractable quantit ies, i.e. 
thee SFR S(t) describing the t ime variation of the number of stars formed and the IM F M(m) describing the 
relativee formation probabilty of stars of initial mass m. This assumption is well known as a1'separable" SFR: 

(( S{t)M{m)  separable SFR. 
B{m,t)=lB{m,t)=l $(t,m)M(m)  bimodal SFR (4.17) 

[[  b{t)M(m,t)  variable IM F 

However,, other ways to decompose the stellar creation function are known e.g. as: 1) hi- or mult imodal 
SFR.SS where S(t) is assumed to vary for different mass ranges, and 2) variable IM F models for which the 
relativee formation probability for stars of different mass varies as a function of t ime. These examples are 
probablyy more realistic approximations to the stellar creation function in nature but involve many uncer-
tainties.. Note that the term "bimodal" with respect to the IM F refers to different slopes of the IM F for 
differentt mass ranges and has nothing to do with a bimodal SFR. We wil l return to these assumptions below. 

Thee stellar IM F is the essential link between small-scale processes which init iate star formation and 
thee overall properties of entire stellar populations, e.g. present in the Galaxy. In general, it is assumed that 
thee field star IM F is independent of t ime and location in the Galactic disk. Derivation of the IM F from the 
locall  PDMF requires explicit knowledge of: 1) the history of the star formation in the local Galactic disk. 2) 
thee age of the disk since the onset of star formation, and 3) the lifetimes r(m, Z+) of stars with initial mass 
mm and metallicities Zm. Using these quantit ies, the PDMF can be corrected for stars which have evolved off 
thee main-sequence in the past and, therefore, are "missed" in present-day star counts. Assuming a separable 
SFR,, the IM F can be expressed in terms of the PDMF as follows (cf. Scalo 1986): 

i P(m)P(m) for T(TU}Z*) i> tev 

PtPtmm\\ - L fUv VIA A , f „ , w ™ * ^ , (4-18) 
P(m)P(m) — y(t) dt for T{rn,Z+) < tev 

K.K. 'ev JtKV-T(m,Z,) 

wheree y(t) = < 5> /S(t) is the ratio of the SFR averaged over the lifetime of the Galactic disk and the 
SFRR at t ime t. Observational constraints to the stellar b i r thrate history suggest f(t) to vary between 1 and 
~~ 8 - 10 (cf. Mille r k Scalo 1979; Twarog 1980; Dopita 1990; see Sect. 3.1). We note that the dependence 
off  the stellar main-sequence lifetimes on the metallicity Z*  is usually ignored and has not been taken into 
accountt by Scalo (1986) and Rana (1991). 

Underr the assumption of a separable SFR both Rana and Scalo reconstructed the IMF from the PDMF. 
Thee resulting IMFs are shown in Fig. 4.32. The local IM F peaks both at 0.3 M H and at about 3 M f ) , and 
exhibitss a bimodal behaviour in the mass-slope (cf. Scalo 1986 and 1987) with 7 varying from 1.5 for low 
masss stars (m ^ 1 M ( )) to 2.7 for stars more massive than 10 M^ . The IM F behaviour at very low masses 
(~~ 0.1 My ) is uncertain due to the unknown mass-luminosity relation at the low end of the stellar mass 
range,, and due to selection effects. 

I tt can be seen that the IM F is identical with the PDMF for low-mass stars which have main-sequence 
lifetimess exceeding the age of the disk (i.e. m & 0.8 M (.)). At these low masses, the resulting IMFs are 
ratherr flat compared to the Salpeter mass function (i.e. M(m) oc m~2 3 5; cf. Fig. 4.32). Depending on the 
adoptedd variation of the SFR over the lifetime of the disk, the IM F for massive stars (m ~ 60 M(.,) can be a 
factorr of 104 higher than the PDMF for the same stars. Furthermore, the IMFs reconstructed by Rana and 
Scaloo differ considerably due to differences e.g. in the adopted past SFR and scale-height corrections. These 
differentt IMFs have direct consequences for chemical evolution models, e.g. for the rate of gas consumption 
byy low-mass stars or enrichment of the ISM by massive stars (see Sect. 4.2). For the models discussed in 4.2 
whichh incorporate the Scalo or Rana PDMF, we converted the PDMF to the IM F using the specific model 
SFRR and disk age tev assumed (cf. Eq. 4.18). 

Assumingg stellar mass limit s at birth of mi = 0.1 M 0 and mu = 60 MG), the mean stellar mass < m> 
forr the Scalo and Rana IMFs is 0.81 and 0.75 M 0 , respectively. For comparison, the Salpeter IM F results 
inn a considerably lower mean stellar mass of < m> = 0.35 M 0 . Observed minimum and maximum observed 
stellarr masses are (cf. Scalo 1986): mi ~ 0.08 M^ and mu ~ 120. M (;), respectively. However, uncertainties 
existt both at the low-mass end (due to the relatively unknown m vs. My relation) and at the high-mass end 
(duee to possible binarity or multipl icity) . Although the precise value of the upper mass limi t is in general 
nott important for galactic evolution models (differences are negligible assuming mu = 60 M(., instead of 120 
M,.,),, galactic chemical evolution model results are rather sensitive to the minimum stellar mass at birth 
adopted.. Unless stated otherwise, we wil l assume ni\ = 0.1 M(;) and niu = 60. M(.) independent of galactic 
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age.. We note that the common and convenient assumption of constant stellar mass limit s (i.e. independent 
off  age and location in the Galactic disk) is probably unrealistic since the stellar mass range at birth is 
expectedd to vary with the physical properties (e.g. gas density, temperature, velocity dispersion) of the star 
formingg molecular cloud (see (.'hap. 2). 

Inn the following, we describe the derivation of the PDMF from a given theoretical IM F in the more 
generall  case of a semi-separable stellar creation function (such as bimodal star formation or a age-dependent 
IMF )) while taking into account the metall icity dependence of the stellar main-sequence lifetimes. Thereafter, 
wee present resulting PDMFs and IMFs for the models selected in Sect. 4.2. 

M o d ell  a s s u m p t i o ns 

Thee mass spectrum of stars at birth averaged over the lifetime tev of the Galaxy, can be in general written 
as: : 

// B(mJ.) dt 
MM^)=^)=  fJ°{t) m>]  (4.i9) 

// / B(m,t) dm dt 
J0J0 Jnn(t) 

wheree B{m, t) is the stellar birth function and m\{i), mu(t) the stellar mass limit s at birth which are allowed 
too depend on galactic age. It can be verified that this general equation applies also to the case of a separable 
SFR.. Also, note that the IM F A/(/.ev) depends on the lifetime tev of the disk since the onset of star formation. 

Iff  we allow for a t ime-dependent mass function M(m,t), the normalisation of the stellar mass function 
at,, any galactic age / is given by: 

rmrmuu(t) (t) 

// M(m,t) dm = 1 (4.2Ü) 

Wee define t = t\ as the galactic age at which a star of initial mass m evolves off the main-sequence at the 
presentt epoch /. = tev. This is equivalent to t\ = tev — r(;7i, Z* ) where T(TH, Z*) is the main-sequence lifetime 
off  the star born with metall icity Z*  at t ime t. Note that to determine tif the resulting AM R Z(t) for a given 
SFRR and IM F model is required. 

Thee main-sequence turnoff mass corresponding to t\ wil l be denoted by m0(t\). According to these 
definitions,, the P D MF at evolution t ime tev can be written as: 

ff B(m,t) dt 
p ( ™ ) == t . , ^ . ( „ ) [M (-

! ] (4.21) 

// / B{m,t) dm d* 
JOJO Jrrn(t) 

wheree the metall icity dependence of the stellar main-sequence lifetimes has been accounted for. For stars 
withh main-sequence lifetimes r ( m , Z+ ) ^ tev one has /] = 0. Furthermore, if mQ(t\) ^ mu(t) at a given 
galacticc age t, one has m0(t\) = mu(t). It can be verified that in case of a separable SFR and constant stellar 
masss boundaries at bir th, Eq. (4.21) reduces to Eq. (4.18). In case of a t ime-dependent IMF, bimodal SFR, 
orr otherwise non-separable SFR,, no simple relation between the PDMF and IM F exists since both the star 
formationn history and stellar mass function affect the PDMF independently. 

Too allow for a detailed comparison with the observations, we normalise the IM F to the total number 
off  stars ever formed. Furthermore, we normalise the PDMF to the resulting present-day total number of 
starss on the main-sequence (cf. Eqs. (4.18) and (4.21)). Observations and theoretical computat ions were 
normalisedd in exactly the same manner. Note that, since most stars formed during the lifetime of the Galactic 
diskk are still on the main-sequence, normalisat ions of the IM F and PDMF are usually similar in magnitude. 

R e s u l ts s 

Wee investigate the sensitivity of the PDMF to the star formation history, stellar lower mass limi t at birth. 
IM FF slope, the underlying AMR, and the Galactic lifetime assumed. Figs. 4.33 and 4.34 show the resulting 
PDMFss for the SFR. models selected in Sect. 4.2. Unless stated otherwise, these models were computed 
usingg a power law IM F with 7 = 2.35 and stellar mass boundaries at birth nu - 0.1 and mu = 60 M(:, 
( independentt of Galact ic age). 
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Figuree 4.33 Left panel: resulting PDMFs for selected SFR models A (solid curve), B (dotted), and 0 (dashed). 
Errorr bars for the Scalo PDMF data indicate observational uncertainties. R ight panel: the Salpeter IMF used as 
inputt is shown for comparison. Observational data from Scalo (1986; full squares with error bars) and Rana (1991; 
openopen circles) are plotted for comparison (see Fig. 4.32). Note that the vertical scales of the left and right panels are 
different. . 

 Dependence on star formation history 

First,, it can be seen from Fig. 4.33 that the overall shape of the observed PDMF is reasonably well reproduced 
forr stars with m ^ 0.5 M Q . This indicates that the metallicity dependent lifetimes assumed for stars with 
mm i> 0.5 M Q as well as the Salpeter IM F adopted for such stars are essentially correct. At the high-mass 
end,, the PDMF is primarily sensitive to the level of star formation in the Galactic disk during the last few 
Gyrr and to the slope of the IM F during this period. 

Thee shift between the observed and predicted PDMFs is mainly due to the normalisation of the PDMF 
relativee to the present-day total number of main-sequence stars. In fact, the observed and predicted total 
numberr of main-sequence stars differ considerably because: 1) too many low-mass stars (m <>  0.5 M,.,) are 
predictedd by Salpeter IM F models compared to the observations, and 2) ni\ = 0.1 M H as assumed in the 
modelss differs from ni\ = 0.08 M(:, for the observations. Thus, in principle, the assumption of a Salpeter 
IM FF provides good agreement with the observations for stars with m <; 0.5 M(:) while the total number of 
starss with m < 0.5 M(;) is considerably too large for such an IMF. Usually, to get around the differences 
inn normalisation, both the predicted and observed PDMF are shifted vertically to one and the same well-
definedd reference point (e.g. the observed PDMF at m ~ 1.5 M 0 ) . Here we choose not follow this method 
off  comparison since: 1) the interpretation of the results depends strongly on the reference point chosen, and 
2)) observational errors can bias such comparisons systematically. 

Second,, the predicted PDMF at masses below the turnoff mass m0(tev) ~ 0.82 .NT., is insensitive 
too the Galactic star formation history assumed (see also Fig. 4.34). Such stars have not evolved off the 
main-sequencee within the lifetime of the Galaxy so that the PDMF is identical with the IMF. In principle, 
thee critical stellar mass range to derive the past SFR is between ~0.8 M(.j and 2.5 M,:, (see Scalo 1080). 
Forr the models selected, the PDMF is most sensitive to the SFR for high-mass stars (m ~ 60 M,.,). At 
suchh masses, the resulting PDMF differs by more than an order of magnitude for the SFR. models selected 
(cf.. Fig. 4.33). However, due to the uncertainties associated with the normalisation of the PDMF, it is 
difficul tt to constrain the adopted SFR by means of the observed PDMF. Instead, the PDMF is more suited 
too constrain the assumed IMF. 
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F igu ree 4.34 Left panel: resulting PDMFs for selected SFR models D {solid curve), E (dotted)., and F (dashed). 
Rightt panel: corresponding IMFs averaged over the lifetime of the Galactic disk. Observational data from Scalo 
(1986;; full squares with error bars) and Rana (1991; open circles) are plotted for comparison (see Fig. 4.32). 

 Dependence on IMF 

Inn Fig. 4.34 two selected SFR models with an IM F different from Salpeter are shown: 1) the bimodal SFR 
modell  which involves the Salpeter IM F but with different normalisations for the low and high-mass parts 
att m = 1 M w (model D). These kind of SFR models basically can be considered as models with bimodal 
IMF ss different from the Salpeter IMF; and 2) an IM F with a slope j(t) decreasing with the SFR (model F). 
Wee conclude that the kind of bimodal SFR models considered here are inconsistent with the observations as 
suchh models predict too many massive stars (m ^ 1 M 0 ) . We wil l briefly consider other types of bimodal 
IMF ss below. In contrast, the PDMF and IM F resulting from a model with a SFR-dependent IM F slope 
betweenn 7 = '2.1 (at t = 0) and 2.6 (at /. ~ tev) are found to be very similar to that of a constant IM F 
slopee model with roughly the same SFR. Therefore, it is not possible to exclude age-dependent (e.g. SFR 
dependent)) IM F models (with a reasonable range in IM F slope) from the observed PDMF. 

Fig.. 4.:35 shows the influence of the adopted IM F on the PDMF for the standard SFR (model A) . The 
Kroupaa empirical IMF. which fakes into account corrections for binary stars and the age and metallicity 
dependencess of the stellar luminosity, is essentially a three-slope power law IM F with 71 ~2.7 for stars more 
massivee than ~ 1 M,,, 72=2.2 for 0.5 <i m/ M,., <> 1, and 73 between 0.7 and 1.85 for 0.08 <, mj M,., 
<>> 0.5 (Kroupa et al. 1903). The latter slope depends on details of the analysis and may lie sensitive to 
thee Galact ic region considered. We here assume 73 = 1.5 which is the value derived by Kroupa et al. for 
reasonablee assumpt ions. Thus, the einprical IM F at low masses (m < 0.5 M,.,) is significantly flatter than 
att high masses. The flattening of the observed PDMF towards low-mass stars appears to be an essential 
featuree and should be explained by any model for the stellar IM F at birth (see ( 'hap. 2). For the standard 
SFR.. model, the resulting PDMF using the Kroupa empirical IM F is in good agreement with the data from 
Scaloo (1986) and Rana (1991), except for stars with m ~ 0.2 M 0 . 

Forr comparison, the PDMF resulting from a power-law IM F with slope 7 = 2.7 is clearly inconsistent 
wit hh the observations as it predictes too many stars at the low-mass end and/or too littl e at the high-mass 
end.. As another test, we computed the IM F iteratively from the observed PDMF from Scalo (1986). In this 
case,, we derived the stellar IM F at birth from the empirical PDMF according to the model SFR assumed (see 
Eq.. 4.18). This is an iterative procedure since a density-dependent SFR itself is sensitive to the rate of gas 
consumpt ionn by stars formed according to the unknown IMF. In general, this procedure rapidly converges 
too the searched IM F which indeed perfectly matches the empirical PDMF. For the standard SFR model, 
thee result ing IM F is in reasonable agreement with the one derived by Scalo (1986) even though he used a 
somewhatt different SFR and set of stellar lifetimes. We wil l discuss in Sect. 4.3.4 how the Kroupa IM F and 
Scaloo IM F may affect the resulting abundance-abundance variations for stars in the Galactic disk and halo. 
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Figur ee 4.35 Left panel: resulting PDMFs for SFR model A in case of the IMF derived iteratively from the PDMF 
presentedd by Scalo (1986; solid curve), the Kroupa IMF (Kroupa et al. 1993; dotted), and a power law IMF with 
77 = 2.7 (dashed). Right panel: corresponding IMFs averaged over the lifetime of the Galactic disk. Observational 
dataa from Scalo (1986; full squares with error bars) and Rana (1991; open circles) are plotted for comparison (see 
Fig.. 4.32). 

Effectt of bimodal IMFs and SFRs 

Inn general, the effect of a bi or mult i-modal SFR is differentiation of the formation history of stars 
withh masses in distinct ranges. This may give rise to discontinuities in the mean IM F if the stars are formed 
accordingg to one and the same mass function. In principle, the distinction between bimodal SFRs and 
age-dependentt IMFs is artificial as such models give very similar results. We consider bimodal SFRs of the 
followingg mathemat ical forms: 

S(t) S(t) 

S(t) S(t) 

S(t) S(t) 

Lp(t) Lp(t) 
HH  e-J /T 

r7e" ( /T T 

Lp(t) Lp(t) 

forr al. 
forr m 

forr m 
forr al 

L(t)L(t) p(t)a for 
H(t)p(t) H(t)p(t) ljlj  for 

m m 

>>  mbi 

^^ mbi 
m m 

mm < nib 
mm ^ mb 

andd t < T 

andd t i> T 

(typee A) 

(typee B) 

(typee C 

(4.22) ) 

wheree ni\-A is the transit ion mass between the low- and high-mass SFR modes, and L, H are addit ional 
multipl icationn factors associated with the low and high-mass SFR modes, respectively. For the underlying 
physicall  mechanism of star formation (see also Chap. 2), we refer e.g. to Larson (1986; type A) , Vangioni-
Flamm & Audouze (1988; type B) and Dopita (1989; type C). 

Inn Fig. 4.36, we investigate the effect of bimodal star formation on the PDMF in more detail for the 
bimodall  SFR types defined above. We used mi,; = 0.5 M(;>, r = 1 (iyr , L/H = 1/3 (types A and B) and 

L(t) L(t) 1,, Hit) 
1/3 3 /heree a-r denotes the total surface mass density in the disk (type ('). In addit ion, we 

adoptedd (type (.' only) a = 1, 0 = 4 / 3, an infall t ime scale rlnf = 1 (iyr , and a disk initial-to-final mass ratio 
SQSQ = 0.1. Results are also shown for a bimodal SFR. (different from the types discussed above but similar to 
modell  D) with a constant mode of low-mass star formation (mbi < 1 Mo; L — \) and a density-dependent 
high-masss SFR mode with H = 1/3. In all cases, the SFR was normalised to satisfy /tj = 0.1 and the 
Salpeterr mass function at birth was assumed. 

Comparisonn of Figs. 4.34 and 4.36 reveals that bimodal SFR models (e.g. type B) can improve the 
agreementt with the observed PDMF substantially. To achieve this, however, the high-mass mode of star 
formationn needs: 1) to extend to masses down to ^0 .5 M,.,, and 2) to have an amplitude which is relatively 
highh compared to that of the low-mass mode. In principle, the shifts between the low and high-mass mode 
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F igu ree 4.36 Effect, of a bimodal SFR on the PDMF. Left panel: resulting PDMFs for bimodal SFRs of type A 
(dotted(dotted curve), type B [solid) and type C (thick solid). For comparison, the resulting PDMF for a bimodal SFR with 
aa constant mode of low-mass star formation and a density dependent mode of high-mass star formation (dashed; see 
text).. Observational data as in Fig. 4.32. R ight panel: Corresponding IMFs for the bimodal SFR models shown in 
thee left panel. 

rangess of the IM F are determined mainly by the SFR amplitudes L, H ( see above) while the underlying 
starr formation mechanism is irrelevant in this. However, the variation of the SFR with t ime determines 
thee enrichment contr ibut ion of the high-mass mode with galactic age and is, therefore, constrained by 
e.g.. the abundance-abundance variations and AMRs observed among Galactic disk and halo stars. In this 
manner,, type C bimodal SFR models result in values [Fe/H], which are ~0.4 dex too high compared to 
thee observations (for model parameters as listed in Table 3.3). Consequently, such models are probably 
inadequatee to explain the observed PDMF and abundance-abundance variations both at the same time. 

Forr these reasons, we wil l restrict ourselves to the bimodal SFR model selected in Sect. 4.2 when 
confrontingg such SFR models with the observed abundance-abundance variations. We note that, bimodal 
SFRR models are equivalent to bimodal IM F models in case of identical variations of the low and high-mass 
SFRR modes with galactic age apart from different multiplication ampli tudes L and H (both constant in 
t ime).. Therefore, variat ions in the lower and upper stellar mass limit s at birth with galactic age, which 
simplyy change the formation probability of low and high-mass stars with age, have similar effects on the 
P D MFF as bimodal SFR models (see below). Thus, the resulting PDMF can be very similarfor a wide range of 
IM FF and SFR models and it is generally difficul t to constrain the latter quantit ies using the observed PDMF. 
Thee abundance-abundance variations observed among long-living stars in the Galaxy are better suited for 
thiss purpose because different SFR and IM F models usually predict divergent chemical enrichment histories 
(seee Sect. 4.3.4). 

 Dependence on the lower stellar mass l imi t 

Fig.. 4.37 shows the result ing PDMF for different lower stellar mass limit s at birth in case of the standard 
SFRR (model A) . When m, is decreased from 0.2 to 0.05 M 0 , the formation probability of stars with m £ mi is 
decreasedd considerably. The main effect on the resulting PDMF is an downward shift due to the normalisation 
off  the PDMF. The model with mi = 0.2 M 0 is in good agreement with the observed PDMF over the mass 
rangee considered but ignores the fact that stars with mi = 0.2 M 0 are present in large numbers in the 
Galact icc disk and halo (e.g. Scalo 1986; Kroupa et al. 1993; see ("hap. 2). 

Thee resulting PDMF in case of an SFR-dependenf lower mass limi t decreasing from m\ = 0.5 to 0.05 
M 00 strongly affects the shape of the PDMF at the low-mass end. Although the agreement with the empirical 
P D MFF is improved, the present-day number of stars with m £ 1 M 0 is underestimated by about an order 
off  magni tude. This is due to the predominance of low-mass stars formed at the current epoch in models 
forr which m\ decreases strongly with galactic age. This suggests that: 1) the observed PDMF does not 
supportt large variations of m.| over the lifetime of the Galaxy, and 2) values of mi <, 0.1 M 0 result in large 
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discrepanciess between the observed and predicted PDMF at the high-mass end. We note that , in contrast 
too the previous case, variations of the upper stellar mass limi t of stars with galactic age are not well traced 
byy the PDMF (unless they did occur at recent epochs in the evolution of the disk or were very large). Values 
off  mu between ~2 and 150 M 0 at early epochs in the evolution of the Galaxy cannot lie traced back from 
thee observed PDMF. 
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Figuree 4.37 Resulting PDMFs for different lower stellar mass limits at birth. Results are shown for the standard 
SFRR (model A) with the Salpeter IMF. Left panel: resulting PDMFs for m\ = 0.05 M,., (dotted curve). 0.1 M,. 
(dashed)(dashed) and 0.2 M 0 (solid). For comparison, the resulting PDMF for an SFR-dependent m\(t) decreasing with 
galacticc age from 0.5 to 0.05 M Q (thick solid line). Observational data as in Fig. 4.32. R i^ht panel: Corresponding 
IMFs. . 

 Dependence on gas fract ion, AMR, and lifetime assumed 

Forr density dependent SFR models, the resulting PDMF shifts upwards at masses m £ 1 M,.; for larger 
valuess of the gas-to-total mass ratio. For instance, the shift in the PDMF is about 0.3 dex in case of the 
standardd SFR (model A) with normalisations such that /^ = 0.2 and /tj = 0.05, respectively. 

Assumingg a disk lifetime of 10 Gyr instead of 14 Gyr (as above), leads to a small shift upwards (~0.2 
dex)) of the PDMF for stars with m ^ 1 M 0 . For models ending at the same gas fraction, the SFR at a 
givenn galactic age is somewhat larger in the 10 Gyr compared to the 14 Gyr case. 

Inn principle, the resulting PDMF is insensitive to the detailed chemical enrichment of the Galactic 
ISMM because stars more massive than ~ 1 M 0 represent only a tiny fraction (^1%) of the total number of 
main-sequencee stars currently present in the disk. Since the majority of the stars ever formed in the Galaxy 
hass not yet evolved off the main-sequence, the effect of the AM R on the PDMF is negligible (except perhaps 
forr the most massive stars). 

Inn general, the sensitivity of the PDMF to the present-day gas fraction, AMR, and Galactic lifetime 
assumedd is small compared to that to the adopted star formation history and IMF. 

C o n c l u s i on n 

Wee summarize the main results obtained in this section as follows: 

 the observed PDMF can be reasonably well reproduced by the models selected in Sect. 4.2 for stars 
withh m <:  0.5 M 0 . This indicates that the metallicity dependent lifetimes assumed for stars with 
mm ;> 0.5 My as well as the Salpeter IM F adopted for such stars are essentially correct; 

 the flattening of the observed PDMF towards low-mass stars appears to be an essential feature for 
starss observed in different regions of the Galaxy (Kroupa et al. 1993). Although large uncertainties 
aree still involved in the PDMF for stars with m <>  0.5 M 0 , the flattening of the IMF over this mass 
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rangee should be explicitly taken into account in Galactic chemical evolution studies since it can lead 
too significantly different, results as compared to Salpeter IM F models; 

•• the predicted P D M F at masses below the turnoff mass m 0 ( / e v ) ~ 0.82 M(.. is insensitive to the (ialactit-
s ta rr formation history assumed: the PDMF is identical with the IMF over this mass range. 

•• the critical stellar mass range to derive the past SFR using the observed PDMF is between ~0.8 M,,, 
andd ~2 .5 Mf:, (see also Scalo 1986). However, the resulting PDMF can be very similarfor a wide range 
off IMF and SFR models and it is generally difficult to constrain the latter quantit ies using the observed 
P D M F .. Th is is mainly due to the uncertainties involved with the normalisations of the predicted and 
observedd P D M F . 

•• the resulting P D M F in case of a SFR-dependent IMF slope between 7 — 2.1 (at t — 0) and 2.6 (at 
tt = tev) is found to be similar to tha t in case of a constant IMF. 

•• the kind of b imodal S F R models selected in Sect. 4.2 is inconsistent with the observations as such 
modelss predict too many massive stars (m <ï 1 M M ) . For bimodal SFR models, the shifts between 
thee low and high-mass mode ranges of the IMF are determined mainly by the ratio of the amplitudes 
off the SFR for these modes while the underlying star formation mechanisms assumed for the low and 
high-masss modes are relatively unimpor tant ; 

•• the shape of the resulting PDMF at the low-mass end (m <̂  0.5 M(;,) is very sensitive to the variation 
off the lower stellar mass limit at birth with galactic age. In case of a SFR-dependent stellar lower 
masss limit (i.e. mi ex C(<)), the PDMF for stars observed in the SNBH can be explained adequately 
evenn when these s tars are assumed to form according to the Salpeter IMF over the entire stellar mass 
rangee independent of galactic age. 

4.3.22 Post main-sequence s tars : total number and formation rates 

Thee total number and present-day formation rates of evolved stars such as AGB stars, SNIa, and SN1I are 
sensitivee probes to the formation history of their progenitors. In this section, we investigate how selected 
modelss for the Galact ic disk behave with respect to these quantities. 

O b s e r v a t i o n s s 

Wee concentrate on the present-day and average past formation rates of main-sequence, AGB stars, SNIa, 
SN lb / e ,, and SNII in the Galactic disk. 

Thee current formation rate of main-sequence stars in the Galactic disk is estimated from the observed 
present-dayy SFR by mass, i.e. C\ ~3 .6 1 M(:) y r _ 1 (see Sect. 3.1). The mean stellar mass formed according 
too a Salpeter IMF with mi = 0.1 and m u = 60 M 0 , is (m) = 0.35 M 0 . This gives a present-day SFR by 
numberr of S\ 5 y r " 1 . Corresponding values for the Scalo IMF are (m) = 0.81 M r t and S\ = 2 
y r - 1 .. Uncertainties in the present-day mass function of low-mass stars provide the main uncertainty in .S',. 
Observationss suggest tha t the average past SFR by mass is (6') ~ 16.5 Mw y r - 1 , i.e. larger by a factor 
3—55 than the present-day SFR (Sect. 3.1). Thus , provided tha t the stellar IMF has been constant over the 
lifetimee of the Galact ic disk, the average past SFR by number has been larger than the present-day SFR 
observedd by abou t the same factor. 

Est imatess of the formation rate of AGB stars in the Galactic disk are based on (e.g. Pottasch 1993): 
1)) the total number of planetary nebulae (PNe) observed in the Galactic disk (~25000), the mean lifetime 
off PNe before they become invisible ("- 2 I04 yr), and on the fraction of all AGB stars which ultimately 
endd as a PN (this fraction is assumed arbitrarily to be one third and is highly uncertain). This leads to 
aa present-day formation rate of Fifv,B ~ 5 y r - 1 . The total number of AGB stars in the Galaxy is 
es t imatedd to be i£5 105 (.Jura &  Kleinmann 1992a,b). With a theoretical IMF-weighed mean lifetime (tAG&) 
== 2.8 105 yr of AGB stars in the Galactic disk that do experience third dredge-up (e.g. Groenewegen fe de 
Jongg 1993; see Sect. 4.3.6), we derive a present-day formation rate of R*(iB ^ 1 . 8 y r - 1 which is consistent 
withh the previous es t imate . 

Present-dayy rates of SNIa, SNIb/c , and SNII in the Galactic disk are estimated from (e.g. van den 
Berghh & Tammann 1991; Tamrnann et al. 1994): 1) the corresponding rates in external galaxies and their 
variationn with Hubble type as well as with galaxy luminosity, and 2) a few historically observed SNe in 
thee Galaxy. These observations are affected by variations both in the mean age of the stellar populations 
sincee the onset of main s tar formation (among different galaxies of a given Hubble type), the IMF, and the 
amoun tt of internal extinction, as well as by uncertainties in the distance, and in the detection probabilities 
off SNe in galaxies differing in luminosity and Hubble type. Assuming that the Milky Way is a She galaxy 
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withh LB = 2 1010 L(:>, Tammann et al. (1994) derive a total SN rate 0.026  0.010 y r~ ' , and present-day 
SNIa,, SNIb/c . and SNII rates of 1 1 0 - 3 y r " 1 , 5 10" 3 y r " \ and 0 10~2 y r " \ respectively. 

Thee SNII-rate derived for the MW has been argued difficult to reconcile with the observed luminosity 
functionn of OB stars in the Galaxy as there seem not enough precursors present to produce such a high 
numberr of core-collapse SNe (e.g. van den Bergh k Tammann 1991). However, this argument relies on the 
meann lifetime of O and B stars in the Galactic disk, assumed to be 8 106 yr, which may well be too long 
(e.g.. Garmany, Conti &; Ghiosi 1982). In addition, the total number of O and B stars in the Galactic disk is 
probablyy underestimated since these stars are often members of compact associations. Another possibility 
iss that the lower mass limit for the progenitors of core-collapse SNe adopted, i.e. m^N I 1 = 8 M w , must be 
shiftedd downwards (e.g. -~ 5 M(;)) if mass transfer in close binary systems adds substantially to the total 
numberr of objects massive enough to explode as core-collapse SNe. 

Inn all external galaxies in which SNIb/c occur, the ratio of SNIb/c to SNII is about 1/5 (Tammann et 
al.. 1994). This ratio is expected to be constant provided that : 1) these SN types differ in progenitor mass 
rangee only, and 2) the shape of the mass spectrum of massive stars is similar for different galaxies. Under 
thesee assumptions, the present-day SNIb/c in the Galactic disk is ~ 1 5 % of the total SN rate. 

Concerningg SNIa, T ammane t al. assumed that the SNIa rate per unit B luminosity of the parent galaxy 
iss roughly independent of Hubble type. This assumption implies that ~ 1 5 % of all SNe in She galaxies are 
SNIa.. Thus , the ratio of the present-day rate of SNIa in the (ialaxy and that of SNII+Ib /c is (\ = 0.18. 
Althoughh this ratio is independent of galaxy luminosity, it is strongly affected by selection effects which 
operatee predominantly against faint SNe (both towards galaxies with high surface brightnesses and /o r high 
amountss of internal extinction). Since SNII and SNIb/c are associated with the core collapse of massive 
starss (see Sect. 3.3), type II-|Tb,c supernovae are found to be confined to sites of massive star formation, i.e. 
inn the spiral arms in Sbc galaxies. Since both surface brightness and dust extinction are relatively large in 
thee spiral arm regions in Sbc galaxies (as compared to the interarm regions, e.g. Walterbos 1991; see ( 'hap. 
9),, the rates of SNII and SNIb/c are underestimated considerably. 

Ass discussed in Sect. 3.3, we consider SNIa as accreting white dwarfs (WD) in binary systems that 
explodee after thermonuclear burning of their electron-degenerate core. We assume SNIa to originate from 
main-sequencee stars with masses in the range ~2.5—8 M(:> (e.g. Nomoto et al. 1984). Since there is a 
considerablee time delay (of a few Gyr or more) between the WD formation and the ultimate explosion of 
thee WD as SNIa (see below; Sect. 4.2), SNIa are usually not associated with the regions of star formation 
andd are found to be spread throughout the galaxy and less confined to the galactic plane (e.g. van den 
Berghh Sz Tammann 1991; Tutukov, Yungelson &  Iben 1992). Thus, although SNIa are generally fainter at 
maximumm by 2—3 mag than are SNII, the selection effects discussed above are expected to be more severe 
forr SNII(+Ib,c) . 

Therefore,, the value of ei = 0.18 suggested by the observations is probably a severe upper limit to the 
actuall value in the Galactic disk. We here will adopt 5 as a reasonable value for the Galactic disk. 
Similarly,, the predicted rates of SNe in the Galactic disk are probably all lower limits (e.g. van den Bergh 
&&  Tammann 1991). We note that the star formation history, IMF, and e.g. radial distribution of the stellar 
populationss in the Galactic disk, may differ considerably from that typical in Sbc galaxies. For this reason, 
andd because of the uncertainties discussed above, the present-day SN rates as predicted for the Galactic disk 
mayy be off by perhaps a factor of two. 

M o d ell  a s s u m p t i o ns 

Thee current formation-rate of stars with initial masses in a given mass interval that enter a given evolutionary 
phasee (such as the horizontal branch or AGB) at galactic age t can be expressed theoretically as: 

Hpu{t)Hpu{t) = fpH[rn)8{t-TpH{m,Z.))M(m) dm (4.23) 

wheree the subscript PH refers to the phase under consideration, / P H ( " 0 corrects for the different evolutionary 
outcomess of stars with the same initial mass m, TpH(m, Z*) denotes the age of a star of initial mass m born 
withh metallicity Z* entering the phase of interest, and A m P H is the initial mass range for stars that pass 
throughh this phase later in their evolution. In principle, the correction factors / P H ( " 0 may be a function of 
(// — TPH) as well. However, for convenience we will assume that / P H is constant in t ime as well as constant 
overr the mass interval AmpH considered. The formation rate of main-sequence stars can be derived from 
Eq.. (4.23) assuming A m M s = [m0(t),mu]  where m0(t) is the main-sequence turnoff-rnass at galactic age / 
andd mu the upper stellar mass limit at birth. In a similar way, the total number of stars in evolutionary 
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phasee PH at. galactic age / can be written as: 

• T p H | U ( m . Z , ) ) 

A ' P H ( ' )) = / / fpH(m)S{t r)M(jn)r)M(jn)  dr dm 
(m,Z.) (m,Z.) 

(4.24) ) 

wheree [rpH ,]("*, ^*)< T H , u ( m - %*)]  defines the age interval during which a star spends its life in the phase of 
interest .. Note tha t this number differs from the total number of stars that ever entered phase PH during 
thee galactic lifetime t: 

TNpH(t) TNpH(t) -f -f 
JT=0 JT=0 

R{T)R{T) ÓT (4.25) ) 

Definingg further Arf>H(m,  = [rpH.h ^TPH.UL the SFR and IMF-weighed average time spent in evolutionary 
phasee PH for all s tars t ha t are in that phase at galactic age / is given by: 

• T p H , u ( m , Z , ; ; 

<< TpH(t) > =  ^T-^-TTV / / fpii{m)S(t- r )M( r? i )Arp H (m,Z*) d r dm (4.26) 
A W W 

rr  rTpH,u\rn,^.) 

777 / / / pH(m) ,S ' ( i - r )A f ( r » )Arp H (m ,Z* ) d r dj 
'•)'•) J&mpH JT = TPH , i ( m , Z . ) 

Inn principle, s tars tha t pass through a specific evolutionary phase do not necessarily have to originate from 
aa single range in progenitor mass. Therefore, AmpH may include several mass intervals (depending on e.g. 
thee initial stellar abundances , evolutionary phases, etc). 

Wee note tha t the impact of e.g. mass-exchange in binary systems on the total number and formation 
ratess of single stars in a given evolutionary phase can be accounted for through the phase correction factors 
/ pH(m) .. For SNIa, SNIb /c , and SNII, we applied such corrections by assuming / P H = </>SN with values of 
<ji>SNN as listed in Table 3.3. For other evolutionary phases, binary corrections were neglected (unless stated 
otherwise). . 

R e s u l t s s 

Tablee 4.3 lists the predicted present-day and average past formation-rates of main-sequence (MS) stars, AGB 
stars ,, SNIa, SNIb /c , and SNII, for the star formation models selected in Sect. 4.2. Present-day and average 
pastt formation rates are denoted by Fti and (R), respectively. The present-day ratio of the rate of SNIa 
andd t ha t of SNI I+SNIb / c is listed as fj in Table 4.3. The Salpeter IMF (7 = 2.35) and standard model 
parameterss as discussed in Sect. 3.1 were adopted (unless stated otherwise in the last column of Table 4.3). 

Forr model A, we considered the effect of the IMF on the formation rate of (post) main-sequence stars 
inn more detail by means of (cf. Table 4.3): 1) an IMF computed iteratively from the PDMF given by Scalo 
(1986;; m o d e l A l ) , 2) the IMF presented by Kroupa et al. (1993; see Sect. 4.3; m o d e l A2) , and 3) a power 
laww IMF with slope 7 = 2.7 ( m o d e l A 3 ) . 

Tab lee 4.3 Predicted and observed formation rates of (post) main-sequence stars1. 

Model l 

A A 
Al l 
A2 2 
A3 3 
B B 
(.: : 
0 0 
E E 
F F 
Obs3-4 4 

MS S 
fti fti 
[yr r 

13.8 8 
8.4 4 
9.9 9 

16.3 3 
16.2 2 
6.8 8 

42.9 9 
16.1 1 
14.5 5 

(R) (R) 
-'] ] 

46.2 2 
26.3 3 
23.2 2 
53.9 9 
45.7 7 
47.1 1 
45.1 1 
46.9 9 
47.9 9 
5 5 

AGB B 
Ri Ri 
[yr" " 

2.3 3 
5.9 9 
3.8 8 
1.2 2 
2.4 4 
2.5 5 
2.2 2 
2.3 3 
2.2 2 

(R) (R) 
[[] ] 
2.0 0 
5.7 7 
3.0 0 
1.1 1 
1.9 9 
2.4 4 
3.7 7 
2.1 1 
1.8 8 
5 5 

SNIa a 
Ri Ri 

[lO-3 3 

0.74 4 
2.44 4 
0.86 6 
0.31 1 
0.87 7 
0.38 8 
0.84 4 
0.87 7 
0.49 9 

(R) (R) 
yr-1] ] 

2.4 4 
7.4 4 
2.7 7 
1.0 0 
2.4 4 
2.4 4 
3.3 3 
2.4 4 
2.5 5 

1 1 

SNIb/c c 
R\ R\ 

[10-'2 2 

0.47 7 
0.84 4 
0.36 6 
0.13 3 
0.55 5 
0.23 3 
0.49 9 
0.73 3 
0.39 9 

(R) (R) 
yr~ l] ] 

1.6 6 
2.7 7 
1.2 2 
0.4 4 
1.5 5 
1.6 6 
2.2 2 
2.1 1 
1.3 3 

5 5 

SNII I 
fti fti 

[ to- 2 2 

2.7 7 
4.8 8 
2.0 0 
0.7 7 
3.1 1 
1.3 3 
2.8 8 
2.9 9 
0.9 9 

(R) (R) 
yr-1] ] 

8.9 9 
15.0 0 
6.7 7 
2.3 3 
8.8 8 
9.0 0 

12.0 0 
8.4 4 
7.5 5 

0 0 

Cl l 

[10-2] ] 
2.3 3 
3.8 8 
3.6 6 
3.6 6 
2.4 4 
2.5 5 
2.6 6 
2.4 4 
3.8 8 

5 5 

Notes s 

Scaloo IMF 
Kroupaa IMF 
77 = -2 .7 

^SNIb/cc = 0 2 

^SNIb/cc = o 3 

11 A total mass of the Galactic disk of A/tot = 1.8 1011 M(r, was assumed 
SFRss were normalised to satisfy the condition /ij =0 .1 
Present-dayy rates are listed 
Salpeterr IMF was assumed 
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Comparisonn of the predicted and observed present-day formation rates of MS and post-MS stars in (lie 
Galacticc disk reveals that : 

•• the present-day formation rates of MS stars predicted by the models selected in Sect. 4.2 are in 
reasonablee agreement with the observations except for the bimodal SFR model (model [); for which 
thee variation of the IMF with galactic age results in (m)i = 0.26 M(.,); 

•• the formation rates of AGB stars are larger than observed by £30—50% for all models (except for 
thee steep IMF model A3). We believe that this result is significant and may indicate that part of 
thee stars in the mass range 0.8—8 M(.> do not reach the AGB; 

•• a large discrepancy of a factor of —4—5 is found between the predicted and observed formation 
ratee of SNIa. This is true for all models, except models C (double exponential SFR) and F (age-
dependentt IMF), which are off by even larger factors, and model Al (Scalo IMF) for which the 
discrepancyy is a factor ~ 2 ; 

•• the predicted formation rates of SNIb/c are in reasonable agreement with the observations (for 
modelss E, A l , and A3, within a factor of about two); 

•• the SNII rates predicted are consistent with the observations (except for model A l ) ; 

•• SFR models ending at ft\ = 0.1 with stars formed according to the Scalo (1986) or Kroupa et al. 
(1993)) IMFs are probably excluded by the observations on the basis of the high formation rates of 
AGBB stars and SNII predicted by such models. 

D i s c u s s i o n n 

Present-dayy formation rates of MS stars, SNIb/c and SNII as predicted by the selected models for the 
Galacticc disk are in reasonable agreement with the observations. Therefore, it is difficult to distinguish 
betweenn different star formation models for the Galactic disk on the basis of these quantities (i.e. for SFR 
modelss with input parameters as listed in Table 3.1). 

Ann exception may be the bimodal SFR model for which the formation rate of low-mass stars (i.e. 
mm <̂  1 M Q ) is assumed constant as a function of galactic age, and the formation rate of more massive stars 
iss assumed to vary directly proportional to the gas density, may be inconsistent with the observations since 
itt predicts too many low-mass main-sequence stars formed at present (cf. Table 4.3; model D). A reduction 
off the SFR of low-mass stars by a factor 3 would lead to overproduction of heavy elements by massive stars 
and /o rr a present-day gas-to-total mass-ratio inconsistent with the observations. Instead, decreasing the mass 
cutt of ~ 1 M(;) would improve the agreement with the observations and mimic conventional unirnodal SFR 
models.. Cleary, there are no indications for a bimodal SFR from the present-day formation rates of evolved 
stars. . 

•• AGB stars 

Thee present-day formation rate of AGB stars predicted by the selected models A —F, i.e. ~2 . 3 y r _ 1 , is 
inconsistentt with the observed value of R^li&  ~ 1.5  0.5 y r _ 1 . This result is insensitive to the s tar 
formationn history assumed. If one excludes the possibility that the total number of (post-) AGB stars 
observedd in the Galactic disk is considerably underestimated, this suggests that the total number of main-
sequencee stars (with initial masses between ~0.82 M 0 , i.e. t the turnoff mass m0(£ e v) at galactic age of 14 
Cyr ,, and 8 M(:)) experiencing third dredge-up is overestimated and/or that the IMF assumed for stars in 
thiss mass range is in error. 

Low-masss AGB stars (m ^ 1 M ö ) are the dominant contributors to the present-day formation rate of 
AGBB stars in the Galactic disk because: 1) the formation probablity of low-mass stars is strongly favoured 
forr any reasonable IMF, and 2) the pre-AGB lifetimes of low-mass AGB stars are much longer than for 
high-masss ones, and 3) the SFR in the past has been substantially higher than at present. 
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Compar i sonn of the predicted formation rate of AGB stars for various IMFs in case of model A (see Table 4.3) 
indicatess tha t steep IMFs (7 £2 .5) and /o r lower values of the minimum stellar mass limit at birth (m| <; 0.1 
M,.,)) may provide bet ter agreement with the observations 4 . 

AA value of mi <>  0.1 M<:) would imply rapid exhaustion of the disk ISM by very low mass stars and 
wouldd strongly reduce the formation rates of both AGB stars, SNe, and other post main-sequence stars. 
Al thoughh this possibility cannot be excluded entirely, current observations do not support the formation of 
s tarss with masses much lower than ~0 .1 M(:) to be a common phenomenon in the Calactic disk (e.g. Scalo 
1986).. Therefore, we propose that not all stars with initial masses between ~0.82 and 8 M(;) enter the ACB 
att the end of their lives. Hence, the minimum initial mass of AGB stars is considerably larger than —0.82 
M(.)) a nd / o r a substant ia l fraction of low-mass stars with initial masses between ~0.82 and ~ 1.2 M<;, does 
nott reach the AGB (or leave a PN). We will return to these possibilities when dealing with the luminosity 
functionn of AGB stars in the Galactic disk (Sect. 4.3.6). 

•• SNIa 

Inn our models, the present-day SNIa rate is at least a factor 4 - 5 too low compared to the observations. 
Th i ss finding is independent of the assumed SFR and IMF (provided that a flat IMF at low masses can be 
excludedd by the current formation rate of AGB stars, see above). Simply increasing the fraction <^SNIa of WD 
progenitorss which ul t imately end as SNIa is not an option, since this will lead to overproduction of iron and 
willl result in an AMR inconsistent with the observations. This is true also for any other option that would 
increasee ftSNIa over the entire galactic lifetime. In addition, we will argue below that the discrepancy above 
remainss no mat te r the set of stellar yields used. Instead, we will show that the discrepancy can be explained 
adequatelyy when the delay t ime of SNIa after formation of the WD progenitor is taken into account. 

Forr models with the Geneva /Nomoto da ta , the discrepancy poses a serious problem since the remaining 
modell parameters were chosen such tha t the iron contribution by SNIb/c and SNII cannot be further reduced 
considerablyy (see Table 3.3) while the present-day contribution of SNIa to the total stellar iron ejection rate 
iss ~ 2 0 % in these models. For the same models but with the Woosley/Weaver data , we have shown that the 
result ingg overall level of the AMR is typically 0.3 dex below tha t observed. In such models, the present-day 
contr ibut ionn of SNIa to the iron enrichment of the disk ISM is —30%. Thus, to provide agreement with the 
observedd SNIa rate, the SNIa iron contribution would have to be increased by a factor of 4 - 5 for models 
usingg the W W da ta . In this case, the SNIa contribution to interstellar iron would be ~ 7 0 % and the overall 
levell of the AMR would be increased by ~0 .3 dex (i.e. a factor of 2). Although this would still be consistent 
withh the observed AMR, we will discuss in Sect. 4.3.4 arguments against such a large iron contribution by 
SNIaa over the entire galactic lifetime. Therefore, we argue that the discrepancy found between the predicted 
andd observed rate of SNIa cannot be solved by simply assuming a higher rate of SNIa at all galactic ages. 
Inn other words, an age-dependent increase of the SNIa rate is required to provide agreement with both the 
overalll level of the AMR and the present-day SNIa rate observed in the Galactic disk. 

Inn principle, the ra te of SNIa at a given galactic age t = T is determined by: 1) the total number 
off s tars (with initial masses presumably between 2.5 and 8 M ö ) tha t leave a WD at galactic ages t £ T, 
andd 2) the detailed evolution scenario of the WD that ultimately leads to the occurrence of a SNIa (e.g. 
Norrjotoo 1991; Yamoaka 1993). In case of a binary (single or double WD) origin, the delay time between 
thee formation of the W D progenitor and the actual SNIa explosion is expected be a substantial fraction of 
thee lifetime of the Galact ic disk and to vary in a complex manner with the the detailed evolution of the 
binaryy members , the initial mass-ratio of the binary components, and the decay of the orbital separation 
(e.g.. Sineeker-Hane & Wyse 1992; Renzini 1994). 

Wee will show in Sect. 4.3.4 tha t such a delay has interesting implications for the iron enrichment 
byy SNIa of the disk ISM. Here, we briefly discuss the first order effects of such a delay on the present-day 
formationn rate of SNIa. Other possibilities to explain the observed rate of SNIa, e.g. by means of variations 
inn e.g. mfN I a a nd /o r 0 S N I a with galactic age are not supported by the observations. 

Forr a fixed amount, of gas converted into stars according to a given IMF and star formation history, a steeper IMF towards 
low-masss stars results in a smaller SFR at present. This is due to the fact that gas is depleted more efficiently by low-mass, 
long-livingg stars. Consequently, the total number and current formation rates of (post) main-sequence stars (e.g. ACB stars, 
SNII,, e t c ) for a given SFR model is strongly reduced for steeper IMFs. When the lower mass limit of stars at birth is decreased, 
aa similar effect occurs (specific combinations of mj and -7 may give very similar results in terms of total number and formation 
ratess of post-main-sequence stars; see Sect. 4.2). Conversely, the large returned gas fraction of the stellar populations formed 
accordingg to the Scalo (1986) or Kroupa (et al. 1993) IMFs, will result in relatively high formation rates and total numbers «if 
(post-)) MS stars. However, such a steep IMF at low and intermediate masses probably can be excluded by the observations 
(seee Sect. 4.3). Note that in this manner, the total number and present-day formation rate of e.g. ACB stars observed in the 
Calacticc disk can provide valuable constraints to the past SFR and IMF of low- and intermediate mass stars. 
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Variationss with galactic age of the lower stellar mass limit at birth will be considered in Sect. 4.3.4 and are 
probablyy inconsistent with the observations. 

Inn general, when the time delay for the occurrence of a SNIa after the formation of its WD progenitor 
iss increased, the present-day SNIa rate for decreasing SFR models can be increased considerably. For model 
A,, Table 4.4 illustrates the sensitivity of the present-day and average past SNIa rate to: 1) the minimum 
SNIaa delay time Atmm after formation of a WD progenitor formed at a given galactic age T, and 2) the 
maximumm delay time A*max after formation of the same WD progenitor. In this manner, SNIa which are 
associatedd with one and the same generation of WDs formed at galactic age t = T, are allowed to go off 
withh a constant probability anywhere between galactic age T + A*min and T-\- A/.max (see Sect. 4.3.4 for the 
detailedd probability profile). 

Tablee 4.4 Dependence of SNIa rate on the WD progenitor lifetime (model A) 

Model l 

A A 
A-a a 
A-b b 
A-c c 
A-d d 
A-e e 
A-f f 
A-g g 
Observed d 

A t m i n n 

[Gyr] ] 
0. . 
1. . 
2.5 5 
4. . 
2.5 5 
2.5 5 
2.5 5 
5. . 

At" 1" " 
[Gyr] ] 
0. . 
6. . 
7.5 5 
9. . 
3.5 5 
5. . 
14. . 
14. . 

pS'NN la. 

[10-33 yr" 
0.74 4 
1.29 9 
1.73 3 
2.11 1 
1.12 2 
1.31 1 
2.65 5 
3.02 2 

{R*{R* mm*) *) 
]]] [ l<r 3yr- ' ] 

2.40 0 
2.07 7 
2.00 0 
1.71 1 
2.14 4 
2.11 1 
1.39 9 
1.22 2 

1 1 

t i i 

[io-2 2 

2.3 3 
4.1 1 
5.5 5 
6.7 7 
3.5 5 
4.1 1 
8.2 2 
9.5 5 

5 5 

Inn case of an exponentially decreasing SFR (model A), the present-day formation rate of SNIa can be 
increasedd from flfNIa =0.7 10 - 3 to 2.1 10 - 3 yr_ 1 for values of Atmin = 0 to 4 Gyr, respectively, for A£max = 
55 Gyr. Similarly, a value of Atmm = 2.5 Gyr (e.g. Smecker-Hane & Wyse 1992) and Afmax = 14 Gyr equal 
too the lifetime of the Galaxy results in ftfNla =2.7 10^3, which is a factor of ~4 larger compared to the case 
inn which the SNIa delay time is omitted. In this manner, the present-day rate of SNIa can be increased by 
largee factors (up to 10—15) depending on the star formation history and SNIa delay time profile assumed. 

Fromm this exercise we find that the present-day SNIa rate can be increased easily by a factor ~4 
forr exponentially decreasing SFRs by assuming longer SNIa delay times after WD formation (model A; 
thee corresponding decrease in the average past SNIa rate is ~50%). The ratio f, = #JNIa / #SNii+ib/c 
increasess by the same factor so that the delay of SNIa can provide good agreement with the observed ratio 
(°(°hh**  ~ 0.10 . Conversely, the observed ratio ([  would imply a typical SNIa delay time of ~5.5 Gyr for 
exponentiallyy decreasing SFRs (model A and parameters as in Table 3.3). We note that ^ increases as well 
whenn IMFs steeper than Salpeter are considered. When instead mi is increased from 0.01 to 0.1 M{:> for a 
givenn IMF, et remains unchanged since it is primarily sensitive to the shape of the IMF. 

Iff the IMF has been constant over the lifetime of the Galactic disk and there are no age-dependent 
quantitiess involved that substantially affect the relative frequency of SNIa and SNII+Ib/c, ^ is an indirect 
measuree of the average past to present SFR provided that SNIa are delayed over considerable fractions 
off the lifetime of the disk. In contrast, if the IMF has changed with galactic age (e.g. by means of an 
age-dependentt IMF slope, or lower stellar mass limit at birth) and/or other quantities which determine the 
relativee frequency of SNIa and SNII+Ib/c did vary with galactic age (e.g. minimum initial stellar mass for 
SNIa,, SNIa delay times, fraction of WDs that ultimately end as SNIa), the observed value of (y or the 
present-dayy rate of SNIa cannot be related simply to the past SFR and additional observational constraints 
aree needed. In particular, theoretical estimates for SNIa quantities such as mfNIa, #SNIa, and A/m m are 
closelyy related to each other and are extremely sensitive to possible variations in these quantities (or in the 
IMF)) with galactic age. We will discuss additional constraints on such quantities in Sect. 4.3.4. 

Conclusion n 

Wee summarize the main results obtained in this section as follows: 

•• we find that the present-day formation rates of MS stars, SNIb/c and SNII as predicted by our models 
(whichh are selected on the basis of their ability to fit the observed AMR of iron in the Galactic disk) 
aree in reasonable agreement with the observations except for bimodal SFR models; 
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•• the present-day formation rate of AGB stars is considerably overestimated in our models. This suggests 
t ha tt more than —30—50% of the stars that are nowadays in their final stages of evolution and have 
initiall masses between —0.82 and 8 M(:, do not reach the AGB at the end of their lives. We will 
considerr this discrepancy in more detail in Sect. 4.3.7; 

•• an increase of the SNIa ra te with galactic age is probably required to provide agreement with both the 
overalll level of the AMR and the present-day SNIa rate observed in the Galactic disk. This conclusion 
iss independent of the Galactic star formation history assumed; 

•• when the t ime delay for the occurrence of a SNIa after the formation of its WD progenitor is increased, 
thee present-day SNIa rate can be increased by a factor up to —4—5 for models in which the SFR 
decreasess exponentially (over the main part of the lifetime of the disk). For such SFR models, mean 
SNIaa t ime delays of 4—6 Gyr result in present-day SNIa rates which are consistent with the observations 
(dependingg on the assumed probability function for the occurrence of SNIa with WD age; see Sect. 
4.3.4). . 

4.3.33 Star formation, gas depletion, and infall rates 

Wee compare observational est imates of the star formation, gas depletion, and infall rates in the Galactic 
diskk with corresponding predictions for the models selected in Sect. 4.2. 

O b s e r v a t i o n s s 

Thee present-day SFR of 0 M 0 y r - 1 observed in the Galactic disk is derived mainly from tracers of 
thee formation of massive O and B stars in nearby molecular clouds (e.g. IR radiation, Ly continuum photons, 
COO emission, etc.) . These numbers are corrected for: 1) the formation of low-mass stars according to the 
locall IMF (see Chap . 2), and 2) the variation of the SFR as a function of location in the Galactic disk. 
Apar tt from the uncertainties involved in the conversion of the observed SFR tracers to formation rates of 
massivee stars, substant ial uncertainties may arise from the fact tha t part of the stars formed nowadays in 
thee Galactic disk is missed because of extinction effects and/or because low-mass stars are too faint to detect 
inn associations of massive OB stars. Extrapolat ion of the SFR. observed in the SNBH to the entire Galaxtic 
diskk {including spiral arms, bulge, radial variations of the gas density in the disk, etc) forms an additional 
sourcee of uncertainty. 

Iff we assume a total amount of molecular hydrogen in the Galactic disk within R — 15 kpc of MH2 ~2 .3 
1099 M(:) (Scoville & Sanders 1987) and further assume a mean lifetime of a star forming molecular cloud of—3 
1066 yr (e.g. Garmany et al. 1982; see Sect. 5.5.2), a present-day SFR of 3.6 M 0 y r - 1 would imply that only 
—0.55 % of the total disk molecular content is currently forming stars. Conversely, many of the uncertainties 
mentionedd above are contained in obervational estimates of the latter percentage. Therefore, poorly known 
quanti t iess such as the s tar formation efficiency and the star formation frequency of the molecular material 
inn the Galactic disk cannot be used to tightly constrain the present-day SFR in the disk. 

Wee consider 3.6 M(:} y r - 1 as a reasonable est imate for the present-day SFR in the Galactic disk within 
aa factor of —2. A min imum estimate for the present-day rate E\ of gas returned by evolved stars can be 
madee by assuming that the returned fraction for stars formed according to a given IMF and constant SFR is 
aa first order approximation to the mean returned fraction for such stars formed according to a variable SFR, 
averagedd over the lifetime of the Galactic disk. In case of exponentially decreasing SFRs, the present-day 
returnedd fraction is always larger than in the constant SFR approximation. For reasonable IMFs and SFRs, 
thee difference is usually less than 50%. In case of the Salpeter IMF with mi = 0.1 and m u = 60 M(.}, (Ft) -
0.300 this implies a present-day ejection rate by evolved stars of E\ k, 1.1 M w y r - 1 . Corresponding values for 
thee Scalo IMF are (Ft) —0.4 and E\ ^ 1.5 M(:, y r - 1 . Therefore, we estimate tha t the actual ejection rate of 
gass by evolved stars is E\ - 1.5 M 0 y r " 1 within a factor o f - 2 (this value scales with the present-day SFR). 
Inn this manner, we derive for the present-day gas consumption rate in the Galactic disk: G'[ = C\ - Ex — 2 
M,.ss y r - 1 (also within a factor of two). 

Est imatess for the present-day infall rate of gas onto the Galactic disk range from 0 .2 -0 .5 M(:> y r - 1 

basedd on high-velocity clouds (e.g. Mirabel 1989; Lépine k Duvert 1994) to —1.5 Mo yr" 1 based on 
observationss of a tomic hydrogen (Oort 1970). However, these numbers are rather uncertain since part of the 
materiall currently falling onto the disk may have been previously injected into the Galactic halo. This may 
occurr when multiple supernova explosions cause gas to expand out of the disk (e.g. the chimneys recently 
observedd in the Perseus arm, see Normandeau et al. 1996). After cooling down, the gas may fall back in 
thee disk gravitat ional potential and return to the disk ISM (see Sect. 5.5.3). Apart from infall, the disk 
mayy be replenished by gas accreted at large galaetocentric distances. We consider F\ — 0.5 M(0 y r - 1 as 
aa reasonable lower limit to the present-day infall rate onto the Galactic disk. We note that , although we 
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choosee not to reject models that do not incorporate gas infall after the onset of star formation in the disk, 
itt seems highly unlikely that the Galactic disk settled entirely before star formation started. 

M o d ell  a s s u m p t i o ns 

Present-dayy star formation, gas depletion, and infall rates were computed according to the equations given 
inn Sect. 3.1. Apart from the IM F and star formation history assumed, these rates are sensitive to the 
adoptedd set of theoretical metallicity dependent stellar lifetimes, yields, and remnant masses. In particular, 
thee adopted set of stellar evolution da ta predicts a turnoff mass of m0(tev) — 0.82 M<:> at a galactic age of 
ttevev — 14 Gyr (see Sect. 3.2). This value differs considerably from m 0 — 0.98 M(;) for stars born with solar 
metallicityy that has been used in many previous investigations. As we will discuss below, this difference has 
impor tantt implications for the gas depletion rate in the disk ISM. 

R e s u l ts s 

Tablee 4.5 lists the present-day star formation, gas ejection, depletion, and infall rates predicted by the models 
selectedd in Sect. 4.2. In addition, the current returned fraction R\ — E\ / O'j, depletion ratio F\ = E\ / 
G\,G\, and gas depletion t ime scale Tdepi = Mgiï / G\ are included. For all models, the present-day gas mass 
iss Mg ] i = 1.8 1010 M 0 according to the condition f.i\ = 0 . 1 . For model A, we considered the effect of the 
IMFF in more detail by means of (cf. Table 4.5): 1) an IMF computed iteratively from the PDMF given by 
Scaloo (1986; m o d el A l ) , 2) the IMF presented by Kroupa et al. (1994; see Sect. 4.3.1; m o d e l A2 ) , and 3) 
aa power law IMF with slope 7 = 2.7 (model A3). 

Tablee 4.5 Theoretical present-day star formation, gas depletion, and infall rates 

Model l 

A A 
Al l 
A2 2 
A3 3 
B B 
C C 
D D 
E E 
F F 

<m> > 
[M(:>] ] 
0.35 5 
0.85 5 
0.50 0 
0.24 4 
0.35 5 
0.35 5 
0.26 6 
0.35 5 
0.27 7 

c\ c\ 
[[  M 0 

4.8 8 
7.1 1 
4.9 9 
3.9 9 
5.6 6 
2.3 3 

11.3 3 
5.5 5 
3.9 9 

Ei Ei 
yr"1] ] 

2.2 2 
5.4 4 
2.7 7 
0.9 9 
2.4 4 
1.6 6 
2.4 4 
2.5 5 
1.5 5 

Gi i 
[[ M 0 

2.6 6 
1.7 7 
2.2 2 
3.0 0 
3.2 2 
0.7 7 
8.9 9 
3.0 0 
2.4 4 

F, , 
yr"1] ] 

--
--
--
--

0.51 1 
0.00 0 

--
0.57 7 

--

Ri Ri 

0.46 6 
0.76 6 
0.55 5 
0.23 3 
0.43 3 
0.74 4 
0.20 0 
0.45 5 
0.38 8 

Pi i 

0.84 4 
3.18 8 
1.23 3 
0.30 0 
0.78 8 
2.43 3 
0.26 6 
0.81 1 
0.63 3 

depl l 
'1 1 

[Gyr] ] 
6.9 9 

10.6 6 
8.2 2 
6.0 0 
5.8 8 

25.7 7 
2.0 0 
5.8 8 
7.5 5 

Notes s 

77 = 2.35 
Scaloo IMF 
Kroupaa IMF 
77 = 2.7 

Doublee exp. SFK 
Bimodall SFR 
Dopitaa SFR 

7(0 0 

Resultingg present-day SFRs range from —2 to 7 M 0 y r - 1 . This is more or less consistent with the observed 
value.. An exception is the bimodal SFR model D which predicts C\ = 11.3 M(;) y r - 1 . This is clearly 
inconsistentt with the observations and shows that bimodal SFR models with a constant SFR mode for 
low-masss stars, as well as constant SFR models, can be excluded on the basis of the observed SFR. 

Present-dayy ejection-rates predicted range from — 1 to 5.4 M(;) y r - 1 . The latter value for the Scalo IMF 
modell Al is probably too large compared to the observations. In general, IMFs with an averge stellar mass 
off (m) ^ 0.5 M0 are excluded by the observations since such models imply both high SFRs and relatively 
largee returned gas fractions (R\ i> 0.5) according to the theoretical stellar remnant masses adopted (see 
Sect.. 3.2). This usually leads to ejection rates that exceed the observationally estimated value considerably. 

Fig.. 4.38 illustrates the present-day normalised and cumulative mass-loss contributions by evolved 
starss for models A and D, respectively. It can be seen that the current rate of gas returned by evolved stars 
iss dominated by low-mass stars, i.e. with m ^ 1.5 M^, both for exponentially decreasing and bimodal (or 
constant)) SFR models. Due to the combined effect of the IM F and SFR, the highest total integrated mass-
losss rates originate from stars with masses roughly equal to the turnoff mass (m0(t) — 0.82 M ( ; )). However, 
assumingg a constant instead of an exponentially decreasing SFR for low-mass stars results in a shift of stars 
withh the largest integrated mass-loss rate from m —0.82 to — 1 M(.). 

Inn Fig. 4.39 we illustrate the effect of the IMF on the normalised and cumulative mass-loss rates 
inn case of SFR model A. For the Scalo IMF, the contribution by stars with masses between —1.5 and 4 
M ( )) is enhanced compared to Salpeter IMF models. The effect is limited, however, and does not alter the 
dominancee of stars less massive than —1.5 M(;) to the present-day total mass ejection rate of evolved stars . 
Forr comparison, the Kroupa IMF mass-loss rates fall off somewhat steeper towards more massive stars than 
inn case of the Salpeter IMF but are otherwise similar. 
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F igu r ee 4.38 Normalized and cumulative stellar mass-loss contributions vs. log m [MQ] for models A (top panels) 
andd D (bo t t om) at t = tev. 

Thesee results show tha t low-mass stars are very important in locking-up and recycling the disk ISM. 
Therefore,, the min imum turnoff mass of stars as determined by the lifetime tev of the Galactic disk since 
thee onset of star formation, sensitively affects the chemical evolution of the disk ISM. Stars with masses less 
thann m0(tev) have not. evolved off the main-sequence within tev and do not contribute to the replenishment 
off the disk. For tev = 14 Gyr and the set of stellar isochrones discussed in Sect. 3.'2, we find that ~ 8 0 % of 
thee mat te r currently returned by evolved stars is not enriched in elements heavier than nitrogen. Thus, the 
abundancess of such elements will be strongly diluted by the majority of the mass-losing stars in the Galactic 

Assumingg a lifetime of the Galactic disk of /,ev = 10 Gyr instead of 14 Gyr, would enhance ni0 from 
~(J.822 to —1.1 M,.; for solar metallieity stars. This would reduce the present-day total stellar ejection rate 
byy about. 30% (see Fig. 4.38) with substantial effects on both the enrichment and dilution of the disk ISM. 
AA similar shift in mQ may arise when distinct sets of stellar evolution da ta are used or when the metallieity 
att early epochs in the evolution of the Galactic disk differs strongly between different models (see Sect. 3.2). 
Wee emphasize that the dependence of m0(t) on initial stellar metallieity is a critical ingredient in galactic 
chemicall evolution studies, a point which lias not been realized in many previous investigations. 

Forr all models, the current gas consumption rates predicted are considerably less than the corresponding 
SFRs.. This is due to the fact that large amounts of material are returned by evolved stars which replenish 
thee ISM at high rates, especially for exponentially decaying SFRs. Depending on the SFR and IMF, gas 
consumptionn rates can be either larger or smaller than the present-day stellar ejection rates. In terms of gas 
consumptionn t ime scales, the disk ISM is consumed entirely within ~ 2 Gyr in case of bimodal and constant 
SFRR models withouth infall, to time scales comparable to the Hubble t ime (models A2 and ( ') . Both large 
returnedd gas fractions and SFRs strongly peaked at evolution times tev <14 Gyr (e.g. model (') can greatly 
enhancee the lifetime of the disk ISM against, gas depletion by long-living stars. 
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Figuree 4.39 Normalized and cumulative stellar mass-loss contributions vs. log m[Mc:)] for model A with the IMF 
computedd iteratively from the PDMF presented by Scalo (1986; t op panels) and with the Kroupa IMF (bo t tom) 
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Modelss B, C, and E predict present-day infall rates between 0 and ~0.6 MQ y r - 1 . In these models, the 
SFRR has been related directly to the gas infall rate by means of the gas density in the disk ISM while most 
off the total mass of the disk was assumed to fall in after the onset of star formation in the disk. In principle, 
forr a given star formation history, models with or without infall do not differ significantly in terms of gas 
consumptionn and chemical evolution as long as the SFR varies proportional to the gas infall rate. Such 
modelss do not predict present-day gas infall rates larger than F\ = 0 .5 -1 M Q y r - 1 . In constrast, much 
higherr values of F\ can be achieved when the coupling between the SFR and gas infall rate is relaxed. In that 
case,, however, both the SFR and infall rate should vary with galactic age in such a way that the observed 
present-dayy gas-to-total mass-ratio fi\ = 0 . 1 is explained. The latter condition would lead to star formation 
andd gas infall histories that are not motivated by theory or observations when star formation would not 
bee regulated directly by means of gas infall. Thus, if the present-day infall rate of F\ ~ 0.5 M,., y r " ' is 
consideredd as a reasonable lower limit (as is suggested by the observations), this would imply that : 1) the 
starr formation and gas infall rate vary in a similar manner with galactic age, and 2) the present-day gas 

infalll rate in the Galactic disk cannot be much larger than F\ ~ 0.5—1 M(: 00 yr 

C o n c l u s i o n n 

Wee summarize the main results obtained in this section as follows: 

•• bimodal or constant SFR models probably can be excluded by the present-day SFR observed in the 
Galacticc disk. However, we find that it is in general difficult to constrain evolution models for the 
Galacticc disk by means of the present-day star formation, gas consumption, and infall rates observed. 
Thiss is mainly due to the observational uncertainties in these quantities; 

•• low-mass stars are very important in recycling the disk ISM. For a Galactic lifetime since the onset of 
starr formation of tev = 14 Gyr, we find that ~80% of the mat ter currently returned by evolved stars 
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coniess from stars with m <>$  M,.,. Therefore, the abundances of elements heavier than nitrogen will 
hehe strongly diluted by the majority of the mass-losing stars in the Calactic disk; 

•• if gas infall is indeed important in the (ialactic disk a t a present-day rate of i>0.5 M(;) y r - 1 , as 
suggestedd by the observations, the variations of the SFR and gas infall/accretion rate with galactic 
agee probably have been similar; 

•• models for which both the SFR and gas infall (or accretion) rate on average decay exponentially with 
galacticc age are favoured by the observations. 

http://ia.la.ctic
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4.3.44 Element abundances in the Galactic disk and halo 

Inn this section, we present results for the abundance-abundance variations in the Galactic disk and halo as 
predictedd by the models selected in Sect. 4.2. Interstellar abundances of elements up to the iron peak elements 
Nii and Zn are computed using the model described in ( 'hap. 3 and are compared with the corresponding 
abundancess observed in stars in the local Galactic disk and halo. 

I n t r o d u c t i o n n 

Thee abundances of stars observed in the local Galactic disk and halo probably provide the most stringent test 
forr galactic chemical evolution models. In this section, we present the results of such a test for a preselected 
sett of models. For the same set of models, we consider a number of interesting options which may improve 
thee agreement with the observations. 

First,, we interpret our results in terms of the uncertainties involved with the stellar yields resulting from 
twoo state-of-the art models for nucleosynthesis in exploding massive stars, i.e. from the group of Nomoto, 
Hashimoto,, Thielemann et al. and from the group of Woosley and Weaver et al. Second, we investigate the 
effectt of the adopted star formation history and IMF on the resulting abundance-abundance variations in 
thee Galactic disk. In particular, the effects of an age-dependent IMF by means of e.g. variations in the lower 
andd upper mass limit of stars at birth are analysed. Both models with and without gas infall regulating 
thee SFR are considered while the effect of the abundances in the infalling gas on the abundance-abundance 
variationss is discussed. Third, we consider the effect of the maximum progenitor mass for SNII and its 
possiblee variation with age in combination with the fraction of massive stars that ultimately explodes as 
SNIb/c .. Fourth, the influence of the fraction of all WDs tha t ultimately explode as SNIa is investigated 
whilee the delay time between the formation and the ul t imate thermonuclear explosion of WDs as SNIa is 
takenn into account. 

Inn the following, we briefly describe the observational da ta used to constrain our models and we recall 
thee main model assumptions. Thereafter, we confront the resulting abundance-abundance variations with 
thee observations for the models selected in Sect. 4.2. We investigate what kind of models are able to explain 
adequatelyy the chemical evolution of the Galaxy as traced by the abundance-abundance variations observed 
amongg long-living stars and we discuss our results with respect to the validity of the various assumptions 
made.. In Sect. 4.4, we briefly compare the main results obtained in this section with some impor tant clues 
fromm other recent Galactic chemical evolution studies. 

O b s e r v a t i o n s s 

Thee da t a base of accurate abundances of stars observed in the Galactic disk and halo has been growing 
rapidlyy over the past few years. In Table 4.6 we list a subset of this database which has been used to 
comparee our model results with. In columns 1 to 5, we give subsequently the li terature source, number of 
samplee stars, main elements up to the iron peak for which abundances were determined, an indication of 
diskk (D) or halo (H) stars, and additional notes to the sample selection criteria. The da t a s e t in Table 4.6 is 
incompletee but is probably well suited to study the average trends in the abundance-abundance variations 
observedd among disk and halo stars in the Galaxy. We have chosen neither to make a distinction between the 
methodd that was used to determine the element abundances in each investigation, nor to make a distinction 
accordingg to accuracy, possible selection effects, stars in common, etc. This may be justified since this set of 
abundancee da ta is primarily used to constrain models for the chemical evolution of the Galaxy as a whole and 
wee draw attention to general trends rather than the abundances of individual stars observed. Furthermore, 
wee expect that , for most of the stars included in Table 4.6, stellar evolution and mass-loss have not affected 
thee initial abundances significantly. 

Forr stars in the Galactic disk, we predominantly rely on the accurate abundances of nearly 200 F-f G 
main-sequencee dwarfs in the SNBH as presented by Edvardsson et al. (1993) and by Andersson k Edvardsson 
(1994).. For halo stars, we rely on many different sources of which it is worth to mention the recent studies 
fromm Kipper et, al. (1996) of cool metal-poor carbon stars and from Cayrel (1996) who presented the mean 
abundancess of halo dwarfs at four distinct metallicities [Fe/H] = —4, —3.5, —3, and —2.4. We emphasize 
thatt the inhomogeneous set of da ta for halo stars used may give rise to substantial scatter in the abundance 
variationss even for stars in common between different investigations. Furthermore, it is important to note 
thatt while the abundances of disk stars are predominantly confined to long-living main-sequence dwarfs, the 
abundancess of halo stars are based on a wide variety of sources, including main-sequence stars, subgiants, 
andd giants. Apart from differences in age, both the masses and spectral types of the sample halo stars may 
bee much more inhomogeneous compared to that of the disk samples. 
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Tab l ee 4.6 Element abundances of stars in the Galactic disk and halo: literature sources 

Source e ## Elements* D/HH Notes 

Anderssonn fe Edvardsson j 

Ba rbuyy {1988) 
Ba rbuyy fe Erdelyi -Mendes 
Besselll et al. (1991) 

Cayy rel (1996) 
Cleggg et al. (1981) 
Edvardssonn et al. (1993) 
Fernleyy fe Barnes (1996) 
G r a t t o nn fe Sneden (1991) 
K ippe rr et al. (1996) 
Lairdd (1985) 

Magainn (1987a) 
Magainn (1987b) 
Maga inn (1989) 

Nissenn et al. (1994) 
Snedenn et al. (1991) 

Snedenn et al. (1996) 

1994) ) 

(1989) ) 

Tautva is ienéé fe Stra izys (1989) 
Tomkinn fe Lambe r t (1984) 
Tomkinn et al. (1992) 

85 5 
20 0 

24 4 
8 8 

4 4 
20 0 

189 9 

9 9 
19 9 

5 5 
120 0 

18 8 
7 7 

20 0 
9 9 

19 9 
37 7 

10 0 
14 4 
34 4 

C C 

C,, N, O, Fe 
O,, Fe 
O,, Fe 

C N O ,, Na, ct, Fe-peak 
G,, N, O, Fe 
O,, Na, rv, Fe 

O,, Ga, Fe 
Fe,, Ni 
G,, N, Na, a, Fe peak 

G,, N, Fe 
Mg,, Ga, Fe 
Si,, Fe 
Mg,, Ga, Ti , Fe 
O,, Mg, Ca, Ti , Gr, Fe 
Fe,, Gu, Zn 

Fe,, Zn 
Mg,, Ga, Ti , Fe 
G,, N, Fe 

G,, O, Fe 

D D 
H H 

D + H H 
H H 

H H 
D D 
D D 

D + H H 

D + H H 
H H 

D + H H 
H H 
H H 
H H 
H H 

D + H H 
D + H H 

H H 
D + H H 

H H 

FF + early G dwarfs 
haloo giants 
oldd + thick disk stars 
metal-poorr G dwarfs 
averagess of population III stars 
fieldd F+G main-sequence stars 
fieldfield F+G dwarfs 
brightt field RR Lyrae stars 
fieldd stars 
metal-poorr carbon stars 
fieldd dwarfs 

metal-poorr halo stars 
fieldd stars 
fieldd stars 
starss with [Fe/H] <>  -0 .8 used 
F+GG dwarfs 
dwarfss [Fe/H] = - 3 to -0 .8 

'Elementss up to the iron peak are listed only 

Tab lee 4.7 Observed abundances in the Galactic disk 

El l 

He e 
G G 
N N 

O O 
Ne e 
Mg g 
Al l 
Si Si 

s s 
Ga a 
Ti i 
Fe e 

Ni i 

Halo o 

[El /H] ] 

--
- 2 . 4 4 
- 3 . 0 0 
- 1 . 9 9 

--
- 2 . 2 2 
- 2 . 7 7 

- 2 . 1 1 

--
- 2 . 1 1 
- 2 . 1 1 
- 2 . 4 4 

- 2 . 4 4 

(Canopus s 
[El /H] ] 

0.01 1 
- 0 . 1 5 5 
- 0 . 3 7 7 

- 0 . 2 4 4 
- 0 . 0 9 9 
- 0 . 0 3 3 

0.20 0 

0.20 0 
0.09 9 
0.12 2 

0.20 0 
0.05 5 

- 0 . 0 2 2 

Hu u 
[El/H] ] 
- 0 . 0 1 1 

0.10 0 
- 0 . 0 1 1 

- 0 . 1 8 8 

0.06 6 
--
--
— — 

0.01 1 

--
--
--
--

Disk k 
[El/H] ] 

— — 
0.16 6 
0.41 1 
0.38 8 

— — 
0.47 7 

0.43 3 
0.33 3 

— — 
0.31 1 

— — 
0.41 1 

0.33 3 

Solar r 

A M M 

- 0 . 3 8 8 

- 2 . 6 3 3 
- 3 . 1 4 4 

- 1 . 9 8 8 
- 2 . 6 7 7 
- 3 . 0 3 3 
- 3 . 8 6 6 

- 2 . 9 2 2 
- 3 . 4 1 1 
- 4 . 2 8 8 

- 5 . 4 6 6 
- 2 . 7 2 2 
- 4 . 1 4 4 

Halo:: halo dwarf abundances at [Fe/H] = —2.4 
(Cayrell 1996). Canopus : abundances of the well 
studiedd supergiant Canopus (see Russell fe Do-
pitaa 1992; Hill et al. 1995). Hll: mean abun
dancess of Hu regions in Orion (Gies fe Lambert 
1992;; Gunha fe Lambert 1994). Disk: maximum 
abundancess observed in disk stars (Edvardsson et 
al.. 1993; Andersson fe Edvardsson 1994; see also 
Tablee 4.6). Solar: solar abundances AM by mass 
takenn from Anders fe Grevesse (1991). 

Anotherr way of comparison between observations and model results is to consider the mean abundances 
off s tars at a given Galact ic age for various elements simultaneously. Although this method is relatively 
neww and heavily depends on the extent to which the abundances of the objects considered reflect the mean 
abundancess in the Galact ic ISM at the t ime these objects were formed, we find it useful to examine the 
resultingg abundances at three specific ages in the Galaxy. For this purpose, we list in Table 4.7 the abundances 
byy mass relative to solar found in: 1) halo dwarfs at the time the mean iron abundance in the Galaxy was 
[Fe/H]] ~-2 .4 (Gayrel 1996), 2) the young, well-studied supergiant Canopus (e.g. Reynolds, Hearnshaw, and 
Cottrelll 1988; Hill et al. 1996; see also references in Russell & Dopita 1992), 3) Hll regions in the local 
Galact icc disk (Cunha fe, Lambert 1992, 1994), and 4) young disk stars for which we considered the maximum 
abundancess observed (e.g. Edvardsson et al. 1993; see Table 4.6). Solar abundances by mass are given in 
thé.. last column of Table 4.7. 
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Wee will restrict ourselves to a comparison of the model results with the data from halo dwarfs at 
thee galactic age that [Fe/H] ~ —2.4, at the time the Sun was formed ~4.5 Gyr ago, and at present in the 
(Jalacticc disk. When comparing the resulting abundances with the solar abundances one should keep in 
mindd that the abundances in the Sun are larger by ~0.2 dex compared to the mean abundances of elements, 
suchh as O, Mg, and Fe, observed in disk stars with ages of ~4 .5 Gyr (see Chap. 5). Whether this is true 
alsoo for elements such as C and N, as suggested by the abundances of Canopus but which is not supported 
byy the abundances observed in both Hll regions and B-stars in Orion (e.g. Gies & Lambert 1992; Cunha & 
Lambertt 1994), remains an open question. Table 4.7 shows that the highest abundances observed in disk 
starss are considerably larger than the abundances observed in Hll regions in the Galactic disk. This may 
bee due to: 1) the effect of orbital diffusion of the disk stars which are at least 2—.'5 (iyr old (Sect. 4.1), 2) 
sequentiall stellar enrichment of the most metal-rich disk stars, 3) dust depletion of heavy elements in Hll 
regionss (or possible errors in the Hll region abundances, see above), and /or 4) the possibility that the Hll 
regionn abundances do not reflect the mean present-day abundances in the disk ISM. Although we do not 
comparee our model da ta with the extreme abundances observed in metal-rich disk stars, it is important to 
keepp in mind these abundances when interpreting the results presented below. 

R e s u l t s s 

Wee subsequently investigate the impact of: 1) the stellar yields adopted, 2) the star formation history, 3) the 
IMF,, 4) the delay t ime of SNIa, and 5) the upper mass limit for SNII, on the resulting abundance-abundance 
variationss of stars in the Galactic disk and halo. 
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Figuree 4.40 Resulting abundance-abundance variations (O, Fe, Mg, and C): dependence on stellar yields. Results 
aree shown for the standard model (model A) with the Geneva/Nomoto (dashed curve) and the Woosley/Weaver 
stellarr yields (solid). For comparison, observational data from the various sources listed in Table 4.6 are plotted 
(filled(filled circles) while the data of disk F+G dwarfs from Edvardsson et al. (1993) and Andersson fe Edvardsson (1994) 
aree represented by (open circles). 
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•• Init ial results and dependence on stellar yields 

Inn Fig. 4.40 we show resulting abundance-abundance variations of the standard model (model A) in case 
off the Geneva /Nomoto ( G N ) and Woosley/Weaver ( W W ) yields with model parameters as listed in Table 
3.11 (except for the W W case for which we adopted F S N I a = 0.02 in order to fit the observed AMR of iron; 
seee Fig. 4.31). Although the predicted ranges in the abundances of Fe, O, Mg, and O are in reasonable 
agreementt with the observations for both sets of yields, the s tandard model is clearly inconsistent with the 
meann trends present in the observational da ta . The same is in general true for the abundance-abundance 
variationss shown in Fig. 4.41 which concentrate on variations of C and N with O and Fe. We note that the 
lowestt abundance point drawn for the models is determined by the age resolution of the models (in this case 
A/ c a ii = 2 107 yr) and the enrichment rate predicted at early epochs in the evolution of the Galaxy. 
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F igu r ee 4.41 Resulting abundance-abundance variations (C, N, (), and Fe): dependence on stellar yields. Same as 
Fig.. 4.40 but with emphasis on abundance variations of (' and N with Fe and O. 

Att a given value of [Fe/H], the s tandard model with the GN yields is found to predict [O/H] ratios that are 
~0 .66 dex below the observations for stars with [Fe /H]^ -0 .6 dex (cf. Fig. 4.40). This is characteristic of 

modelss selected which incorporate the GN yields. Increasing the upper mass limit for SNII fron ,SNII I 

== 30 to e.g. 60 Mo would not improve the situation since the increase in [O/H] would be accompanied by 
aa corresponding increase in [Fe/H]. In this case, the resulting [O/Fe] ratio would increase slightly while the 
resultingg AMR for iron would increase far above that observed, since the s tandard model with m™11 — 30 
MM . fits the AMR perfectly (see Fig. 4.30). To overcome this problem, the nucleosynthesis of iron should 
bebe reduced considerably (when m ^ N " is increased) to explain both the [O/H] and [O/Fe] abundance ratios 
observed.. Inspection of the iron contribution by SNla for the standard model with the GN yields reveals 
tha tt SNla do not contribute more than ~ 2 0 % to the present-day stellar ejection rate of iron (see below). 
Therefore,, a sufficient reduction of the synthesis of iron is not possible when 77)^N" is increased at the same 
t ime.. This implies that our models with the GN yields are unable to explain adequately the [O/Fe] ratios 
observedd in Galactic halo stars . However, the abundance ratios of other elements such as (.' and N can be 
explainedd reasonably well (see Fig 4.6). 
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Wee consider this argument also from another point of view. The mean [O/Fe] ratio observed in Galactic halo 
starss is ~0.6 dex at [Fe/H] — - 2 (see Fig. 4.40). This means that the oxygen-to-iron ratio by mass in such 
haloo stars is ~25 (with 10log (0/Fe)(., by mass is 0.8; cf. Table 4.7). Thus the IMF weighed oxygen-to-iron 
ratioo required to explain the observations is ~25. This is much larger than the values of AO/AFe ~16 given 
inn Table 3.15 for models which incorporate the GN yields (assuming m„NI1 = 30 M ( )). This remains true no 
matterr the value of mu <; 30 M(:) assumed and and is further independent of the (reasonable) IM F or initial 
stellarr metallicity assumed (cf. Table 3.15). Therefore, we conclude that our models incorporating the GN 
yieldss are unable to explain the [O/Fe] ratios observed in Galactic halo stars. This implies that the oxygen 
productionn by stars with metallicities Z ~ 0.001 is underestimated by a considerable amount in the yield 
modelss of Maeder (1992) and/or Nomoto et al. (1995). The reason for this may be related to uncertainties 
inn the initial mass vs. helium-core mass relation for massive stars (cf. Sect. 3.3.3). For models with the 
GNN yields, the discrepancy of ~0.6 dex between the predicted and observed [O/O] ratio for stars with [O/H] 
^^ —0.7 dex is due to this underestimate of oxygen as well. 

Wee investigate additional constraints implied by the element abundances observed at three distinct ages in 
thee evolution of the Galaxy. For ~20 elements up to the iron peak, Fig. 4.42 shows the difference between 
predictedd and observed abundance ratios [El/H] at the following epochs: 1) at the age that. [Fe/H] = —2.4 
iss reached in the models (i.e. ^10 Gyr ago), 2) ~4.5 Gyr ago corresponding with the age of the Sun, and 
3)) at present in the Galactic disk. The element abundances observed at these respective epochs are listed in 
Tablee 4.7 and have been briefly discussed above. 

Wee concentrate on the differences between the GN and WW models for the standard model. At low 
metallicitiess [Fe/H] = -2 .4 , the WW abundances are substantially larger than the GN abundances for all 
elementss shown except Al and Fe. This is primarily due to the large differences between the Fe yields for 
massivee stars as predicted by the GN and WW data (see Sect. 3.4). The IMF-weighed iron yields of SNII 
att Z <>  0.001 in the WW case are smaller by a factor of ~35 (1.5 dex) than in the GN case (assuming 
aa Salpeter IM F and m^NH = 30 M 0 ; see Table 3.11). Overall, in case of the standard model, the GN 
yieldss are somewhat better in agreement with the mean abundances of halo dwarfs observed although large 
discrepanciess (i> 0.5 dex) are present for elements such as O, Oa, and Ti. 

Att 4.5 Gyr ago, the standard model both with the GN and WW yields is in satisfactory agreement 
withh the solar abundances for most elements plotted in the bottom panels of Fig. 4.42, except for elements 
suchh as (Jo, Ni, and On. These elements are overproduced in the WW model. In contrast, Ou is severely 
underproducedd in the GN model (as is K). Thus, while the abundances at [Fe/H] = -2.4 predicted for the 
GNN and WW set of yields differ by huge factors, the corresponding abundances at [Fe/H] ~0 are rather 
similar.. This reflects the different metallicity dependence of the GN and WW yields as discussed above and 
inn Sect. 3.4. Present-day abundances predicted by the standard model with the GN and WW yields differ 
considerablyy e.g. for 0 , O, Oo, Ni, and Ou (see Tables 4.8 and 4.9). However, the overall trend is very similar 
andd elements for which the abundances disagree considerably with the present-day abundances observed in 
Oanopuss and Hi! regions in the SNBH are common for the two sets. 

Wee conclude that the GN and WW yields behave very similarly at roughly solar metallicities and above, 
whilee marked differences are present at metallicities below solar (see Sect. 3.4). Since the element abundances 
predictedd at given galactic age do strongly depend on the SFR and IM F adopted, a firm conclusion cannot 
bee drawn about whether the GN or WW yield set is favoured on the basis of the differences in abundances 
predictedd at [Fe/H] = -2 .4 alone. In contrast, from the abundance-abundance variations discussed above, 
modelss with the GN yields cannot be reconciled with e.g. the [O/Fe] and [O/O] ratios observed in Galactic 
haloo stars. This conclusion is independent of the SFR and IMF model used and is insensitive to the parameter 
valuess assumed (for reasonable ranges). Therefore, in the following we will restrict ourselves predominantly 
too models which incorporate the WW yields. 

•• Differences between the abundance-variations observed among halo and disk stars 

Wee examine in more detail the observational data in Figs. 4.40 and 4.41. It can be seen that marked 
differencess in the abundance-abundance variations are present between disk and halo stars which roughly 
cann be separated at values of [Fe/H] 1, [O/H] 0.6, and [O/H] 1. It is commonly accepted that 
thesee transition metallicities mark the epoch in the evolution of the Galaxy during which the major part of 
thee disk material accumulated. This era probably coincides with the onset of main star formation in the 
diskk ISM. The reason why the detection probability of stars with metallicities roughly equal to the transition 
metallicyy is relatively low, is probably related to the rapid contraction and settling of the disk ISM. Either 
starr formation at such metallicities has been suppressed or the kinematical properties of stars which formed 
duringg the transition phase are strikingly different, from that of the halo and disk stars included in the 
sampless listed in Table 4.6. 
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Figur ee 4.42 Comparison of predicted and observed abundances by mass at three distinct epochs of Galactic evolution. 
Lef tt  panels: results for the standard model with the Geneva/Nomoto (GN) yields. Right panel: same as left 
panell but for the Woosley/Weaver (WW) yields. From top to bot tom, resulting abundances are compared to the 
meann abundances of halo dwarfs with [Fe/H] = -2 .4 (Gayrei 199G; roughly 10 Gyr ago), the abundances in the Sun 
(Anderss fc Grevesse 1989; AG; ~4.5 Gyr ago), and the abundances observed in Ganopus (e.g. Hill et al. 1995) and 
Hlll legions in the SNBH (e.g. Cunha fc Lambert 1994; represented by triangles; present-day abundances). Error bars 
indicatee the uncertainty in the measured abundances (varying between 5 and 2 dex). For comparison, solar 
abundancess by number (10 log (El/H) +12; data from AG) are plotted in the bottom panel for elements included in 
thee computations. 

Thee possibility tha t the enrichment in the Galaxy proceeded at a relatively rapid rate at the transi
tionn phase would imply that the formation of massive stars during this phase was not accompanied by a 
correspondingg enhancement in the formation of low and intermediate mass stars (i.e. not many of such stars 
aree nowadays observed). This would point to a difference in the IM F of stars formed during the transition 
phasee as compared to the bulk of halo and disk stars that are nowadays observed. Selective enrichment of 
thee material out of which the main part of the disk formed may be an alternative explanation for the pos
siblee enhanced rate of enrichment during the transition phase. Observational selection effects against stars 
formedd during the transit ion phase and /o r systematic errors in the analysis also may provide an explanation 
forr the fact tha t stars with transition metallicities are underrepresented in the observational data currently 
available.. We will return to the origin of the transition in metallicities below. 
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Apartt from the different trends in the abundance-abundance variations among disk and halo stars, it-
cann be seen from Figs. 4.40 and 4.41 tha t the scatter in the abundances of halo stars is generally much larger 
thann for disk stars. The large spread observed among halo stars at a given value of [Fe/H] is probably in 
excesss of experimental errors since a substantial part of the scatter usually remains within each of the samples 
off halo stars listed in Table 4.6. The origin of these abundance variations is unknown but the scatter appears 
too be dominated by variations in [Fe/H]. The spread in e.g. [O/H] and [C/H] seems to be substantially less 
thann tha t in [Fe/H] (cf. Fig. 4.41). Abundance inhomogeneities in the halo ISM and /o r the effects of stellar 
orbitall diffusion may play an important role. Alternatively, the large abundance variations among halo stars 
inn the Galaxy may be associated with stellar populations accreted from nearby galaxies that merged with 
thee Galaxy at early epochs in its evolution. However, in either case it appears difficult to explain why the 
abundancee variations among halo stars appear larger in [Fe/H] than in [O/H] (or [O/H]). Therefore, it seems 
moree plausible that these abundance variations are due to small-scale enhancements in the iron enrichment 
off the halo ISM. This suggests tha t the large spread in iron abundances observed among halo stars in the 
Galaxyy is related to the nucleosynthesis by intermediate mass stars (m = 2 — 8 M(;)) which do not produce 
bothh iron and oxygen in substantial amounts at the same t ime. We propose that these abundance variations 
aree primarily due to the local enrichment of the halo ISM by SNIa. 

Sincee the progenitor stars of SNII in general are more massive than those of SNIa, SNIa progenitors 
mayy travel considerable distances from their birthplace in the Galactic disk before they ultimately explode. 
Thiss implies SNII ejecta to be returned in the vicinity of the progenitor birthplace while this probably is not 
truee for the ejecta of SNIa (primarily Fe). Furthermore, this implies that SNII generally go off in relatively 
high-densityy environments as compared to SNIa. This probably has important consequences for the mixing 
timee scales and mixing efficiencies of the SNII and SNIa ejecta. The distance which SNIa progenitors travel 
beforee they ultimately explode heavily depends on the progenitor mass as well as on the appropriate evolution 
scenarioo of the W D (e.g. single or double-WD degenerates; cf. Nomoto 1991; Renzini 1994). Part of the 
scatterr in the abundance-abundance variations observed among Galactic halo stars may be due to sporadic 
contaminationn by SNIa ejecta and /o r due to variations in e.g. the IMF, the upper mass limit for SNII, etc. 

Tablee 4.8 Present-day abundances for selected models (GN yields) 

Model l 

A A 
A l l 
A2 2 
A3 3 

B B 

c: : 
[ ) ) 

E E 
F F 

T a b l ee 4 

Model l 

A A 
A l l 
A2 2 
A3 3 
B B 
C C 
D D 
E E 
F F 

H H 

0.67 7 
0.61 1 
0.69 9 

0.74 4 
0.68 8 
0.66 6 
0.66 6 
0.67 7 
0.70 0 

He e 

0.30 0 
0.35 5 
0.29 9 

0.25 5 
0.30 0 
0.31 1 
0.31 1 
0.30 0 
0.28 8 

Z Z 

0.032 2 
0.044 4 
0.022 2 

0.008 8 
0.027 7 
0.031 1 
0.033 3 
0.028 8 
0.021 1 

[C/H] ] 

0.48 8 

0.69 9 
0.31 1 

- 0 . 1 4 4 
0.41 1 
0.48 8 
0.50 0 
0.44 4 
0.30 0 

99 Present-day abundances for 

H H 

0.66 6 
0.61 1 
0.69 9 
0.74 4 
0.67 7 

0.65 5 
0.66 6 
C.67 7 

0.69 9 

He e 

0.30 0 
0.34 4 
0.29 9 
0.25 5 

0.30 0 
0.31 1 
0.30 0 
0.30 0 
0.28 8 

Z Z 

0.035 5 
0.051 1 

0.024 4 
0.009 9 
0.030 0 
0.035 5 
0.037 7 
0.031 1 

0.023 3 

[C/H] ] 

0.19 9 
0.44 4 
0.13 3 

- 0 . 2 3 3 
0.09 9 

0.21 1 
0.21 1 
0.14 4 

0.13 3 

[N/H] ] 

0.41 1 

0.82 2 
0.35 5 

- 0 . 2 5 5 
0.35 5 
0.42 2 
0.45 5 
0.37 7 
0.24 4 

[O/H] ] 

0.09 9 
0.19 9 

- 0 . 1 3 3 
- 0 . 5 8 8 

0.01 1 
0.08 8 

0.12 2 
0.02 2 

- 0 . 1 2 2 

[Mg/H] ] 

0.33 3 
0.43 3 
0.15 5 

- 0 . 3 0 0 
0.25 5 
0.33 3 
0.36 6 
0.26 6 
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•• Dependence on star formation history 

Inn this section, we investigate the dependence of the abundance-abundance variations for various elements on 
thee Galactic star formation history. Figs. 4 .43-4 .45 show results for the abundance-abundance variations 
off 0 , N, O, Fe, Mg, Si, and Cu for the SFR models A - F selected in Sect. 4.2 (WW yields and model 
parameterss as listed in Table 3.3 except for flSNIa — 0.02). 
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First,, it, can be seen from Figs. 4 .43-4 .45 that the influence of the SFR on the resulting abundance-
abundancee variations is large, in particular for elements which are predominantly synthesized in massive 
s tarss (m ^ 8 M 0 ) . For abundance-variations of elements such as (,' and N, which partly originate from 
intermediatee mass s tars , the effects of the SFR are relatively small (see Fig. 4.44). Thus, in principle, the 
abundance-abundancee variations recorded by long-living stars in the Galaxy for elements such as 0 , Ne, Mg, 
Al,, and Si (which are mainly produced by massive stars; see Sect. 3.4) provide stringent constraints to the 
Galact icc star formation history. 

Second,, none of the SFR models plotted provides an adequate explanation of the detailed abundance-
abundancee variations observed among Galactic halo and disk stars. In particular, the different trends in these 
variat ionss when going from halo to disk stars (as discussed above) suggest that an important ingredient is 
missingg in the models which takes into account additional variations of the element productions with galactic 
age. . 

Thi rd ,, a l though large scatter is present in the abundance da ta for halo stars, we claim from the SFR 
modelss shown in Figs. 4.43-4.45 that Galactic star formation histories which incorporate gas infall, and 
showw a max imum in the SFR several Gyr later than the onset of star formation in the Galaxy, are clearly 
favouredd by these da ta . This is most clearly visible from the observed variations in [G/Fe], [Si/Fe] and 
[Ga/Fe]] with [Fe/H]. For monotonically decreasing SFRs (after a very rapid initial onset of star formation), 
variat ionss in [El/Fe] (e.g. El = G, O, Mg, Si, and Ga) with [Fe/H] (or [O/H]) continue to increase with 
decreasingg metallicity. Thus , such SFR models usually result in [El/Fe] ratios which exceed the observations 

- 33 - 2 - 1 0 1 - 3 - 2 - 1 0 1 

[Fe/H]] [0/H] 

F igu r ee 4.43 Resulting abundance-abundance variations (O, Fe, Mg, and C): dependence on star formation history. 
Resultss are shown for models A - F selected in Sect. 4.2 with the WW yields. Model parameters are as listed in Table 
3.33 except for F b N I a = 0.02. Results are shown for the following SFRs: 1) density dependent SFR with n= l without 
infalll (thick dashed curve; model A) and with infall (solid; model B), 2) double exponential SFR with infall (thick 
dotted;dotted; model C), 3) bimodal SFR without infall (dashed, model D), 4) Dopita SFR with infall (thick sold, model 
E),, and 5) density dependent SFR (n= l ) with SFR-dependent, IMF slope {dash-dotted, model F). For comparison, 
observationall data from the various sources listed in Table 4.6 are plotted (filled circles) while the data of disk F+G 
dwarfss from Edvardsson et, al. (1993) and Andersson & Edvardsson (1994) are represented by (open circles). 
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Figuree 4.44 Resulting abundance-abundance variations (C, N, O, and Fe): dependence on star formation history. 
Curvess and symbols have the same meaning as in Fig. 4.43. 
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Figuree 4.45 Resulting abundance-abundance variations (Si and Cu): dependence on star formation history. Curves 
andd symbols have the same meaning as in Fig. 4.43. 
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byy substant ia l factors. In contrast, models for which the SFR gradually increases to a given maximum and 
thereafterr decreases exponentially predict [El/Fe] to increase with [Fe/H] up to a given value and to decrease 
thereafter.. A natural manner to explain such a behaviour of the SFR with galactic age, is to allow the disk 
ISMM  to build up gradually over several Gyr by means of gas infall and /or accretion of material combined 
withh a density dependent SFR law with n <; 1. 

Inn principle, the predicted variations of [El/Fe] with [Fe/H] for elements such as O, Mg, Si. and 
( 'a,, mimic the behaviour of the underlying SFR with galactic age. From the observed variations of e.g. 
[Mg/Fe]] and [Ca/Fe] with [Fe/H], we argue that models for which the Galactic SFR increases over several 
Gyrr up to a given max imum and thereafter decreases exponentially are favoured by the observations. The 
agreementt of such models with the observed abundance-abundance variations depends on the contraction 
t imee of the disk ISM before the maximum SFR in the disk ISM  is reached. In case of an instantaneous onset 
off s tar formation and thereafter rnonotonically decreasing SFR. the agreement with the observations could 
bee improved considerably by assuming an upper mass limit of stars at birth at early epochs in the evolution 
off the Galaxy tha t is considerably smaller than at present. We will discuss these possibilities below. 

Tabless 4.8 and 4.9 demonstra te the effect of the adopted SFR on the resulting present-day abundances 
forr the models selected in Sect. 4.2. In columns 2 - 4 , present-day mass fractions of H, He, and Z (i.e. the 
meta l -abundancee integrated over all elements heavier than helium) are given. Golumns 5 -10 list the element 
abundancee ratios [El/H] by mass (relative to solar) for C, N, O, Mg, Si, and Fe. We give the abundances 
predictedd for the SFR models A - F selected in Sect. 4.2 as well as for the s tandard model with different 
IMFss (models Al—A3; see below). 
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Figure;;  4.4G SFR models: effect of star formation history. Top panels : SFR histories assumed and resulting AMRs. 
B o t t o mm pane l s : corresponding [Mg/Fe] and [O/Fe] vs. [Fe/H] relations. Curves have the following meaning: burst 
SFRR model with exponentially decreasing infall (solid curve; r,nf = 0.5 Gyr; see text), double exponential SFR with 
infalll (dotted; model (I; r,nf = 0.5 Gyr; see Sect. 4.2), and Dopita SFR model with infall (dash-dot; model E; r,t,f = 
.'ii Gyr; see Sect. 4.2). Observational data as in Fig. 1.40 (symbols). 
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Figuree 4.47 SFR models: effect of Galactic age tburst at which initial burst occurs. Top panels: SFR histories 
assumedd and resulting AMRs. Bo t t om panels : corresponding [Mg/Fe] and [O/Fe] vs. [Fe/H] relations. Curves have 
thee following meaning: tburst = 1 Gyr (solid curve), 3 Gyr (dashed), and 5 Gyr (dotted). For all models, exponentially 
decreasingg gas infall was assumed (t\nf = 0.5 Gyr and S0 = 0.1). Observational data as in Fig. 4.40 (symbols). 

•• Dependence on burst profile and burst SFR threshold 

Too investigate the effect of the initial burst of the SFR on the abundance-abundance variations we consider 
aa different class of models in which the SFR is forced to follow a given burst profile. The burst profile 
assumedd consists of two parts (see Fig. 4.46): 1) a Gaussian half for the rising part of the burst (with width 
Cburst),, and 2) an exponential decaying half for the decreasing part of the burst (with decay time scale r m I ) . 
Thiss type of SFR profile is chosen for convenient parametrizat ion of the burst profile in terms of (Tbul.st and 
r ]n f .. We note that the results presented below do not depend on the detailed description of the burst. In 
addition,, we assume gas infall to decay exponentially on a t ime scale r]nf as well. Since infall is assumed 
too take place from Galactic age t = 0 on, the initial burst of the SFR is delayed with respect to the onset 
off infall. The physical idea behind such a delay is that first a critical gas density must be reached in the 
diskk ISM before star formation can be initiated at very high rates. When star formation triggers more star 
formation,, a rapid burst occurs which is determined exclusively by the threshold gas density at which the 
chainn of star formation is initiated. Thereafter, the SFR decays exponentially on a similar time scale as 
thee gas infall/accretion rate. Note that this concept is different from the one in which star formation is 
determinedd by the gas density in the disk ISM. Although the idea of a star formation threshold has been 
knownn for a long time (see Chap. 2), we believe that the concept of a delayed SFR by means of a burst 
thresholdd is new and has not been studied in detail before. 

Fig.. 4.46 shows the threshold burst SFR model and the resulting AMR as well as the resulting 
[Mg/Fe]] and [O/Fe] variations with [Fe/Hj. Comparison with the double exponential and the Dopita SFR 
modelss (selected in Sect. 4.2) suggests that , basically, threshold burst SFR. models may provide an equally 
adequatee explanation for the abundance-abundance variations observed among Galactic halo and disk stars, 
inn particular for [Mg/Fe]. The discrepancies seen for the variation of [O/Fe] with [Fe/H] do occur for all 
SFRR models selected in Sect. 4.2 (computed with the W W yields) and must be associated with processes 
otherr than the SFR. Note that the present-day abundances ratios predicted by these models are all the same 
andd only depend on the current gas fraction u\ = 0.1 assumed. 



132 2 4.34.3 Modelling the chemical evolution of the (lalactic disk: results 

Motivatedd by the above results, we investigate both the effects of: 1) the Galactic age <i-,urst at which 
thee main SFR burst occurs, and 2) the burst duration <rburst (during which the halo presumably collapses 
andd the major part of disk is formed). 

Fig.. 4.47 illustrates the effect of / b u r s t on the AMR and the variations of [Mg/Fe] and [O/Fe] with 
[Fe/H].. Burst ages t\:,urst <Sl.5 Gyr are probably inconsistent with the observations. However, different parts 
off the ( ialaxy may have collapsed at later times. Although large scatter is present in the abundance data 
off Galactic halo stars, the trend predicted in the variation of [Mg/Fe] with [Fe/H] suggest that the main 
episodee of star formation occurred within 1—2 Gyr after the onset of star formation in the (ialaxy. Fig. 4.48 
showss the effect of burst duration (or collapse time) on the same quantities as discussed before. When the 
burstt durat ion is increased from <7bur.st = 0.25 to ^ 0.5 Gyr, the period of time during which enrichment of 
thee ISM is balanced by infall of metal-deficient mat te r is increased compared to tha t for rapidly increasing 
SFRR models. This leads to a reduction of the effect of the burst on the abundances of stars with [Fe/H]<i —1. 
Thiss suggests tha t the abundance-abundance variations for these stars do favour relatively short collapse 
timess < 1 (iyr during which the SFR rapidly increases. However, other explanations of these abundance data 
mayy apply equally well and careful interpretation is necessary. 
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F igu r ee 4.48 SFR models: effect, of burst duration <Tbur3t. Top panels: SFR histories assumed and resulting AMRs. 
B o t t o mm panels : corresponding [Mg/Fe] and [O/Fe] vs. [Fe/H] relations. Curves have the following meaning: <rhl,rst 
== 0.2.r) Gyr (solid curve, /burst = 1 Gyr), 1 Gyr (dashed; r.hurst = 3 Gyr), and 1.75 Gyr (dotted; fburst = 5 Gyr). For 
alll models, exponentially decreasing gas infall was assumed (tmf = 0.5 Gyr and So = O.t). Observational data as in 
Fig.. 4.40 (symbols). 

Wee conclude tha t models in which the SFR increases up to a given maximum during several Gyr and 
thereafterr decreases exponentially are favoured by the abundance-abundance variations observed among halo 
andd disk stars in the (ialaxy. Such a behaviour of the SFR with galactic age is naturally explained by a 
rapidd (or gradual) accumulat ion of the disk ISM by gas infall (and/or gas accretion), in combination with 
starr formation regulated predominantly by the gas density in the Galactic ISM. As a consequence, gas infall 
ontoo the Galactic disk seems to be required to explain the observed abundance-abundance variations. In 
thee following, we investigate whether this conclusion is altered by the effects on the resulting abundance-
abundancee variations of: 1) the stellar IMF, and 2) the enrichment contributions by SNIaand SNII - fSNIb/c 
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•• Dependence on the IMF 

Fig.. 4.49 shows the effect of the IMF on the stellar abundance-abundance variations for the Dopita SFR 
(modell E). Since the formation of lovv-rnass stars (m ^ 1 M,.,) in the Scalo and Kroupa IMF models is 
substantiallyy less than for the Salpeter IMF, the enrichment of predominantly intermediate mass stars is 
considerablyy enhanced in the former models. This leads to a reduction in the [O/Fe] and [Mg/Fe] ratios 
comparedd to the Salpeter IMF model. In the same manner, the production of ( ' and N is enhanced in the 
Scaloo and IMF models compared to Salpeter. At low metallicities, these effects are less severe in case of the 
Kroupaa IMF for which the IMF slope at low masses is -y ~ 1.5 which is relatively steep compared to the Scalo 
IMFF (see Sect. 4.3.1). The agreement with the observations for O and the a—elements is improved when 
IMFss are considered which flatten towards low-mass stars as compared to the Salpeter IMF. In contrast, 
elementss such as C and N are overproduced by intermediate mass stars in case of such flat IMFs. The latter 
discrepancyy is severe and argues against such strong flattening of the IMF towards low-mass stars. Alter
natively,, the carbon and nitrogen yields of stars with metallicities Z ^ 0.001 may be substantially in error 
(seee below). In general, different IMFs result in a shift of the predicted abundance-abundance variations 
whilee the shape of these variations is predominantly determined by the underlying star formation (and infall) 
history. . 
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Figuree 4.49 Effect of IMF on stellar abundance-abundance variations. Results are shown for the Dopita SFR (model 
E)) with: 1) the Salpeter IMF (solid cui-ve), 2) the Kroupa IMF (dotted), and 3) the IMF computed iteratively from 
thee Scalo PDMF (dashed). Observational data as in Fig. 4.40 (symbols). 

Forr the models shown in Fig. 4.49, we have introduced a SNIa delay time between the formation and the 
ul t imatee explosion of the WD (see Sect. 4.2) for reasons discussed below. This by no means affects the 
conclusionss concerning the effect of the IMF on the resulting abundance-abundance variations. We do not 
considerr this delay of SNIa when discussing the effects of the lower (LML) and upper (UML) stellar mass 
limitss at birth on the abundance-abundance variations as shown in Figs. 4.50 and 4.51. 
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F igu r ee 4.50 Effect of stellar lower mass limit at birth (LML) on stellar abundance-abundance variations. Results are 
shownn for the Dopita SFR (model E) with: 1) a constant LML of mi =0.1 M 0 ((solid curve), and 2) a SFR-dependent 
LMLL varying between mi = 1 Mg at high SFRs and ~0.2 MQ at low SFRs (see Sect. 4.2). Observational data as 
inn Fig. 4.40 (symbols). 

Whenn the LML is assumed to increase with the SFR, the formation of intermediate and massive stars 
iss favoured at high rates of star formation. This leads to a relatively large production of elements such as 
O,, Mg, and Si which are synthesized predominantly in massive stars during the burst. Consequently, the 
resultingg present-day abundances of most elements for such models are much in excess of the observations (cf. 
Fig.. 4.50; note tha t when the SFR ceases, the resulting abundance-ratios approach the values for constant 
LMLL models). This confirms our earlier finding that there is no observational support for large variations of 
thee LML over the lifetime of the Galaxy (see Sect. 4.3.1). The formation probability of massive stars at early 
epochss in the evolution of the (ialaxy may have been higher than at present as suggested by observations 
inn external disk galaxies (Chap. 2). If the formation of low-mass stars has been suppressed in the (ialaxy 
ass well, such episodes of enhanced massive star formation must have been short compared to the lifetime of 
thee ( ialaxy since this otherwise will lead to abundance ratios of e.g. [O/H] and [Fe/H],>l (cf. Fig. 4.50). 
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F igu ree 4.51 Effect of stellar upper mass limit at birth (UML) on stellar abundance-abundance variations. Results 
aree shown for the Dopita SFR (model E) with: 1) a constant UML of mu = 60 M 0 ((solid curve), and 2) a 
SFR-dependentt UML varying between mu = GO M© at high SFRs and ~20 M,., at low SFRs (dotted curve; see Sect. 
4.2).. Observational data as in Fig. 4.40 (symbols). 

Ann alternative manner to explain enhanced massive star formation is by means of an increase in the 
UMLL at high SFRs. In this case, the formation rate of low-mass stars continues while the format-ion rate of 
massivee stars is increased during the burst. Fig. 4.51 shows the resulting abundance-abundance variations 
forr a model for which the UML increases with the SFR. In this case, the effect on the stellar abundance-
abundancee variations is determined by the abundance-ratios in the material returned by the most massive 
starss formed (as compared to the same ratios in the ejecta of intermediate mass stars). For the WW yields, 
thiss gives rise to a decrease of the [O/Fe] and [O/Fe] ratios at low metallicities during the burst (see also 
Fig.. 3.10). The impact of an increase of the UML with the SFR on the abundance-abundance variations 
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iss different from that of raising the LML as distinct mass ranges of stars become relatively important in 
enrichingg the ISM. An increase in the UML with the SFR is not supported by the abundance-abundance 
variationss observed in the Galaxy. Other variations of the stellar mass boundaries at birth with galactic age 
aree beyond the scope of this investigation. However, such variations may alter the results obtained here. 

Wee conclude that IMFs which flatten towards low-mass stars (as compared to the Salpeter IMF) predict 
( '' (and N; see Tables 4.8 and 4.9) abundances which are much too high compared to the observations. Thus, 
suchh IMFs are difficult to reconcile with the abundances observed among Galactic disk and halo stars unless 
thee formation rate of intermediate mass AGB stars is suppressed at the same time. Small changes in the 
IMFslopee (e.g. between 7 = 2.1 and 2.35) with Galactic age may have occurred but a present-day slope 
steeperr than 7 = 2.35 is inconsistent, with the abundance ratios observed among Galactic disk stars. Weak 
supportt is found for enhanced massive star formation by means of a modest increase of the LML when the 
SFRR was high during early epochs in the evolution of the (ialaxy. However, minimum stellar mass limits nr, 
^^ Ü.2 My cannot have lasted long in the evolution of the (ialaxy. Models for which the UML increases with 
thee SFR are not supported by the observations (unless simultaneous variations in e.g. the LML did occur). 
Wee note that part of the spread in the abundances observed in halo stars may be due to rapid, small-scale 
variationss of the IMF, ni\, and /or m u in the Galactic halo. 

•• Dependence on the enrichment by SNIa 

Wee investigate the influence of the contribution of SNIa to the enrichment of the ISM in the (ialaxy. Since 
thee main element synthesized in SNIa explosions is iron (see Sect. 3.3), SNIa predominantly affect the iron 
enrichmentt in the Galaxy. In principle, the element contribution by SNIa at galactic age / depends on: 1) the 
pastt formation rate of SNIa progenitors, and 2) the characteristic delay t ime AtSNUl between the formation 
off a SNIa progenitor and its ul t imate explosion as SNIa. Apart from the adopted SFR and IMF, the past 

,SNIa a 2.55 M, ,SNIa a formationn rate of SNIa progenitors is determined by the initial mass range [? 
My]] of stars which leave a WD massive enough to explode as SNIa, and by the fraction fSNIa ~(J.(J05 of 
thesee WDs that ultimately ends as SNIa (see Sect. 4.2; Table 3.3). The dependence of the iron contribution 
byy SNIa on the assumed values of mfNIa and F S N I a has been discussed in Sect. 4.2. The SNIa delay time 
A<S N I aa is determined by: 1) the lifetime r(m, Zt) of the progenitor star leaving a WD, and 2) the time AtWD 

betweenn the formation of this WD and its actual explosion as SNIa: 

A<S N I aa = r ( m , Z J + A i W D 
(4.27) ) 

Forr SNIa progenitors with initial masses ^ 2.5 M 0 , the SNIa delay time is dominated by the delay AtWI) 

betweenn the WD formation and the actual SNIa explosion (see Sects. 3.3 and 4.2) so that for such stars 
A^ S N I aa ~ A < W D - We here consider the impact of the SNIa delay time A/.SNIa on the stellar abundc 
abundancee variations. 

auunciance--

Dclay y 

F i g u r ee 4 .52 Schematic outline of the WD 
delayy time distribution function for a given 
WDD born at galactic age t. Several ex
ampless of distribution functions are shown: 
1)) exponentially increasing and thereafter 
constantt [dashed curve), and 2) exponen
tiallyy increasing, constant, and thereafter 
exponentiallyy decreasing (solid and dotted 
curves).curves). For clarity, the maximum WD de
layy time probability has been assigned to 
onee in this figure. In our models, the prob
abilityy function is normalised to the inte
grall of the distribution function over WD 
age. . 

Thee WD delay time At depends on many details, such as the assumed evolution scenario of the WD 
ultimatelyy exploding as SNIa (see Sect. 3.3) which, in fact, are unknown. In principle. A / w [ ) may vary 
stronglyy for WDs similar in mass or which belong to the same stellar generation. Observational estimates 
forr the WD delay time range from zero to a Hubble time. Theoretical estimates for A / S N I a are in the range 
0.06—88 Gyr (e.g. Smecker-Hane & Wyse 1992; Renzini 1994). For a SNIa progenitor of 2.5 M,;j ( r ~ 0.8) 
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thee upper value would imply (A* W D Z 7 Gyr) . Before discussing the implementation of the WD delay time 
inn our models, we briefly address several related observations concerning the occurrence of SNIa. 

Inn principle, the characteristic SNIa delay t ime may be determined by the turning point in the [O/Fe] 
vs.. [Fe/H] relation at roughly [Fe/H] 1 (e.g. Bravo et al. 1993; King 1995; Ishimaru k Arimoto 1995). 
However,, such est imates heavily depend on: 1) the assumed lifetime of the Galaxy at the onset of star 
formation,, and 2) the variation and magni tude of the iron enrichment rate up to ages at which [Fe/H]~-1 is 
reachedd in the Galactic ISM. In turn , the iron enrichment ra te is determined by many uncertain quantities 
suchh as the history and magni tude of the SFR, IMF, stellar mass limits at birth, gas infall rate, and the 
metallicityy dependent iron yields and contributions by SNII and SNIb/c (as well as SNIa) during the early 
evolutionn of the Galaxy. Therefore, such est imates involve many assumptions and may give rather uncertain 
results.. We here choose not to rely on the SNIa delay times derived in this manner . 

Thee relatively high frequency of SNIa in late type spiral galaxies (van den Bergh 1991) suggests that 
eitherr not all SNIa have old progenitors or tha t these rates are related to the high past SFRs in these sysems. 
Deliaa Valle k Livio (1994) find that the SNIa rate (per unit K luminosity of the parent galaxy) is ~ ! ) - 10 
t imess larger in late spirals than in ellipticals. Bartunov & Tsvetkov (1996) claim that the SNIa rates in 
spirall galaxies are higher in the neighbourhood of the spiral arms. These observations suggest that part of 
thee SNIa is associated with a relatively young stellar population for which the WD delay time is probably 
lesss or comparable to the lifetime of the SNIa progenitor. 

Thee expansion velocities of SNIa are found to correlate strongly with Hubble type of the parent galaxy 
inn the sense tha t low expansion velocities of SNIa are observed only in early type galaxies (van den Bergh 1993; 
hereafterr vdB93). This suggests tha t the SNIa expansion velocity is related to the age of the SNIa. It has 
beenn found tha t the rates of SNIa with large expansion velocities appear enhanced in post-starburst galaxies 
(vdB93).. This leads to the hypothesis that SNIa with low expansion velocities belong to relatively old stellar 
populat ionss while those with high expansion velocities may be associated with young stellar populations 
(Branchh k van den Bergh 1993). In the lat ter case, the WD delay times are probably comparable to or 
smallerr than the main-sequence lifetimes of relatively massive SNIa progenitors. In the former case, either 
thee W D delay t imes are very small (for SNIa progenitor masses m <, 1 Mc:>) or the WD delay times are 
substant ia ll with A / W D — 1 — 10 Gyr (for SNIa progenitor masses m Z 1 M 0 ) . SNIa progenitors with masses 
mm <>  I Mc.j presumably leave WDs which are not massive enough to end as SNIa and, consequently, would 
requiree substant ial amounts of mat ter to be accreted after the formation of the WD (e.g. from the companion 
s ta r ) .. Although we cannot exclude this possibility, it seems unlikely tha t such WDs do explode as SNIa 
withinn a Hubble t ime. Therefore, we propose that WD delay times up to ~ 10 Gyr are required to explain 
att least, part of the SNIa observed in early type galaxies. 

Onn average, SNIa are brighter at max imum in late-type (spiral and irregular) galaxies than in early-type 
(lenticularss and elliptical galaxies). In combination with the slower decay of brighter SNIa, this suggests 
aa broader dispersion in the ages of SNIa progenitors in late-type compared to early-type galaxies (Ruiz-
Lapentee et al. 1996) and may imply that , on average, younger (and perhaps more massive) SNIa progenitors 
aree present in late-type galaxies. This is consistent with the observations of SNIa discussed above. Thus, 
noo single class of progenitors of SNIa emerges when a variety of observational characteristics are considered 
(Livioo et al. 1995) 

Itt has been argued tha t the double WD (DD) scenario for SNIa may be relatively important in early-
typee galaxies, i.e. for old stellar populations (Ruiz-Lapente et al. 1996). In this case, the Chandrasekhar 
masss (~ 1.38 M 0 ) is reached at the t ime that the WDs coalesce and explode as SNIa. The DD SNIa time 
scalee (or WD coalescence time) is primarily determined by the orbital shrinking due to the loss of angular 
momen tumm by gravitat ional wave radiat ion. In contrast , the single WD (SD) scenario for SNIa may be the 
dominantt SNIa mechanism in late-type galaxies. In this case, the W D mass can be sub-Chandrasekhar and 
aa wider range in W D masses exploding as SNIa is expected. This would be consistent both with the brighter 
SNIaa and larger expansion velocities of SNIa in late-type galaxies discussed above. The SD SNIa time scale 
iss determined by the lifetime of the secondary (for single degenerate binary systems with a primary mass <̂  
88 M 0 ) . In late-type galaxies, the spread in SNIa time scales and the continuous process of star formation 
probablyy causes a wide range both in the ages and masses of the exploding WDs (Ruiz-Lapente et al. 1996). 

Motivatedd by the above observational and theoretical indications of WD delay times as large as / W I ) 

ZZ 1U Gyr, we investigate the eifect of such delays on the enrichment by SNIa. For this purpose, we assume 
ann ad hoc probabili ty distribution of the delay time for a given WD (hereafter briefly SNIa profile) as shown 
inn Fig. 4.52. For simplicity, the SNIa profile is assumed to be constant, i.e. independent of the WD mass, 
initiall metallicity of the WD progenitor, or galactic age. Furthermore, we assume that the SNIa profile can 
bee characterized by a min imum and maximum WD delay time denoted by t™V and t™J?x, respectively. In 
thee following, we will restrict ourselves to a SNIa profile as illustrated in Fig. 4.52 (dotted curve). For such 
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Figuree 4.53 Effect, of SNIa delay time on [O/Fe] and [Mg/Fe] vs. [Fe/H] abundance ratios. Top panels: Results 
aree shown for the Dopita SFR (model E) with minimum and maximum WD delay times as follows: (tmj„, tmJx) = 
(0,, 0; dashed curve), (1, 1.1; dotted), and (3, 3.1; solid). Bo t t om panels : as for top panels but with [t^°, t™®x) = 
(3,, 3.1; solid curve) and (3, 14; dotted). A SNIa fraction F"^ a = 0.01 was assumed. Observational data as in Fig. 
4.400 (symbols). 

SNIaa profiles, WD delay times between <JJ^ and t^l occur with equal probability while the probability of 
WDD delay times outside this range is effectively zero. In Sect. 4.3.2, we considered already the influence of 
thee choices of iJnini Cax o n the- present-day SNIa rate. It was found that for values of t^® «J 3 — 5 Gyr, 
thee present-day SNIa rate can be increased by factors up to ~4—5 for SFRs exponentially decreasing with age. 

Fig.. 4.53 shows the impact of the WD delay time on the contribution by SNIa to the ISM enrichment 
inn case of the Dopita SFR (model E) with FSNIa = 0.01 (WW yields and remaining model parameters as 
inn Table 3.3). Clearly, the predicted abundance-abundance variations are inconsistent with the observations 
whenn no WD delay times are considered (cf. Fig. 4.53). This is true for all SFR models selected in Sect. 
4.2.. It can be seen that the shapes of the [O/Fe] and [Mg/Fe] ratios for stars with [Fe/H]< —1 become 
moree consistent with the observations for larger WD delay times. We find that optimal agreement with the 
observedd shapes is reached for values of t™® = 3 — 5 Gyr. It is important to realize that such WD delay 
times,, instead of implying real delays between the SNIa occurrence and the formation of its WD progenitor, 
mayy point to the possibility that the majority of SNIa are not progenitors with initial masses in the range 
betweenn ~2.5 and 8 M,:, but instead originate from stars with much lower masses, e.g. between ~1 .5 and 
2.55 M<:, (see Sect. 4.2). 

Wee note that the resulting abundance-abundance variations are sensitive as well to the magnitudes and 
variationss of the SFR and IMF of intermediate mass stars (in ~ 1 — 8 M:,) at early epochs in the evolution 
off the Galaxy. Apart from the value of iJJiiri, * ,ne detailed SNIa profile assumed is relatively unimpor tant for 
thee shape of the [O/Fe] and [Mg/Fe] ratio variations with [Fe/H]. In particular, the precise value of t^H 
assumedd marginally affects the resulting abundance-abundance variations (cf. Fig. 4.53). 
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Fig.. 4.54 shows that the impact, of the WD delay time also depends on the fraction FSNIa of WDs which 
ul t imatelyy end as SNIa (cf. Sect. 3.3). For values of F S N I a = 0.05 - 0.025, both the present-day [Fe/H] 
rat ioo and the shape of the abundance-abundance variations are affected. For the Dopita SFR model we 
findfind that the [O/Fe] and [Mg/Fe] vs. [Fe/H] ratios observed among Galactic disk and halo stars are best 
fittedd for values of F S N I a ~ 0.02 and t™® ~ 3 - 5 Gyr. However, both O and Mg abundances are too large 
comparedd to the observations, in particular at values of [Fe /H]^ — 1. Since these elements are predominantly 
synthesizedd in massive stars (see Sect. 3.4), this suggests that: 1) the upper mass limit for SNII  assumed, i.e. 
TOTOuuN11N11 — 30 M(>' i s somewhat too large, and /o r 2) the Salpeter IMF overestimates the formation probability 
off s tars with m ~20—30 M 0 . For instance, when the Dopita SFR model is computed with the Scalo IMF 
insteadd of the Salpeter IMF (with ( ™ = 5 Gyr, F S N l a = 0.01, m*NU = 25 M„) , the agreement with the 
observationss can be considerably improved (see Fig. 4.49). However, we have argued above that models 
withh IMFs flattening more strongly towards low-mass stars than the Salpeter IMF are probably inconsistent 
withh the observations because such models overproduce C and N by large amounts . Therefore, we consider 
thee effect of the upper mass limit of SNII on the abundance-abundance variations in more detail below. 

L J — i — I — i — üü i i—i—i—i—i—i—i ^ J i u I _ I i ü , ii . : i i i i , , i i I i , i , I , , I 
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F igu r ee 4.54 Effect of SNIa contribution on [O/Fe] and [Mg/Fe] vs. [Fe/H] abundance ratios. Results arc shown 
forr the Dopita SFR (model E) with SNIa fractions FSNU = 0.005 (dashed curve), 0.015 (dotted), and 0.02 (solid). 
Minimumm and maximum WD delay times ( t w ° , t W ^ ) = (3, 3.1) were assumed. Observational data as in Fig. 4.40 
(symbols). (symbols). 

Wee note that the effect of the WD delay t ime on the iron enrichment by SNIa leads to an underestimate 
off the iron abundance at early epochs in the evolution of the Galaxy. This discrepancy can be solved by 
assumingg a larger age of the Galaxy since the onset of star formation. Also, the iron contribution by massive 
s tarss may have been much larger at such epochs than previously assumed. This may be due to variations in 
thee IMF , stellar mass limits at birth, the fraction of massive stars ending as SNIb/c (which have larger mean 
[Fe/O]] ratios in their ejecta than SNII, cf. Sect. 3.4), and/or the upper mass limit of SNII at early evolution 
epochs.. Alternatively, the iron yields of massive stars from W W may be too small at low metallicities or the 
agess of stars e.g. in the Edvardsson et al. sample may be in error (see below). 

•• Dependence on the upper mass l imi t of SNII 

Wee investigate the influence of the upper mass limit of SNII on the predicted abundance-abundance vari
at ions.. Figure 4.55 shows tha t the specific value of m„ N n = 20—30 M(., assumed strongly affects the 
resultingg abundance-abundance variations. Stars with masses in this range are important in determining 
e.g.. the [O/Fe] and [Mg/Fe] ratios at early epochs in Galactic evolution. Since the SNII yields of e.g. O, Mg, 
Al,, Si, and Fe strongly vary with initial mass in case of the W W da ta (see Fig. 3.10), the upper mass limit 
forr SNII assumed has great impact on the [El/Fe] and [El/0] abundance ratios. For the Dopita SFR. model, 
aa value of /7)^N" — 30 M,.:: appears in best agreement with the observations. We emphasize, however, that 
thiss value is sensitive to e.g. the IMF, and the SNIa contribution to the iron enrichment. The agreement 
withh the observations can be further improved by assuming a somewhat larger SNIa contribution of /•nSXIa ~ 
0.02. . 

Fromm Fig. 4.55. it appears tha t both O and Mg may be overproduced at metallicities [Fe /H]^ —1. 
Therefore,, another way to improve the agreement with the observations is to allow for an increase of the 
upperr mass limit of SNII with the SFR. We consider an ad hoc variation of ?;j^NI1 with the SFR as follows: 
aa constant value of ro„ NI1 = 20 M 0 at galactic ages for which the SFR has not yet reached its maximum 
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Figuree 4.55 Effect of upper mass limit, of SNII on the stellar abundance-abundance variations. Results are shown 
forr the Dopita SFR (model E) with mfNn = 20 M 0 (dashed curve), 25 M,., (dot), and 30 Mw (solid). A WD delay 
timee AtW D = 3.5 Gyr and SNIa fraction fsNIa = o.Ol were assumed. Observational data as in Fig. 4.40 (symbols). 

value,, and a constant value of m™11 = 30 MQ (or 40 M 0 ) after the SFR has reached its maximum value. 
AA possible justification for such a dependence of ?7^N" with the SFR may be that massive stars form pref
erentiallyy in high-density environments (see Chap. 2). When the disk ISM builds up from infalling mat te r 
fromm the Galactic halo, the gas density increases and becomes maximal when the peak SFR is reached. In 
ourr models, we simulate this effect by assuming an stellar upper mass limit m u depending on the SFR in 
exactlyy the same manner as described above for m„ . 

0.5 5 

00 -

[Fe/H] ] 

F iguree 4.56 Effect of SFR-dependent upper mass limit of SNII on the stellar abundance-abundance variations. 
Resultss are shown for the Dopita SFR (model E) with: 1) 200 M(:, (dashed curve), 2) m„ increasing with 
thee SFR between 20 and 30 M 0 (solid), and 3) m„ increasing with the SFR between 20 and 40 Mw (dotted). A 
WDD delay time AcWI 

(symbols). (symbols). 
3.55 Gyr and SNIa fraction F b 

0.011 were assumed. Observational data as in Fig. 4.40 

Fig.. 4.56 illustrates the effect of an SFR-dependent upper mass limit for SNII on the stellar abundance-
abundancee variations. It can be seen that the agreement with the observations is considerably improved 
comparedd to models incorporating constant values of e.g. m™11 = '20 M e . Variations of m„N I 1 between 20 
andd 30 M(., are in reasonable agreement with the observations. 

Inn the following, we will view in retrospect the above results and examine the kind of Galactic chemical 
evolutionn models that we find to be in best agreement with the observations. In addition, we will draw 
attentionn to several discrepancies that remain. 

D i s c u s s i o n n 

Forr a given set of stellar metallicity dependent yields, there is a very limited range of models for the 
starr formation history and chemical evolution of the Galaxy which are able to explain the abundance-
abundancee variations and present-day abundances observed among Galactic disk and halo stars. There 
appearss no unique galactic chemical evolution model in best overall agreement with the abundance and 
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agee da t a currently available for stars in the Galaxy. Therefore, instead of a discussion of the mode] most 
consistentt with these observations, we prefer to point out the main "pros and cons" of the kind of models 
tha tt can explain adequately several basic characteristics of the observations and to draw attention to those 
trendss tha t are hard to explain by the models presented here. 

•• Towards an appropriate model for the chemical evolution of the Galaxy 

Wee restrict ourselves in this discussion to two models which are based on the Dopita SFR (model E) but 
differr slightly in some aspects related to the enrichment contributions by SNIa and SNII. We will denote the 
modelss by E— and E-j- as follows: 

Tab lee 4.10 Parameters for models E - and E+ (Dopita SFR) 

Model l 

E --
E+ + 

mSN» » 

20 0 
25 5 

^SNIa a 

0.01 1 
0.02 2 

lmin n 
Gyr r 
3.5 5 
3.0 0 

/WD D 
max x 
Gyr r 
3.6 6 
3.1 1 

^SNIb/c c 

0.2 2 
0.2 2 

Thee star formation history and IMF for these models are identical with that for the Dopita SFR model 
selectedd in Sect. 4.2 and discussed above. Remaining model parameters are as listed in Table 3.3. Although 
thee parameter values listed in Table 4.10 are not strikingly different, we will show that the results for models 
E—— and E+ differ substantially. 

Figuree 4.57 displays resulting abundance-abundance variations of O, Fe, Mg, and C for models E - and 
E-f.. Both models include a substantial delay of the SNIa occurrence after WD formation (see above) and 
aree in good agreement with the trends in the [O/Fe] and [Mg/Fe] variations with [Fe/H] observed for disk 
starss with [Fe/H]<^ — 1. Since the Woosley/Weaver yields vary strongly for stars with masses between 20 
andd 30 M,.,, the enrichment of elements such as O, Mg, and Si, differs substantially when ??^NI1 is increased 
fromm 20 to 25 M(r). 

Too improve the agreement with the observed [Mg/Fe] values for model E - , the SNIb/e contribution can 
bee increased to F S N I b / c ~ 0.3. This will have small corresponding effects on both the O and Fe abundances 
sincee the contribution by SNIb/c to these elements is relatively low (~20%; see Sect. 3.4). Alternatively, 
thee iron contribution by SNIa can be decreased but this reduces the agreement between the models and the 
observationss for abundance ratios such as [O/Fe] and [C/Fe]. To improve the agreement with the observed 
[O/Fe]] values for model E+ , the oxygen enrichment should be reduced considerably. For instance, this can 
bee achieved by decreasing the upper mass limit for SNII assumed (e.g. mJ N I ! = 20 M(., as in model E - ) 
butt this gives rise to an underest imate of the abundances of elements such as Mg and Si. Alternatively, to 
explainn the observed [O/Fe] ratios with model E+ , the iron contribution by SNIa could be enhanced but this 
wouldd result in considerable overproduction of iron. Altogether, to explain simultaneously the abundance-
abundancee variations of e.g. [O/Fe] and [Mg/Fe] would require very precise finetuning of the parameters 
affectingg the heavy element production by massive stars (m i> 8 M ( ; )). 

Inn spite of the fact tha t models E - and E-f can explain adequately the basic trends observed in the 
abundance-abundancee variations of elements such as O, Fe, and Mg in Galactic halo and disk stars, we have 
shownn before tha t this can be achieved only when the enrichment by SNIa is delayed for several Gyrs after 
formationn of their W D progenitors. We have discussed both theoretical and observational arguments in 
support,, of such SNIa delays. It is difficult to extract information about the detailed SNIa delay time profile 
(cf.. Fig. 4.52) from the observed abundance-abundance variations. However, a substantial delay of a large 
numberr of SNIa over at. least several Gyr after the major period of star formation is needed to strongly affect 
thee slope of the [O/Fe] ratio vs. [Fe/H] at values of [Fe/H]£ - 1 . We like to recall tha t such a delay results in 
lesss efficient enrichment of iron during the early epochs of star formation in the Galaxy. As a consequence, 
SNIaa delay models are inconsistent with the observed AMR of iron at early epochs of star formation in the 
Galaxyy during the time interval that, the SNIa enrichment is delayed (e.g. ~3 .5 Gyr for model E - ) . Thus, 
suchh models are difficult to reconcile with the age and iron abundance da ta currently available for F and G 
dwarfss in the Galaxy, unless the ages derived for such stars are systematically too large (i.e. by at least 3 - 4 
Gyr) .. Indeed, large systematic errors in the ages of the sample stars from Edvardsson et al. may be present 
butt are not yet confirmed (see Sect. 4.1). 

Apar tt from the impact of the enrichment of SNIa with galactic age, we have argued that the detailed 
variationn of the SFR. with galactic age at early epochs in the evolution of the Galaxy strongly affects the 
resultingg [O/Fe] and [Mg/Fe] ratio variations with [Fe/H]. From our models, it appears difficult to explain 
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Figuree 4.57 Resulting abundance-abundance variations (O, Fe, Mg, C, and N) for models E - [solid curve: Dopita 
SFR,, WW yields, ms

u
KU = 20 M 0 , F S N I a = 0.01, CiS = 3.5 Gyr, other parameters as in Table 3.3) and E+ (dotted; 

Dopitaa SFR, WW yields, m^N" = 25 M 0 , F S N I a = 0.02, t%? = 3 Gyr). Observational data as in Fig. 4.40. 
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thee t rends observed for these ratios by means of one and the same star formation and chemical evolution 
modell both for Galact ic halo and disk stars. Models incorporating an early, a short ( ^ 1 Gyr) period of 
intensee s tar formation appear consistent with the abundance-abundance variations observed among halo 
s tarss in the Galaxy. Such models, however, are inconsistent with the abundance-abundance variations 
observedd in disk stars . On the basis of the results presented above, we find it hard to explain the abundance-
abundancee variations in Galactic disk and halo stars unless: 1) variations did occur in e.g. the IMF, stellar 
masss l imits at bir th, enrichment contributions by SNIa, SNIb/c, and SNII, with galactic age, and /o r 2) the 
formationn histories of s tars in the Galactic halo and disk were decoupled, i.e. different processes have initiated 
andd regulated the s tar formation history in the Galactic halo and disk ISM. Since both the kinematics, 
abundance-ra t ios ,, and abundances differ substantially between halo and disk stars, it seems plausible that 
suchh decoupling may have taken place (see Chap . 1). Thus, if it turns out that the delay of SNIa is not the 
pr imaryy cause for the change in slope of the variation of [O/Fe] with [Fe/H], the process of star formation in 
thee Galact ic halo probably has been different from that in the disk. This may imply corresponding differences 
inn e.g. the IMF, lower stellar mass limit, a nd /o r upper mass limit for SNII. 

Besidess the distinction between the halo and disk ISM, the disk itself probably cannot be treated 
ass a single component since substantial radial gradients appear to be present (sect. 4.1) and the gas and 
stellarr surface densities, ISM abundances, total-to-gas ratio, and star-to-gas ratio decrease substantially 
whenn moving from the Galactic center outwards in the Galactic disk (Chap. 1). We modelled the Galaxy 
ass a whole in order to keep the number of parameters involved as small as possible and to investigate the 
problemss such models encounter when confronted with abundance da t a of both halo and stars in the Galaxy. 
Concerningg these assumptions , the uncertainties still involved with the theoretical stellar yields in particular, 
andd the large scatter present in the abundance da t a (especially for halo stars), it may be even surprising 
tha tt our models are able to explain the main trends observed in the abundance-abundance variations at all. 

Wee have argued tha t SFR models tha t exhibit an early maximum in their variation with Galactic 
agee and are regulated by gas infall/accretion are probably favoured by the observations. However, this 
a rgumenta t ionn is based on weak observational support and further depends strongly on the adopted stellar 
yieldss as well as on the homogeneity and accuracy of the constraining stellar abundance data . We here have 
concentratedd on the resulting abundance-abundance variations for the Dopita SFR model but e.g. double 
exponentiall SFR models may explain the observations equally well, depending on the gas infall and gas 
consumpt ionn t ime scales assumed. The origin of the scatter observed in the abundances of Galactic halo 
s tarss is impor t an t for a further distinction between models appropriate for the star formation history of the 
Galaxyy on the basis of the abundance-abundance variations observed. 

•• Model discrepancies 

Twoo clear shortcomings are present in the theoretical stellar yields discussed in Sect. 3.3. First, inspection 
off Fig. 4.57 (as well as earlier figures) reveals that the [C/O] and [C/Fe] ratios in stars with [Fe/H]<; - 1 
predictedd by our models are too large by ~0 .7 dex (e.g. for halo stars values of [C /0 ] = - 0 . 6 1 are 
observed).. We argue tha t this is probably due to the overproduction of carbon by SNII at low metallicities 
bothh in the Geneva /Nomoto (GN) and Weaver/Woosley (WW) yield sets. From Tables 3.12 and 3.13 we 
findd tha t the min imum [O/O] r a t i o i n the ejecta of SNII predicted by the GN and W W yield sets are - 0 . 32 
andd - 0 . 4 5 dex, respectively, in case of a Salpeter IMF and for Z = 0.001. In case of a Scalo IMF these ratios 
aree - 0 . 1 6 and - 0 . 4 5 dex, respectively. Either increasing or reducing the upper mass limit of SNII does not 
improvee the s i tuat ion as can be seen from Figs. 3.10 and 3.11 and Tables 3.12 and 3.13. When the carbon 
contr ibut ionss by SN lb / c and AGB stars are included these ratios become even larger and more inconsistent 
withh the observations. 

Comparisonn of the GN and W W SNII yields with the (wind+explosion) SNII yields from Maeder (1992; 
Tablee 3.13) gives [O/O] ratios - 0 . 9 8 and - 0 . 9 4 at Z = 0.001 for the Salpeter and Scalo IMFs, respectively. 
Thiss would give good agreement with the observations as has been shown recently by Prantzos et al. (1994, 
1996),, a l though it was needed to reduce the carbon yields from Maeder by 30% in order to explain the 
rat ioss [ C / O ] ^ - 0 . 5 observed in Galactic halo stars. These authors argue that large uncertainties may be 
introducedd in the yields e.g. by means of the 1 2 C(a , 7) reaction rates adopted in the stellar evolution models. 
Al thoughh a detailed investigation of this problem is beyond the scope of this study, we like to emphasize 
tha tt the Maeder (1992) carbon yields would be in perfect agreement with the observed [O/O] and [O/Fe] 
ratioss observed in the halo stars considered here, as well as with the observed trends of these ratios with 
e.g.. [O/H] and [Fe/H] (cf. Fig. 4.57). This suggests tha t the amount of carbon produced during the SNII 
explosionn of massive s tars as predicted both by the GN and W W yields is considerably too large. This may 
bee e.g. related to the 1 2 0 ( a , 7) rates adopted. As an alternative to the possible errors in the theoretical 
yields,, the carbon abundances observed in low-metallicity stars may be considerably in error. However, this 

http://Ga.la.ctic
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seemss unlikely since the carbon abundances determined by independent groups (which used different analysis 
techniques)) are very similar for low-metallicity stars (see also Prantzos et al. 1996). 

AA second problem of our models is the overproduction of nitrogen by ~0.3—0.4 dex at apparently all 
metallicities.. Nitrogen is predominantly synthesized in AGB stars. At solar metallicities, low-mass (m ^ 4 
M ( ))) AGB stars are the main source of nitrogen, at metallic'ties Z^O.001 nitrogen is mainly synthesized 
inn AGB stars with m Z 4 M 0 during hot bot tom burning; see Sect. 3.3). This suggests that : 1) too 
manyy stars reach the AGB in our models, and /o r 2) the effect, of HBB is too large in our models. The first 
possibilityy would imply that the min imum initial mass for stars that reach the AGB is considerably larger 
thann the turnoff mass m0(tev) ~ 0.82 M 0 . This is also suggested on the basis of the predicted rates of AGB 
starss and PNe in the Galaxy (see Sect. 4.3.2). The second possibility would imply t ha t the effect of HBB 
iss overestimated in massive AGB stars. This could be interpreted in terms of: a) the value of mHBB = 0 . 8 
M(:)) assumed is too low (see Sect. 3.3), and /o r b) the fraction of stars more massive than ~ 4 M(;) reaching 
thee AGB is too large (either the assumed upper mass limit of AGB stars m ^ G B = 8 M(;) is too high, or not 
alll stars in the range m ~ 4 - 8 M(., reach the AGB/experience HBB). Glearly, this result needs further 
investigation. . 

Notee that the above artefacts reduce (but do not take away completely) the main objections against 
IMFss tha t flatten towards low-mass stars from the point of view of the observed abundance-abundance 
variations. . 

•• Predicted present-day abundance contributions by AGB stars, SNIa, SNIb/c , and SNII 

Wee are left with a discussion of the contributions by AGB stars, SNIa, SNIb/c , and SNII to the present-day 
stellarr ejection rates and abundances of the most abundant elements in the disk ISM. We concentrate on 
modelss E— and E + discussed above. 

Fig.. 4.58 shows the abundances predicted at three distinct epochs of Galactic evolution for models 
E—— and E+ . At solar metallicities, the resulting abundances for model E-|- are in better agreement with 
thee observations than that for model E—. At early and late epochs, the discrepancies between the predicted 
andd observed abundances are large, in particular for C, N, and O. At early epochs, the model abundances 
aree determined by the detailed variation of the SFR with Galactic age and by the ejecta of predominantly 
massivee stars (i.e. SNII and SNIb/c) . We have discussed above the artefacts in the stellar yields of C and 
N,, especially at low metallicities. Apart from 0 and N, the agreement between the observed and predicted 
abundancess by model E + at these epochs is satisfactory, taking into account the observational uncertainties 
inn the abundances of halo stars with mean ratios [Fe /H]~ - 2 . 4 (see Cayrel 1996). 

Tablee 4.12 Present-day element contributions (Model 
E+,, W W ) * 

El l 

H H 
He e 
C C 
N N 
O O 

Mg g 
Al l 
Si Si 

Ca a 
Ti i 
Fe e 
Ni i 
Z Z 

SNIa a 

0.00 0 
0.00 0 
0.03 3 
0.00 0 
0.04 4 
0.04 4 
0.04 4 
0.24 4 
0.33 3 

0.31 1 
0.75 5 
0.16 6 

0.14 4 

SNIb / c c 

- 0 . 1 4 4 
0.12 2 
0.23 3 
0.02 2 
0.10 0 
0.20 0 
0.16 6 
0.11 1 

0.08 8 
0.24 4 
0.16 6 

0.03 3 
0.12 2 

SNII I 

- 0 . 4 4 4 
0.39 9 
0.31 1 

0.10 0 
0.86 6 
0.76 6 

0.80 0 
0.66 6 
0.59 9 
0.45 5 

0.09 9 
0.82 2 
0.52 2 

AGB B 

- 0 . 4 1 1 
0.49 9 
0.42 2 
0.88 8 

- 0 . 0 2 2 

--
--
--
--
--
--
--

0.23 3 

Tota l l 
[ M „„ y r " 1 ] 

- 0 . 1 7 0 0 
0.119 9 

8.566 (-3) 

1.122 (-2) 
1.666 (-2) 

1.111 (-3) 
1.200 (-4) 
3.399 (-3) 

1.944 (-4) 
4.200 (-6) 
5.222 (-3) 
4.688 (-3) 

5.299 (-2) 

'Contributionss are normalised to the total ejection rate of 
newlyy synthesized element mass as given in the last column. 
Negativee values indicate consumption. 

Att present, the predicted abundances show large deviations from the mean abundances observed in Hn 
regionss in the SNBH and in Ganopus. This suggests that the abundances of young objects in the solar 
vicinityy are not well suited for comparison with the mean present-day abundances predicted in Galactic disk 
stars.. Most elements for which a comparison between the mean abundances observed in young objects in 

Tablee 4.11 Present-day IMF-weighed net ele
mentt masses (Model E+, W W ) * 

El l 

H H 

He e 
<:: : 
N N 

O O 
Mg g 
Al l 

Si Si 
Ca a 
Ti i 

Fe e 
Ni i 
Z Z 

SNIa a 

[ M Q ] ] 

0.00 0 

0.03 3 
0.05 5 
0.00 0 
0.14 4 

8.66 (-3) 
9.99 (-4) 

0.15 5 
1.22 (-2) 

2.55 (-4) 

0.74 4 
0.14 4 
1.37 7 

SNIb / c c 

[M0] ] 
- 3 . 6 0 0 

2.10 0 
0.30 0 
0.03 3 

0.25 5 
3.33 (-2) 
2.88 (-3) 

0.05 5 

2.22 (-3) 
1.55 (-4) 

0.13 3 
0.02 2 
0.90 0 

SNII I 

[M0] ] 
- 2 . 7 7 7 

1.70 0 
0.10 0 

0.05 5 
0.53 3 

3.11 (-2) 
3.55 (-3) 

0.08 8 

4.22 (-3) 
6.99 (-5) 

0.02 2 
0.14 4 
1.01 1 

AGB B 

[M0] ] 
- 0 . 0 36 6 

0.026 6 
0.002 2 
0.005 5 

- 0 . 0 0 0 0 
— — 
--
— — 
_ _ 
— — 
— — 
— — 

5.33 (-3) 

"Negativee values indicate consumption 
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thee SNBH and the max imum abundances observed in Galactic disk stars is possible, are more abundant in 
thee latter objects by about 0.3—0.5 dex. The latter sources are probably contaminated by: 1) metal-rich 
s tarss formed much more inwards to the Galactic center than the present-day galactocentric distance of the 
Sunn (see Sect. 4.1), and 2) old, high-metallicity stars. If we assume that stars in the Galactic disk have 
roughlyy mean present-day abundances between [EI/H] = 0 and +0.2 dex, the predicted abundances of most 
elementss would be in reasonable agreement with the observations. 
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F i gu r ee 4.58 Comparison of predicted and observed abundances by mass at three distinct epochs of Galactic evolution. 
Leftt pane l s : results for the E - model (Dopita SFR, WW yields, ms

u
NU = 20 M 0 , F S N U = 0.01, t™-° = 3.5 Gyr, 

otherr parameters as in Table 3.3). R igh t panel : same as left panel but for the E+ model (Dopita SFR, WW yields, 
m„„ = 25 MM, F = 0.02, t„,;„  = 3 Gyr, other parameters as in Table 3.3). From top to bo t t om, resulting 
abundancess are compared to the mean abundances of halo dwarfs with [Fe/H] = —2.4 (Gayrel 1996; roughly 10 Gyr 
ago),, the abundances in the Sun (Anders k. Grevesse 1989; AG; ~4.5 Gyr ago), and the abundances observed in 
Canopuss (e.g. Hill et al. 1995) and Hll regions in the SNBH (e.g. Cunlia k Lambert 1994; represented by triangles; 
present-dayy abundances). Error bars indicate the uncertainty in the measured abundances (varying between 5 
andd 2 dex). For comparison, solar abundances by number (10 log (El/H) +12; data from AG) are plotted in the 
bottomm panel for elements included in the computations. 

Forr model E+ , we show in Tables 4.11 and 4.12 the net IMF weighed masses and present-day rates of the 
mostt abundan t elements nowadays ejected by SNla, SNIb/c, SN11. and AGB stars. For other SFR models 
(computedd with the Salpeter IMF, Woosley/Weaver yields and input parameters as given in Tallies 4.10 
andd 3.3), these quanti t ies are usually similar to the values listed in Tables 4.11 and 4.12. Total present-day 
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stellarr ejection rates for the most abundant elements are given in the last column of Table 4.12. For instance, 
AGBB stars contribute ~ 5 0 % to the present-day total stellar ejection rate of newly synthesized helium (see 
Tablee 4.12) while AGB stars account for ~ 4 0 % of the present-day stellar consumption rate of hydrogen. 
Furthermore.. AGB stars contribute about 90% to the present-day stellar ejection rate of nitrogen. SNIa 
contr ibutee ~ 7 5 % to the current ejection rate of newly synthesized Fe and are predicted to be significant 
contr ibutorss to elements such as Si, Ca, Ti , and Ni. SNII contribute ~ 80% to the current stellar ejection 
ratess of newly synthesized O, Mg, Al, and Ni. 

Figs.. 4.59 and 4.60 show the present-day ejection rate contributions and mean element abundances 
(relativee to solar) in the ejecta of SNIa, SNIb/c , SNII, and AGB stars in more detail for models E— and 
E+ .. We note that these figures were constructed while accounting in detail for the s ta r formation history 
andd IMF of the stellar populations considered, the metallicity dependent stellar lifetimes, remnant masses, 
andd stellar yields, and the delay of SNIa after the formation of the WD progenitor. For each element, a 
distinctionn is made between the ejection of: 1) newly synthesized material (New), 2) material initially present 
(Old),(Old), and 3) the sum of newly synthesized and old materials (Total). We restrict ourselves to Fig. 4.60 (i.e. 
modell E+ ) . The values displaysed in the top left panel of Fig. 4.60 are listed in Table 4.12 (for elements in 
common) . . 

Whilee SNII contribute ~ 8 0 % to the present-day stellar ejection rate of newly synthesized O, the 
contributionn of SNII to the total stellar ejection rate of O, which includes both newly synthesized oxygen 
andd the oxygen already present in the material at t ime the stars were formed, is drastically reduced to 
~ 5 0 %% (Fig. 4.60, top right panel). The large oxygen contribution by AGB stars is due to the ejection of 
considerablee amounts of oxygen initially present in the material from which low-mass AGB stars formed and 
thee intensifying effects of both the stellar IMF and the variation of the SFR with Galactic age (see Sect. 
4.2).. This effect is illustrated in Fig. 4.60 (top center panel). For all elements heavier than He, AGB stars 
contributee ~ 7 5 % to the total rate of metals that were initially present in stars and are nowadays returned to 
thee ISM. For SNII, SNIb/c , and SNIa these contributions are ~20%, 5%, and 0.5%, respectively. Similarly, 
AGBB stars contribute ~ 2 0 % and ~ 2 5 % , respectively, to the present-day rates of iron and Z (i.e. all elements 
heavierr than helium) returned by stars (Fig. 4.60, top right panel). This is true even though AGB stars are 
unimpor tantt for the heavy elements newly synthesized in stars. For model E—, the element contributions 
byy SNIa, SNIb/c , SNII, and AGB stars are similar to that of model E + apart from small differences related 
too the somewhat lower value of m„ N I 1 = 20 M 0 compared to model E + (see Table 4.10). 

Correspondingg mean element abundances in the IMF-weighed and SFR integrated ejecta of SNIa, 
SNIb/c ,, SNII, and AGB stars are shown for models E - and E + in the bot tom panels of Figs. 4.59 and 4.60, 
respectively.. For instance, the abundance of newly synthesized carbon in the present-day ejecta of SNIb/c 
ass predicted by model E + is [C/H]SNib/c —^0-9 dex (relative to solar; cf. Fig. 4.60). Similarly, the mean 
present-dayy abundance of newly synthesized oxygen in the ejecta of SNII is +0.45 dex (Fig. 4.60; bot tom 
leftt panel). When the amount of oxygen initially present in the material from which massive stars formed is 
included,, the mean present-day oxygen abundances in SNII ejecta are about +0.65 dex (Fig. 4.60, bot tom 
rightt panel). This value is +0.30 dex for model E - (Fig. 4.59, bot tom right panel) due to the value of m ^ 1 1 

== 20 M(.) assumed. 
Thee abundances in the stellar ejecta of elements heavier than N in the material out of which stars 

formedd are in most cases substantially less than solar (Figs. 4.59 and 4.60, bot tom center panels). The 
initiall abundances in stars nowadays on the AGB are much lower than the abundances in SNII and SNIb/c 
since,, on average, stars nowadays on the AGB formed long ago. It is interesting to note that the initial 
abundancess in SNIa progenitors are lower than those in AGB stars. This reflects the t ime delay of the SNIa 
occurrencee after the formation of the WD so that SNIa are associated with progenitors substantially older 
thann those associated with AGB stars. 

Sincee the mean present-day abundances of elements heavier than He in SNIa, SNIb/c, and SNII are 
muchh larger than solar, the Galactic disk ISM is currently being enriched by these populations. In contrast, 
thee mean abundances in the material nowadays returned by AGB stars are substantially below solar except 
forr C and N (see Figs. 4.59 and 4.60, bot tom right panels). As a consequence, AGB stars delay the heavy 
elementt enrichment of the Galactic disk ISM considerably and are responsible for the characteristic flattening 
off the AMR, as discussed in Sect. 4.2. 
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CC N 0 Fe Mg CC N 0 Fe Mg CC N 0 Fe Mg 

Figur ee 4.59 Present-day enrichment contributions by AGB stars, SNIa, SNIb/c, and SNII for the E - model discussed 
inn the text. Results are shown for the elements C, N, O, Mg, and Fe. Top panels : IMF and SFR integrated 
present-dayy ejection rates by mass of element A' (normalised to total) for: SNIa (wide hatched histograms), SNlb/c 
(open),(open), SNII (solid), and AGB stars (dense hatched). Bottom panels : As top panels but for the logarithm of 
thee mean abundances (relative to solar) in the ejecta of SNIa. SNlb/c, SNII. and AGB stars. Abundances [El/H] 
greaterr than 1 and less than —1 have been assigned to 1 and - 1 , respectively. A distinction is made between newly 
synthesizedd material ejected (New), material initially present ejected (Old), and the sum of the two (Total). 

New w 

CC N 0 Fe Mg CC N 0 Fe Mg CC N ' 0 Fe Mg 

Figur ee 4.60 Present-day enrichment contributions by AGB stars, SNIa, SNIb/c, and SNII for the E+ model discussed 
inn the text (see Fig. 4.59 for details). 
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C o n c l u s i o n n 

Wee summarize the main results obtained in this section as follows: 

•• overall, reasonable agreement is found between the predicted and observed abundance-abundance 
variationss for stars in the Galactic disk and halo. In detail, however, none of the SFR models selected 
onn their ability to fit the observed AMR of iron can provide an adequate explanation of the abundance-
abundancee variations observed, unless additional variations of the element productions by (massive) 
starss with galactic age are taken into account; 

•• the s tandard SFR. model (density dependent SFR n = 1, no infall) selected in Sect. 4.2 is found to 
bee inconsistent with the mean trends present in the abundance-abundance variations observed among 
Galacticc disk and halo stars. This is true even though this model explains adequately the mean AMR 
off iron, as well as age and rnetallicity distributions of long-living stars observed in the SNBH; 

•• our results support : 1) a gradual increase of the SFR up to a max imum several Gyr after the onset 
off star formation in the Galaxy, 2) an exponentially decrease of the SFR past its maximum, and 3) 
ann SFR in the disk ISM regulated by gas infall/accretion of mat te r . (Jas infall onto the Galactic disk 
seemss to be required to explain the stellar abundance-abundance variations observed. Infall t ime scales 
betweenn 0.5 and 3 Gyr appear in best agreement with the observations when exponential decaying gas 
infalll is assumed. The agreement of the SFR models above with the observed abundance-abundance 
variationss is very sensitive to the contraction time of the disk ISM before the maximum SFR in the 
diskk ISM is reached; 

•• the influence of the SFR on the resulting abundance-abundance variations is generally large, in par
ticularr for elements which are predominantly synthesized in massive stars (m <: 8 M(.}). In principle, 
thee abundance-abundance variations recorded by long-living stars in the Galaxy for elements such as 
O,, Ne, Mg, Al, and Si provide stringent constraints to the Galactic star formation history; 

•• our models suggest that the ejecta of SNIa associated with intermediate mass stars formed at early 
epochss in the evolution of the Galaxy have been delayed over at least 3—5 Gyr after the formation of 
theirr WD progenitors. It is difficult to extract information about the detailed SNIa delay t ime profile 
fromm the observed abundance-abundance variations. However, a substantial delay of a large number 
off SNIa over at least several Gyr after the major period of star formation is needed to strongly affect 
thee slope of the [O/Fe] vs. [Fe/H] variation at values of [Fe/H]i> — 1. Instead of such a time delay, the 
majorityy of SNIa may be associated with considerably less massive stars than previously thought, i.e. 
withh masses between ~1 .5 and 2 M{.j. The WD delay time effect on the iron enrichment by SNIa leads 
too an underest imate of the iron abundance at early epochs in the evolution of the Galaxy. Although 
theree are several ways out to compensate for this effect, we favour the possibility tha t the ages of stars 
inn the Edvardsson et al. (1993) sample are systematically too large by at least 3—4 Gyr; 

•• if the t ime delay of SNIa is not the primary cause for the change in slope of the variation of [O/Fe] 
withh [Fe/H], it appears difficult to explain the observed abundance-abundance trends for these elements 
unlesss different processes have initiated and regulated the star formation history in the Galactic halo 
andd disk ISM. This may involve corresponding differences in e.g. the IMF, lower stellar mass limit, 
and /o rr upper mass limit for SNII; 

•• our models combined with the Geneva/Nomoto yields are unable to explain adequately the [O/Fe] 
andd [O/O] ratios observed in Galactic halo stars. This conclusion is independent of the SFR and IMF 
modell used and is insensitive to the parameter values assumed; 

•• we have argued that the amount of carbon produced during the SNII explosion of massive stars as 
predictedd both by the Geneva/Nomoto and Woosley/Weaver yield sets is considerably too large. This 
mayy be e.g. related to the 1 2 C(a , 7) rates adopted; 

•• we find that nitrogen is overproduced in our models by ~0.3—0.4 dex. This suggests that: 1) too many 
starss reach the AGB, and /o r 2) the effect of hot bot tom burning is too large in our models. This result 
needss further investigation; 

•• in general, an IMF distinct from the Salpeter IMF results in a shift of the abundance-abundance 
variationss predicted, while the shape of these variations is predominantly determined by the underlying 
starr formation (and infall) history; 

•• the agreement with the observations for oxygen and the a—elements is improved when IMFs are 
consideredd that flatten towards low-mass stars as compared to the Salpeter IMF. However, elements 
suchh as G and N formed in intermediate mass AGB stars, probably are overproduced in case of such flat 
IMFs.. Therefore, such fiat IMFs are excluded by the observed abundance-abundance variations unless 
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thee formation rate of intermediate mass AGB stars is suppressed at the same t ime. Alternatively, the 
carbonn and nitrogen yields of stars with metallicities Z <> Ü.ÜÜ1 are substantially in error; 

•• no observational suppor t is found for large variations of the stellar lower mass limit at birth over the 
lifetimee of the Galaxy. If surli variations did occur, episodes of relatively massive star formation must 
havee been very short, with respect to the lifetime of the Galaxy and /o r simultaneous variations in 
thee enrichment contr ibutions by massive stars must have occurred to prevent overproduction of heavy 
elementss in the disk ISM; 

•• models for which the stellar upper mass limit at birth increases substantially with the SFR are not 
supportedd by the observations (unless e.g. simultaneous variations in the lower stellar mass limit at 
birthh did occur); 

•• models for which the upper mass limit of SNII i n c r e a s e s as a function of galactic age during early 
epochss of star formation in the ( ialaxy are consistent with the observations for variations of ?nu with 
betweenn ~20 and ~30—40 M(.,, if these variations occur delayed with respect to the variation in the 
SFRR with age. We emphasize, however, that, the precise value and variation of m;JNI1 favoured by the 
observedd abundance-abundance variations is rather sensitive to e.g. the IMF, and the contribution bv 
SNIaa to the iron enrichment; 

•• the Dopita SFR and Salpeter IMF models are found in best agreement with the observed stellar 
abundance-abundancee variations in the Galaxy for values of m ^ N n between 20 and 25 MM at the early 
epochh of star formation in the Galaxy, a SNIb/c fraction /?S N I b /c ^ Q.2 for s t a r s w i t h masses between 
~ SS M(:, and »rJN I 1 , a SNIa fraction F S N I a between 0.01 and 0.02 for stars with masses between ~2 .5 
andd ~ 8 M(.,, and a SNIa delay t ime after formation of the WD progenitor of ~3—5 Gyr; 

•• for these models, we find that AGB stars roughly account for ~ 4 0 % of the present-day stellar con
sumpt ionn rate of hydrogen, and contribute ~ 5 0 % and ~90% to the present-day ejection rates of newly 
synthesizedd helium and nitrogen, respectively. SNII are found to contribute ~ 8 0 % to the current stel
larr ejection rate of newly synthesized oxygen. When oxygen initially present in stars at time of their 
formationn is included in the total stellar ejection rate of oxygen, we find that the contribution by SNII 
iss reduced to ~ 5 0 % and tha t AGB stars contribute ~35% to this rate; 

•• models in best agreement with the observations and computed with the Woosley/Weaver stellar yields, 
thee Salpeter IMF, and parameters as listed hereabove imply typical contributions by AGB stars, SNIa, 
SNIb /c ,, and SNII, to the total present-day stellar ejection rates of C, O, and Fe as follows (normalised 
too one): 

EI I 
C C 
O O 
Fe e 

AGB B 
0.45 5 
0.35 5 
0.25 5 

SNIa a 

— — 
--

0.50 0 

SNIb/c c 
0.30 0 
0.15 5 
0.10 0 

SNII I 
0.25 5 
0.50 0 
0.15 5 

•• the present-day abundances observed in the Galactic disk ISM are not suited to distinguish between 
differentt SFR models; 

•• the present-day abundances predicted by our models deviate strongly from the mean abundances 
observedd in Hi] regions in the SNBH and in Canopus. This suggests that the abundances of young 
objectss in the solar vicinity are not representative of the mean present-day abundances in Galactic 
diskk stars; 

•• the possibility that the enrichment in the Galaxy proceeded at a relatively rapid rate during the 
transit ionn phase in the [O/Fe] vs. [Fe/H] relation may imply that the formation of massive stars 
dur ingg this phase has not been accompanied by a corresponding enhancement in the formation of low 
andd intermediate mass s tars (i.e. not many of such stars are nowadays observed). This may point to 
aa difference in the IMF of stars formed before and after the transition phase as compared to the bulk 
off disk s tars nowadays observed; 

•• we suggest t ha t the large spread in abundances observed among Galactic halo stars is related to small-
scalee variations in the nucleosynthesis of intermediate mass stars (m = 2 - 8 M(l)) which do not produce 
bothh at the same t ime iron and e.g. oxygen in substantial amounts. These abundance variations may 
bee primarily due to the local enrichment of the halo ISM by SNIa. 
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4.3.55 P lane ta ry nebulae abundances 

I n t r o d u c t i o n n 

Wee compare the mean abundances in the envelopes of the late stages of Asymptotic Giant Branch (AGB) 
starss as predicted by the models selected in Sect. 4.2 with th° abundances observed in planetary nebulae 
(PNe)) in the Galactic disk. Apart from a brief discussion of the main uncertainties involved, we consider in 
somee detail the effects of second dredge-up, Hot Bot tom Burning (HBB), and the initial abundances of ACiB 
starss on the predicted PN abundances. The analysis presented here closely follows that by Groenewegen et 
al.. (1995; hereafter GHJ) and van den Hoek k Groenewegen {1997; hereafter H G ) to whom we refer the 
readerr for a more detailed discussion (see also Sect. 3.3). 

Observa t i ons s 

Thee abundances of PNe in the Galactic disk are taken from various sources, i.e. mainly from Aller k 
Cryzackk (1983), Zuckerman k Aller (1986), Aller k Keyes (1987), and Kaler et al. (1990). The few halo 
PNee contained in these samples are excluded since the present comparison concentrates on AGB stars in the 
Galacticc disk. Errors in the observed abundances are typically 0.015 in He/H and about 0.2-0.25 dex in all 
otherr number ratios considered below. 

M o d ell  a s s u m p t i o ns 

Inn the model, the abundances in PNe are estimated by averaging the abundances in the ejecta of ACiB stars 
overr the final rp N = 25000 yr (e.g. Pottasch 1995). We neglect any changes in the ejected shell abundances 
duringg the post-AGB phase, e.g. due to a late thermal pulse (Schönberner 1983), which is expected to be 
aa rare event, or due to selective element depletion by dust formation. The latter process may affect the 
compositionn both in the wind of an AGB star and during the post-AGB phase (e.g. Bond 1992; van Winckel 
ett al. 1992) but is neglected here for simplicity. 

Wee assume an upper mass limit of 8 My for stars that ult imately end as PN (with final core mass less 
thann ~1.2 M(:}) and ignore the possibility tha t not all our model AGB stars will become PNe. In reality, some 
off the low-mass AGB stars may evolve so slowly during the post-AGB phase tha t the material previously 
collectedd in the wind is dispersed before the central star has become hot enough to ionize this material . Also, 
thee upper mass limit for AGB stars is mat ter of debate and may range between 6 and ~ 9 M(;,, depending 
onn the critical mass for carbon ignition in an electron degenerate core and on details of the stellar mass-loss 
scenarioo (cf. GJ; Vassiliadis k Wood 1993; Hashimoto et al. 1993). Furthermore, we assume a constant 
valuee of rp N = 25000 yr. In reality, the t ime during which the mass accumulated in a PN has been swept 
upp on the AGB may depend on the mass and initial composition of the progenitor. Nevertheless, we do not. 
expectt that these simplifications will alter our qualitative conclusions given below. 

Planetaryy nebulae nowadays observed in the Galactic disk originate from AGB stars covering a wide 
rangee in initial mass, i.e. with masses between ~0 .85 and 8 M w . According to the Geneva tracks (see 
e.g.. Schaller et al. 1992), the progenitors of these PNe were born at galactic evolution times ranging from 
—10—155 Gyr to 50 Myr ago. Since the enrichment of the Galactic disk ISM over this t ime interval has 
beenn substantial (e.g. Twarog 1980; Edvardsson et al. 1993), the initial abundances of the PN progenitors 
differr considerably. We account for this important effect when we compare the abundances predicted in 
thee envelopes of ACiB stars with those observed in PNe. For this purpose, a self-consistent model for the 
chemicall evolution of the Galactic disk was used (see Chap. 3). In particular, it was necessary to apply an 
iterativee solution method to predict the abundances in actual population of PNe in the local Galactic disk 
(seee Sect. 3.1). 

R e s u l ts s 

Resultingg abundance-ratios (by number) in PNe are shown in Fig. 4.61 in case of the standard model assum
ingg pre-ACiB evolution according to the Geneva tracks (see HG). We verified that the resulting abundances 
aree insensitive to the adopted PN lifetime up to rp N = 50000 yr. In general, good agreement is found 
betweenn the observed and predicted PN abundances despite the uncertainties involved. In particular, we 
findd that the overall trend of the observations is reproduced well by the s tandard model. However, some 
discrepanciess are present especially at values of He/H £ 0.15 and log (N/H) ^ - 4 . 5 which we will address 
below. . 

Forr comparison, we show in Fig. 4.61 the PN abundances predicted by the standard model with 
pre-ACiBB evolution according to the recipes outlined in Groenewegen k de Jong (1993) and HG. In this 
case,, the enhanced effect of second dredge-up can account for massive ACiB stars with He/H up to —0.18 
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inn their envelopes. This suggests that second dredge-up has heen relatively important at least for some 
PNee with He/H <i0.15 in our sample. Alternatively, a substantial fraction of the hydrogen contained in the 
outerr envelope may have turned into helium. Since PNe may evolve from a H and/or He-shell burning AGB 
star ,, the relative impor tance of H and He shell burning during the latest AGB stages will determine the 
dis t r ibut ionn of the He /H abundance ratios observed for a PN progenitor of a given mass. 

Thee effect of HBB on the predicted abundances can be seen in Fig. 4.61 by comparison of the standard 
modell with mHBB = 0.8 and 1.3 M, ( i . e . no HBB), respectively (see also Fig. 3.6). Our results indicate 
tha tt the s t andard model overestimates the effect of HBB on the resulting N / O abundance ratios in PNe 
withh progenitor masses £ . 5 - 6 M..,. We note that the standard model takes into account the maximum 
effectt of HBB as described by RV so that values of the mixing length parameter a <2 in case of HV are 
probablyy more appropr ia te for massive AGB stars. On the other hand, models without HBB are inconsistent 
withh the observed N / O abundances as well as with other independent observations discussed in Sect. 3.3. 
Therefore,, the range of N / O abundances observed in the envelopes of post-AGB stars allows for variations 
inn the importance of HBB roughly covering the range from HIHBB = 0.8 to 0.9 M,.,. 
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F i g u r ee 4.CI Planetary nebulae abundances (by number) predicted by the standard SFR (model A) with pre-AGB 
evolutionn according to the Geneva tracks (solid curves) and according to the recipes outlined in GJ (dotted curves). 
Thee latter model without, HBB is shown for comparison (dashed curves). A Salpeter IMF was assumed. Abundances 
observedd in PNe in the Galactic disk are shown by open circles (data mainly from Aller & Cryzack (1983), Zuckerman 
fcfc Aller (1986), Aller & Keyes (1987), and Kaler et al. (1990)). Typical errors in the observations are indicated at 
thee bottom right corner of each panel 

Thee procedure to approximate the effect of HBB in a semi-analytical way has been described in the 
Appendixx of GJ . In fact, the temperature structure of the envelope is expected to change when the number 
off thermal pulses decreases with increasing values of ?/AGB- This may reduce the amount of HBB occurring 
inn the convectivc envelope and affect the resulting abundances as observed for PNe with log (N/O) ^ - 0 . 5 
andd He /H £0 .15 (cf. Fig. 4.61; see Sect. 3.3). 
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Figuree 4.62 Planetary nebulae abundances (by number): effect of the adopted IMF on the abundances predicted by 
thee standard SFR (model A) with pre-AGB evolution according to the recipes outlined in (!J. Results are shown for 
thee following IMFs: 1) IMF computed iteratively from the PDMF derived by Scalo (1986; dashed curve), 2) the IMF 
fromm Kroupa et al. (1993; dotted), and 3) a power-law IMF with j = 2.7 (solid). Abundance data and observational 
errorss as in Fig. 4.61 

Apartt from the importance of processes that occur before or during the AGB, we investigated the effect 
off the adopted star formation history and IMF on the resulting PNe abundances for a comprehensive set of 
modelss discussed in Sects. 4.2 and 4.3.4. In brief, we find that the resulting PNe abundances are insensitive 
too the star formation history assumed for models that fit the observed AMR (see Sect. 4.2). Furthermore, 
wee find that the stellar yields adopted for massive stars (i.e. the Geneva/Nomoto or Woosley/Weaver yields; 
seee Sect. 3.3) affect the PNe abundances more strongly, in particular for G and 0 . This is basically due to 
thee high sensitivity of the yields of AGB stars to the initial stellar abundances (such as He, G, N, and O). 

Fig.. 4.62 demonstrates this effect in another way by means of the resulting PNe abundances for 
variouss IMFs in case of s tandard SFR model selected in Sect. 4.2 (model A; Woosley/Weaver yields). In 
thesee models, differences in the PNe abundances predicted are due to differences in the initial abundances 
off the model AGB stars only. Because the enrichment of the ISM proceeds at different rates for models 
incorporatingg different IMFs, the initial abundances of stars that currently evolve off the AGB strongly 
affectt the mean abundances in the envelope material ejected as PNe. Thus, in principle, the observed 
abundancess in nearby PNe can be used to constrain the detailed enrichment history of the Galactic ISM 
overr the lifetime their progenitor stars were formed. 
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Fromm Fig. 4.62 we argue tha t models with the Scalo or Kroupa IMFs (which flatten towards low-mass stars 
comparedd to the Salpeter IMF models) strongly overproduce C and N (see Sect. 4.3.4). The discrepancy 
betweenn the observed and predicted PNe abundances for these IMF models suggest that the C and N yields 
off AGB stars may be too large, in particular at low metallicities [Fe/H]£ - 1 . In contrast, models with IMFs 
steeperr than (or as steep as) the Salpeter IMF are consistent with the C and N abundances in PNe, since 
forr such IMFs the formation probability of AGB stars is considerably reduced. 

Wee emphasize tha t the abundances of PNe currently formed in the Galaxy are very sensitive to the 
initiall abundances of their progenitors. Thus, in principle, the abundances of PNe nowadays observed in 
thee Galact ic disk provide tight constraints to the past chemical evolution of the Galactic ISM. For the set 
off AGB and massive s tar yields discussed in Sect. 3.3, Salpeter IMF models result in PNe abundances that 
appearr more consistent with the observations. However, the latter conclusion strongly depends on the stellar 
yieldss adopted. 

AA considerable par t of the observed scatter in Fig. 4.61 is expected to be due to substantial variations 
inn the initial abundances of the FN progenitors as set by the inhomogeneous chemical evolution of the 
Galact icc disk ISM (see Chap . 5). Furthermore, the FN progenitors probably formed over a large range 
inn galactocentric distance (e.g. Wielen et al. 1996; see Sect. 4.1), thus covering a wide range in initial 
abundancess according to the radial gradients in the disk ISM (e.g. Shaver et al. 1983). We expect that the 
agreementt between the predicted and observed PN abundance-ratios can be improved further, when a range 
inn initial composit ion is considered for a given progenitor mass. 

C o n c l u s i o n n 

Wee summar ize the results obtained in this section as follows: 

•• the abundance-ra t ios predicted by the s tandard model are consistent with the observed abundances 
inn virtually all the PNe in our sample when we allow for plausible variations in strength of second 
dredge-upp and HBB; 

•• the resulting PNe abundances are relatively insensitive to the adopted star formation history for models 
t ha tt fit the observed AMR,; 

•• the abundances in the PNe nowadays left by AGB stars in the Galactic disk depend strongly on the 
initiall element abundances of their progenitors. Thus , in principle, the observed PNe abundances may 
tracee in detail the chemical enrichment of the Galactic ISM over the t ime interval that the progenitors 
off these PNe were formed; 

•• according to the adopted set of stellar yields, Salpeter IMF models are favoured by the PNe abundances 
observed; ; 

•• overall, the good agreement between the predicted and observed abundances in PNe nowadays observed 
inn the Galaxy suggests tha t the main assumptions made both in the AGB star and Galactic chemical 
evolutionn models are essentially correct. 
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4.3.66 The white dwarf luminosity function 

I n t r o d u c t i o n n 

Whitee dwarfs (WDs) are the cooling electron-degenerate remnants of the vast majority of all main-sequence 
starss formed. They probably cool at such low rates tha t even the remnants of the earliest stellar generations 
havee had no time to fade to invisibility during the lifetime of the Galaxy (Wood 1992). 

Thee observed disk WD luminosity function (WDLF) is defined as the derived space density of WDs in 
thee SNBH per bolometric (or absolute visual) magni tude interval. Since the cooling process of WDs, from 
thee planetary nucleus stage through the crystallization stage is at least qualitatively well understood (e.g. 
Ibenn k Tutukov 1984; d 'Antona & Mazzitelli 1990; Wood 1992; Garcia-Berro et al. 1996), the local WDLF 
mayy provide a valuable constraint to the star formation history in the SNBH. 

Wee briefly discuss recent observations related to the local WDLF. Extensive reviews on this subject 
havee been given by Wood (1992) and Bergeron, Saffer k Liebert (1992; hereafter BSL). We describe the 
theoreticall model to compute the WDLF and confront the observed WDLF with that predicted by the models 
selectedd in Sect. 4.2. We discuss the dependence of the theoretical WDLF on other model assumptions such 
ass the age of the Galactic disk. 

O b s e r v a t i o n s s 

Dataa on the local WDLF has been presented by Liebert (1979), and Liebert, Dahn k Monet (1988; hereafter 
LDM).. The WDLF from LDM is based on a sample of 353 hot DA (i.e. hydrogen-rich) dwarfs (12000 
^^ Teff[K] ^ 80000) from the Palomar-Green survey stars listed by Fleming, Liebert k Green (1986; hereafter 
FLG)) and on complementary da ta for 43 proper-motion selected and spectroscopically confirmed cool WDs 
inn the LHS Gatalog (stars with proper motions larger than 0.5" yr ; Luyten 1979) with My *Z, 13. The 
WDLFF in the SNBH corresponding to the da ta of LDM (see their tables 4 and 6) is shown in Fig. 4.63. 

Thee WDLF exhibits a dropoff of about one order of magni tude in the distribution of cool degenerate 
dwarfss near log (L/L (;,) = — 4.4  0.2 (depending on the bolometric corrections for cool WDs with My 
~ + 1 6 ) .. White dwarfs fainter than Mv ~ +17 have been observed but, unfortunately, in numbers too low to 
alloww for any completeness corrections. wThe rise of the WDLF is mainly caused by the increase of the WD 
coolingg time with decreasing luminosity (see below). This effect is magnified because the average past SFR 
hass been considerably larger that at present (Sect. 3.1). The youngest WDs observed in the visible as the 
nucleii of planetary nebulae with effective temperatures Tefj ^ 105 K have been excluded from the sample. 
Thiss is justified since very hot WDs with Teff > 7 104 K have been argued to make a negligible contribution 
too the space density of degenerate stars (cf. LDM). 

F i g u r ee 4 .63 The observed WDLF in the 
SNBH.. Data has been taken from Fleming, 
Liebertt k Green (1986; full dots) and from 
Liebert,, Dahn k Monet (1988; open circles). 
Thee WDLF has been normalised to the value 
att log (L / L(.j) ~ —2.6, corresponding to 
MyMy h i2.5, at which errors in the observa
tionss are relatively small (cf. LDM and Wood 
1992). . 

BB 10 12 14 16 18 

Usingg the 1/V'max method, LDM corrected their WD data for kinematical bias associated with proper-
motionn samples (cf. Schmidt 1975). This was done by weighing each object contribution to the space 
densityy (within its absolute magnitude bin) by the inverse of the maximum volume Vmax within which the 
starr hypothetic-ally could be found given the presumed completeness of the sample in both proper motion 
andd apparent magnitude. Proper-motion bias may produce a WDLF which is too large at the faint end 
whilee overcorrection for kinematical bias would result in a WDLF that is loo low at the faint end (cf. LDM). 
Consequently,, while the existence of the cutoff is not in question, the exact luminosity at which it occurs as 
welll as its shape are not yet well determined (see further LDM; Wood 1992). 
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Thee observed W D L F at the faint end is particularly uncertain because the WD number density in this 
regionn is extremely low. However, the plotted upper limits of the WDLF at these low luminosity bins are 
consideredd to be reliable as discussed in detail by LDM. Uncertainties in the observed WDLF may also be 
duee to the kinematical corrections and to the choice of the luminosity intervals into which the WDLF has 
beenn binned (Iben fe Laughlin 1989). In the following, we will assume that the observed WDLF shown in 
Fig.. 4.63 is representative for WDs with distances to the Sun less than about 50 pc (at which the spectro-
scopicallyy confirmed WDs with My > 14 have parallaxes tha t are large enough to be measured). 

Thee downturn in the observed W D L F at luminosities Ldt ~ 10" 4 L(:} may be explained by: 1) a sudden 
decreasee in the WD cooling time at these luminosies, 2) incompleteness of the WDLF at the faint end, 3) 
low-luminosityy WDs which have moved out of the SNBH region during their lifetime, and /o r 4) WDs with 
agess larger than the critical t ime needed to cool down to ~ L d t simply may not have formed. We will discuss 
thesee possibilities in turn below. 

•• The WD cooling t ime scales have been argued to increase approximately exponentially with age (Wood 
1992).. Therefore, low-luminosity objects are expected to dominate the WDLF in the SNBH. A sudden 
increasee in the WD cooling rate at a critical luminosity Ldt is not supported by theory. In addition, this 
wouldd require the majority of the WDs to have about the same age t  ̂ when cooling down to a luminosity 
Ldtt which is improbable. Alternatively, low-luminosity, old WDs may have evolved to other (unknown) 
evolutionaryy stages after which they become undetectable in the visible. For instance, part of such WDs 
mayy have exploded as SNIa. Nevertheless, the fraction of WDs ending as SNla is probably much too small 
too be significant for the large downturn in the observed WDLF. 

•• The possible incompleteness of the observed WDLF at the faint end has been discussed extensively by 
LDM.. They argue tha t such incompleteness is highly unlikely and even when present is probably insufficient 
too explain the severe dropoff in the observed WDLF . Depending on the bolometric corrections for cool WDs, 
whichh depend on the model atmospheres adopted for such WDs, the exact luminosity of the turndown may 
bee located between log (L/L&) = - 4 . 3 and - 4 . 7 (cf. LDM). 

•• The increase of the scale height of stars in the Galactic disk with stellar age results in a depression of 
thee contribution by the old, low-luminosity WDs to the observed WDLF . Due to the vertical expansion of 
thee stellar disk, the oldest dwarfs are distributed over z-dis tances ~ 5 times larger than young WDs (cf. 
Woodd 1992; Somrner-Larsen 199lab; Sect. 4.1). Therefore, the observed local WDLF needs to be corrected 
forr WDs which moved to large heights above the Galactic plane but originate from the same volume as 
thee young WDs. If the drop in the observational WDLF would be due to the inflation of the stellar disk 
withh age ,then there must be an explanation for the large difference in scale heights reached by WDs with 
luminositiess below and above Ldt- Again this would require most WDs to have about the same age Lit at 
whichh they have cooled down to a luminosity L d t- Since the velocity dispersion is essentially an effect of the 
kinematicall evolution of the stellar disk (e.g. Fuchs k Wielen 1987), the scale heights of main-sequence stars 
andd their remnants should have the same dependence on stellar age. A sudden increase of the disk scale 
heightt by about one order of magni tude is not found in statistical studies of main-sequence stars within the 
Galact icc disk and is not. supported by theoretical models for the kinematical evolution of the stellar disk (e.g. 
Somrner-Larsenn 1991a,b). Consequently, the vertical expansion of the stellar disk as a possible mechanism 
too explain the drop in the observed W D L F is rather unlikely. 

•• (ïiven the shape of the derived luminosity function it is difficult to a t t r ibute the downturn at, the faint 
endd to any physical effect other than the near-equality of the ages of the lowest luminosity observed WDs 
too the lifetime of the Galactic disk since the onset of main star formation (cf. Wood 1992). Consequently, 
thee critical luminosity around which the cutoff in the empirical WDLF occurs probably measures the age 
off the Galactic disk since the epoch at which the progenitors of low-luminosity WDs started to form in the 
Galacticc disk. 

Wee note that the downturn observed in the local WDLF might be related to the steep increase of the stellar 
main-sequencee lifetimes with decreasing stellar mass at m ^ 1 M(.} (see Sect. 3.2). In this case, the major 
fractionn of faint WDs would need to be formed by low-mass s tars . The main-sequence lifetimes of such stars 
couldd be too long to allow for many faint WDs at the present epoch (either these WDs have not formed 
yett or have not had the opportuni ty to become very faint). Alternatively, the progenitors of such WDs may 
nott have formed in significant numbers during the early epoch in the evolution of the Galaxy (e.g. due to 
variationn of the stellar lower mass limit at birth with age, IMF effects, or low SFIis at these ages). 
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M o d ell  a s s u m p t i o ns 

Wee describe the assumptions made to compute the WDLF while accounting for the metallieity dependence 
off the stellar lifetimes and WE) remnant masses. The theoretical WDLF involves both the mass and age 
distributionn of all WDs which have been formed during the lifetime of the Galactic disk. Since the ensemble 
off WD remnants formed at galactic age t originates from a range of progenitor stars (with various initial 
massess and initial metal-abundances) which were born at distinct epochs in the past, the WDL F is a complex 
functionn depending on the formation history of stars which evolve up to the end of the AGB and on the 
coolingg history of the W D remnants left behind by these stars. 

Wee assume WDs to originate from AGB stars and ignore the impact on the evolution of the WD being 
aa member of a close binary system (common envelope evolution). Wc use the Z-dependent initial-final mass 
relationss and evolutionary tracks for single AGB stars from Groenewegen et al. (1992; see Sect. 3.2) as well 
ass the pre-AGB lifetimes (e.g. including the RGB and HB) from Schaller et al. (1992). 

Wee adopt the mass and composition dependent WD evolutionary sequences computed by Wood (1990, 
1992)) for WD masses in the range 0.4—1.2 M(:> with spacing in mass of 0.1 M(;). The two main quantit ies 
whichh determine the evolutionary time scales are the WD core composition and the mass of the He-layer. 
Thee pure carbon core model sequences result in ages roughly 2 Gyr larger than the corresponding pure 
oxygenn sequences. We here use the sequences for C/O-core compositions of the WD with a helium mass 
layerr of m\\e = 1 0 - 4 M( ;). These sequences comprise DB models (helium-rich atmospheres) since surface 
convectionn is likely to be efficient enough to mix helium to the thin surface hydrogen layers of most DA 
(hydrogen-richh atmosphere) dwarfs (cf. Wood 1992). 

Fig.. 4.64 shows the W D effective temperature Teff, corresponding bolometric correction (BC), bolomet-
riee luminosity log (L/L(.)) and absolute visual magni tude My both as a function of WD-age and WD-mass . 
Thee WD cooling sequences were linearly interpolated in log (Age), log ( L / L ^ ) , Teff and log (m r e m ) . It can 
bee seen that the WDs cool more rapidly at higher Tê  although the cooling rate also depends on the WD 
mass.. Furthermore, massive WDs are considerably hotter than low-mass WDs at similar WD ages between 
~ 1 0 77 and 3 109 yr. This trend is reversed for WD ages in excess of ~ 3 109 yr: a t these ages more massive 
WDss s tar t to cool rapidly. 

Too convert the WD bolometric luminosities from the theoretical sequences to absolute V-magnitudes 
My,My, we adopted the BC vs. Teff relation for WDs from LDM  between 3500 and 90000 K. As discussed by 
LDM,, the BCs for WD temperatures below Teff ~ 4000 K are uncertain and hard to determine accurately. 
Beloww Teff ~ 5500 K, the hydrogen Balmer lines are too weak to detect, and it is uncertain whether the 
dominantt atmosphere constituent is H or He (affecting the theoretical Teff vs. BC relation). Helium-rich 
WDss appear to be the major group at Teff < 6000 K but the assumption of hydrogen-rich atmospheres for 
thesee WDs probably has no significant effect on the resulting WDLF (cf. LDM). For WD ages in excess of 
~1 .55 Gyr, the BCs are less then a few tenths of a magnitude. When the WD effective temperature drops 
beloww ~6000 K the BC slowly increases again. 

Thee WD bolometric luminosity distribution reveals that WDs fade from about 10 L(.} to ~ 1 0 - 5 L(.) 
(independentt their mass) within the lifetime of the Galactic disk since the onset of main star formation, e.g. 
assumedd to be tev = 14 Gyr. From the corresponding absolute visual magni tude distribution it can be seen 
thatt WDs fade from My <— 7 to about 20 during this lifetime. White dwarfs with mwi) ~ 1-2 M^ reach 
MyMy < 18 at ages of ~ 3 Gyr. In contrast, low-mass WDs (mWD ~ 0.5 M ( )) fade down to these luminosities 
afterr cooling down over a period of more than 10 Gyr. We note that all WDs in the mass-range 0.4—1.2 
M(;}} roughly pass through a similar luminosity range from ^ 1 L(:} down to ^ 1 0 - 7 Lf:>. However, each mass 
spendss different fractions of its cooling time at distinct Galactic epochs within a specific luminosity bin. 
Consequently,, WDs observed within a particular magnitude range AMy cover the entire WD mass range 
fromm 0.4 to 1.2 M^ and were left at different epochs in the past . 

•• Details of the WD cooling scenario 

Wee briefly describe some relevant theoretical aspects of the WD cooling scenario. Shell hydrogen and helium 
burningg (early phases ^ 105 yr), neutrino losses (intermediate phases), and the effects of liquification and 
crystallizationn (of carbon and oxygen) are incorporated when the central star of a planetary nebula cools 
too the stage of complete internal crystallization (Iben Si Tutukov 1984). Heat transfer at the center is 
determinedd mainly by electron heat conduction while in the outer layers it is determined by the photon 
opacityy (cf. Blinikov & Dunina-Barkovskaya 1994). 

Oncee the loss of neutrinos from the core becomes unimpor tant (at about log(L/L;,) ~ —1.5) latent 
heatt associated with the phase transition from liquid to solid is released and all WD masses have about the 
samee slope in the log (Age) vs. log(L) diagram (Iben k, Tutukov 1984). At high WD luminosities, the gas 
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F igu r ee 4.64 Theoretical WD cooling tracks from Wood (1992). Data is shown for carbon/oxygen WDs with a helium 
masss layer of mH e = 10~4 M 0 . WD effective temperature (top left panel) , bolometric correction ( top right) , 
bolometricc luminosity ( bo t t om left), and absolute visual magnitude ( bo t t om r ight) are shown as a function of 
thee logarithmic WD-age and WD-mass. Effective temperature ranges from several thousands K (light) to ~ 70 000 
KK (dark). Bolometric correction ranges from about —6 to -0.25 mag. Note that the bolometric luminosity has been 
plottedd on a logarithmic scale with log (L/Ly) between — 7 and +1 . Corresponding absolute visual magnitudes range 
fromm Mv ~7 to 20. 

off ions makes the main contribution to the heat capacity and the WD cooling rate is determined by heat 
diffusionn through the nondegenerate envelope. At low luminosities, opacity in the outer atmosphere is by 
farr the most crucial parameter in determining the cooling times of WDs (d 'Antona k Mazzitelli 1989). 

Thee degenerate interior of a WD is a mixture of carbon, oxygen and impurities corning from the initial 
metall contents of the progenitor star. Thus , the cooling time depends on the degree of. mixing of oxygen 
andd carbon before the crystallization s tar ts (e.g. Wood 1992). The presence of impurities in the interiors of 
WDss may delay the cooling of dwarfs by several Gyrs preventing the WD from crystallization due to the 
gravi tat ionall energy release in particular by the settling of 2 2Ne (small charge-mass ratio) in the WD interior 
insteadd of being distr ibuted uniformly all over the star (Isern et al. 1993). 

Mat terr s tar ts to crystallize when the rate of nuclear energy production (once again) falls below the 
coolingg rate and the WD relies primarily on its interior thermal energy reserves. After crystallization the 
onsett and development of Debye cooling may become important. Once the WD interior has completely 
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crystallizedd and the central temperature has dropped considerably below the Debye temperature, the time 
scalee for cooling is ~ 1 yr times the optical depth of the surface layer (Iben k Tutukov 1984). Note that 
Debyee cooling is not able to give rise to the sharp drop in the observed WDLF due to the progressive onset 
inn the star (d'Antona k Mazzitelli 1990). 

Thee WD cooling process may be affected by the occurrence of accretion of material from the surround
ingg ISM as is indicated by the observed abundances of metals in the photospheres in cool WDs (see e.g. 
Dupuiss et al. 1993). This suggests that WDs experience several encounters with denser parts of the ISM 
duringg which they may accrete material at rates sufficiently large to leave (temporarily) detectable traces of 
metal-richh material. Nevertheless, the majority of cool WDs do not show this metal-line phenomenon while 
aa substantial fraction of all WDs do not show evidence for hydrogen at their surfaces (e.g. Liebert 1980) 
whichh would be expected if accretion of material from interstellar clouds would be a frequently operating 
process.. We note that accretion of matter would substantially increase the WD cooling times, in particular 
att small luminosities Lwn ~ 10 - 4 Lc.). 

Thee evolutionary sequences terminate shortly after the crystallization boundary reaches the core-
envelopee transition and sequences have been extrapolated in the same manner as described by Wood (1992). 
Thee typical WD cooling time required to reach (L/L(.) = —4.5 is about 10 Gyr. The models for more massive 
WDss have higher central temperatures and start crystallization at higher luminosities while the remaining 
thermall energy from the core is radiated away. White dwarfs cool at a rate dependent mostly on their 
temperature,, and hence luminosity, with weaker dependences on mass and composition (cf. Wood 1992). 
Furthermore,, the WD cooling tracks strongly depend on the opacity, the equation of state (especially in the 
outerr layers of the WD), and the magnitude of convection and diffusion. 

•• Computat ion of the theoretical W D L F 

Too compute the theoretical WDLF, one needs to know: 1) the formation rate of WDs (with masses m r em) as 
aa function of Galactic age, and 2) the initial temperature and cooling of the WD from the time it has been 
leftt behind by an evolved star. The visual luminosity of a WD remnant with mass mwD and age £WD has 
beenn computed using the WD cooling tracks discussed above and is denoted by: LWD = FCOO|(mwD, (WD). 

Thee numerical method used here to compute the WDLF is similar to the one used by Yuan (1989) 
andd Iben en Laughlin (1990) except for including metallicity dependent stellar lifetimes and WD remnant 
masses.. The total number of WDs within a specific WD mass range ever born within the lifetime tev of the 
Galaxyy can be written as: 

dNdN rt" 

JtJtbb
 JAD dmwoo Jtb JAD dmwD 

dmm dtb (4.28) 

wheree tb is time of birth of a star of initial mass m and AD is the mass range of stars that leave a WD 
remnantt with mass between r\ and ru within evolution time tev. 

Thee metallicity dependent initial-final mass relation m = m(mwD,2((b)) is required to compute Eq. 
(4.27).. Defining <c(mwD,L) as the cooling time of a WD remnant with mass my/D to cool down to a 
luminosityy L, we can write the total number of WDs within a specific mass range and with luminosities 
betweenn L and L + AL (see also Yuan 1989) as: 

dNwp(L,, L + AL) 

dmwD D 
==  f f S(tb)M(m) - j ^ - l dm dtb (4.29) 

JATJAT JAD dmwD Lb 

wheree the birthtirne interval AT is defined as the period of time during which progenitor stars with lifetimes 
TTAi;n{r>i,Ai;n{r>i,  Z(t )) up to the end of the AGB, leave a WD remnant that has cooled down to luminosities between 
LL and L + AL at time T, i.e. AT = [T(m,mwD,*b, L), T(m, mWD, *b> L + AL)] where T(m, myvn, <b, L) = 
levlev — TACB(^I Z{tb)) — ^c(mWD,£)- The theoretical WDLF can be derived by integrating Eq. (4.28) over 
alll WD remnant masses: 

NNwvwv(L,L(L,L + AL,tev) = / , v ' dmwD (4.30) 
J\VDminn dmwD 

wheree WDmjn and WDm a x denote the minimum and maximum WD remnant masses formed, respectively. 
Wee here will assume WDmin = 0.5 and WDmax = 1.2 M 0 . The cooling time tc of a WD is simply related to 
thee galactic evolution time td (at which the progenitor star evolved off the AGB) by tc = <ev -t

d. Therefore, 
wee may express Eq. (4.29) in terms of the stellar die time td instead of birthtirne £b. As can be seen from 
Fig.. 4.64, a range in cooling time A£c(mWD) exists for each WD mass in such a way that the WD will have 
aa luminosty LWD at evolution time tev within a specific luminosity interval (L, L -f AL). 
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Withh the above conversion of cooling t ime tc to td, we can compute the range A*d for a progenitor 
s tarr leaving a W D tha t will have a luminosity between L and L + AL at t ime td = tev. Since this range in 
/ dd solely depends on the W D cooling tracks, A / d can be calculated for each WD mass m W D and for each 
luminosi tyy bin A L in advance of the actual derivation of the theoretical WDLF . 

Accordingg to the above transformations, we can rewrite Eq. (4.29) and express the theoretical WDLF 
elll *ev ^"S* 

m A G B B 

NNWDWD{L,L{L,L + AL,tev) = I f S(td - r A G B ( m , Z . ) ) M ( m ) dtd dm (4.31) 

wheree m£iiB(t€V) is the initial stellar mass evolving off the AGB at t ime tev and m ^ ( i B the upper stellar 
masss producing a W D remnant . To allow for scale height corrections, the integrand in Eq. (4.30) must 
bee divided by 2 / i z (T(m, m W n , tb, L). These corrections can be substantial for the older, fainter WDs (see 
below).. We note tha t analogous expressions can be derived for WD distributions over M v , Afbol, ^eff, etc. 

Thee remnant mass myvi) of a star of initial mass m born at t ime tb is computed using the initial-final 
masss relation m — m ( m W n , Z{th)) and is subsequently used to derive the corresponding range in A/'1 . For 
ann assumed Galact ic lifetime of tev = 14 Gyr, we have a present-day turnoff mass o f m J ( Ï B ( t e v ) = 0.H3 M(., 
(seee Sect. 3.2). This is the lowest mass of stars that leave a WD during the lifetime of the Galaxy. We 
assumee tha t the most massive star which leaves a WD is determined by the upper mass limit for AGB stars, 
i.e.. m£ (- , B = 8 M 0 . Furthermore, we ignore WDs eventually formed from stars that do not enter the AGB, 
suchh as perhaps low-mass RGB stars. 

Wee normalise the observed and predicted WDLF to the total number of WDs within the entire mag
ni tudee range considered. Thereafter, we scale the theoretical values to the value of the empirical WDLF at 
logg ( L / L 0 ) = - 2 . 6 at which observational errors are probably small (cf. Noh k Scalo 1990; Wood 1992). 
Wee verified tha t the sum of all WDs binned in luminosity is approximately equal to the total number of 
WDss derived from integration of Eq. (4.27) over WD remnant mass. 

Wee compute the theoretical W D L F according to Eq. (4.30) while we take into account the metallicity 
dependencee of the stellar lifetimes (up to the end of the AGB) and WD remnant masses. Numerical com
puta t ionn of the theoretical WDLF according to Eq. (4.30) is found to be relatively fast (i.e. as compared 
too Eq. (4.29)) and accurate (see also Noh & Scalo 1989; Wood 1992). The WDLF is derived for absolute 
visuall luminosities between My = 8 and 20 (in 0.5 mag bins). 

R e s u l t s s 

Wee have computed the W D L F for the star formation models selected in Sect. 4.2 which incorporate metal
licityy dependent stellar lifetimes and remnant masses and the cooling tracks from Wood (1992) for ('I/O 
W D ss with a helium-rich surface layer. Overall, the results discussed below are very similar to the results 
presentedd in a comprehensive study of the W D L F by Wood (1992). However, we investigated a different set 
off s tar formation histories and IMFs and we included the detailed metallicity dependence of the evolution 
off the W D progenitors. The latter inclusion leads to new and impor tant results concerning the WDLF. 

Fig.. 4.65 shows the resulting WDLF for the standard SFR (model A). The predicted WDLF is in 
reasonablee agreement with the observations down to values of M v —15.5 mag. At these values, the predicted 
W D L FF s tar t to deviate from the observed WDLF with discrepancies of more than an order of magni tude 
att values My ~ 16.5 mag. Inspection of Fig. 4.64 reveals that WD remnants with masses between 0.4 
andd 1.2 M 0 and cooling t imes <,4 Gyr have absolute visual magnitudes My ~ 15.5 mag. Since the stellar 
IMFF favours low-mass stars and such stars predominantly leave low-mass WD remnants (see Fig. 3.3), the 
discrepancyy between the predicted and observed WDLF can be interpreted as due to the overproduction of 
low-masss WDs with masses m r e m ~ 0 . 5 5 - 0 . 6 M 0 , i.e. the lowest WD mass included in the AGB models (see 
Sect.. 3.2). In our models, such WDs are produced by stars with masses between m 0 ( / e v ) ~ 0.82 M(., and 
~ 22 M( i )) depending on the initial metallicities of these stars (see Fig. 3.3) and assuming tev = 14 Gyr. Thus, 
thee observed W D L F suggests that the total number of stars with 0.82 £ m / M 0 £ 2 which have left a WD 
remnan tt during the lifetime of the Galaxy is greatly overestimated in our models. 

•• Effect of scale height corrections 

Wee have corrected the resulting W D L F for the vertical diffusion of the Galactic stellar disk with age by 
applyingg scale height corrections from Sommer-Larsen (1991; see Sect. 4.1). Such corrections result in 
aa reduction of the total number of long-living, low-mass stars predicted to be present in the SNBH, and 
thereforee reduce the total number of faint WDs associated with low-mass remnants . The corresponding 
effectt is i l lustrated in Fig. 4.65 which demonstrates that reasonable scale height corrections are unable to 
solvee the discrepancies between the predicted and observed WDLFs at values My <; 15.5 mag. 
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Figuree 4.65 F'resent-day luminosity function of WDs in the Galaxy. Results are shown for the standard SFR 
(modell A) after applying scale height corrections (Sommer-Larsen 1991; see Sect. 4.1) for the vertical dispersion of 
thee Galactic stellar disk with age (dotted curve) and without such corrections (solid). A Salpeter IMF and model 
parameterss as in Table 3.3 were assumed. The WDLF observed in the SNBH is shown for comparison (data from 
Fleming,, Liebert fe Green (1986; full dots) and from Liebert, Dahn & Monet (1988; open curies). Both the empirical 
andd theoretical WDLFs were normalised to the value at log (L / LQ) ~ —2.6. 

•• Effect of the SFR 

Fig.. 4.66 shows the effect of the assumed star formation history on the present-day WDLF. The WDLF 
iss insensitive to the SFR at values My is 15.5 mag, while at fainter magnitudes variations of at most a 
factorr of two in the predicted WDLF are due to variations in the SFR. at early epochs in the evolution of 
thee Galaxy. The WDLF is relative insensitive to the star formation history assumed because the W D L F 
essentiallyy is a measure of the total number of WDs formed weighed by the respective WD cooling times. 
Thus,, the discrepancies between the observed and predicted WDLFs cannot be explained in terms of the 
SFRR for reasonable star formation histories. 
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F i g u r ee 4 . 06 Present-day luminosity function of WDs in the Galaxy: effect of the SFR. Results are shown for 
SFRR models selected in Sect. 4.2: 1) density dependent SFR without infall (model A; solid curve), 2) double 
exponentiall SFR with infall (model G; dash-dot), and 3) Dopita SFR (model E; dotted). Scale height corrections 
fromm Sommer-Larsen (1991) were applied to the model da ta . Observational da t a as in Fig. 4.65. Both empirical and 
theoret icall WDLFs were normalised to the value at log (L / L<:j) ~ —2.6. 
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•• Effect of the IMF 

Fig.. 4.67 illustrates the impact of the adopted IMF on the WDLF. At faint magnitudes (My £ 15.5), the 
predictedd W D L F is more sensitive to the IMF than to the SFR (cf. Fig. 4.66). This is partly due to the fact 
tha tt the mass distr ibution of WDs is sensitive to the adopted IMF (see Sect. 4.3.7]. The WDLF at these 
faintt magni tudes can he reduced considerably when the formation probability of stars with masses between 
~0 .822 and ~ 2 M,., is reduced. This can be achieved by assuming an IMF much steeper than Salpeter (e.g. 
aa power-law IMF with -, = 2.7; cf. Fig. 4.66). Alternatively, the formation probability of such stars can be 
reducedd strongly by variations in e.g. the lower stellar mass limit at birth or the IMF slope with Galactic 
age.. Nevertheless, it seems unlikely that reasonable reductions of the formation probabilities of stars with 
0.822 <, rn/ M,.; <>2 can provide results consistent with both the observed WDLF and other constraints to 
thee evolution of the Galaxy. 

o o 

F igu r ee 4.67 Present-day luminosity function of WDs in the Galaxy: effect, of the IMF. Results are shown for the 
standardd SFR (model A) with the following IMFs: 1) the IMF computed iteratively from the PDMF presented 
byy Scalo (1986; solid cui-ve), 2) the empirical IMF from Kroupa et al. (1993; dash-dot), and 3) a power-law IMF 
withh slope 7 = 2.7 (dotted). Scale height corrections from Sommer-Larsen (1991) were applied to the model data. 
Observationall data as in Fig. 4.65. Both empirical and theoretical VVDLFs were normalised to the value at log (L / 
L„)) ~ -2 .6 . 

•• Effect of the age of the Galactic disk 

Ass discussed above, the location of the dropoff in the WDLF is given approximately by the age-luminosity 
relationn for the peak of the W D mass distribution (mWD ~ 0.6 M 0 ; see Sect. 4.3.7). Contributions beyond 
thiss point (i.e. to the faint end of the WDLF) are from: 1) less massive WDs which formed at relatively high 
ratess in the past which evolve slowly, and 2) more massive WDs which were formed more recently at much 
lowerr rates and which evolve more quickly. The contribution of the more massive WDs to the faint end of 
thee W D L F increases with decreasing disk age while at the same time the steepness of the falloff decreases 
(Woodd 1992). 

Iff the assumed age of the Galactic disk is too small, no WDs are predicted at luminosities where the 
observedd W D number density is still iacreasing (Iben k Laughlin 1989). Conversely, if the assumed disk age 
iss too large, the total number of WDs at the faint end of the WDLF would be overproduced as appears to 
bee the case in our models. In the low-luminosity domain, the more massive WDs begin to cool more rapidly 
thann the lighter ones (cf. Fig. 4.64). This leads to a so called "levelling off' at the faint end of the WDLF 
pastt its max imum (Iben fe Laughlin 1989). 

Fig.. 4.68 show^s the effect of the assumed age of the Galactic disk on the WDLF. For tev = 9 Gyr, 
thee turnotf mass is m 0 ~ 0.95 M 0 at Z = 0.001 (see Fig. 3.2). In this case, stars with masses m ^ 0.95 
M QQ have not evolved off the main-sequence during the lifetime of the Galactic disk so that the contribution 
off low-mass stars to the faint end of the WDLF is reduced drastically. However, the reduction in galactic 
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Figuree 4.68 Present-clay luminosity function of WDs in the Galaxy: effect of the Galactic age. Results are shown 
forr the standard SFR (model A) in case of lifetimes of the Galaxy of tev = 14 Gyr (dotted curve) and 9 Gyr (solid). 
Seee further Fig. 4.65. 

agee assumed is insufficient to explain the observed WDLF, in constrast to what has been argued in earlier 
investigationss (e.g. Liebert et al. 1988; Iben k Lauglin 1989; Wood 1992). The main difference is that in 
previouss investigations main-sequence lifetimes for solar metallicity stars were assumed to be independent 
off the initial metallicities of these stars. This leads to: 1) much larger turnoff masses for a given lifetime 
off the Galactic disk (see Fig. 3.2), and 2) an overestimate of the main-sequence lifetimes of low-mass stars 
(m(m Sa 2 M,:,) since the lifetimes for such stars decrease with metallicity (see Fig. 3.1). Both effects result in 
aa considerable reduction of the contribution by low-mass stars at the faint end of the WDLF as compared to 
modelss (discussed here) which incorporate the metallicity dependence of the evolution tracks for low-mass 
starss in detail. For the latter models, a lifetime of the Galactic disk as short as 6 Gyr would lie required 
too improve the agreement at the faint end of the observed WDLF . Apart from the fact that such lifetimes 
off the Galactic disk are inconsistent with many other observational constraints, discrepancies would remain 
sincee substantial numbers of cooling WDs associated with relatively massive AGB stars would populate the 
faintt end of the WDLF (cf. Fig. 4.64). 

D i s c u s s i o n n 

Fromm the results presented above, we arrive at the conclusion that our models are unable to explain the 
observedd WDLF at values My ^ 15.5 mag. Possible errors in: 1) the initial-final mass relations for AGB 
starss (Sect. 3.2), and /or 2) the assumed lower and upper mass limits for stars tha t presumably leave a WD 
aree (by far) insufficient to overcome the above discrepancies (see also Wood 1992). Therefore, we suggest 
onee or more of the following possibilities: 

•• the observed WDLF is seriously underestimated at the faintest luminosities. Indirect arguments 
againstt this possibility have been discussed extensively by Liebert et al. (1988). However, this 
possibilityy cannot be excluded and may be supported by the fact that no dwarfs fainter than 
M\>M\>  ~ 17 were found by Liebert et al. even though such dwarfs are predicted to exist even for 
lifetimess of the Galactic disk as short as 6 Gyr; 

•• uncertainties in the bolometric corrections of WDs result in too bright absolute visual magnitudes 
forr low-mass WDs (cf. Wood 1992; LDM); 

•• the cooling times of WDs are considerably in error, in particular for low-mass WDs. If the cooling 
ratess would be much higher, low-mass WDs would rapidly reach luminosities much fainter than 
M\M\ ~ 16.5 mag and their contribution to the faint end of the WDLF would be drastically reduced 
(seee also Gareia-Berro et, al. 1996). Here we used the cooling tracks for (J /O WDs from Wood 
(1992).. The same tracks but for O-rich WDs reveals that such WDs cool more rapidly and evolve 
fasterr by about 2 Gyr at the luminosity peak of the observed WDLF than do O-rich WDs (Wood 
1992).. The composition of the thin outer layer around a WD heavily affects the opacity and thus 
thee cooling rate of the WD. In relation to the input physics used, theoretical cooling ages of WDs 
urgentlyy need more reliable empirical calibrations; 
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•• the W D remnants associated with low-mass stars (m ^ 1 M,.,) are not as massive as previously 
thoughtt and, therefore, have luminosities which are outside the range in absolute visual magnitude 
off the observed W D L F . It is unclear what implications this would have on the chemical evolution of 
thee Galaxy but at first sight there seem no clear objections against this possibility. Alternatively, 
thee W D remnants associated with low-mass stars may not have formed yet because of errors in 
thee theoretical main-sequence lifetimes of such stars. In this case, the actual libraries of theoretical 
stellarr evolution tracks (e.g. from the Geneva group or Berteüi et al. 1994) would need to under
es t imatee the lifetimes of stars with in £> 1 M,., by considerable amounts (~ factors of 2). Other 
optionss are: 1) low-mass WDs evolve differently from the conventional cooling scenario in such a 
wayy tha t they become more rapidly faint with age of the WD than in the cooling scenario. Clearly, 
thee possibility tha t such low-mass WrDs remain bright during long times is excluded by the observed 
WDLF ,, or 2) the progenitors of low-mass WDs may have formed in much smaller numbers than 
predictedd by conventional chemical evolution models. In this case, variations in e.g. the stellar mass 
limitss at birth, IMF, etc. with galactic age may have suppressed the formation of low-mass stars 
att early epochs in the evolution of the Galaxy. 

C o n c l u s i o n n 

Wee summarize the results obtained in this section as follows: 

•• our models are unable to explain the observed WDLF at values My ^ 15.5 mag because the total 
numberr of stars with 0.82 & m / M 0 £ 2 which have left a WD remnant during the lifetime of the 
Galaxyy is greatly overestimated. We have argued that this result does not depend on the assumed 
scalee height corrections, star formation history, IMF, stellar mass limits at birth, and assumed age of 
thee Galactic disk. In contrast , our models are in good agreement with the observed WDLF at values 
M\M\ <> 15.5 rnag; 

•• al though observational errors and selection effects as well as errors in the theoretical cooling rates 
off WDs cannot be excluded, we favour the possibility that the WD remnants associated with low-
masss s tars (m <> 1 M 0 ) are not as massive as suggested by the observations (to which our AGB star 
modelss are calibrated; see Sect. 3.2), and, therefore, have present-day luminosities that are outside 
thee absolute visual magni tude range covered by the observed WDLF (see also Sect. 4.3.7); 

•• the results presented by Wood (1992) and confirmed here emphasize that the dropoff in the observed 
W D L FF in fact is determined by the length of t ime that low-mass WDs have been formed in the local 
disk.. Therefore, the W D L F is more sensitive to the mean SFR at early Galactic evolution epochs 
thann to the detailed variation of the SFR with Galactic age. Except for the faint luminosity tail of the 
WDLF ,, which is affected by the past bir thrates of low-mass WDs as well as by their mass distribution, 
thee W D L F is quite insensitive to the IMF, stellar mass limits at birth, etc. (see also Noh k Scalo 
1990).. This result is impor tan t since it is notoriously difficult to disentangle the SFR from the IMF 
usingg other indirect methods (Wood 1992). 

•• previous est imates for the lifetime of the Galactic disk from modelling the dropoff in the empirical 
W D L FF are considerably too large and highly unreliable (e.g. /,disk 7 .5 -11 Gyr (Wood 1992) or tdisk ~ 9 

 1 Gyr (Iben & Laughlin 1989)). This is due to the fact tha t previous investigations incorporated main-
sequencee lifetimes for solar metallicity stars independent of the initial metallicities of the progenitors 
off the WDs. This leads to: 1) much larger turnoff masses for a given lifetime of the Galactic disk, and 
2)) an overestimate of the main-sequence lifetimes of low-mass stars (m ^ 2 M(:,) since the lifetimes 
forr such stars strongly decrease with metallicity. Both effects result in a considerable reduction of the 
contributionn by low-mass stars at the faint end of the WDLF as compared to the models discussed 
heree which incorporate in detail the metallicity dependence of the evolution tracks for low-mass stars. 
Thee latter inclusion leads to the new and impor tan t result that the reduction at the faint end of the 
W D L F ,, when smaller and smaller disk ages are considered, is difficult to reconcile with the observed 
W D L F ,, in constrast to what has been argued in earlier investigations (e.g. Wood 1992; LDM 1988). 
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4.3.77 Remnant mass-distribution of low and intermediate mass stars 
I n t r oduc t i o n n 

Thee present-day mass-distribution of white dwarf (WD) remnants provides valuable information concerning 
thee past star formation rate of their low and intermediate mass progenitors. We describe a theoretical 
modell developed to compute the mass distribution of WDs using metallicity dependent stellar evolution 
da taa including stellar lifetimes and remnant masses. The method is similar to tha t applied for the WDLF 
ass presented in the previous section. We briefly examine the W D mass distributions observed in the Galaxy 
andd describe our main model assumptions. Thereafter, we compare results with the observations for the 
SFRR models selected in Sect. 4.2 and discuss possible implications for the Galactic star formation history. 

Observa t i ons s 

Inn Fig. 4.69 we compare the mass distribution of 129 DA (atmospheric compostion dominated by hydro
gen)) WDs in the Galactic disk from Bergeron, Saffer k Liebert (1992; hereafter BSL) with the normalised 
distributionss of the core masses of 303 PNe from Zhang k Kwok (1993; hereafter ZK) and of 95 PNe in the 
Galacticc bulge from Tylenda et al. (1991; hereafter TSAS). 

•• Whi te dwarf mass distr ibution 

Thee DA WDs were selected by BSL from the spectroscopically identified W D catalogue by McCook &  Sion 
(1987)) which in turn is predominantly based on proper motion catalogs. White dwarfs with Tetr ^ 15000 K 
weree excluded since their atmospheres are thought to be convective and model results for such WDs would 
stronglyy depend on e.g. the adopted mixing length (BSL). Using a spectroscopic technique for fitting detailed 
hydrogenn line profiles, the surface gravity of the selected hot WDs with radiative hydrogen-rich atmospheres 
cann be derived. By comparing the derived WD radius with the theoretical models from Wood (1992) for WDs 
withh carbon core composition, the WD mass distribution has been obtained by BSL. In the ideal case, the 
WDD mass distribution can provide exactly the same constraint to Galactic chemical evolution models as the 
WDLF .. However, determination of the WD mass is relatively indirect and requires additional observational 
(spectroscopic)) da t a as well as more stringent selection criteria. In general, the selection criteria required for 
aa sample of WDs suited to study the WD mass distribution differ considerably from those required to study 
thee WD luminosity function. As a consequence, the WDLF and WD mass distribution do provide more or 
lesss independent observational constraints to the models. We here consider the WD mass distribution for 
comparisonn reasons only since we will compare our results with the core mass distribution of PNe discussed 
below. . 

Thee empirical WD mass distribution over 0.05 M 0 mass bins is shown in Fig. 4.69 and has a mean 
WDD mass of < m W D > = 0.56 M 0 with a s tandard deviation of 0.14 M 0 . More than 30% of the WDs is 
foundd to have masses in the range 0 .5-0 .55 M 0 which is significantly lower than the canonical value of ~0 .6 
M(;)) used in most studies. As was emphasized by BSL, the apparent sequence of low-mass DA dwarfs (~10 
starss with mwD less than 0.4 M 0 ) cannot be explained by single star evolution theory within the lifetime 
off our Galaxy due to the critical mass for core helium ignition. Consequently, the low-mass end of the WD 
masss distribution indicates that these stars must have undergone phases of common envelope evolution in 
closee binary systems (BSL). 

Whenn results for several WD samples are compared, it is found tha t the mean mass and mass dis
tributionn of WDs depends on the range of Teff used (e.g. Oke et al. 1983; Weidemann k Koester 1984; 
McMahann 1989; Kaler, Shaw k Kwitter 1990). Since the above WDs were selected towards higher Teff, 
meaningg younger and thus more recently formed WDs left by predominantly low-mass progenitor stars (see 
below),, the BSL sample is probably biased towards less massive WDs. Furthermore, the absolute values of 
thee WD surface gravity may suffer from a zero-point offset which may result in somewhat larger WD masses 
overr the entire mass range (see further BSL). Another effect which may be impor tant for the empirical WD 
masss distribution is the higher detection probability of WDs formed in close binary systems, in particular in 
spectroscopicallyy selected samples. The actual magnitude-limited W D sample is estimated to be complete 
downn to V ~ 15.5 and corrections should be made to obtain a volume-complete sample (see also BSL). 

•• Planetary nebulae nuclei mass distribution 

Thee mass distribution of the nuclei of visible PNe (PNN; cf. Fig. 4.70) peaks at significantly larger remnant 
massess than the WD mass distribution (which are selected according to different criteria). These PNN 
massess are comparatively better determined due to the high sensitivity of the centra] s tar luminosity on core 
masss (e.g. Weidemann k Koester 1984). We have plotted the PNN mass distribution presented by ZK based 
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F i gu r ee 4.69 Observed mass distribution of WDs (Bergeron et al. 1992) compared to the central mass distribution 
off PNe observed in the solar neighbourhood (data from Zhang & Kwok 1993 and Tylenda et al. 1991. 
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Figur ee 4.70 Observed distribution of the central masses of planetary nebulae in the solar neighbourhood. 

onn radio and IR measurements in Fig. 4.70. These PNe were selected by their detection in at least three 
off the four IRA S bands for which radio continuum flux densities at 5 GHz, electron density measurements, 
andd the nebular angular diameters are available. The authors used the interacting wind model from Kwok 
(1982),, in which the formation of a FN results from the sweeping up of the remnant of the circumstellar 
envelopee formed during the AGB phase by a fast wind emanating from the central star of a FN, to derive the 
radioo cont inuum tempera ture 7], of the FN and of the central star T*. Using further Schönberner's (1981, 
1983;; Blocker & Schönberner 1990) post-AGB evolution tracks, ZK derived the FNN mass distribution by 
compar ingg model calculations and observations in the 71 vs. T, diagram. This diagram provides an unique 
oppor tuni tyy to derive the core mass for individual PNe directly from their (71, T*) position without the 
needd to know their distances (see further ZK; Zhang 1993). 

Thee observed mass distribution of 303 PNN derived by ZK is shown in Fig. 4.70 (rebinned to 0.05 M,., 
bins)) as well as in Fig. 4.71 at a resolution of 0.01 M 0 bins. The resulting distribution peaks at ~0.6 M<;). 
Thiss is somewhat different from tha t found by Schönberner (1981) for which the PNN mass distribution 
peakss at m W D = 0.55 M e , and from that for PNN in the Galactic bulge as presented by TSAS which shows 
aa max imum at ~0 .58 M 0 (see Fig. 4.71). Since PNN are associated with visible PNe they must have 
beenn formed during the most recent TpN = 2 104 yr which is approximately the characteristic lifetime of a 
FNN in the SNBH before becoming invisible due to dispersion into the ISM  (e.g. Pottasch 1992). However, 
PNNN with masses below m W D = 0.55 M Q cannot be observed since for smaller core masses the evolution 
awayy from the AGB probably is slowed down so much that the nebulae are dispersed before the PNN is hot 

_ ll I 

11 I— —I ' 
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enoughh to ionize them (Schönberner 1983). As a consequence, WDs with masses between 0.45—0.55 M(., 
usuallyy do not go through a stage with a visible PN and are therefore excluded in the PNN samples. The 
fractionn of WDs born without a visible PNe is est imated to be 30—45% (cf. Weidemann k Koester 1984). 

Resultss for individual PNN in common with samples from Mendez et a!. (1992) and by Tylenda et al. 
(1991)) compare remarkably well and inidividual errors in the derived PNN masses are quoted to be less than 
~0 .022 Mc:,. Unfortunately, no a t tempt has been made to account for inhomogeneity and incompleteness of 
thee sample. Since detectability both in the radio-continuum and in the far-IR is the major selection criterion 
forr the PNN included, the sample cannot be complete at the end of the fainter nebulae due to the sensitivity 
limitss of the instruments used. Therefore, we expect that the true PNN mass distribution: 1) peaks less 
severee than in the actual PNN sample, and 2) has a maximum at less massive remnants than in the actual 
sample. . 

Thee sample of PNN present in the Galactic bulge studied by TSAS is predominantly based on spectro
scopicc surveys from Acker et al. (1990) and Stasinska et al. (1990). Since the evolution of PNN is extremely 
sensitivee to their mass, comparison of observations with post-AGB evolutionary tracks may be used to esti
matee the PNN mass. The post-AGB tracks from Schönberner (1983) used by TSAS were corrected for the 
presencee of the nebula surrounding the PNN as were the observations. Assuming a PN expansion velocity 
off 20 km s - 1 and a distance of 7.8 kpc to the Galactic center (Feast 1987), TSAS derived a PNN mass 
distributionn for which about 50% of the PNN have masses below 0.585 M 0 (cf. Fig. 4.70). The bulge 
PNNN mass distribution has an average of < m w D > = 0.593 M(;) with s tandard deviation of 0.025 M ( ) . The 
distributionn apparently peaks at lower PNN masses around ~0.58 M(:} compared to the IR + Radio selected 
PNNN sample from ZK as can be seen from Fig. 4.70. A rather restricted PNN mass range between 0.55 M^ 
andd 0.67 M^ is found which is much narrower than obtained for the ZK sample. However, al the low mass 
endd strong selection effects operate while at the high mass end the total luminosity of a PNN drops rapidly 
andd the nebulae fall below the detection limit of the present survey (TSAS). In addition, high-mass PNN 
aree difficult to observe because they are hot (log (T*[K]) > 5) so tha t most of the time they have a faint 
visuall continuum compared to the nebula (TSAS). 

Sincee the stellar population of the Galactic bulge and disk are different one may expect their PNN mass 
distributionn to be different too (cf. TSAS). Unfortunately, both samples suffer from severe observational 
selectionn effects which are quantitatively not well known and prevent a detailed comparison between the 
twoo samples. When rebinned to 0.05 M(;) bins both distributions seem to be consistent in the sense that 
thee majority (i.e. > 75%) of the observed PNN fall in the mass range ~0.55 M(;) to 0.65 M<;) while both 
distributionss peak around 0.55—0.6 M Q . Furthermore, both PNN distributions tend to be on average more 
massivee than the DA WD mass distribution which is consistent with discussion above. 

Althoughh the remnant mass distributions compared above are among the most accurate and extended 
sampless currently available, we emphasize that these samples probably are still far from being statistically 
completee and severe selection effects may be present. We estimate the total number of WDs present in the 
Galacticc disk to be of the order of 1010 (see Sect. 4.3.6) while for a current PN birth rate of ~ 1 y r - 1 and 
rp NN ~ 2 104 yr (e.g. Pottasch 1993; Peimbert 1993; Pottasch 1996), the total number of PNe in the disk is 
nearlyy two orders of magnitude larger than the most complete sample currently available. For the Galactic 
bulge,, the total number of PNN with ages rp N < 2 104 yr is estimated to be 600—700 (Stasinska et al. 1991) 
afterr a careful correction for possible selection effects. This number suggests tha t at present about 40% of 
alll the Galactic bulge PNe have been identified optically and about 15% has been included in the sample by 
TSAS. . 

Sincee PNe are very diverse in their appearance, while both detector sensitivies and interstellar ex
tinctionn probably play an important role in causing severe selection effects, it is a difficult task to get a 
subsamplee that is representative for the present-day population of PNN in the Galactic disk at least with 
respectt to their mass distribution. We consider the bulge sample of PNN to be the most representative 
subsamplee currently available with respect to its mass distribution (although this sample is perhaps not the 
mostt accurate and complete one currently available). Keeping these limitations in mind, we investigate the 
dependencee of the theoretical WD and PNN mass distributions on the assumed star formation history and 
IMF,, and compare the predicted with the observed remnant mass distributions. 

M o d e ll a s s u m p t i o n s 

Loww and intermediate mass single stars (m ^ 8 Mw ) lose the largest part of their mass on the AGB (see 
Sect.. 3.3). Since mass loss on the AGB is found to be sensitive to the stellar metal-abundance on the 
main-sequencee (e.g. Knapp 1985; see also Groenewegen k de Jong 1992; see Sect. 3.3), the remnant mass of 
aa star of initial mass m depends on the metallicity of the progenitor star as well. For single AGB stars, the 
WDD remnant mass ranges between the critical mass for core helium ignition, i.e. ~0 . 45 -0 . 5 M(;> and the 
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Chandrasekharr limit for the formation of a neutron star, i.e. ~1 .4 M,:,. 

Ass a consequence, stars of initial mass m which evolve off the AGB during the lifetime of the Galactic disk 
producee a range of remnant masses. Fig. 4.72 shows the WD mass left by a star of initial mass m vs. the 
agee tb at which the progenitor star was born in the Galaxy (with metallicity Z, = Z(tb)). To obtain Fig. 
4.722 we used the theoretical AMR from model A selected in Sect. 4.2 together with the remnant masses 
fromm the AGB evolution model from Groenewegen & de .Jong (1993; see also Sect. 3.3). We note that Fig. 
4.722 is identical for all models which are consistent with the AMR observed for stars in the Galactic disk. 
Inn part icular , quanti t ies related to the SFR and IMF are not incorporated in Fig. 4.72. 
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F igu r ee 4.71 Theoretical WD remnant mass (greyscale) for stars of initial mass m born at Galactic age tb with 
correspondingg metallicity Z, - Z(tb). Greyscale varies between mWD = 0.545 M 0 (white) and mWD ~ 1.2 M,., 
(black;; cf. legend bottom right). Vertical axis: log i[Gyr] = 8., 8.5, 9., 9.6 and 10.15 corresponding to initial 
metallicitiess (Z/Z,o) = 0.01, 0.03, 0.1, 0.3 and 1.5, respectively. Horizontal axis: progenitor mass between the current 
turnofff mass ?n0(14 Gyr) ~ 0.82 M„ and 7n^GB (plotted on a non-linear scale). Solid curve illustrates the contour 
off constant remnant mass mWD = 0.6 MQ . Dotted line indicates the variation of the turnoff mass m0 with Galactic-
agee t. 

Thee W D remnant mass increases with progenitor mass at all galactic evolution times (i.e. initial metallic
ities).. This can be seen also from the bo t tom histogram in Fig. 4.72 which displays the remnant mass vs. 
initiall mass averaged over all age bins (sensitive predominantly to the AMR). The predicted range in WD 
masss is largest for progenitor stars with m ~ 3.5 M(., which leave remnants with masses between 0.65 MH 

andd - 0 . 9 5 M 0 . 

Inn contrast , m w n decreases with increasing initial metallicity. For instance, a progenitor mass of 
2.55 M 0 leaves a WD remnant with m r 0.88 and ~0.6 M f ) when born with Z, ~10" 2Z ( . , and 

ZZrr w Z 0 , respectively (see also Fig. 4.72; top right histogram which displays the remnant mass vs. Galactic 
agee averaged over all mass bins). The solid curve in Fig. 4.72 shows the contour of remnants with masses 
"iWDD = 0.6 My . Progenitor stars in the mass range 7» = 1.25 M e to ~ 2.8 M 0 will leave a ~0.b' M,., 
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WDD remnant depending on their initial metallicity. The variation of the turnoff mass with Galactic age 
determiness the instant at which stars of a given mass m star t to evolve off the AGB and contribute to the 
Galacticc present-day WD mass distribution. For instance, stars with m £, 1 M Q , born with low metallicities 
Z** ~ 10~2Z(.) do not contribute to the WD mass distribution until a Galactic age of ~7.5 Gyr has been 
reachedd after the onset of star formation in the Galaxy. 

Forr single WDs, the progenitor mass ranges between the present-day turn-off mass from the AGB 
~~ m0(tew) and the assumed upper stellar mass tha t leaves a WD remnant , i.e. m ^ ( , B — 8 M ( ) . If we assume 
alll AGB stars to leave a WD remnant at the end of their evolution, the WD mass-distribution A / W D ^ ' I , f*u, T) , 
definedd as the total number of remnants with masses between r\ and ru at galactic age t =T, can be written 
as: : 

JVwi>( r i , r u ,T )== ƒ / "' $(t - rAGB{m, tb))M{m) dm dt (4.32) 
J0J0 JG(r,,£b) 

wheree TACB(m, tb) is the stellar lifetime up to the end of the AGB of a star of initial mass m born at a 
metallicityy Z* = Z(tb). The stellar birth t ime th is related to the galactic age by tb — i - TAC;B(»J, * b ) , and 
Cr(m\vDii ^b) is the progenitor mass m of a remnant with mass mwD formed at galactic age t. 

Wee neglect the stellar evolution time spent in the post-AGB phase, i.e. during which the star leaves 
thee AGB and ultimately forms a W D (usually accompanied by the formation of a PN). Since the stellar birth 
agee tb in Eq. (4.31) needs to be computed iteratively as stellar lifetimes depend on the initial metallicity, it 
iss more convenient to integrate over tb instead of galactic age t — tb -\- TA(in{m,tb) and to rewrite Eq. (4.31) 
inn the form: 

i V w i ) ( r i , r u , T ) == f (S{th)M{m) dmdtb (4.33) 
JtJthh=o=o JD 

wheree the inner integral integrates over the mass range D defined as the intersection of the respective ranges 
(m 0 (TT — tb), m ^ ( , B ) and {G(r\,th), G{r\,th)). The former mass range comprises stars born at t = tb evolving 
offf the AGB at galactic age t = T . The latter mass range includes all progenitor stars born at t — th which 
ult imatelyy end as a WD with mass between mwD = r\ and r u . We ignored the possibility that some stars 
mayy leave multiple times a PN (e.g. Pottasch 1996). 

Too compare the theoretical WD mass distribution to the observed distribution we have normalised 
A\vi)(n,, 7'u) T) in Eqs. (4.31) and (4.32) to the total number of WDs present in the Galactic disk as 
predictedd by the adopted SFR model. To derive the theoretical mass distribution of the central stars of 
visiblee planetary nebulae we used an equation similar to Eq. (4.32) except for integrating from /,ev — TF>N to 
ttevev,, i.e. including only WD remnants formed during the most recent T>N ~ 2 104 yr (e.g. Pottasch 1992) and 
assumingg i e v = 14 Gyr. We refer the reader to Sect. 4.3.5 for the uncertainties related to the assumption 
off a constant value of TPN (e.g. independent of galactic age, PN and WD masses). We note that relations 
similarr to Eq. (4.32) can be derived for the metallicity, age, and luminosity distributions of PNe and WDs. 

R e s u l t s s 

Wee have computed the age-integrated WD mass distribution and present-day mass distribution of the nuclei 
off PNe for several SFR and IMF models discussed in Sect. 4.2. This has been done while neglecting 
correctionss for the increase in the vertical diffusion of the Galactic stellar disk or for stellar orbital diffusion 
inn general (see Sect. 4.1). Since we will compare the results with the mass distribution of PNN in the 
Galacticc bulge (Tylenda et al. 1991), such corrections are uncertain and probably are of minor importance 
comparedd to those involved with the mass determination of PNN in the Galaxy (e.g. distances, post-AGB 
evolutionn tracks). 

Thee mass distribution of bulge PNN may be biased towards progenitors with large initial metallicities. 
Inspectionn of Fig. 3.3 reveals that WD remnant masses of single stars decrease with increasing metallicity. 
Therefore,, the mass distribution of bulge PNe is expected to have a mean remnant mass substantially less 
massivee (by ~0.1 M^) than that for PNN associated with stellar populations formed in the SNBH. However, 
thee metallicity effect on the mass distribution of PNe is much smaller than suggested above because: 1) the 
formationn probability of low-mass stars (m ~ I MH ) is relatively large due to IMF effects, 2) the low-mass 
progenitorss of PNe were formed ^ 7.5 Gyr ago when the metallicity in the Galactic ISM was substantially 
lesss than at present, and 3) the metallicity dependence of the initial-final mass relation for low-mass stars is 
weakk (see Fig. 3.3). 

Wee will compare the mass distribution of bulge PNN both with the time-integrated WD mass distri
butionn and the PNN mass distribution. The present-day PNN mass distribution peaks at smaller remnant 
massess than the WD mass distribution due to: 1) the finite period of time during which a FN remains visible 
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F i gu r ee 4.72 a) Remnant mass distribution of low and intermediate mass stars: effect of the SFR. Left panels : 
Resultingg mass distribution of the nuclei (PNN; solid lines) of the planetary nebulae formed in the Galaxy during the 
lastt rpN = 2 104 yr for the SFR models (label A - C ) selected in Sect. 4.2. A Salpeter IMF and model parameters 
ass in Table 3.3 were assumed. Righ t panels : Corresponding WD mass distribution integrated over the lifetime of 
thee Galaxy. Mean PNN and WD masses predicted are indicated in the top right corner of each panel, respectively. 
Forr comparison, observational data are shown for PNN in the Galactic bulge (Tylenda et al. 1991; dotted). Note the 
differentt bin sizes for the left and right panels. 

(rpNN -— 1 104 yr) before it disperses into the ISM, 2) most PNe with massive progenitors formed in the past 
havee been dispersed completely, and 3) combined IMF, SFR, and stellar lifetime effects lead to the result that 
mostt PNe nowadays observed are associated with low-mass stars (which leave relatively low-mass remnants; 
seee Fig. 3.3). In fact, the contribution by low-mass stars to the present-day remnant mass distribution 
rapidlyy increases with Galactic age. As a consequence, the average mass of recently formed WDs is con
siderablyy less than tha t of the WDs which formed several Gyr ago. Metallieity effects do not alter this result. 

•• Predicted remnant mass distributions: dependence on SFR 

Fig.. 4.73 shows the resulting PNN and WD mass distributions for the SFR models selected in Sect. 4.'2. 
Forr all SFR models, the remnant mass at maximum in the PNN and WD mass distributions are in good 
agreementt with the observations, i.e. m™™ ~ 0.58 M 0 . In all cases, the PNN mass distribution predicted 
containss substantial ly less high-mass remnants with m r e n l £ 0.58 M 0 than observed. This discrepancy is 
probablyy related to selection effects which favour the more massive, more luminous PNe in the Galactic 
bulgee in the sample from Tylenda et al. (1991). Therefore, we expect that resulting PNN mass distributions 
whichh produce substantial more low-mass remnants (m r e m <>  0.58 M 0 ) are in better agreement with the 
actuall PNN mass distr ibution in the Galaxy than models which perfectly match the Tylenda et al. da ta 
inn this mass-range. This is also justified by the fact that the application of corrections for stellar orbital 
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Figuree 4.73 b) Same as a) but for SFR models (D —F) selected in Sect. 4.2. 

diffusionn mainly will enhance the PNN mass distribution at the low-mass end since the long-living, low-mass 
starss produce relatively low-mass remnants . Thus, in spite of the good agreement between the observed and 
predictedd PNN distribution of the bimodal SFR, (model D), this model can be excluded for these reasons. 
Sincee the magnitude of the selection effects towards more massive PNe is not well known, a clear distinction 
betweenn the different SFR models considered on the basis of the PNN mass distribution is difficult. However, 
SFRR models A, B, and F may be reasonable predictions of the actual mass distribution of PNN in the Galactic 
disk. . 

Forr the WD mass distribution, we use a bin width in remnant mass equal to that used by BSL. 
Inn general, good agreement between the predicted WD mass distribution and the observed PNN mass 
distributionn is found for the models considered here. However, we emphasize that comparison with the ZK 
samplee of PNN (or the WD mass distribution from BSL) reveals that marked differences exist between these 
observationss and the model predictions. The PNN masses derived by ZK may be even more strongly biased 
towardss massive PNe than for the TSAS sample and the disagreement of the predicted mass distributions 
iss not worrying. In contrast, the mass distribution derived by BSL extends down to m r e m ~0 .3 M(.) while 
aboutt half of the sample WDs have masses less than ~0.55 M ( ) . Our models do not predict WD masses 
muchh less than 0.54 M Q . This suggests that : 1) the initial-final mass relation predicted for low-mass A(JB 
starss is considerably in error, 2) another mechanism is required to explain WD masses ^0 .55 M Q , and /o r 3) 
thee surface gravities (and WD masses) determined by BSL are considerably underestimated. 
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Althoughh the lat ter possibility cannot be excluded, we favour the idea that such low-mass WDs are produced 
byy low-mass s tars which do not reach the AGB but loose substantial amounts of their envelope earlier in 
theirr evolution5 . 

Thiss process may be uncommon unless a large population of very low-mass WDs (m <, 0.55 M..,) is 
presentt in the Calaxy. The existence of large numbers of these WDs cannot be excluded since these faint 
W D ss are not associated with PNe (perhaps they may be observed as dwarf novae). The observed WD mass 
dis t r ibut ionn from BSL predicts a substantial number of such WDs and this raises the question why the BSL 
samplee would be strongly biased towards these low-mass WDs. Perhaps the answer is in part tha t such WDs 
aree much more common than previously thought. Also, these very low-mass WD remnants may be produced 
predominant lyy in binary systems. 

Wee recall from Fig. 4.72 tha t remnants with m r e m ~0.55 M 0 are left by ~1 .4 M<:> stars formed 
recentlyy (i.e. ~ 2 Gyr ago) with rnetallicities Z» » Z0) or by —0.85 M 0 stars formed about 12.5 Ciyr 
agoo with low rnetallicities Zm sa 0.1Z(O. Therefore, the present-day WD mass distribution NWD(ruru,T) 
cannott provide detailed information about the Galactic star formation history since even strong bursts of 
s tarr formation are readily smeared out in the remnant mass distribution (cf. Eqs. (4.31) and (4.32)). 

•• Predicted remnant mass distributions: dependence on IMF 

Fig.. 4.74 illustrates the effect of the IMF on the PNN and WD mass distributions in case of the s tandard 
SFRR (model A). We find tha t the resulting mass distributions for the Scalo and Kroupa IMF models are 
consistentt with the observations. In contrast, an IMF with slope 7 = 2.7 predicts too many low-mass PNN 
inn a manner probably inconsistent with the expected impact of the selection effects on the observations 
discussedd above. Even though the adopted IMF strongly influences the theoretical PNN mass distribution 
(e.g.. Yuan 1989), it appears very unlikely tha t the high-mass end of the PNN distribution of the Galactic-
diskk or bulge is as impor tan t as indicated by the TSAS distribution (unless the IMF and /o r stellar mass 
l imitss at birth in the bulge are significantly different from that usually found in the Galactic disk; see Chap. 
2).. In this case, e.g. the stellar lower mass limit would need to be rather large (i.e. m\ ^ 0.5 M(.,) in 
combinat ionn with a flatter IMF, or the SFR would need to increase with Galactic age which is not supported 
byy the observations (see Sect. 4.3.4). 

•• Tota l number and present-day format ion rates of WDs 

Tablee 4.13 lists the total number, present-day bir thrates, and average masses of PNN and WDs for the SFR 
andd IMF models discussed above. An average lifetime of PNe in the Galactic disk of rp N = 2 104 yr was 
assumed.. The mean PNN and WD masses are ~ 0.58 1 M 0 and - 0 . 6 2 5 M<:,, respectively, for all 
modelss except the bimodal SFR (model D). This may be compared to <m P N N ) =0.593  0.025 M{:s (TSAS) 
andd ( m w o ) = 0.56  0.14 M(;, (BLS) as obtained from the observations. Considering the selection effects 
andd uncertainties present in the observations, the agreement is satisfactory. For the mean PNN mass, the 
agreementt is surprising because: 1) observational selection effects operate against low-mass PNN, and 2) 
PNNN with masses below ~ 0.55 M(;, are difficult to detect as the planetary nebula may be dispersed before 
thee central s tar is hot enough to ionize the nebula. 

Tab l ee 4.13 Predicted total number, present-day formation rate, and average mass of PNN and WDs 

Model l 

A A 
A l l 

A2 2 
A3 3 
B B 

C C 

D D 
E E 
F F 

<m> > 

[Md,] ] 
0.35 5 

0.85 5 
0.50 0 
0.24 4 

0.35 5 
0.35 5 
0.26 6 
0.35 5 
0.27 7 

A/PNN N 

[104] ] 
4.6 6 

6.5 5 
7.4 4 
2.4 4 

4.7 7 

1.9 9 
3.8 8 

0.3 3 
2.8 8 

( " I P N N ) ) 

[M,:,] ] 
0.578 8 
0.579 9 

0.576 6 
0.574 4 
0.580 0 
0.577 7 
0.611 1 

0.584 4 
0.571 1 

NWD NWD 

[1010] ] 

2.6 6 
7.3 3 

4.0 0 
1.5 5 
2.4 4 
22 7 
4.2 2 

1.4 4 
1.6 6 

RwD RwD 
y r^ 1 1 

2.3 3 

3.4 4 
3.7 7 
1.2 2 

2.4 4 
0.9 9 

1.9 9 
0.1 1 

1.4 4 

( ' " • W D ) ) 

[M(:,] ] 
0.625 5 
0.620 0 
0.617 7 
0.626 6 
0.621 1 
0.624 4 
0.626 6 
0.625 5 
0.624 4 

5Forr WDs with masses £ 0.55 M(:,, the progenitors may not have passed through the luminous A(iB or Mira phases as 
discussedd in Sect. 3.3 (see also BSL) but may have experienced sufficiently higher rates of mass loss that truncate evolution 
onn the "early" ACJB or even at the horizontal branch. White dwarfs with mWD ~ 0.5 M(:, may originate in subdwarf B and 
perhapss subdwarf () stars if such stars are core helium burning objects on the "extended" horizontal branch. It is known that 
thesee hot subdwarfs exist in large numbers in the Galaxy (see Saffer, Liebert Sc Green 1992). 
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Figuree 4.74 Predicted remnant mass distribution of low and intermediate mass stars: effect of the IMF. Left 
panels :: Resulting mass distribution of the nuclei (PNN; solid lines) of the planetary nebulae formed in the Galaxy 
duringg the last rPN = 2 104 yr for the standard SFR (model A) with: 1) the Salpeter IMF (labeled A), 2) the IMF 
computedd iteratively from the PDMF presented by Scalo (1986; A l ) , 3) the empirical IMF from Kroupa et al. (1993; 
A2),, and 4) a power law IMF with slope 7 = 2.7 (A3). Right panels : Resulting WD mass distribution integrated 
overr the lifetime of the Galaxy. Mean WD and PNN masses predicted are indicated in the top right corners of each 
panel,, respectively. For comparison, observational data are shown for PNN in the Galactic bulge (Tylenda et al. 
1991;; dotted). 
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F'redictedd total numbers of PNN and \VI')s are given for comparison. The bir thrate of the immediate 
progenitorss of WDs such as PNe, post-AG B objects and post-HB stars, is estimated to be ].(j I 0~ 3 p c _ : j 

G y r _ ii (cf. Drilling &: Schönberner 1985). This corresponds to a present-day WD birthrate of about Ü.4 to I 
y r - 11 and a W D total number of A\VD ~ {5—14) 10£' in the Galactic disk (assuming a disk radius of 20 kp<\ 
aa disk stellar scale height, at birth of 100 jx\ tev ~ 14 (iyr, and a mean WD formation rate abouth 1/3 of 
thee present-day formation rate of WDs independent of location in the disk). 

Wee note tha t the present-day bir thrate of WDs is much larger than the bir thrate of WDs in the past. 
Th iss is due to the fact tha t the mean progenitor mass of the oldest dwarfs in the Galaxy must be considerably 
largerr than the mass of the oldest stars nowadays on the main-sequence (e.g. I ben k Tutukov 1984). Both 
thee IMF and Galact ic s tar formation history intensify this effect. 

Thee present-day formation rate of PNN predicted by standard SFR model is ftpNN = 2.3 y r _ i and 
appearss somewhat too large compared to the observed rate of / ÏPNN ~ 0.5—2 y r - 1 {Pottaseh 1992; this value 
iss similar to the present-day birthrate of WDs previously es t imated) . However, in our models we assumed 
alll s tars with masses between m0(tev) ~ 0.82 and 8 M ., to reach the AGB and to leave a PN while, in fact, 
aa substant ial fraction (~ U0 - 40 %) of these stars may end as WDs without associated (or visible) PNe. 

C o n c l u s i o n n 

Wee summarize the main results obtained in this section as follows: 

•• the agreement between the observed and predicted mass distributions of WDs and PNN as well as 
theirr formation rates in the Galaxy is satisfactory. However, severe selection bias in the observations 
preventss a clear distinction between different models on the basis of these constraints; 

•• our models do not predict WD remnants less massive than ~ 0.54 Mc:,. This appears inconsistent 
withh the observed W D mass distribution derived by Bergeron, Saffer, &  Liebert (1992). These authors 
proposee tha t such WDs originate from low-mass stars which experience substantial mass-loss during 
thee helium flash at the end of the horizontal branch. Alternatively, it has been suggested that such 
low-masss WDs may be formed in binary systems. If indeed true, our models would predict too massive 
W DD remnants , in par t icular for low-mass stars (m ^ 1 M(.,). This result would be consistent with that 
derivedd for the W D L F (see Sect. 4.3.6). However, we emphasize that uncertainties in the observed 
remnantt mass dis tr ibut ion at low masses are relatively large and prevent a conclusion; 

•• mean PNN and W D masses in the Galaxy are predicted as m P N N ~ 0.58 1 M(0 and mWD —0.62 
55 M 0 , respectively, for an assumed average lifetime of PNe in the Galactic disk of rp N = 2 104 yr; 

•• the present-day remnan t mass distribution of intermediate mass stars cannot provide detailed tests of 
thee Galact ic s tar formation history since, depending on the initial metallicity of the progenitors, the 
effectss of s tar formation bursts are spread over a wide range in remnant mass. 
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4.3.88 Metallicity and age distributions of long-living stars 

Thee age and metallicity distributions of long-living stars observed in the solar neighbourhood provide tight 
constraintss on the star formation history and chemical evolution of the local Galactic disk. We here give 
aa brief summary of recent observational abundance da ta on F, G, and K dwarfs and describe the model 
adoptedd to compute the age and metallicity distributions for stars covering a given range in spectral type. 
Too allow for a meaningful comparison with the observations, we study the effect on the resulting metallicity 
andd age distributions of: 1) the inflation of the scale height of the Galactic stellar disk with age, 2) the large 
abundancee inhornogeneities observed among similarly aged F and G dwarfs in the SNBH (Edvardsson et al. 
1993;; see ( 'hap. 5), and 3) the metallicity dependence of the range in initial mass of stars with present-day 
effectivee temperatures (spectral types) within a given range. We compare the observed [Fe/H], [O/H] and 
age-distributionss of F, G, and K main-sequence dwarfs in the SNBH with the corresponding distributions 
predictedd by the SFR models selected in Sect. 4.2 while taking into account the metallicity dependence of 
thee stellar yields and lifetimes. We discuss our results in the context of the many solutions tha t have been 
beenn proposed in the past to explain the classical G-dwarf problem. 

I n t r o d u c t i o n n 

Simplee models for the chemical evolution of the Galaxy have long been found inconsistent with the observed 
abundancee distributions of disk G dwarfs (e.g. Pagel h Patchett 1975; Twarog 1980; Pagel 1987; Guzik k 
Struck-Marcelll 1988; Gasuso k Beekman 1989; Francois et al. 1990; Sommer-Larsen k Yoshii 1990; Tayler 
1990;; Sommer-Larsen 1991a,b; Meusinger 1994) in the sense tha t such models usually predict too many 
metal-deficientt stars, a problem which is known as the G-dwarf problem (see for a recent review Pagel 1992). 
Duringg the last decades, many possible explanations have been proposed: 

•• metallicity dependent stellar ages (Bazan k Mathews 1990): evolution away of the oldest stars (cf. 
Mouldd 1976). 

•• prompt initial enrichment (Talbot & Arnett 1972; Pagel k Patchett 1975) from the halo and the 
bulge:: first halo star formation with subsequent infall to the Galactic disk (Ostriker and Thuan 
1975;; Koppen k Arimoto 1991); 

•• metal-enhanced star formation (Talbot 1974); 

•• movement of the oldest stars either towards the Galactic centre (Grenon 1989) or away from the 
Galacticc disk reaching such large scale heights that they are missed in local samples even after 
weighingg by velocity perpendicular to the Galactic plane (Pagel 1987); 

•• inhomogeneous chemical evolution of the Galactic disk with intermit t ing periods of remixing (Ma-
l inieett al. 1993); 

•• larger yields at lower metallicities either by effects on stellar evolution (Maeder 1991) or to the IMF 
(Schmidtt 1963); 

•• gradual formation of the Galactic disk: inflow of (nearly) unprocessed material (Twarog 1980; Pagel 
1989,, 1992; Sommer-Larsen 1991); 

•• bimodal star formation, i.e. different star formation histories for low and high-mass s tars either 
byy different SFRs (Larson 1986; Wyse k Silk 1987; Francois, Vangioni-Flam, and Audouze 1991) 
orr by different IMFs (e.g. by an SFR enhanced lower mass limit as earlier suggested to explain 
observationss of starburst galaxies (Rieke et al. 1980, 1985; Silk 1987; Larson 1988) and for massive 
OB-starss observed in giant molecular clouds in the Galactic disk (Myers et al. 1986; Blitz k Stark 
1986). . 

Untill recently, the observed G-dwarf metallicity distribution has been based predominantly on UBV pho
tometryy da ta originally collected by Pagel k Patchett (1975) which has been revised by Sommer-Larsen 
(1991)) and Pagel (1989, 1992). Recently, new da t a on the local G-dwarf abundance distribution have been 
presentedd by Gilmore k Wyse (1995) and Rocha-Pinto k Maciel (1996). These da t a are based on Strömgren 
photometryy da ta adopted from the Third Gliese Catalog and allow for a more reliable abundance determi
nationn than in the case of UBV photometry. Also, accurate abundance da ta have become available recently 
forr K dwarfs in the SNBH (e.g. Flynn k Morel! 1996). 

Inn this section, we present results for the age and abundance distributions of long-living stars in the 
Galaxyy using the galactic chemical evolution model discussed in Chap. 3. We compare these results with 
neww observational da ta on the abundance and age distributions of F, G, and K dwarfs in the SNBH. In 
particular,, we show that no G-dwarf problem is encountered by our models. We consider this impor tan t 
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result,, in detail and discuss to what extent the observed abundance and age distributions can be used to 
constrainn models for the chemical evolution of the Galactic disk. 

O b s e r v a t i o n s s 

Wee concentrate on the best samples available to da te of F, G. and K main-sequence dwarfs observed in the 
SNBH.. Table 4.14 lists the selection criteria and characteristics for a number of samples adopted from the 
l i terature.. Sample reference, number of sample stars, ranges in effective temperature T e f f . spectral type, and 
metallicity,, selection criterion, da ta homogeneity, and literature source are given subsequently. In principle, 
thee age and metallicity distributions of the stars in these samples provide independent constraints on the 
chemicall evolution of the Galactic disk. We note tha t for s tars with spectral types much later than G, the 
samplingg volume in the Galaxy decreases rapidly (e.g. samples of M dwarfs are not well suited for Galactic 
diskk studies according to the actual generation of detectors). 

Tab lee 4.14 Selected samples of F and G main-sequence dwarfs 

Sample e 
PAG G 
MRS S 

EDV V 
SCH H 
RPM M 
FLM M 
RAB B 

# # 
132 2 
536 6 

446 6 

1214 4 
287 7 
87 7 
60 0 

ATeff[K] ] 
5400-5850* * 
5500-6760 0 
5600-6800 0 
2620-6980* * 
5190-5920* * 
4650-5190* * 
3900-5190* * 

Sp.. Type 
G2V-G8V V 
FF (-10% G) 
FF ( -25% G) 
~ F - M M 
G0V-G9V V 
K0V-K3V V 
K0V-K9V V 

A[Fe/H] ] 
-1 .2 /+0 .2 2 
-1 .8 /+0 .4 4 
-1 .2 /+0.45 5 
-2 .0 /+0 .5 5 
-1 .2 /+0 .4 4 
-1 .4 /+0 .6 6 
-1 .1 /+0 .4 4 

Selection n 
withinn ~25 pc from Sun 
magnitudee mv £*>  6.5 
withinn ^40 pc from Sun 
high-velocityy stars 
withinn ~25 pc from Sun 
withinn ~25 pc from Sun 
variouss criteria 

1/ / 
I I 
I I 

H H 
H H 
H H 
I I 
I I 

Note s :: I indicates inhomogeneous sample from different sources, H indicates homogeneous sample; * range in 
Te f !! estimated according to Harmanec (1988). References: 1) Paget k Patchett (1975); Pagel (1989, 1992), 
2)) Meusinger et al. (1991), 3) Edvardsson et al. (1993), 4) Schuster et al. (1993) 5) Rocha-Pinto h Marie! 
(1996),, 6) Flynn k Morell (1996), 7) Rana & Basu (1991) 

Inn Fig. 4.75 we compare the observed [Fe/H] and age distributions of main-sequence F+G dwarfs 
inn the SNBH from Meusinger, Reimann &  Stecklum {1991; hereafter M R S) and Edvardsson et al. (1993; 
hereafterr E D V ) . Both samples contain internal errors less than ~0.1 dex in [Fe/H] and ~ 2 Gyr in age. 

Thee sample of M R S is essentially based on two earlier samples described by Twarog (1980) and 
Garlbergg (1985). However, several improvements in the reduction and analysis of the combined da ta were 
madee by MRS. The magni tude limited sample of MRS (m v £ 6.5) comprises 536 stars with - 2 ^ [Fe/H] 
<><>  +0 .4 and Teff = 5500 to 6760 K. According to the spectral type classification by Harmanec (1988), we 
findd tha t about 40 G-dwarfs are included in the sample. Thus, the MRS sample is strongly dominated by F-
dwarfs.. Since the absolute magni tude of a star depends on its initial metal-abundance, each star contribution 
wass weighed by the inverse of the volume of the sphere with radius equal to the maximum distance at which 
thee s tar can be placed and still falls within the apparent magnitude limit of the sample (see further MRS). 
Thee normalised [Fe/H]-distribution (bin width 0.1 dex) peaks at [Fe/H] as - 0 . 05 (cf. Fig. 4.75). The 
correspondingg age distr ibution is shown in the right panel of Fig. 4.75. The age distribution peaks towards 
smalll ages since the fraction of F+G dwarfs (i.e. with m ~ 0.96 to 1.2 M 0 ) nowadays on the main-sequence 
iss larger for more recently formed stars. This is true in spite of observations which strongly suggest that the 
averagee past SFR has been considerably higher than at present (e.g. Mayor & Martinet 1977; Dopita 1990; 
seee Sect. 3.1). 

Inn the recent paper by EDV, the authors discuss a sample of 446 stars with distances less than 40 pc 
too the Sun for which accurate [Fe/H] ratios have been determined. The EDV sample appears to be volume 
completee and contains approximately 2 0 - 2 5 % G-stars. Both the [Fe/H] and age-distributions of the EDV 
samplee are roughly consistent with that of MRS considering the different fractions of G-dwarfs. The [Fe/H] 
distr ibutionn of the EDV sample is somewhat flatter than that of MRS and shows a maximum around [Fe/H] 
== - 0 . 1 5 . The corresponding age distribution extends to older ages. This is mainly due to the different age 
calibrationn used by EDV and because of the larger fraction of G-dwarfs in the EDV sample. In order to 
derivee the age distr ibution of the EDV volume complete sample of stars, we corrected the age distribution 
off the well studied EDV subsample of 189 stars for incompleteness according to the local volume correction 
factorss given by EDV. These corrections were applied also in a consistent manner when obtaining the [O/H] 
dis t r ibut ionn of these s tars . We emphasize that both the MRS and EDV distributions are not corrected to 
thee solar cylinder but refer to a small volume around the Sun (see below). 

http://ia.la.ctic
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Figuree 4.7G Left panel: Observed [Fe/H] distributions of G main-sequence dwarfs in the solar vicinity from Pagel 
(19X9;; full dots) and for all main-sequence stars independent of spectral type from Schuster et al. (1993; solid line). 
Notee that the bin width in [Fe/H] is 0.15 and 0.1 dex for the SCH and PAG samples, respectively. Right panel: 
Correspondingg [O/H] distribution for the G-dwarfs shown in the left panel adopted from Pagel (1989; full dots) and 
correctedd to the solar cylinder by Sommer-Larsen (1991ab; solid line). 

Thee [Fe/H]-distributions of combined samples of F and G dwarfs discussed above can be compared 
too the corresponding distributions for G-dwarfs (132 stars; Pagel &  Patchett 1975; Pagel 1989; P A G) and 
main-sequencee stars of all spectral types (1214 stars; Schuster et al. 1993; SCH) as shown in Fig. 4.76. 
Thee empirical [Fe/H] distribution of G-dwarfs by Pagel & Patchett, and revised by Pagel (1989) has not 
beenn corrected to the solar cylinder (i.e. not weighed by the modulus of the stellar velocity perpendicular 
too the Galactic plane; see also Rana 1991). G-dwarfs with metallicities below [Fe/H] w —1.2 are not present 
inn the P A G sample. The SCH sample consists of high-velocity disk and halo stars (the halo stars in this 
samplee appear at values of [Fe/H] Js —1.2; stars with [Fe/H] ^ — 1.5 were excluded in Fig. 4.76). These 
kinematicallyy excited stars are expected to be relatively old (compared to all main-sequence disk stars) 
andd thus predominantly late in spectral type. This is also suggested by the fact tha t the Schuster et al. 
samplee appears similar to the PAG and EDV samples (which include both F and G dwarfs). Consequently, 
thee bias in the SCH sample is mainly a kinematical one (and not related to e.g. metallicity) since stars 
withh orbital velocities similar to tha t of the local s tandard of rest are excluded by the selection criteria. 
Thus,, the Schuster distribution is expected to refer to a considerably larger volume of the local Galactic 
diskk compared to the distributions discussed before. Furthermore, the SGH sample may contain post main-
sequencee stars. The SCH distribution peaks at [Fe/H] values of —0.1 dex, while s tars with [Fe/H]-ratios 
betweenn —1.2 and —1.5 are argued to be either halo or disk stars. We emphasize that the selection bias of 
thee kinematically selected (proper motion limited) samples is rather different from that of spectroscopically 
selectedd (magnitude limited) ones. In particular, preferential selection of the younger, more luminous stars 
mayy give rise to significant incompleteness corrections at low metallicities which would alleviate the G-dwarf 
problem. . 
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F igu r ee 4.77 Left panel: Observed [Fe/H] distributions of G main-sequence dwarfs in the solar vicinity from Pagel 
(1989;; full dots) and Rocha-Pinto k Maciel (1996; solid line). Right panel: Observed [Fe/H] distributions of K 
mam-sequencee dwarfs in the SNBH from Flynn & Morel] (1996; dotted line) and Rana & Basu (1990; solid line). 

Inn Fig. 4.77 we compare the normalised [Fe/H] distributions of G and K dwarfs in the solar vicinity 
(nott corrected to the solar cylinder). The da ta for G dwarfs have been adopted from Rocha-Pinto and Maciel 
(1996;; R P M ) and differs considerably from the sample of Pagel (1989), in particular at metallicities [Fe/H] 
== - 0 . 3 to +0 .2 . The RPM stars have been selected from the Third Catalogue of Nearby Stars (Gliese 
kk Jahreiss 1991) and Strömgren photometry have been obtained from the catalogues of Olsen (1990) and 
Hauckk k Mermilliod (1990). To exclude subgiants and white dwarfs, a visual absolute magnitude criterion 
wass applied for stars with uncertain classifications (similar to that used by Pagel k Patchett 1975). To obtain 
thee stellar metallicity using Strömgren photometry da t a of main-sequence stars, the metallicity calibrations 
fromm Schuster k Nissen (1989) were used. These calibrations allow for more accurate stellar metallicity 
dis tr ibut ionss as compared to the metallicity distributions obtained by Pagel k Patchett (1975) and Pagel 
(1989)) which were based on UBV photometry (see further RPM) . Stars with [Fe/H]£ - 1 . 2 were excluded 
ass halo stars by RPM (only few stars with [Fe/H]£ - 0 . 8 and [Fe/H]£ - 1 . 2 were found depending on the 

metallictyy calibration used). While the RPM da t a peak at values of [Fe/H] 0.2 , the PAG data show 
aa min imum in the G-dwarf metallicity distribution at these metallicities. Clearly, marked differences are 
presentt between the two distr ibutions. We note that the metallicity distribution of the sample of local disk 
GG dwarfs presented by Wyse k Gilmore (1995) is in good agreement with that of the RPM sample (both 
sampless were selected in a similar manner ) . 

Forr comparison, the [Fe/H] distributions of K-dwarfs presented by Flynn k Morell (1996; FLM ) and 
Ranaa k Basu (1990) are shown. These da ta sets are subject to severe selection effects as discussed by FLM 
butt appear in overall agreement. In the following, we will use the Rocha-Pinto and Maciel (1996) da ta for 
(i-dwarfss and the Flynn k Morell (1996) for K-dwarfs when a comparison is made with the model results. 

Inn addition to the [Fe/H] and age distr ibutions discussed above, it is interesting to consider the [O/H] 
distr ibutionn of long-lived stars in the SNBH. In principle, the [O/H] distribution can be considered as 
ann independent observational constraint for models that do not incorporate the instantaneous recycling 
approximat ionn and predict the [Fe/H] distribution independently. Unfortunately, the number of long-lived 
starss for which accurate oxygen abundances are available is yet low. For instance, the sample presented 
byy Edvardsson et al. contains only ~80 stars for which [0/H]-ratios have been determined accurately. To 
overcomee this problem, [Fe/H]-abundances of stars are usually converted to [0/H]-rat ios using an empirical 
relationn for the variation of [O/H] with [Fe/H] in the local disk ISM (e.g. Sommer-Larsen 1991a l r Pagel 
1992): : 

[O/H] ] [Fe/H]] + 0.6 for [Fe/H] £ - 1 . 2 
0.55 [Fe/H] otherwise 

Inn spite of the fact that such conversions may lead to erroneous results (see Sect. 4.1), we here choose to apply 
suchh a conversion to the [Fe/H] abundance distribution of G dwarfs from Rocha-Pinto and Maciel (1996). 
Thee [O/H] distr ibution for nearby G dwarfs derived in this manner will be used below as an independent 
observationall constraint . 

Ourr al ternative is to compare the predicted [O/H] distribution of G dwarfs in the SNBH to the early-
da t aa from Pagel k Patchet t (1975) and Pagel (1989) which was analysed with relatively inaccurate (and 
somewhatt out-of-date) metallicity calibrations (see above). For comparison reasons, we show this distribution 
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inn Fig. 4.76 (right panel). The empirical [0/H]-distr ibut ion of G-dwarfs is considerably more narrow than 
thatt of the corresponding [Fe/H]-distribution. This is mainly due to the fact tha t the oxygen enrichment 
duringg the early evolution of the Galaxy proceeded much more rapidly than that of iron because: 1) oxygen 
iss about one order of magni tude more abundant in SNII ejecta than is iron (see Sect. 3.3), and 2) SNIa 
progenitorss usually have lifetimes much larger than SNII progenitors (see Sect. 4.3.4). After star formation 
ceasedd in the Galaxy, the disk interstellar [Fe/H]-ratio increased at much higher rate than [O/H] . 

Thee distributions discussed above all refer to a local volume around the Sun. The G-dwarf da ta 
correctedd to the solar cylinder is clearly different from the original da ta . However, we emphasize that, the 
magni tudee of these corrections strongly depend on the adopted kinematical model for the Galactic stellar 
disk.. As an example, we show in Fig. 4.76 the resulting [0/H]-distr ibution of G dwarfs from F'agel (1989) 
afterr applying corrections for the evolution of the disk vertical structure from Sommer-Larsen (1991a,b). 
Correctionss for stellar orbital diffusion in galactocentric distance may also affect the da ta significantly (see 
Sect.. 4.1). We will discuss the influence of such corrections below. 

M o d e ll a s s u m p t i o n s 

Thee abundance distribution of stars of a given spectral type (e.g. G-stars) at. t ime t within a specific Galactic 
regionn can be derived theoretically if one knows: 1) the star formation history and the chemical history (e.g. 
gass infall, radial flows, mixing processes) of the region of interest, 2) the orbital evolution of the stars born 
inn this region, and 3) a conversion relation between the spectral type of the main-sequence stars considered 
(essentiallyy measured by the effective temperature Teff) and the initial stellar mass m. 

AA simple expression for the total number of stars born at Galactic ages between t — t\ and tu, which 
aree still on the main-sequence at t =T is: 

N(tN(tuuttuu,T)=,T)= ƒ ƒ S(t)M{m) dmdt (4.34) 

wheree mi is the stellar lower mass limit and m 0 ( T — t,Z*) the turnoff-mass of a stellar population, born at 
metallicityy Z*(t), with age (T-/,). Since Galactic evolution times can be simply transformed into stellar ages 
andd abundances, Eq. (4.33) can be used to derive theoretical distributions over metallicity and stellar age. 
Abundancee ranges (e.g. in terms of [O/H] and [Fe/H]) can be converted to stellar birth times according to 
thee corresponding age-metallicity relations (AMR). These conversions are straightforward both for AMRs 
increasingg monotonically and AMRs varying in non-monotonic ways. By intersecting the inner integral with 
aa specific range in stellar mass, Eq. (4.33) can be applied to stars confined to a particular spectral type, e.g. 
G-stars. . 

Inn general, samples of normal main-sequence stars with different spectral types trace the evolution of 
thee Galaxy during different epochs. Taking into account the metallicity dependence of the stellar lifetimes, 
F-starss can provide information about the Galactic star formation history during the last ~6-7 Gyr. This 
maximumm look-back time increases towards later spectral types. For e.g. G-stars, the look-back time is ~12 
Gyr,, i.e. about twice as long as for F-stars (cf. Schaller et al. 1992). Distributions of main-sequence stars 
thatt cover a wide range in spectral type (or initial mass) are usually not suited to determine in detail the 
variationn of the SFR with galactic age. To allow for a comparison with the observations, model results 
aree normalised to the predicted total number of stars (of the spectral type of interest.) that are still on the 
main-sequencee at the present epoch. We emphasize that the normalised distributions usually depend on 
variationss of the SFR during the period of Galactic evolution over which the stars of interest are formed, i.e. 
forr F stars during the past 6-7 Gyr. 

•• Spectral type vs. initial mass conversion 

Forr the m vs. Teff relation of main-sequence stars, we adopt the accurate da ta presented by Harmanec (1988) 
basedd on stars observed in eclipsing binaries. We assumed F-stars to have effective temperatures in the range 
Tefff = 6980 to 5920 K and G-stars between Teff = 5920 and 5190 K. According to these data, main-sequence 
FF and G-dwarfs have initial masses [M(.,] in the ranges (1.19 to 1.50) and (0.96 to 1.19), respectively. These 
valuess differ somewhat from the values given e.g. by Bowers and Deeming (1984; based on Allen 1973) which 
aree (1.10 to 1.69) and (0.77 to 1.10) for F and G-dwarfs, respectively. To compare results with the K-dwarf 
da taa from Flynn k Morell (1996), we will consider dwarfs with spectral-type K 0 V - K 3 V to have masses in 
thee approximate range (0.69 to 0.96). 

Inn principle, the conversion of Teff (spectral type) to initial stellar mass requires knowledge of how 
Tefff varies with initial metallicity. The relation between Teff and spectral type itself is sensitive to log y (i.e. 
stellarr mass), age, and metallicity so that it is in general not justified to assume that s tars of a given spectral 
typee have a fixed range in initial mass. A detailed discussion of how the initial mass range of stars of a given 
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Figur ee 4.78 Theoretical dependence of initial mass range of stars with present-day effective temperatures within a 
specifiedd interval (spectral type) on stellar age and initial metallicity. Top panels : Initial mass range for stars with 
present-dayy TefF = 5920—69X0 K (approximately spectral type F) both for main-sequence stars (MS; left panel) and 
starss in any evolutionary stage including post main-sequence phases (All ; right). The initial mass range is delimited 
byy lines of the same texture for stars born with Z = 0.02 (solid curves) and Z = 0.001 (dotted). Cen t e r panels : As 
topp panels but for stars with present-day Ten = 5190 — 5920 K (approximately spectral type (!). Bot tom panels : 
Ass top panels but for stars with present-day Teff = 4650—5190 K (approximately spectral type KOV — K.'fV). Hatched 
areass indicate the initial stellar mass range (for stars with effective temperatures as given in the top left corner of 
eachh panel) according to the empirical relation of Harmanec (1988). 
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spectrall type varies with e.g. stellar age and metallicity is beyond the scope of this paper. However, we 
likee to emphasize that large uncertainties are involved with this conversion which can significantly alter the 
resultingg abundance and age distributions of long-living stars. To illustrate this effect, we used the Geneva 
trackss to derive the initial mass range Am of stars with present-day effective temperatures in a given range 
AT^ff,, both as a function of stellar age and initial metallicity. This non-trivial conversion was made both for 
main-sequencee stars and stars in any evolutionary stage and is shown in Fig. 4.78 for fixed ranges in effective 
temperaturee for F, G, and K dwarfs according to the empirical relation from Harmanec (1988) discussed 
above.. Fig. 4.78 shows that : 1) Am(ATcff) is strongly dependent on of both stellar age and metallicity, 2) 
AmfATeff)) deviates considerably from the fixed mass range given by Harmanec (1988) for stars of a given 
spectrall type (i.e. with Tefr in a given range). Although at solar metallicity reasonable agreement is found 
betweenn the derived values of Am(ATeff) and that predicted by Harmanec (1988), large discrepancies are 
presentt at low metallicities. 

Wee conclude from Fig. 4.78 tha t it is erroneous to assume that stars of a given spectral type have a 
fixedd range in initial mass since this mass range strongly depends on the age and initial metallicity of the stars 
involved.. This implies that very careful selection of observational samples of stars in terms of their spectral 
type,, age, and metallicity is required to allow for a meaningful investigation of their age and abundance 
distributions.. In particular, to prevent contamination by old, low-metallicity stars and post main-sequence 
stars,, the effective tempera ture criterion is insufficient and additional selection criteria are needed. We will 
brieflyy consider below to what extent these discrepancies affect the resulting abundance and age distr ibutions 
off e.g. F, G, and K dwarfs. Nevertheless, unless stated otherwise, we will ignore any dependence of the m vs. 
Tetff relation on other quantit ies and assume for convenience the empirical conversion relation from Harmanec 
(1988). . 

Wee recall tha t in order for the metallicity distribution of long-living stars to provide an unbiased ob
servationall constraint to the chemical evolution of a Galactic region, the sample stars must be representative 
off the majority of stars ever formed in that region with the same properties, e.g. with respect to mass, age, 
andd metallicity. Thus , a suited sample must not contain a significant number of stars formed outside the 
Galacticc region of interest, or in an evolutionary phase not representative of the majority of stars formed 
inn that region. For instance, a sample of long-living stars that is used to study the chemical evolution of 
thee Galactic disk must not include a considerable contribution by e.g. halo stars or post main-sequence 
stars.. Clearly, selection of stars with spectral types in a restricted range does not achieve this (e.g. Wyse & 
Gilmoree 1995) and additional (e.g. chemical, kinematical, age) criteria are required to allow for a convenient 
andd useful comparison with theoretical age and metallicity distributions of long-living stars. 

•• Dispersion and orbital diffusion corrections 

Thee samples of F, G, and K dwarfs discussed above refer to a small volume around the Sun. No corrections 
weree made for the effect of inflation of the vertical scale height in the SNBH. Such corrections are necessary 
whenn converting observed local volume densities of stars in the SNBH to z-integrated volume (or surface) 
densitiess for stars in the entire solar cylinder to which model calculations generally refer. To correct volume 
limitedd stellar samples to the entire solar cylinder, a kinematical model for the variation of the disk stellar 
scalee height with age is needed. Correction factors ƒ for the solar cylinder can then be determined as a 
functionn of metallicity using the observed [Fe/H] vs. age relation (see Sect. 4.1). 

Inn principle, high-velocity stars which spend only a small fraction of their orbit in the vicinity of the 
Sunn will be under-represented in local samples of long-living stars (e.g. Wyse Sz Gilmore 1995, hereafter 
W G ) .. To correct for this, a kinematical weighing factor has to be applied which is proportional to the 
productt of (WG): 1) the vertical speed of the star when passing through the plane of Galactic disk, and 2) 
thee vertical oscillation period of the orbit of the same star. 

Inn an harmonic Galactic gravitational potential model, the density distribution of the gravitat ing 
materiall is constant with height above the Galactic plane so that the vertical orbital period of a star is 
constantt as well. This may be a reasonable approximation for low-velocity stars that do not reach much 
beyondd one disk scale height. In this case, weighing by the the mean vertical velocity of stars in a given 
metallicityy bin may be an adequate correction. For high-velocity stars, however, which reach large distances 
abovee the Galactic plane and for which the weighing is most important , the assumption of an harmonic 
potentiall is a rather poor assumption (see WG) . In an nonharmonic potential model, the vertical potential 
gradientt causes the vertical oscillation period of stars, in particular those with high velocities at the disk 
plane,, to be considerably longer than in case of an harmonic potential model (up to a factor ~ 3 , cf. WG; 
Kuijkenn h Gilmore 1989) . In a more detailed comparison, one accounts also for the variation of the disk 
verticall potential with galactic age. 
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Itt is clear tha t the assumption of an harmonic potential may considerably underestimate the contribu
tionn by high-velocity (i.e. relatively old, metal-poor) stars in the observed age and metallicity distributions 
discussedd above. Nevertheless, we will not correct for this effect since such corrections depend strongly on the 
spreadd in the vertical oscillation period among the sample stars. Furthermore, the metallicity distribution 
off the local sample of G dwarfs presented by Wyse & Gilmore (1995; who have corrected for the vertical 
periodd effect) is similar to tha t presented by Rocha-Pinto &  Maciel (1996; uncorrected). Thus, we will only 
deall with (scale height) corrections related to the vertical speed of a star at the disk plane. 

Sincee observational samples suffer both from intrinsic and artificial dispersions in metallicity, the 
observedd distr ibut ions need to be deconvolved before scale height corrections for the contents of different 
metallicityy bins can be applied (cf. Rana 1991). In principle, the best way to correct an observed local 
metallicityy distr ibution for the disk vertical inflation would be to weigh each star according to the increase 
inn scale height of the stellar disk (at the Galactocentric radius the star was born) during the lifetime of the 
s tar .. However, the resulting scale height corrections would be erroneous since the absolute ages of the stars 
includedd in the above samples are inaccurate with common errors of a few Gyrs (with larger uncertainties 
forr the older stars; see Sect. 4.1). The result after deconvolving the observations may not be unique and in 
factt may depend both on the accuracy of the observational da ta and on the deconvolution method used. 

Wee decide to use the following method to compare the model results with the observations. Since 
thee model stars have metallicities according to a single valued AMR, we first convolve the model predicted 
contr ibut ionss with a Gaussian dispersion in metallicity (or equivalently stellar age in our models) to account 
bothh for observational and intrinsic spread in the abundances of stars born at the same age. We use constant. 
Gaussiann s tandard deviations of <X[EI/H] = 0-2 dex for El = Fe and O, and crARe = 2 Gyr, i.e. independent of 
initiall stellar metallicity (or age). The spread in the abundances and ages of stars in e.g. the sample from 
Edvardssonn et al. (1993; see Sects. 4.1—2) may be larger but the above values are suited to illustrate the 
effect. . 

Subsequently,, we apply inverse scale height corrections to the convolved model da t a in order to convert 
thee theoretical distr ibution to a local volume around the Sun (instead of refering to the entire solar cylinder). 
Wee here will apply the scale height correction factors presented by Sommer-Larsen (1991a,b) which are 
basedd on two distinct kinematical models for the evolution of the vertical structure of the Galactic disk (cf. 
Sect.. 4.1). In principle, the dispersion convolved and scale-height corrected theoretical distributions can be 
comparedd directly with the observed age and metallicity distributions of stars born within a local volume 
aroundd the Sun. 

Thee samples discussed above are not subdivided according to e.g. stellar galactocentric birthplace so 
t ha tt these samples probably contain stars t ha t are nowadays observed but were not, necessarily born in the 
SNBH.. We expect tha t corrections for radial orbital diffusion of the sample stars will not alter significantly 
thee qual i tat ive results presented below. However, depending on the sample selection criteria and on the 
meann effect of stellar orbital diffusion, such corrections tend to reduce the number of the relatively old, high-
metallicityy s tars tha t moved outwards from the more central regions of the Galactic disk to the SNBH during 
theirr lifetimes (see Sect. 4.1). Consequently, mean corrections for radial orbital diffusion are likely to shift 
thee age and metallicity distr ibutions of long-living stars to somewhat smaller ages and lower metallicities. 

R e s u l t s s 

Wee investigate the sensitivity of the resulting present-day age and metallicity distributions of F, G, and K 
main-sequencee dwarfs in the Galactic disk to: 1) the A m vs. ATeff relation, 2) the scale height and dispersion 
corrections,, and 3) the underlying star formation history and IMF assumed. For the star formation history, 
wee will adopt the SFR. models selected in Sect. 4.2 together with the resulting AMRs, e.g. for oxygen and 
iron.. We neglect radial flows and large scale mixing of interstellar gas (i.e. the ISM is homogeneous at all 
evolutionn t imes). Furthermore, we relax the instantaneous recycling approximation and compute the ISM 
abundancess for each element explicitly. In this manner, the oxygen and iron abundance distributions of stars 
observedd in the SNBH provide independent constraints to our models (see e.g. Tayler 1990). 

•• Effect of A m vs. ATetf relation asumed 

Fig.. 4.79 illustrates the impact of the detailed metallicity and age dependent A m vs. ATeff conversions 
derivedd from the Geneva tracks on the resulting age and metallicity distributions of F, G, and K dwarfs. In 
general,, these conversion relations result in a substantial contribution by old, metal-poor stars in contrast 
too the case of a constant A m vs. ATett- relation. These old, rnetal-poor stars have present-day effective 
tempera turess in the range derived by Harmanec (1988) for spectral types F and G. For K dwarfs, the impact 
onn the resulting age and abundance distr ibutions is relatively small. 
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Wee conclude from Fig. 4.79 tha t the present-day age and metallicity distributions of F and G main-
sequencee dwarfs in the SNBH are substantially altered when one accounts for the detailed metallicity and 
agee dependence of the Am vs. ATeff relation. Thus, the initial mass range of stars observed and classified 
ass e.g. (i dwarfs depends in a complex manner on the metallicities and ages of the sample stars. This has 
twoo important consequences: 1) the usual assumption of a constant A m vs. ATeff relation in the context 
off age and abundance distribution studies introduces errors, e.g. by excluding a significant contribution by 
old,, low-metallicity stars, and 2) apart from effective temperature , additional observational selection criteria 
aree required to select a sample of stars suited to study in detail the age and metallicity distributions of 
long-livingg stars in the SNBH. In particular, a star 's spectral type cannot be simply translated in terms of 
initiall stellar mass in the absence of both age, metallicity, and log g da ta of the star. 
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Figuree 4.79 Age and metallicity distributions of F, G, and K main-sequence dwarfs: effect of Am vs. ATefi relation 
asumed.. Results are shown for the standard SFR (model A) with: 1) constant Am vs. ATen (spectral type) 
conversionss as given by Harmanec (1988; solid curve), and 2) with the stellar metallicity and age dependent Am vs. 
ATefff conversions derived from the Geneva tracks (dotted curve) as discussed in the text. 

Althoughh these consequences can be important , we will assume in the following that stars of a given 
spectrall type have masses within the constant initial mass range derived by Harmanec (1988) for each 
samplee listed in Table 4.14. The reason is that , in general, it is unclear to what extent these samples are 
contaminatedd by stars with masses outside the mass range derived by Harmanec (1988) for the spectral 
typee of interest (see Fig. 4.78). Therefore, it is not possible to correct for such effects without additional 
informationn about the sample stars (e.g. age, mass, and metallicity). Nevertheless, comparison with the 
observationss suggests that F stars with [Fe/H] ^ —0.8 and G stars with [O/H] ^ —0.5 are not observed (cf. 
Figs.. 4.75 and 4.76). This indicates that the observational selection criteria used have been sufficiently tight 
too exclude stars with masses outside the mass ranges of F and G main-sequence dwarfs derived by Harmanec 
(1988).. This may partly justify the usual assumption of a constant ATett- vs. A m relation. 

Wee emphasize tha t the detailed variation of the ATefr vs. A m relation with e.g. stellar age and 
metallicityy has not been considered before. However, in the absence of an adequate conversion of the 
observationall selection criteria (e.g. ATen- or spectral type) to theoretical criteria (e.g. Am), the effect of 
suchh variations can be important and should be kept in mind when a comparison is made between the 
theoreticall and observed age and metallicity distributions of in particular F and (i stars. 
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•• Effect of scale height and dispersion corrections 

Fig.. 4.80 shows the resulting present-day [Fe/H] distributions of main-sequence stars of F, G, K. and all 
spectrall types in case of the s tandard SFR (model A) selected in Sect. 4.2. In addition, the age and [O/H] 
distr ibutionss of, respectively, F and G stars are shown. When dispersion corrections (<raRe = 2 Gyr, «Tr^i/m 
== 0.2 dex) and scale height corrections are applied to the model data , the resulting distributions are consid
erablyy reduced at low values of [Fe/H] and [O/H], in particular for stars with G, K, and all spectral types. 
Dispersionn corrections predominantly smooth the da ta over a wider range in metallicity (or age) than the 
originall distr ibution, while scale height corrections decrease the predicted number of stars at low metallicities 
andd large ages. The effects of these corrections on the age and [O/H] distributions of F and (i stars are 
usuallyy small. For stars of spectral type F (and earlier), scale height corrections are usually negligible since 
thesee stars have main-sequence lifetimes which are too short for the stars to move to large scale heights (<; 
1000 pc). Scale height corrections for stars with spectral types later than G are similar in magnitude. 
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F igu r ee 4.80 Age and metallicity distributions of F, G, and K main-sequence dwarfs: effect of scale-height + dispersion 
corrections.. Results are shown for the standard SFR (model A) before (solid curve) and after (dotted) applying 
correctionss to the model data. Corrections were made as follows (in order): 1) age and abundance dispersion 
correctionss (with Gaussion dispersions <TAge = 2 Gyr and <7[EI/H] = 0.2 dex for the contents of each age and [El/H] 
bin,, respectively), and 2) scale height corrections for the vertical dispersion of the Galctic stellar disk with age 
(Sommer-barsenn 1991; see Sect. 4.1). 

Insteadd of applying these corrections to each of the resulting distributions presented below, we prefer 
too compare the uncorrected model da t a with the observations. This may be partly justified as it is unclear 
too what extent the observational da ta are subject to different kinds of selection effects and how corrections 
forr these effects would alter the da t a (see above). We will keep in mind the magnitude and behaviour of 
thee effects of dispersion and scale height corrections on the model da ta discussed here. In the following, we 
investigatee the effect of the underlying SFR and IMF on the resulting age and metallicity distributions. 

•• Dependence on SFR 

Inn principle, the SFR history weighed by the AMR (or present-day stellar age) determines the metallicity (or 
age)) distr ibutions of long-living stars nowadays observed in the Galaxy. Fig. 4.81 demonstrates the effect, of 
thee star formation history on the metallicity and age distributions of F, G. and K dwarfs for different SFR 
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Figuree 4.81 Age and metallicity distributions of F, G, and K main-sequence dwarfs: effect of SFR. Results are 
shownn for SFR models selected in Sect. 4.2 as follows: 1) density dependent SFR without infall (model A; solid 
curve),curve), 2) as 1) but with infall (model B; dotted), and 3) bimodal SFR model (model D; dashed). A Salpeter IMF 
andd model parameters as in Table 3.3 were assumed. No corrections were made for dispersions in abundance/age or 
inflationn of the stellar disk. 

modelss selected on their ability to explain the observed AMR. of iron (cf. Sect. 4.2). We here consider the 
modelss computed with the Geneva/Nomoto yields only, since these appear in somewhat better agreement 
withh the observed distributions than the same models computed with the Woosley/Weaver yields. This 
particularr choice of stellar yields does not affect the qualitative conclusions given below. 

Itt can be seen from Fig. 4.81 that the resulting distributions for the different SFR models shown 
aree similar. However, depending on the metallicity in the ISM at which the SFR exhibits its maximum, 
thee metallicity distributions differ considerably, in particular for stars with spectral types later than G. For 
instance,, in case of the bimodal SFR model for which the formation rate of low-mass stars (m Sa 1 M(.,) is 
assumedd to be constant with galactic age, relatively large number of high-metallieity stars of late spectral 
typess are predicted. For all other models, metallicities and ages at maximum are comparable. In case of the 
s tandardd SFR, model with infall (model B), the maxima in the metallicity distributions occur at somewhat 
lowerr metallicities than in the same model without infall (model A). For SFR models that fit the observed 
AMRR of iron, the resulting metallicity and age distributions of F, G, and K main-sequence dwarfs are found 
too be similar (especially after correcting for the intrinsic dispersion in metallicity observed). 

Forr long-living, low-mass stars, the predicted metallicity (or age) distributions peak at values [El/H] (or 
stellarr ages) at which the SFR, was relatively high and the metallicity dependent lifetimes of the stars of the 
spectrall type of interest are such that the majority of these stars nowadays are still on the main-sequence. 
Bothh metallicity and age distributions are sensitive to the underlying AMR by means of the metallicity 
dependentt stellar lifetimes. For models with AMRs and SFRs nearly constant over the past 10 Gyr or so, 
thee resulting age distributions of stars with spectral types earlier than ~ F merely reflect the metallicity 
dependencee of the stellar lifetimes. 

Inn Fig. 4.82 we compare the o b s e r v e d present-day age and metallity distributions of F, G, and K 
main-sequencee dwarfs with those predicted by the standard and Dopita SFR models selected in Sect. 4.2. 
AA Salpeter IMF was assumed. Considering the observational uncertainties and selection effects, the model 
resultss are found to be in remarkably good agreement with the observations. For all distributions, abun-
dance+agee dispersion corrections will further improve the agreement with the observations as demonstrated 
inn Fig. 4.80, for reasonable values of U[Fe/H] ~ 0.2 - 0.3 dex, C[o/H] ~0.1 dex, and <7Age ~ 2 - 4 Gyr. Scale 
heightt corrections somewhat reduce the agreement with the observations in case of the [Fe/H] distributions 
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F igu r ee 4.82 Age and metallicity distributions of F, (i, and K inain-seciuence dwarfs. Results are shown for the 
standardd SFR (model A; solid curves shown in the upper six panels and for the Dopita SFR (model E; solid curves 
inn the bottom six panels. For comparison, observational data (dash-dotted) has been included from the following 
sources:: 1) Meusinger et al. (1991; F dwarfs, both age and [Fe/H]), 2) Flynn & Morel] (1996; K dwarfs, [Fe/H]), 
3)) Rocho-Pinto & Maciel (1996; G dwarfs, both [Fe/H] and [O/H]), and 4) Schuster et al. (1994; all spectral types, 
[Fe/H]). . 
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off stars with K and all spectral types. For the observational da t a from Schuster et al. (1993), which is a 
properr motion selected sample of stars of all spectral types, we expect the older, more metal-deficient stars 
too be over-represented compared to our predictions. This can explain why scale height corrections applied 
too the model da ta would not improve the agreement with the Schuster et al. da t a substantially. For the 
K-dwarff da ta , metal-weak stars are argued to be over-represented as well (see Flynn &; Morell 1996), so that 
scalee height corrections would further improve the agreement when such selection bias is taken into account. 
Thus ,, we find that our models are in very good overall agreement with the present-day age and metallicity 
distributionss of F, G, and K dwarfs observed in the SNBH. 

Interestingly,, no "classical G-dwarf problem" is encountered in any of the metallicity distributions 
resultingg from the SFR models selected in Sect. 4.2. Since the models cover a wide range in star formation 
andd gas infall histories, this suggests that the inclusion of the metallicity dependent stellar lifetimes and 
yieldss in our model calculations are the main reason for the absence of the otherwise so evidently present 
G-dwarff problem. This is true also for the metallicity distributions of both F and K dwarfs. 

Thee impact of metallicity dependent stellar lifetimes on the G-dwarf problem has been earlier studied 
byy Bazan Sc Mathews (1990). They concluded tha t inclusion of the metal-dependent lifetimes could explain 
(att least) part of the G-dwarf problem. However, they incorporated the instantaneous recycling approx
imationn and further used the different set of metallicity dependent stellar lifetimes from van den Berg ik, 
Lasheridess (1987) and from Mengel et al. (1979). Also, they did not use metallicity dependent stellar yields. 
Furthermore,, they assumed upper and lower mass limits for G-dwarfs of 1.09 and 0.79 M^, respectively, 
givenn by Bowers fe Deeming (1984). These values differ somewhat from the 1.19 and 0.96 M^ limits used 
heree (see above). In addition, Bazan fe Mathews used the Miller-Scalo IMF (1979) which is markingly 
different,, from the Salpeter IMF applied here. Al together , these differences can explain why we arrive at 
thee distinct, conclusion that the metallicity dependent set of stellar yields and lifetimes do not lead to the 
G-dwarff problem encountered in previous investigations. 

Comparisonn of the results for the s tandard and Dopita SFRs reveals tha t these SFR models predict 
similarr age and metallicity distributions. Overall, for the Dopita SFR model the agreement with the ob
servationss is somewhat bet t ter but a firm conclusion is prevented by the observational uncertainties. We 
concludee that, our SFR models, which were selected on the basis of their ability to fit the observed AMR of 
ironn and were computed while accounting in detail for the metallicity dependence of the stellar lifetimes and 
yields,, are in extremely good agreement with the observed age and metallicity distributions of F, G, and K 
dwarfss in the SNBH. In particular, no "classical G-dwarf problem" is found for stars of these spectral types. 

•• Dependence on IMF 

Finally,, we investigate whether it is possible to constrain the IMF by the observed stellar age and metallicity 
distributions.. Fig. 4.83 illustrates the dependence on the IMF of the present-day age and metallicity 
distributionss of long-living stars in the Galaxy for the s tandard SFR model. Comparison with Fig. 4.82 
revealss that the effect of the IMF on these distributions is much larger than that of the underlying star 
formationn history. However, the IMF models shown were not tuned to fit the observed AMR of iron and, 
inn fact, Fig. 4.83 shows the sensitivity of the resulting distributions to the AMR. Since the models shown 
weree computed with input parameters as listed in Table 3.3, there seems to be no obvious way to fit the 
observedd age and metallicity distributions for models with either very steep IMFs (e.g. j = 2.7) or for 
thee IMF computed iteratively from the PDMF presented by Scalo (1986). In contrast, the Kroupa IMF 
modell appears in reasonable agreement with the observations (apart from the effects of dispersion and scale 
heightt corrections). We conclude that the observed age and metallicity distributions are very sensitive to 
thee underlying AMR and, in principle, can be used to distinguish between the IMF of the population of 
long-livingg stars formed in the Galaxy. 
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F i gu r ee 4.83 Age and metallicity distributions of F, G, and K main-sequence dwarfs: effect of IMF. Results are 
shownn for the standard SFR (model A) in case of: 1) the IMF computed from the PDMF presented by Scalo (1986; 
dotteddotted line), 2) the empirical IMF from Kroupa et al. (1993; thick solid), and 3) a power-law IMF with 7 = 2.7 (thin 
solid).solid). No corrections were made for dispersion in abundance/age or inflation of the stellar disk. 

C o n c l u s i o n n 

Wee summar ize the main results obtained in this section as follows: 

•• our models are in very good agreement with the present-day age and metallicity distributions of F, G, 
andd K dwarfs observed in the SNBH. This is true for values of <7[Fe/H] ~ 0 . 2 - 0 . 3 dex, qo/H] ~ 0 . 1 - 0 . 1 5 
dex,, and <TAge ~2—4 Gyr, and scale height corrections as derived by .Somrner-Larsen (1991). We 
emphasizee tha t this result was achieved without correcting for: 1) the dependence of the spectral type 
vs.. initial mass range relation on initial metallicity and age of the sample stars (we simply assumed 
thee constant ATeff vs. Am relation from Harmanec 1988), and 2) the spread in the vertical oscillation 
periodd of the Galactocentr ic orbit among the sample stars (this may overstimate the contribution by 
high-velocityy - relatively old, metal-poor - stars to the theoretical distributions). The magnitude of 
thesee corrections is uncertain due to observational uncertainties; 

•• no "classical G-dwarf problem" is encountered for any of the SFR models studied here6 . We conclude 
tha tt the inclusion of the metallicity dependent stellar lifetimes and yields in our model calculations 
areare the main reason for the absence of the G-dwarf problem. This is true also for the metallicity 
distr ibutionss of both F and K dwarfs. This conclusion is in contrast with that from Bazan k Mathews 
(1990)) who demons t ra ted that the inclusion of metallicity dependent stellar lifetimes can explain only 
aa limited par t of the G-dwarf problem. However, their model assumptions and stellar input da ta used 
differss strongly from the stellar evolution da ta applied here; 

66 We n o t e t h a t W y s e & G i l m o r e (1995) have recen t ly a r gued t h a t a la rge f rac t ion (~45%) of t h e m e t a l - p o o r s t a r s wi th [Fe/H] 
~~ — 1 dex in t h e S N B H is a s soc i a t ed wi th t h e t h i n disk (i .e. the k i n ema t i c s of these s t a r s confine t h e m close to t h e p l ane 
off t h e G a l a c t i c d i s k ) . T h i s imp l i e s t h a t p r ev i ou s a t t e m p t s t o de r ive the c o l umn - i n t e g r a t e d a b u n d a n c e d i s t r i b u t i on of long- l iv ing 
s t a r ss n e a r t h e Sun (by k i n ema t i c -we i gh i ng of t h e local s a m p l e d a t a ) will ove r - e s t ima t e the t r u e n u m b e r of m e t a l - p o o r s t a r s in 
t h ee G a l a c t i c d i sk . In t h e s e cases , for s t a r s wi th me ta l l i c i t i e s [ F e / H ] $ - 0 . 4 dex th ick-d isk k i n ema t i c s were used in t h e weighing 
a pp l i e dd t o c o r r e c t t h e a b u n d a n c e d i s t r i b u t i o n s of t h e s e s t a r s to t h e solar cy l inde r . Rect ic i f ica t ion of th i s will r educe t h e to ta l 
n u m b e rr of m e t a l - p o o r s t a r s p r e s en t in t h e so la r cy l i nde r a n d will agg rava te t h e G-dwar f p rob lem e.g. e n coun t e r ed by t h e s imple 
m o d e l . . 
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•• for long-living, low-mass stars, the predicted metallicity (or age) distributions peak at values [El/H] 
(orr stellar ages) at which the SFR was relatively high and the metallicity dependent lifetimes of the 
starss of the spectral type of interest are such that the majority of these stars nowadays are still on 
thee main-sequence. Both metallicity and age distributions are sensitive to the underlying AMR by 
meanss of the metallicity dependent stellar lifetimes. For models with AMRs and SFRs nearly constant 
overr the past 10 Gyr or so, the resulting age distributions of stars with spectral types earlier than ~ F 
merelyy reflect the metallicity dependence of the stellar lifetimes. The age and metallicity distributions 
off long-living stars nowadays observed in the Galaxy are determined by the the SFR history weighed 
byy the AMR (or stellar ages); 

•• for SFR models that fit the observed AMR of iron, the resulting metallicity and age distributions of 
F,, G, and K main-sequence dwarfs are found to be similar (especially after correcting for the intrinsic 
dispersionss in age and metallicity observed e.g. in the Edvardsson et al. (1993) data). From the 
observationall data currently available it is not possible to draw strong conclusions about the underlying 
SFRR model provided that such models fit the observed AMR. For instance, we find that models with 
andd without infall can equally well explain the observed G-dwarf abundance distribution (in contrast 
too the finding of Rocha-Pinto and Maciel (1996) which favours infall models). Since the age and 
metallicityy distributions of long-living stars are very sensitive to the underlying AMR, the observed 
distributions,, in principle, can be used to distinguish between IMFs appropriate for the population of 
long-livingg stars formed in the Galaxy. For the adopted set of metallicity dependent stellar yields, we 
findd that the Salpeter (1955) and Kroupa (1993) IMFs are consistent (and the Scalo IMF and 7 = —2.7 
powerr law IMF are inconsistent) with the observed abundance and age distributions of long-living stars 
inn the SNBH. 
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4.44 Discussion and Conclusion 

Inn the previous sections, we have modelled a large set of observational da ta related to the chemical evolution of 
thee Galact ic disk and halo using a comprehensive and up-to-date galactic evolution model which incorporates 
metallicityy dependent stellar yields, lifetimes and remnant masses. In this section, we will restrict ourselves 
too the main results obtained in Sect. 4.3.4 where we modelled the element abundances and abundance-
abundancee variations observed among stars in the Galaxy. We briefly discuss how these results compare 
too the results obtained in several recent studies concerning the chemical evolution of the Galactic disk. 
Thiss comparison is far from being complete and is meant to address the present s ta te of Galactic chemical 
evolutionn models and to highlight some of their main results in common. 

Wee emphasize tha t the model used here is one of the state-of-the-art models currently available to 
investigatee the chemical evolution of the Galactic disk. In Chap . 3, particular at tention was paid to describe 
inn detail the major assumptions and model ingredients involved. In combination with the extensive results 
derivedd in the previous section for a wide range of observations, this model is currently one of the best, 
documentedd Galactic chemical evolution models available. We note that interpretation of a direct comparison 
off our results with those presented in previous Galactic evolution studies is often hampered by differences in: 
1)) the stellar input d a t a (e.g. yields, evolution tracks), 2) the choices of parameter values (e.g. upper mass 
limitt of SNII, Galactic age) and assumptions (e.g. relaxation of the instantaneous recycling approximation, 
thee number of distinct Galactic components considered), 3) the implementation and parametrization of 
modell ingredients (e.g. infall, SNIa contribution, IMF, star formation history), and 4) the method of solving 
thee galactic chemical evolution equations (e.g. iteratively, adaptive stepsize inclusion, accuracy). 

T immess et al. (1995) considered a dynamical evolution model with infall on a 4 Gyr e-fold ing time 
scalee onto an exponential disk and 1/r2 bulge, a Salpeter IMF, and quadrat ic Schmidt (1955) law for the 
SFR.. In order to prevent overproduction of oxygen, an upper limit of m^ N H = 30 M(:; was derived of stars 
tha tt eject all material external to the iron core. Such a cutoff in the mass stars that ultimately end as SNII is 
alsoo suggested by the observed helium-to-metal enrichment ratio AY / AZ ~ 4 (see e.g. Maeder 1992; Schaller 
ett al. 1992; Sect. 3.2.2). However, Giovagnoli k. Tosi (1995) pointed out that the latter observation does not 
providee a direct constraint because of the usual but erroneous assumption of a linear relation between the 
stellarr oxygen abundance and Z. Apar t from this, different slopes are used by different authors and careful 
interpretat ionn of this constraint is needed. 

Ourr results confirm earlier results (e.g. Maeder 1992; Timmes et al. 1995; Giovagnoli k Tosi 1995) 
tha tt in order to avoid over-production of heavy elements, an upper limit for massive stars that explode as 
SNIII of m „ N " ~ 25—30 M,;, is required. This value may imply a lower mass limit for black hole formation 
largerr than ~ 2 5 Mc:> in order to prevent over-production of oxygen. Alternatively, this may indicate that 
starss more massive than ~ 2 5 M(.j lose large parts of their envelopes before they ultimately collapse. In 
eitherr case, we emphasize that the precise value of the mass cutoff is sensitive to the detailed variation of 
thee heavy element yields of stars with m ^ 8 M 0 with initial metallicity and stellar mass (as determined by 
e.g.. mass-loss history, fraction of binary stars, ratio of SNlb/c and SNII), as well as on the adopted stellar 
IMFF at birth and its possible variation with Galactic age. It must be noted that T immes et al. did not 
takee into account the contribution by SNIb/c (which have considerably smaller [O/Fe] ratios in their eject a 
thann SNII), so tha t the precise cutoff in the mass of stars that become SNII in fact may be larger than 
obtained.. In addit ion, it was found tha t reduction of the yields of SNII would improve the agreement with 
thee observations for most elements. 

Pagell & Tautvaisienè (1995; hereafter PT) modelled analytically the abundance-abundance variations 
observedd among both Galactic disk and halo stars using the gas inflow formalism of Clayton (1985; see 
Sect.. 4.2.3) and the delayed production approximation introduced by Pagel (1989). In this method, the 
IMF-weightedd effective yields of massive stars are derived from fitting the observations while assuming that 
thesee yields do not depend explicitly on initial composition. PT found no evidence for a change in the yields 
off stars formed in the SNBH and those formed in the inner galaxy. As an order of magni tude estimate, PT 
derivee tha t a SNIa delay of about 1.3 Gyr is necessary to explain the observations. Furthermore, they derive 
aa ratio of the present-day SNIa and SNII rate of (]  = 0.11-0.22 (deduced from the predicted nucleosynthesis 
off different elements plus the Galactic chemical evolution model) in good agreement with the observations 
(seee Sect. 4.3.2). This implies a present-day contribution of the iron enrichment of the disk ISM by SNIa of 
~ 6 5 % .. This value is similar to the ~ 5 0 % predicted by Timmes et al. (1995) and the value of ~ 7 5 % obtained 
heree for model E + (with rsNia ~ 3 Gyr and ei ~ 0.08; cf. Table 4.12). 

Yoshiii et al. (1996) applied an exponentially decaying infall model, a Schmidt (1963) like SFR, and 
Scaloo IMF for the chemical evolution of the local disk with essentially two parameters, i.e. rmf and the SNIa 
delayy t ime rsNia, to fit the observations. For an argumentation of the different choices of model parameters 
(i.e.. lifetime of the Galaxy, infall t ime scale, lifetime of SNIa progenitors, power index of the SFR) we 
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referr the reader to Yoshii et al. (1996). From the break in the observed [O/Fe] vs. [Fe/H] relation and 
thee behaviour of the rnetal-poor tail in the abundance distribution of long-living stars, these authors derive 
bestt agreement for rmf = 5 Gyr and T$Nia = 0 . 5 - 3 Gyr {typically rSNia = 1.5 Gyr) assuming a Galactic 
lifetimee of 15 Gyr. In particular, Yoshii et al. argue that infall does not need to be completed before SNla 
contributedd significantly to the iron enrichment of the Galactic disk ISM. These results are similar to the 
preferredd values of rm f = 3 Gyr and rsNia = 1—3 Gyr obtained here. We recall, however, tha t the t ime 
scaless derived are very sensitive to: 1) the adopted age of the Galaxy since the onset of star formation, 2) 
thee heavy element contribution by massive stars during early evolution epochs (m ^ 8 MH; as determined 
byy e.g. the assumed IMF, stellar mass loss rates, and binary fraction), 3) the detailed star formation and 
enrichmentt history of the Galaxy before the onset of star formation in the disk, and 4) the gas infall and 
accretionn history of the disk (see also Sect. 5.5.1). 

Miharaa k Takahara (1996) argued that the chemical evolution of the SNBH is best modelled using 
thee Scalo IMF, exponentially decaying gas infall (r,nf = 5 Gyr) with primordial abundances in the infalling 
mat ter ,, and a fraction of close binary systems tha t ultimately ends as SNla of about 0.01—0.05 with t t ~ 0 . 1 . 
Thesee results are consistent with the results obtained in Sect. 4.3.4. In contrast, these authors find that 
thee Salpeter IMF models result in amounts of helium insufficient to reproduce the solar helium abundance. 
Thiss is not supported by our results (see e.g. Tables 4.8 and 4.9). 

Garigii (1994) considered a model with an SFR proportional to the surface mass gas density, decreasing 
infalll rate with e-folding t ime 3.5 Gyr, Scalo IMF, and inclusion of the dependence of the stellar yields on 
initiall metallicty (with two classes of SNIb progenitors, W R stars, and binary evolution). She found tha t 
thee models with the Salpeter IMF cannot reproduce the observed abundance pat terns in the SNBH and tha t 
best,, agreement with the observations is obtained with the Scalo IMF (although e.g. C and [G/Fe] disagree 
withh the observations). 

Giovagnolii & Tosi (1995) have argued that a significant amount of gas must have been accreted by the 
Galacticc disk over its lifetime. They argue that models without infall must be rejected (see also Tosi 1988) 
becausee they do not allow to solve the G-dwarf problem or to fit the O and G abundances. Although these 
motivationss for gas infall are not supported by our results (see also Sect. 4.3.8), our results do favour infall 
off gas onto the Galactic disk over its lifetime. The need for strong infall at early Galactic evolution times 
iss also supported by the models of Meusinger (1994). He argues that a decreasing SFR, which is nearly 
constantt over the second half of the disk evolution, combined with gas infall with a similar temporal run as 
thee SFR is in best agreement with the observations (including the observed WDLF) assuming a disk age of 
122 Gyr. 

Inn the model of Frantzos k Aubert (1995), the disk is subdivided in independent concentric rings 
whichh are built up gradually by infall of primordial gas (neglecting complicated effects of radial inflows or 
thee interaction of gas and stars; see also Matteucci 1990). An infall t ime scale rmf = 3 Gyr, Schmidt (1963) 
likee SFR with an extra dependence on galactocentric distance based on spiral wave theory (e.g. Onihishi 
1975;; Wyse k Silk 1989), and Kroupa et al. (1993) IMF is assumed. The model is able to explain several 
observationall constraints including the evolution of G and O isotope abundances. For a comprehensive 
discussionn of the uncertainties involved in the stellar nucleosynthesis of C and O we refer the reader to 
Frantzoss (1996). 

Inn general, it is found that the inclusion of the metallicity dependence of the stellar nucleosynthesis 
yieldss and stellar mass loss strongly affect galactic chemical evolution results (e.g. Maeder 1992; Garigi 
1994;; Giovagnoli k Tosi 1995; T immes et al. 1995; Portinari 1996; Ghiappini et al. 1996; Prantzos et al. 
1996).. Gonsequently, the IMF and SFR derived from fitting e.g. the abundances and abundance-abundance 
variationss observed among Galactic disk and halo stars depend strongly on the adopted set of stellar yields 
andd associated model parameters . It is clear that the ability of a Galactic chemical evolution model to fit 
thesee observational constraints does not garantee the adequateness of the model. In other words, the relative 
successs of a given Galactic evolution model does not prove the validity of the underlying assumptions, i.e. 
essentiallyy the adopted IMF and SFR (Prantzos et al. 1996). 

Apartt from the adopted set of stellar yields, galactic evolution models can be distinguished according 
too the different Galactic regions to which they are applied as well as the underlying formation and evolution 
scenarioss adopted for these regions. Eggen, Lynden-Bell, and Sandage (1962; hereafter ELS) proposed tha t 
thee Galaxy formed in a single large rotating gas cloud in which the halo collapsed dissipatively to form 
thee disk. Toomre (1977) and Searle k Zinn (1978) argued that the Galaxy formed by a merger of several 
chemicallyy distinct and unique fragments and that the Galactic halo consists of dwarf systems tha t have been 
capturedd over an extended period of time. These scenarios probably lead to rather different star formation 
historiess and chemical evolution paths of the Galactic halo, thick disk and thin disk components. Recent 
modelss for the Galaxy a t t empt to account in detail for such differences in evolution (see below). 
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Ann impor tan t aspect for such models is the distinction between stars that belong to different Galactic 
regions.. It has been argued recently that the distinction between e.g. thick disk and halo stars is possible only 
onn the basis of both kinematical and chemical properties (e.g. Schuster et al. 1993; Wyse k Gilmore 1995; 
PT ) .. Also, the spheroidal (bulge and halo) and disk (thick and thin disks) components of the Galaxy have 
substant ia ll different angular momen tum distr ibutions (Wyse k Gilmore 1992; Ibata k Gilmore 1995). Apart, 
fromm these properties, stellar age may be an impor tant quanti ty to distinguish between different Galactic 
regionss at bir th. This is t rue provided that stars associated with different regions were formed at different 
epochss in Galactic evolution. Observations reveal tha t the thick disk population extends to low rnetallicities 
soo tha t stars which were previously classified as halo stars on the basis of their low metallity actually belong 
too the disk (e.g. Wyse k Gilmore 1995; PT; see Sect. 4.1.6). 

Inn principle, mult i -phase models for the chemical evolution of the Galaxy should be constrained by the 
observationall characteristics of the stars associated with different regions in the Galaxy, i.e. by considering 
sampless of stars tha t were formed (but not necessarily are nowadays observed) in each region. Such samples 
aree still rare and often prevent a detailed comparison of model predictions with the observations for stars 
belongingg e.g. to the halo, thick, and thin disk (as well as for stars born at different, ranges in galactocentrie 
distancee in the Galactic disk). Therefore, the current generation of Galactic chemical evolution models is 
restrictedd to a very limited set of observations dealing predominantly with stars nowadays observed in the 
locall Galactic disk and halo. This apparently prevents one to draw strong conclusions about the chemical 
evolutionn of the halo, thick and thin-disk regions as well as about their mutual interactions during Galactic 
evolution.. Nevertheless, we like to discuss briefly several interesting and promising models for the chemical 
evolutionn of the Galactic disk. These models tend to converge to a model in which both the kinematical and 
chemicall properties of stars as a function of Galactic age and location are modelled simultanously. 

Thee chemical evolution of a self-gravitating, star forming viscous disk has been studied by Tsujimoto 
ett al. (1995). Such a disk is able to reproduce the exponential distribution of the surface density of stars in 
thee Galactic disk as well as a flat rotat ion curve in the disk. The main chemical properties of the Galactic 
disk,, e.g. the radial abundance variations of O and Fe and the dispersion in the [O/Fe] vs. [Fe/H] diagram, 
cann be explained adequately in the framework of the star-forming viscous disk model (see also Yoshii k 
Sommer-Larsenn 1989). In this model, the metal enrichment of the bulge is enhanced by viscosity driven 
radiall inflow of metal-rich gas over an extended period of a few Gyr. 

Pardii &  Ferrini (1994) considered the effect of different halo collapse times and star formation effi
cienciess in the disk. From modelling a wide range of observational constraints including the PDMF, these 
authorss argued tha t the SFR in the Galaxy did rise slowly during the first ~ 2 Gyr and thereafter decreased. 
Further,, they argued tha t the disk formed from the halo on a t ime scale ^;5 Gyr so that, the slow collapse 
natural lyy allows for a thick-disk phase with abundances intermediate to that of the thick disk population and 
oldd populat ion II s tars . For a density dependent SFR, the initial rise of the SFR and its subsequent decay 
iss determined by the rate of gas accumulation from the halo in the disk. Self-regulation of the SFR, leads 
too a constant low SFR over the last few Gyr. The Dopita SFR and burst models discussed in Sect. 4.3.4 
givee very similar results. As discussed by Pardi k Ferrini (1994), an important difference between constant 
SFRR and burstlike SFR models is tha t the lat ter models imply much shorter t ime scales for the enrichment 
off the disk ISM. For this reason, it is impor tan t to determine accurately the ages and kinematical properties 
att birth of the sample stars in order to derive this t ime scale observationally and to tightly constrain the 
models. . 

Inn a subsequent study, Pardi et al. (1995) considered a multiphase three zone description of the 
Galaxy:: halo, thick and thin disk, as coupled but separate components . They consider the formation of the 
Galaxyy as the continuous collapse process during which the formation and evolution of the different, galaxy 
componentss are connected. From modelling the metallicity distributions of long-living stars associated with 
eachh component , Pardi et al. argue tha t star formation ceased in the halo within <>2  Gyr, in the thick 
diskk within i>8 Gyr, while in the thin disk s tar formation is still in progress. In this manner, the different 
Galaxyy components experienced different star formation histories. While in the halo and thick disk the star 
formationn is very intense at the beginning and then declines rapidly, star formation in the thin disk rises 
moree slowly and declines more smoothly. The possible delays between the main star formation episodes in 
eachh phase are a natural consequence of the formation of density enhancements throught the accumulation 
off diffuse gas. Such delays in main episodes of star formation lead to different enrichment paths (e.g. [O/Fe]) 
forr each dynamically distinct, Galaxy region. In this manner, there is considerable overlap between the stars 
belongingg to the different, components , at least concerning the chemical properties of the stars as is indicated 
byy the observations (e.g. Wyse k Gilmore 1995). Similarly, it is argued that the presence of these distinct 
stellarr populat ions can provide a natural explanation for part of the abundance spread among stars observed 
inn the SNBH. 
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Chiappinii et, al. (1996) consider two main episodes of infall for the formation of the thick disk and 
thinn disk. In their model, the formation of the thin disk occurs much later than tha t of the thick disk. 
Thesee authors propose that most of the thin disk was formed by accretion of extra-galactic material . They 
arguee tha t a revision is needed of the common picture in which the gas shed from the halo was the main 
contributorr to the material out of which the thin disk formed. As has been argued by Wyse &  Gilmore 
(1992),, the angular momentum distribution of halo stars makes it unlikely that halo gas ended up anywhere 
nearr the local disk. This may imply that the chemical evolution of the SNBH started from scratch without 
anyy initial contribution from halo gas (see Pagel k Tautvaisiené 1995). The assumed decoupling of the rate 
off gas lost from the halo/thick-disk and tha t of gas falling onto the thin disk allows for much longer formation 
timee scale of the thin disk (~8 Gyr) as compared to tha t of the halo/ thick disk ( ^ 1 Gyr). Ln addit ion, a 
thresholdd in the star formation process was assumed. This threshold naturally produces a t ime gap in the 
SFRR at the end of the thick disk phase as may be indicated by the observations (e.g. Grat ton et al. 1996). 
Thee threshold limits the star formation in the halo and allows for the delay in the onset of star formation in 
thee thin disk. This delay model is different from that of Pardi et al. (1995) in which simultaneous evolution 
off and star formation in all Galactic components occurs but at different evolutionary rates. Furthermore, 
thee assumption of a threshold in the gas density prevents the growth of abundances in the outer regions of 
thee exponential disk and results in: 1) the inner abundance gradients to steepen with Galactic, age. and 2) 
thee abundance gradients in the inner disk to be steeper than in the outer disk. 

Raiterii et al. (1996) presented N-body hydrodynamical simulations to investigate the chemical evolu
tionn of the Galaxy. They assumed tha t the Galaxy formed by the collapse of a rotating cloud of gas and 
darkk mat ter . Dissipative effects lead to the formation of a gaseous disk wherein stars are allowed to form in 
locallyy unstable regions. The gas radiates away efficiently the energy gained during the collapse and settles 
intoo a rotationally supported disk. The local enrichment of gas clouds can be followed in detail and the 
conceptt of a star formation threshold can be applied in a relatively simple manner . This kind of model 
enabless the simultaneous study of the chemical enrichment and dynamical evolution of the Galaxy and can 
providee an adequate explanation for the scatter in the [O/Fe] vs. [Fe/H] relation discussed in Sect. 4.1 (see 
alsoo Ghap. 5). Such models seem very promising for detailed Galactic evolution studies in the near future. 

Apartt from the recent developments in modelling the chemical evolution of the Galaxy, there are several 
aspectss which have not yet been (fully) accounted for in the models but which may play an impor tant role: 

•• the impact of the accretion of satellite galaxies (e.g. Quinn et al. 1993; Ibata et al. 1994) 

•• radial mixing and gas flows 

•• variations in the IMF of s tars at birth with Galactic age (see e.g. Sect. 4.3.4) 

•• a delay of several Gyr in the formation of the thin disk due to the energy deposited by supernovae 
(e.g.. Burkert et al. 1992). 

•• the dynamical interaction between gas and stars 

•• metal-rich outflow of gas from the disk into the halo 

•• effects of sequential stellar enrichment and infall induced star formation (see Ghap. 5) 

•• the effects of spiral arms on Galactic chemical evolution 

•• effects of stellar orbital diffusion (e.g. Wielen et al. 1996) 

•• simultaneous modelling of the widest range of observational constraints possible 

•• variations in the upper mass limit of stars ending as SNII (see Sect. 4.3.4) 

•• the inclusion of binary star evolution 

•• the inclusion of the dependence of stellar yields, lifetimes, and remnant masses on the abundances 
off individual elements such as He, O, and Fe (instead of the heavy-element integrated metallicity 

Z) ) 

•• the influence of the evolution of the bulge and central par ts of the Galaxy 

Inn general, we find that it is a rather complex task to obtain hard results concerning the chemical evolution of 
thee Galactic disk due to the many observational and theoretical uncertainties still involved. In this chapter, 
wee have shown the kind of problems encountered when modelling different aspects of Galactic chemical 
evolution.. In particular, we have illustrated, for a wide range of observational constraints, the sensitivity 
off our results to the main parameters and assumptions inherent in such models. We hope tha t the results 
obtainedd here can be used in conjunction with other Galactic chemical evolution studies and may help to 
convergee to a consistent and adequate model for the chemical evolution of the Galaxy as a whole. 
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Inhomogeneouss chemical evolution of the 
Galacticc disk: evidence for sequential stellar 
enrichment? ? 
vann den Hoek, L.B., and de Jong, T . J 

Abstrac t t 
Wee investigate the origin of the abundance variations observed among similarly aged F and G dwarfs in 
thee local Galactic disk. We argue that orbital diffusion of stars in combination with radial abundance 
gradientss is probably insufficient to explain these variations. 
Wee show that episodic and local infall of metal-deficient gas can provide an adequate explanation for 
ironn and oxygen variations as large as A[M/H] ~0.6 dex among stars formed at a given age in the solar 
neighbourhoodd (SNBH). However, such models appear inconsistent with the observations because they: 1) 
resultt in current disk ISM abundances that are too high compared to the observations, 2) predict stellar 
abundancee variations to increase with the lifetime of the disk, and 3) do not show substantial scatter in 
thee [Fe/H] vs. [O/H] relation. Notwithstanding, our results do suggest that metal-deficient gas infall plays 
ann important role in regulating the chemical evolution of the Galactic disk. 
Wee demonstrate that sequential enrichment by successive stellar generations within individual gas clouds 
cann account for substantial abundance variations as well. However, such models are inconsistent with the 
observationss because they: 1) are unable to account for the full magnitude of the observed variations, in 
particularr for [Fe/H], 2) predict stellar abundance variations to decrease with the lifetime of the disk, and 
3)) result in current abundances far below the typical abundances observed in the local disk ISM. 
Wee present arguments in support of combined infall of metal-deficient gas and sequential enrichment by 
successivee stellar generations in the local Galactic disk ISM. We show that galactic chemical evolution 
modelss which take into account these processes simultaneously are consistent with both the observed 
abundancee variations among similarly aged F and G dwarfs in the SNBH and the abundances observed in 
thee local disk ISM. For reasonable choices of parameters, these models can reproduce A[M/H] for individual 
elementss M = C, O, Fe, Mg, Al, and Si as well as the scatter observed in abundance-abundance relations 
likee [O/Fe]. For the same models, the contribution of sequential stellar enrichment to the magnitude of 
thee observed abundance variations can be as large as ~50%. 

Wee discuss the impact of sequential stellar enrichment and episodic infall of metal-deficient gas on the 
inhomogeneouss chemical evolution of the Galactic disk. 

5.11 Introduction 

Thee chemical enrichment of the interstellar medium (ISM) by successive generations of stars is a key issue 
inn understanding the chemical evolution of galaxies in general, and the formation history and abundance 
distributionss of the stellar populations in our Galaxy in particular. 

Observationall studies related to the heavy element enrichment of the local Galactic disk have long 
shownn that stars of similar age exhibit large abundance variations (e.g. Mayor 1976; Twarog 1980a; Twarog & 
Wheelerr 1982; Carlberg et al. 1985; Gilmore 1989; Klochkovaet al. 1989; Schuster & Nissen 1989; Meusinger 
ett al. 1991). Recently, Edvardsson et al. (1993a) presented accurate abundance da ta for nearly 200 F and G 
main-sequencee dwarfs in the solar neighbourhood (SNBH). Their spectroscopic data, analysed with up-to-
datee input physics, confirms abundance variations as large as ~0.6 dex in A[M/H] (where M=Fe,0,Mg,Al,Si) 
amongg similarly aged stars. 

11 Sects. 5.2 and 5.3 as well as Appendix B were added to the published version of this paper 
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Inn contrast to previous understanding, these variations are much in excess of experimental uncertainties 
andd demons t ra te tha t the abundance spread for stars born at roughly the same galactocentric distance is 
s imilarr in magn i tude to the overall increase in metallicity during the lifetime of the disk. 

Addi t ionall support for the existence of large abundance inhomogeneities in the Galactic disk has been 
providedd by studies of stars in open clusters (e.g. Nissen 1988; Boesgaard 1989; Lambert 1989; Garcia-Lopez 
ett al. 1993; Friel k Janes 1993: Carraro k Chiosi 1994) and B stars in star forming regions in the SNBH 
(e.g.. Gies k Lamber t 1992; Cunha k Lambert 1992). These studies show tha t the concept of a well-defined 
t ightt age-metallicity relation (AMR) for the Galactic disk ISM is unfounded (Edmunds 1993) and that the 
chemicall enrichment of the disk has been inhomogeneous on t ime scales as short as ~ 1 0 8 - 109 yr. Similar 
s tudiess of objects in the Magellanic clouds (e.g. Cohen 1982; Da Costa 1991; Olsewski et al. 1991) and 
dwarff galaxies (Pilyugin 1992; Kunth et al. 1994; Thuan et al. 1995) suggest tha t inhomogeneous chemical 
evolutionn is a common phenomenon in nearby galaxies as well. 

Thee origin of the abundance variations observed in the local Galactic disk is investigated in this paper. 
Clearly,, large abundance variations in the ISM on t ime scales at least an order of magni tude shorter than the 
lifetimee of the disk cannot be reproduced by simple galactic evolution models incorporating monotonously 
increasingg age-metallicity relations (AMR). In the past few years, various ideas have been put forward as 
possiblee explanat ions for the intrinsic abundance variations among similarly aged stars: 

•• stellar orbital diffusion in combination with radial abundance gradients in the Galactic disk (e.g. 
Francoiss k Matteucci 1993; Wielen, Fuchs, k Dettbarn 1996); 

•• sequential enrichment by successive stellar generations (e.g. Edmunds 1975; Olive k Schramm 1982; 
Gilmoree 1989; Gilmore k Wyse 1991; Cunha k Lambert 1992; Roy and Kunth 1995); 

•• local infall of metal -poor gas (e.g. Edvardsson et al. 1993a; Roy k Kunth 1995; Pilyugin k Edmunds 
1995a); ; 

•• cloud motions in the ISM (Bateman k Larson 1993); 

•• inefficient mixing in the disk ISM: isolated chemical evolution of individual parcels of interstellar 
gass during considerable fractions of the lifetime of the disk (Lennon et al. 1990; Wilmes k Koppen 
1995); ; 

•• major galaxy merger events resulting in multiple stellar populations in the Galactic disk (Strobel 
1991;; Pilyugin k Edmunds 1995b); 

•• chemical fractionization processes such as grain formation (e.g. Henning k Giirtler 1986) and /o r 
elementt diffusion (e.g. Bahcall k Pinsonneault 1995) so that measured abundances do not reflect 
initiall stellar abundances . 

Ass discussed by Edvardsson et al. (1993a) stellar orbital diffusion is probably inadequate as main explanation 
forr the observed abundance variations. However, recently Wielen et al. (1996) claimed that stars can be 
bornn at galactocentric distances very different from those derived using their present-day orbits. In this case, 
aa major fraction of the observed abundance scatter could be due to stellar orbital diffusion. Since it appears 
unlikelyy tha t diffusion can explain the observed abundance variations for all stars in the Edvardsson et al. 
samplee (see below) as well as those observed among young stars (e.g. present in star forming regions) other 
processess are probably impor tan t as well. 

Basedd on the assumption of short mixing time scales of ~ 107 yr in the local disk ISM, we argue that 
thee underlying physical mechanisms causing the observed abundance inhomogeneities and those initiating 
s ta rr formation in the disk ISM are the same. No observational support exists for chemical fractionization 
inn low mass F and G main-sequence stars. Therefore, the scatter in stellar metallicities probably reflects 
thee original inhomogeneities in the interstellar gas (e.g. Gilmore 1989). We here restrict ourselves mainly 
too the processes of sequential stellar enrichment and episodic infall of gas onto the Galactic disk as possible 
explanat ionn for the observed stellar abundance variations. Since these processes are observed to operate 
s imultaneouslyy in the SNBH (see below), it is impor tan t to investigate their combined effect on the chemical 
evolutionn of the Galact ic disk. 

Thee process of star formation initiated by stars formed during a preceding star formation event nearby, 
iss known as sequential s tar formation. Support for sequential star formation in the SNBH is provided by 
observationss of spatially separated subgroups of OB stars that appear aligned in a sequence of ages in many 
OBB associations (e.g. Blaauw 1991) and by obervations of stars forming at the interfaces of Hn regions and 
theirr surrounding molecular clouds (e.g. Genzel k Stutzki 1989; Pismis 1990; Goldsmith 1995). Sequential 
s tarr formation may be induced by the blast waves of nearby supernova explosions compressing the ambient 
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ISMM {e.g. Ogelman & Maran 1976) and /o r by propagating ionization and shock fronts from an OB association 
causingg the gravitational collapse of a nearby molecular cloud (e.g. Elmegreen & Lada 1977). In either case, 
efficientt self-enrichment through mixing of enriched material by successive generations of massive stars is 
expected. . 

Onn the other hand, stellar abundance variations can be a t t r ibuted to infall of relatively unprocessed 
gass and star formation within the accreted material before efficient mixing wipes out any local chemical 
inhomogeneitiess (e.g. Edvardsson et al. 1993a; Pilyugin & Edmunds 1995a). Observational support for star 
formationn in the SNBH initiated by infall of high velocity clouds, has recently been presented by Lépine 
fkfk Duvert (1994). These authors claim that episodic gas infall is a dominant process in the local disk ISM 
andd is associated with all prominent star forming molecular clouds seen near the Sun (see Sect. 5.5.2). 
Furthermore,, ongoing gas infall has been emphasized by models of dissipative protogalactic collapse (Larson 
1969,, 1976) and on the basis of t ime scale arguments of gas consumption in the local disk (Larson et al. 
1980;; Kennicutt 1983). 

Inn this paper, we present a chemical evolution model for a star forming gas cloud which incorporates 
stellarr enrichment and mixing processes (including infall) and which allows for temporal and /o r spatial 
inhomogeneitiess in the ISM. This study differs from previous work (e.g. Pilyugin &; Edmunds 1995a) in tha t 
wee investigate in detail the combined effect of metal deficient gas infall and sequential stellar enrichment 
byy successive stellar generations on the chemical evolution of multiple gas clouds in the Galactic disk. In 
particular,, each gas cloud is allowed to follow its individual star formation, mixing, and infall history, as is 
suggestedd by the observations. With this model, we fit the stellar abundance variations and current local 
ISMM abundances of C, O, Fe, Mg, Al, and Si observed in the SNBH, the present gas-to-total mass-ratio, 
andd actual star formation and supernova rates. We note that previous investigations were restricted to 
abundancee variations in oxygen and iron only. 

Wee will show that models taking into account the above processes simultaneously are in good agree
mentt with the observations and provide an adequate explanation for the stellar abundance variations with 
respectt to the mean abundances observed in the local disk. Furthermore, we will argue that the contribution 
off sequential stellar enrichment to the magni tude of the observed stellar abundance variations can be as 
largee as ~50%, i.e. much larger than suggested by previous investigations (e.g. Pilyugin & Edmunds 1995a; 
Wilmess and Koppen 1995). Corresponding theoretical age and abundance-distr ibutions related to the G-
dwarff problem will be discussed in a separate paper. 

Thee paper is organized as follows. In Sect. 5.2, we briefly review observations related to the inhomo-
geneouss heavy element enrichment of the local Galactic disk ISM. In Sect. 5.3, we describe characteristics 
off the inhomogeneous chemical evolution model proposed for the Galactic disk (model equations and details 
aree given in the Appendix to the electronic version of this paper) . In Sect. 5.4, we present model results for 
episodicc infall of metal-deficient gas and sequential stellar enrichment, and examine which of these mech
anismss can account satisfactorily for the observations. In Sect. 5.5, we discuss these results in the more 
generall context of the chemical evolution of the Galactic disk and adduce both observational arguments in 
supportt of sequential star formation and metal deficient gas infall in the local disk ISM. 

5.22 Inhomogeneous chemical evolution of the local Galactic disk: 
observations s 

5.2.11 Main-sequence F and G dwarfs 

Wee concentrate on the abundance da ta of nearly 200 main-sequence field F and G dwarfs with actual 
distancess ^ 7 0 pc from the Sun as recently presented by Edvardsson et al. (1993a; hereafter EDV). This 
samplee provides the largest sample of stars available to date for studies related to the chemical evolution of 
thee local disk. Fig. 5.1 displays all F and G dwarfs for which both [O/H] and [Fe/H] abundance-ratios have 
beenn determined by EDV. 

Largee abundance variations of ~0 .9 dex in [Fe/H] and ~0.7 dex in [O/H] among stars of a given age are 
seenn to be present (abundance variations in e.g. Mg, Al, and Si resemble those in [Fe/H]). At intermediate 
stellarr ages, these variations are no doubt significant since typical observational errors are ~0 .1 dex both 
inn [M/H] and log(Age) (see EDV). At ages in excess of ~15 Gyr and less than ~ 2 Gyr, the da t a probably 
aree undersanipled (see EDV). Note that the sample is biased against old, high-metallicity stars through the 
minimumm Tetf limit assumed by EDV. 
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Thee observed spread in [Fe/H] is tightly correlated with that in [ 0 /H] . This suggests that different 
nucleo-synthesiss sites, which contribute different elements to the initial abundances in stars, mix their prod
uctss together well. Furthermore, this suggests that stellar abundance variations for different elements are 
duee to the same process. Current observations support the idea that the magnitude of the stellar abundance 
variat ionss has remained constant over the lifetime of the disk (see also Mayor 1976: Twarog 1980a; Meusinger 
ett al. 1991; Carraro & Chiosi 1994). In the following, we will assume that these abundance variations are 
randomlyy distr ibuted within the rnetallicity range observed at a given stellar age. This is particularly im
por tan tt when considering possible explanations for the observed stellar abundance variations in detail (see 
Sect.. 5.4; cf. Wielen et al. 1996). 
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F igu r ee 5.1 Observed iron, oxygen, and magnesium abundance ratios for main-sequence F and G dwarfs in the solar 
neighbourhoodd (data from Edvardsson et al. 1993a). Open circles represent, stars with mean stellar galactocentric 
distancess at birth within 0.5 kpc from the Sun (R& = 8.4 kpc). Full dots indicate stars with average distances within 
~22 kpc from the Sun. Typical errors are indicated at the bottom right of each panel. Note that the abundances 
off the most metal-poor disk stars included in this sample resemble those of metal-rich halo dwarfs and giants (e.g. 
Besselll et al. 1991; Gratton & Sneden 1991; Nissen et al. 1994). We assumed solar abundance ratios by number of 

'logg (O/H) 3.13, , log(Fe/H)( ;)) = —4.51, and log (Mg/H) : = -4.42 and a hydrogen mass fraction in the 
Sunn of 0.68 (see Anders & Grevesse 1989; Grevesse fc Noels 1993). Top panels: Distributions of [Fe/H] (left) and 
[O/H]] abundance ratios vs. galactic age. Bottom panels: [Fe/H] vs. [O/H] (left) and [Mg/H] vs. [O/H] 

Ages,, abundances , and kinematical properties of the dwarfs belonging to the EDV sample are consistent 
withh earlier investigations (e.g. Twarog 1980a; Carlberg et al. 1985; Meusinger et al. 1991). An extensive 
discussionn of the possible sources of errors in the abundance and age analysis as well as several consistency 
checkss can be found in Edvardsson et al. (1993a,b). Errors due to da ta reduction uncertainties are estimated 
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too lead to errors of at most 0.05 to 0.1 dex in abundance ratios [M/Fe] as well as in [Fe/H] (see EDV). These 
errorss are not expected to vary in a systematic manner with the derived stellar abundances and corresponding 
correctionss will probably not reduce the observed variations. Edvardsson et al. estimated errors in relative 
agess of ~ 2 5 % for stars with similar abundances (absolute errors may be considerably larger). Thus , ages 
off stars as old as the Sun are estimated to be accurate within ~ 1 — 2 Gyr. We conclude that errors in the 
abundancess and ages of the sample stars are unlikely to account for the observed abundance variations, at 
leastt for stars with intermediate ages of ~ 5 Gyr. 

Knowledgee of the formation sites of the sample stars is important to decide whether or not orbital 
diffusionn in combination with radial abundance gradients in the Galactic disk can provide an adequate 
explanationn for the observed abundance variations. Galactocentric distances of the sample stars at birth were 
obtainedd using stellar orbits reconstructed from their present-day galactocentric distances, proper motions, 
andd radial velocities, and using both theoretical and empirical models for the Galactic potential as discussed 
byy EDV. Accordingly, nearly 85% of the sample stars were found to have mean galactocentric distances 
RRmm at birth within 1 kpc from the Sun (assuming R  ̂ ~ 8.4 kpc at present). However, predictions of the 
diffusionn of stellar orbits in space, based on the observed relation between velocity dispersion and age for 
nearbyy stars, suggest tha t many stars may have been formed at galactocentric distances as large as ~ 4 kpc 
fromm where they are nowadays observed in the SNBH (Wielen et al. 1996). In either case, these nearby stars 
tracee the evolution of the Galactic disk ISM over a much wider range in galactocentric distance then they 
aree observed. 

Ass an independent test to examine whether stellar orbital diffusion can be the main cause for the ob
servedd abundance variations, we translated stellar abundance deviations A[M/H] from the mean abundances 
off similar aged stars born at ~ R  ̂ into galactocentric distance differences Rm — R^. This was done inde
pendentlyy for [Fe/H] and [O/H] abundance ratios assuming present-day local radial abundance gradients of 

55 dex k p c - 1 in [O/H] (e.g. Shaver et al. 1983; Grenon 1987; see also Wilson k Matteucci 1992) 
andd - 0 . 1 dex k p c - 1 in [Fe/H] (see e.g. EDV). Clearly, distances Rm based on oxygen and iron abundances 
aree expected to be similar {e.g. A / ? ° , F e £> 1 kpc) when orbital diffusion is important for the observed stellar 
abundancee variations. 

Inn this manner, we find that A f t ° ' F e J> 1 kpc for 47 stars in the EDV sample (i.e. ~56%). Similarly, 
wee find A f t ° , F e ^ 2, 3, and 4 kpc, for ~ 3 1 , 14, and 8% of the sample stars, respectively. We note tha t 
thee derived values of A K ° F e are insensitive to the stellar age but depend on the assumed radial abundance 
gradientss as well as on the mean [M/H] vs. age relations adopted for stars born at R^. Although a detailed 
investigationn of the uncertainties involved is beyond the scope of this paper (e.g. the variation of abundance 
gradientss with disk age; cf. Grenon 1987), we estimate that A f t ° , F e ^ 0.8 (1.5) kpc for typical errors of 0.05 
(0.1)) dex in both [Fe/H] and [O/H] for most of the sample star (assuming a gaussian error distr ibution). 
Thiss suggests that a substantial par t of the observed abundance variations is difficult to explain by stellar 
orbitall diffusion only. Also, Edvardsson et al. argued that the magni tude of the observed variations will 
reducee to A [M/H] ~ 0.3 dex if one accounts properly for systematic errors and possible effects of stellar 
orbitall diffusion. However, a reduction of the abundance spread among field dwarfs to A [Fe/H] ~ 0.3 dex 
seemss contradicted by the observed variations of A[Fe/H] ~ 0.5 1 dex among similarly aged open clusters 
afterafter correcting for radial abundance gradients across the Galactic plane (Garraro k. Chiosi 1994). Apart 
fromm this, such a reduction appears inconsistent with the observed abundance spread of [O/H] ^ 0 . 4 dex 
amongg B stars at a given galactocentric radius between 7 and 16 kpc in the disk (Gehren et al. 1985; Kaufer 
ett al. 1994) and with the large abundance variations of ~0 .7 dex observed among young open clusters over 
aa distance scale of only ~ 1 kpc at a galactocentric radius of ~ 1 3 kpc (Rolleston et al. 1994). 

Wha tt fraction of the current disk stellar population actually formed in the Galactic halo depends 
onn the detailed dynamical evolution of the disk which is not well known (e.g. Pagel fc Tautvaisiene 1995), 
However,, most stars in the EDV sample have derived maximum distances from the Galactic plane at birth 
off /imax<0-5 kpc. This largely excludes halo stars from the sample and further implies tha t abundance 
gradientss perpendicular to the Galactic plane are inadequate as explanation for the observed abundance 
variationss (e.g. Carney et al. 1990). 

Fromm these arguments, we conclude that orbital diffusion of stars from elsewhere in the Galactic disk is 
probablyy insufficient as explanation for the observed variations in [Fe/H] and [O/H] among F and G dwarfs 
inn the SNBH. This conclusion is consistent with the finding that abundance variations for subsamples of stars 
restrictedd to be born within 1 and 0.5 kpc from the Sun, respectively, are similar to those for the complete 
samplee (see EDV; cf. Fig. 5.1). Therefore, we believe that differential chemical evolution and mixing of 
interstellarr gas must be an important cause for the large stellar abundance variations observed in the SNBH 
ass well. The abundances of the Sun and of open clusters in the Galactic disk fit well into this picture, as is 
arguedd below. 
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5.2.22 Chemical evolution of the solar neighbourhood 

Detailedd comparison of abundances within local Hii regions and the Sun have shown that oxygen (among 
otherr heavy elements) is underahundant in the Hii regions by about 0 .15-0 .3 dex (e.g. Shaver et al. 1983; 
Peirnbertt 1987; Baldwin et al. 1991; Osterbrock, Tran k Veilleux 1992). Also, CNO-abundances of Hn-
regionss and B main-sequence stars in the Orion nebula were found smaller than corresponding abundances in 
thee Sun (Cunha &  Lamber t 1992; Gies k Lambert 1992). The remarkable result tha t the Sun is metal-rich 
byy —0.15—0.2 dex in [O/H] compared to its surroundings is also supported by observations of B stars in 
nearbyy associations and young clusters (Fi tzsimmons et al. 1990), diffuse interstellar clouds (e.g. York et al. 
1983),, and disk planetary nebulae (de Freitas Pacheco 1993; Peirnbert et al. 1993). Although abundance 
de te rmina t ionss in the SNBH may be biased towards regions associated with infall of metal-poor gas or suffer 
fromm heavy element depletion by dust, the existence of many metal-poor regions in the SNBH would be 
difficultt to reconcile with efficient mixing in the local disk ISM (e.g. Roy k Kunth 1995). 

Thee above observations are consistent with the Edvardsson et al. da ta which suggest that the Sun is 
metal-richh by 0 .2 -0 .25 dex in [O/H] and by 0 .25-0 .3 dex in [Fe/H] compared to the mean abundances of 
s tarss which formed in the SNBH ~4 .5 Gyr ago (cf. Fig. 5.1). These observations support the idea that 
thee Sun is metal-rich for its age (see also Steigman 1993} and that abundance inhomogeneities in the local 
diskk ISM did exist. The fact that the Sun is metal-rich by a factor of ~ 1.5-2 compared to nearby regions 
currentlyy experiencing star formation may be explained by self-enrichment of the gas cloud out of which 
thee Sun was born (e.g. Gies k Lambert 1992; Peirnbert et al. 1993). Alternatively, orbital diffusion of the 
Sunn may play an impor tan t role (Wielen et al. 1996). We will discuss arguments in support of the former 
possibilityy in Sect. 5.2. 

5.2.33 Open clusters 

Variationss in [Fe/H] among disk open clusters of a given age are known to be larger than any possible trend 
off [Fe/H] with age (e.g. Nissen 1988; Boesgaard 1989; Garcia-Lopez et al. 1993; Friel and Janes 1993; Dufton 
ett al. 1994). Recently, abundance variations of ~0 .5 1 dex in [Fe/H] among clusters of a given age after 
correctingg for the radial abundance gradient across the Galactic plane have been reported by Carraro k 
Ghiosii (1994). The observed abundance variations among open clusters appear somewhat smaller (i.e. by 
~0 .2-0 .33 dex in [Fe/H]) than those among field F and G dwarfs in the EDV sample. However, the magni tude 
off the observed variations suggests that the processes responsible for the abundance inhomogeneities among 
fieldfield s tars in the SNBH and among open clusters widespread throughout the Galactic disk may well be the 
same. . 

Thee lack of a t ight age-met alii city relationship for open clusters in the Galactic disk suggests that 
thee chemical enrichment of the disk ISM has been inhomogeneous on t ime scales less than ~ 1 0 S - I 0 9 yr, 
consistentt with the abundance variations observed for intermediate age F and G dwarfs discussed above. 

5.33 Model characteristics and assumptions 

Inn the previous section, we have argued that differential chemical evolution and mixing of interstellar gas 
probablyy provides the main explanation for the large abundance variations observed among similarly aged 
s tarss in the SNBH. In this case, abundance inhomogeneities in the global disk ISM may result from local 
mixingg of metal-deficient material (e.g. infall) and /o r local mixing of metal-enhanced material (e.g. stellar 
enr ichment) .. When star formation is initiated within the mixed material before any abundance fluctuations 
aree wiped out , these inhomogeneities can be recorded by long-living stars. 

Efficientt mixing by stellar winds and supernova explosions is generally accepted to occur within ~ 1 0 7 -
1088 yr (e.g. Edmunds 1975; Ciotti et al. 1991; Roy k Kunth 1995). This suggests that the processes 
responsiblee for the onset of star formation and those causing substantial abundance inhomogeneities in the 
diskk ISM are the same. We consider this as a strong argument in favour of sequential star formation and /o r 
infalll induced star formation as the main processes responsible for the observed abundance variations (ample 
observationall suppor t for the occurrence of these processes in the local disk ISM are briefly discussed in Sect. 
5.5.2).. Obviously, the quant i ta t ive effect of these processes on stellar abundance variations, relative to the 
meann abundances in the local ISM, depends on the detailed chemical evolution of the disk ISM. 

5.3.11 Model description 

Wee present a model for the inhomogeneous chemical evolution of a star forming gas cloud. The basis for 
thiss model forms the individual s tar formation history and chemical evolution of multiple subclouds that 
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mutuallyy exchange interstellar material. We here restict ourselves to a brief outline of the basic assumptions 
andd model characteristics. A more detailed description of the equations and input physics used is given in 
thee (Appendix to the) electronic version of this paper. 

Wee star t from a homogeneous gas cloud with total mass Mci- At any time the cloud is subdivided 
intoo Nsci star forming, active subclouds (with corresponding masses M'sci) and a quiescent, inactive cloud 
partt (with mass Mqc | ) not experiencing star formation. Each subcloud is allowed to follow its individual 
starr formation, infall. and mixing history. Infall of mat ter is considered by allowing episodic mixing of 
metal-deficientt material to each subcloud separately. 

F iguree 5.2 Schematic model for the inhomogeneous chemical evolution of a star forming cloud: evolutionary sequence 
off star formation, enrichment and mixing processes. Shown is a star forming cloud region. Each of the processes 
indicatedd in this region may occur in other regions of the cloud as well. Symbols have the following meaning: a 
subcloudss indicated by hatched areas, b star formation indicated by asterisks, c stellar enrichment shown as shaded 
areass enclosing white asterisks, d subcloud core dispersal indicated as blanked out area surrounding stars, e break up 
off entire subcloud and initiation of star formation in a nearby subcloud, farrow indicates stars entering a subcloud 
fromm elsewhere. Each of the processes indicated may occur frequently during the cloud evolution time tev 

Thee adopted set of processes that modify the distribution of gas and stars within a star forming region of a 
molecularr cloud are illustrated in Fig. 5.2. Different subfigures refer to the following processes: 

(a)) subcloud formation from the inactive cloud ISM (and/or from infalling material) ; 
(b)) conversion of gas into stars (star formation at distinct subcloud cores); 
(c)) ejection of material by stars to their immediate surroundings; 
(d)) mixing of dispersed core material with subcloud after star formation event; 
(e)) break up of entire subcloud, mixing with inactive cloud ISM, and induced star formation; 
(f)) enrichment of subcloud by stars not formed within the subcloud. 

Inn our model, the inhomogeneous chemical evolution of a star forming gas cloud, consisting of many sub
clouds,, is determined by the combined effect of the above processes. During a tirne-intcrval A^, these 
processess may occur simultaneously within each subcloud. In this manner, the initial abundances of a 
newlyy formed stellar generation are determined by: 1) the enrichment of the subcloud by preceding stellar 
generations,, and 2) the mixing history of the subcloud with the ambient ISM. 
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Inn brief, the adopted evolution scenario is as follows. Subeloud formation (Fig. 5.2a) is assumed to 
occurr either from the inactive cloud ISM and /o r from infalling material (details related to the infall model 
willl be given in Sect. 5.4.3). During the lifetime t„ v of the entire system, a total number of Nsf star formation 
eventss is assumed to occur. Each star formation event is assumed to take place in an active subeloud (Fig. 
5.2b).. Each subeloud is allowed to experience numerous s tar formation events and /o r to remain inactive 
dur ingg a substant ia l par t of its lifetime. Consequently, each subeloud can be enriched by one or multiple star 
formationn events dictat ing its chemical evolution (Fig. 5.2c). When the active subeloud core is dispersed 
byy stellar winds and / o r supernova shocks, part of the enriched mat ter is assumed to mix homogeneously 
withh the surrounding subeloud material (Fig. 5.2d). The remaining part is assumed to mix homogeneously 
eitherr to a nearby subeloud hosting the next star formation event or to the ambient inactive cloud part 
(Fig.. 5.2e). No mass-exchange is assumed between the subeloud and the ambient inactive cloud ISM during 
thee t ime interval in which two or more star formation events occur within the same subeloud. In addition, 
subeloudd material may be enriched by stars formed outside the subeloud. In this case, stars from elsewhere 
inn the inactive cloud occasionally enter the subeloud region and enrich the subeloud by means of their ejecta 
(Fig.. 5.2f). Stellar enrichment by old stellar generations is assumed to proceed continuously with time 
but,, is considered in detail only at specific evolution times corresponding to the occurrence of any of the 
discontinuouss processes referred to in Fig. 5.2. 

Wee define the subeloud core dispersal t ime A/djsp as the t ime between onset of star formation within 
aa subeloud core region and the complete dispersal of this region. This t ime interval constraints the mass of 
thee most massive s tar tha t is able to enrich the subeloud core material before the core ultimately breaks up. 
Beforee dispersal of an entire, subeloud, the subeloud will be enriched by the stellar populations it is hosting. 
Afterr subeloud dispersal (i.e. after a typical mixing t ime scale A*m jx) , stars and gas belonging to the subeloud 
aree assumed to mix instantaneously and homogeneously with the inactive cloud ISM. Subsequently, different 
cloudd fragments may combine to form new subclouds wherein star formation occurs as soon as the critical 
condit ionss for s tar formation are met . The mixing history of each subeloud determines the inhomogeneous 
chemicall evolution of the inactive cloud part as well as that of nearby subclouds. For simplicity, we do not 
considerr part ial mixing of subeloud material to the inactive cloud. 

5.3.22 Outline of model computations 

Wee perform Monte-Carlo simulations of the inhomogeneous chemical evolution of a star forming gas cloud. 
Thee continuous process of formation and break up of subclouds and of the formation and dispersion of 
subeloudd core regions associated with star formation, are followed as outlined in the previous section. During 
thee evolution of the cloud, we keep track of the total mass contained in gas and stars as well as the stellar 
andd interstellar abundances of H, He, C, O, Fe, Mg, Al, and Si, both within each subeloud and the inactive 
cloudd par t . No instaneous recycling is assumed, i.e. rnetallicity dependent stellar lifetimes are taken into 
account . . 

5.3.33 Model input parameters 

Modell input parameters for the reference model are listed in Table 5.1. We distinguish parameters related to: 
1)) the entire cloud and inactive cloud par t , 2) active subeloud regions, and 3) individual star formation events: 

•• Cloud and inactive cloud part: The initial cloud mass Mc\ is treated as a mass scaling parameter (i.e. 
resultingg abundances are not altered for different values of M c ! ) . We here adopted Mc\ - 5 1010 M(;, similar 
too tha t of the Galact ic disk (e.g. Binney h Tremaine 1987). We assume a cloud evolution time *ev = 14 
Gyr .. This is comparable to the age of the Galaxy as derived from the age of the oldest globular clusters, 
i.e.. 3 Gyr (e.g. Buonanno et al. 1989). In our model, the impact of processes causing stellar abundance 
variat ionss does not, depend on the specific age of the Galactic disk assumed. 

Wee consider a total number of star formation events during the cloud evolution time of typically 
Afsff = 100. In practice, N  ̂ is limited only by the preferred model run t ime. i.e. 1-2 hours on a HP Apollo 
7155 machine. The total number of subclouds Nsc\ is determined by the number of star formation events 
withinn each subeloud. For the reference model, we assume a maximum number of star formation events 
withinn one subeloud N s"

i a x = 1 so tha t N8C\ = Ns{. Cloud initial abundances Xqc\ are as given in Table 5.1. 
Initially,, the cloud is considered homogeneous, metal-free, and void of stars. 

•• Active subclouds: In ease of the reference model, we force subclouds to form at regular intervals of iev / 
A^C[[ = 1.4 108 yr. We assume the subeloud mass M s d directly proportional to the entire cloud gas-to-total 
mass-rat ioo ft at t ime of subeloud formation <sci. This implies more massive subclouds to form at relatively 
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Tablee 5.1 List of input parameters (values listed for reference model) 

('loud('loud and inactive cloud part 

MrA MrA 

f ev v 

JV.f f 
Nscl l 
Xqcl(O) ) 

55 10lü Mf., 
144 Gyr 
100 0 
100 0 
H=0.76 6 

totall cloud total mass 
cloudd evolution time 
totall number of star formation events 
totall number of subclouds formed 
initiall cloud abundances; He=0.24 

ForFor each subcloud i 

Iscl l 
Msc, , 

^*mix x 

1.44 108 yr 
exp p 

1 1 

•i-ildisp p 

timee at which subcloud is formed, i.e. each tev / ATSC| — 1.4 108 yr 
exponentiallyy decaying subcloud mass at time of formation 
(Msc,(** = 0) = 6 109 M 0 ) 
maximumm number of SF events within one subcloud 
mixingg time of entire subcloud 

ForFor each star formation event j 

ttsf sf 

^ ' d i s p p 
f f 

A A 

Iscl l 
107yr r 
0.50 0 
0 0 

evolutionn time at which SF-event j occurs 
subcloudd core dispersal time 
subcloudd star formation efficiency^1) 
efficiencyy of sequential enrichment^2) 

Notes :: (1) eJ is the mass fraction of the subcloud converted into stars during dipsersal 
timee At j i s p , (2) \J refers to the amount of stellar material returned to the subcloud 
coree hosting the next star formation event. 

highh gas fractions fi(t). Assuming a constant star formation efficiency, this results in an exponential decrease 
off subcloud mass with disk age t (e.g. Clayton 1985): 

MMSSrArA = M s c | (0 )exp( -* / 'dec) (5.1) 

wheree Msci{0) is the mass of a subcloud formed at £ -0 (which may vary between different models) and / d e c a 
characteristicc time scale at which the mass of subsequent subclouds formed is assumed to decay (identical for 
alll models). The assumption of a star formation rate (SFR) directly proportional to the subcloud formation 
ratee is not essential for the results discussed here. 

Thee decay time scale ^ec is constrained observationally by the ratio of the average past to present SFR 
inn the Galactic disk (~ 3 - 7 ; e.g. Mayor fc Martinet 1977; Dopita 1990). We here assume an exponentially 
decayingg SFR with £dec = 6 Gyr. As will be shown in Sect. 5.4.1, this SFR can account simultaneously for 
thee actual gas-to-total mass-ratio in the disk of/*i ~ 0 .05-0 .2 (Kulkarni fe Heiles 1987; Binney fe Tremaine 
1987;; see also Basu fe Rana 1992), the smooth increase in the global AMR for elements such as O and Fe, and 
thee magni tude of the current SFR in the Galactic disk (i.e. ~3 .5 M 0 y r - 1 ; e.g. Dopita 1987). In contrast , 
constantt SFR models are inconsistent with these observations (Twarog 1980a; see also Clayton 1985). 

Thee t ime between the formation and complete mixing of a subcloud to the inactive cloud part is defined 
ass AtmiX. This t ime scale has been considered to allow for the individual chemical evolution of a subcloud 
isolatedd from the inactive ISM (see below). 

•• Individual star formation events: We assume the onset of star formation within each subcloud to coincide 
withh the formation of the subcloud itself in case of the reference model. This results in a grid of regularly 
spacedd star formation times tsf = tsc[. 

Wee define the core dispersal t ime Atdlsp as the time between onset of s tar formation tsf within a 
subcloudd core and the moment star formation ends due to the actual break up of this core. Observational 
estimatess of this t ime scale are generally ^ 1 0 7 yr (e.g. Garmany et al. 1982; Leisawitz 1985; Genzel fe 
Stutzkii 1989; Rizzo fe Bajaja 1994; Haikala 1995). For the reference model, we assume the entire subcloud 
too break up at t ime of dispersal of the star forming subcloud core, i.e. Atmix — A^disp-

Thee star formation efficiency  ̂ is defined as the amount of subcloud mat te r AAfsc| turned into stars 
duringg star formation event j . In fact, the star formation efficiency determines the amount of material 
too which the stellar ejecta of a previous stellar generation are mixed within a given star forming cloud. 
Observationall estimates for f in molecular clouds in the Galactic disk span a wide range; between a few 
tenthss of a percent to ~ 5 0 % (e.g. Wilking fe Lada 1983). We will discuss the values assumed for e7 in 
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Sect.. 5.4. Sequential stellar enrichment is taken into account by assuming that a fraction AJ of enriched 
mater ia ll associated with s tar formation event j is mixed homogeneously to the subcloud hosting the next 
s tarr formation event. Subcloud material not converted into stars is mixed to the inactive cloud part after 
completee dispersal of the subcloud. The relative importance of these model parameters on the resulting 
stellarr abundance variations will be discussed in Sect 5.4.2. 

Tab lee 5.2 IMF related parameters and stellar enrichment 

7 7 
mi,, mu 

m S N I I m S N I I I 

mfmfNÏNÏ *,*,  m; Ni a 

^SNIa a 

^SNIb/c c 

-2.35 5 
0.1,, 60 M(: 
8,, 30 M(;, 
2.5,, 8 M(., 
0.005 5 
0.33 3 

slopee of power-law IMF m'y 

stellarr mass limits at birth 
progenitorr mass range for SNII and SNIb/c 
progenitorr mass range for SNIa 
fractionn of progenitors ending as SNIa 
fractionn of SNII progenitors ending as SNIb/c 

5.3.44 Stellar evolution data 

Wee follow the stellar enrichment of the star forming cloud in terms of the characteristic element contributions 
off Asymptot ic Giant Branch (AGB) stars, SNII, SNIa, and SNIb/c . This t reatment is based on the specific 
abundancee pa t te rns observed within the ejecta of each of these stellar groups (e.g. Trimble 1991; Groenewegen 
&& de Jong 1992; van den Hoek et al. 1996). We take into account metallicity dependent stellar element 
yields,, r emnant masses, and ages, while assuming the stellar ejecta to be returned at the end of the lifetime 
off the s tar (see e.g. Maeder 1992; Schaller et al. 1992). The respective time delays in enrichment by SNIa 
andd SNII are accounted for in detail . A more detailed description of the combined set is given elsewhere 
(e.g.. van den Hoek et al. 1996; see also electronic version of this paper) . 

Forr AGB stars (initial mass m £ 8 M 0 ) , we adopt the metallicity dependent yields presented by 
Groenewegenn & de Jong (1992). These yields are based on a synthetic evolution model for AGB stars and 
aree succesful in explaining the observed abundances in carbon stars and planetary nebulae in the Galactic 
diskk (Groenewegen et al. 1995; van den Hoek & Groenewegen 1996). For Type-II SNe, we use the explosive 
nucleo-synthesiss yields (independent of initial metallicity) described in detail by Hashimoto et al. (1993) 
andd Thie lemann et al. (1993) for stars with 8 £ m [M 0 ] £60. The 20 M(:) model of this set accounts well for 
thee observed abundances in SNI987A (Nomoto et al. 1991). Explosive nucleo-synthesis yields for Type-la 
SNee are adopted from Nomoto et al. (1984; model W7 for SNIa at Z = Z e and Z = 0.0 of the accreted 
mater ia l ;; see also Yarnaoka 1993) and for SNIb/c from Woosley et al. (1995). According to these yields, 
typicall amount s of iron produced are ~ 0.08 M{;) for SNII, ~0 .8 M(:) for SNIa, and ~0.1 M,:, for SNIb/c . 

Thee adopted yields for SNIa, b / c are relatively uncertain due to unknown details of the progenitor 
historyy and the explosion mechanism (either binary or single star evolution; see e.g. Smecker-Hane &  Wyse 
1992;; Woosley et al. 1993). However, we do not believe that these uncertainties are relevant for the 
qual i ta t ivee results obtained in this paper (cf. Sect. 5.5.2). 

Metallicityy dependent stellar yields for stars during their wind (i.e. pre-SN) phase have been adopted 
fromm Maeder (1992, 1993), to whom we refer the reader also for a definition of the stellar element yields 
ass used in the Appendix. For stars with m £ 20 M e we used the higher mass loss rates in case Z - 0 . 0 2 
(cf.. Maeder 1992; Schaller et al. 1992). The mass m a of the helium core left at the end of the He-burning 
phasee (or C-burning phase for massive stars) has been used as input for the SNII and SNIb/c nucleosynthesis 
modelss referred to above. Yields were linearly interpolated both in m and m r t . Errors due to the coupling 
off these sets of stellar evolution da ta are probably small and are neglected here (see Chap. 3). Remnant 
massess and stellar lifetimes were adopted from the Geneva group as well (e.g. Schaller et al. 1992). 

Forr the reference model , the adopted IMF-slope, stellar mass limits at birth, and progenitor mass 
rangess for s tars ending their lives as SNIa and SNIl(+SNIb/c) are listed in Table 5.2. Stars with m > 60 
M(.)) have been excluded because their theoretical yields are rather uncertain (e.g. Maeder 1992). We expect 
tha tt the IMF-weighed contribution by such stars to the enrichment of the ISM is relatively low. 

Starss more massive than m j j N n are assumed not to explode as supernova but to end as black hole 
(cf.. Maeder 1992; Nomoto et al. 1994; Prantzos 1994; Tsujimoto et al. 1995). Consequently, stars with 
mm ^ mfjNI1 contr ibute to the ISM enrichment during their stellar wind phase only. When no upper mass 
limitt mlNU = 2 5 - 3 0 M H is introduced, models using up-to-date SNII yields predict abundances that are too 
highh compared to those observed in the ISM, in particular for helium and oxygen (e.g. Twarog k Wheeler 
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1982;; Maeder 1992, 1993; Timmes et al. 1995). 
Wee consider a fraction 0 S N I a = 0.005 of all WD progenitors with initial mass between ~ 2.5 and 8 M 0 

too end as SNIa. A more detailed discussion of the contribution by SNIa is postponed to Sect. 5.5.1 (see also 
Ishimaruu & Arimoto 1995). In addition, we assume about one third of all supernova progenitors with m p N " 
^ m i aa m ; to end as SNIb/c when they experience intense mass-loss in close binary systems (or during the 
Wolf-Rayett stage), i.e. ^ S N I b / c = [SNIb/c / (SNIb/c + SMI)] = 0.33. This value is based on the observed 
ratioo of current formation rates of SNII and SNIb/c in the Galaxy (e.g. van den Bergh k Tammann 1991; 
Tutukov,, Yungelson fe Iben 1992; Cappellaro et al. 1993). 

5.44 Results 
Wee present results for the inhomogeneous chemical evolution model described in the previous section. First, 
wee consider the reference model which does not incorporate stellar abundance variations at a given age. 
Thereafter,, we discuss models tha t do incorporate stellar abundance variations due to: 1) sequential stellar 
enrichment,, 2) infall of metal-deficient mat ter , and 3) combined infall of metal-deficient matter and sequential 
enrichment. . 

5.4.11 Reference model 

Wee consider a homogeneous gas cloud with initial conditions as listed in Tables 5.2 and 5.3. Within this 
cloud,, active subclouds are formed at regular t ime intervals of 1.4 108 yr so that in total Nc | = 100 subclouds 
formm during cloud evolution t ime /.ev = 14 (iyr. We assume no time-delay between the formation of the 
subcloudd and the actual onset of star formation within that subcloud, i.e. tsf = tsc\, and further assume 
eachh subcloud to experience a single star formation event. During this event, lasting A<disp = 107 yr, half 
off the subcloud mass is converted into stars, i.e. e = 0.50. After each event, both gas and stars contained 
withinn the subcloud are mixed homogeneously to the inactive cloud par t . We note tha t the assumption of 
(( = 0.50 has no physical meaning here other than defining the gas consumption rate as a function of cloud 
age.. Model related quanti t i tes are given in Table 5.3 (see Sect. 5.5.2). 

Timee [Gyr] Time [Gyr] 

Figuree 5.3 Reference model: a Stellar-to-total (dashed curve) and gas-to-total (solid line) mass-ratios vs. age. The 
gas-to-totall mass-ratio for the inactive cloud part coincides with that for the entire cloud, b Subcloud mass AM,ci = 
tMtMscsc\\ converted into stars (dashed curve) and amount of gas returned to the subcloud by newly formed stars within 
AtAtsfsf (solid curve) vs. age. We assumed M,c](t = 0) = 6 10° M 0 . Total mass returned by previously formed stellar 
populationss present in the inactive cloud is shown for comparison (dash-dotted curve). Fluctuations in this curve 
resultt from integration over different time intervals, i.e. Af3f and t3C| (cf. Table 5.1). 

Figuree 5.3a shows resulting stellar and gas-to-total mass-ratios vs. age for the reference model. Accord
ingg to the assumed variation of subclone! mass with cloud evolution time (cf. Sect. 5.3.2), the gas-to-total 
mass-ratioo decreases exponentially from ftc\ = 1 to 0.1 (corresponding decrease in subcloud mass converted 
intoo stars is shown in Fig. 5.3b). Figure 5.3b illustrates that the amount of gas returned by massive stars 
duringg each star formation event is less than ~ 5 % of the total amount of gas converted into stars during the 
samee event. This ratio is determined primarily by ts{ and t (see below). The amount of gas returned during 
A<dispp by the entire stellar population within the inactive cloud part vs. cloud age is plotted for comparison. 
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'irnee [Gyr] Time [Gyr] [O/H] 

F igu r ee 5.4 Reference model: Stellar [Fe/H] and [O/H] abundance ratios vs. age. Stellar and ISM abundances at a 
givenn age are exactly the same, a [Fe/H]: stellar abundances at birth (full circles) coinciding with ISM abundances 
(solidd curve). Each full circle represents a stellar generation with total mass of approximately AA/3C|. Asterisks with 
errorr bars indicate the maximum stellar abundance variations observed in the Edvardsson et al. (1993a) data for 
main-sequencee F and G dwarfs (averaged over 1.5 Gyr bins). Data for stars older than 15 Gyr have been omitted 
becausee of incompleteness (see Sect. 5.2). b [O/H]: curves and data similar to those for [Fe/H]. c Theoretical [Fe/H] 
vs.. [0/H]-relations including SNIa (full circles) and excluding SNIa (dashed curve). Mean [Fe/H] vs. [O/H] relation 
forr the Edvardsson et al. data is shown as a straight line (horizontal marks indicate the observational range) 

Correspondingg stellar and interstellar [Fe/H] and [O/H] abundance ratios are shown in Figs. 5.4a 
andd 5.b, respectively. At, a given age, stellar and ISM abundances are exactly the same so that abundance 
inhomogeneitiess do not occur. Note tha t the resulting AMRs do not depend on the adopted value for M d 

ass long as the normalisat ion of the SFR remains such that the condition of a current gas-to-total mass-
rat ioo /<i of 0.1 is met . The reference model predicts [Fe/H] and [O/H] abundance ratios that are consistent 
withh the mean EDV da t a for stars younger than ~ 10 Gyr. For stars older than 10 Gyr, agreement with 
thee observations may be improved e.g. by considering cloud ages in excess of tev = 14 Gyr or by detailed 
modelingg of the halo-disk enrichment at early epochs of Galaxy evolution. We here concentrate on the stellar 
abundancess observed during the last 10 Gyr of Galactic disk evolution. 

Ourr adopted values of </>SNIa = 0.005 and mft
NU = 30 M 0 provide optimal consistency with the mean 

observedd [Fe/H] vs. [O/H] relation (cf. Fig. 5.4c). Clearly, the slope of the resulting [Fe/H] vs. [O/H] 
relationn in case of enrichment by SN11 only (m^N I 1 = 60 M 0 ) is inconsistent with the observations. Thus, 
thee d a t a provided by Edvardsson et al. imply that SNII and SNIa,b/c nucleo-synthesis sites mixed their 
productss together well. In addition, dilution of the supernova ejecta by more metal-deficient material is 
neededd to comply with the range in [Fe/H] and [O/H] observed for F and G dwarfs in the SNBH. This is 
simplyy bbcause theoretically predicted (lifetime-integrated) mean [Fe/H] ratios within the ejecta of supernova 
progenitorss are in general much larger than those observed for long-living stars in the SNBH (see Sect. 5.3.4). 
Thus ,, whatever process is reponsible for the observed stellar abundance variations, both mixing of ejecta 
fromm different SN-types and dilution with metal-deficient material are involved. 

Thee resulting well-defined tight AMRs for the reference model are similar to those predicted by con
ventionall single-zone chemical evolution models (e.g. Twarog 1980a; Tinsley 1980). Such models account for 
thee global chemical enrichment of the Galactic disk ISM during the last 10 Gyr, at least for elements like 
OO and Fe, but they obviously provide no explanation for the observed variations in stellar abundances at a 
givenn age. 

5.4.22 Sequential stellar enrichment 

Inn case of sequential star formation, efficient self-enrichment of a star forming gas cloud by successive stellar 
generationss may result in abundance enhancements relative to the abundances in the ambient ISM. When 
thee local mixing t ime scale is larger than the t ime between two successive star formation events in such a 
cloud,, these abundance enhancements can be deposited and recorded by newly formed stars. 

Inn our model , the impact of sequential enrichment on abundance inhomogeneities in the ISM is de
terminedd by: a) the dispersal time of the star forming region, b) the total number of stellar generations 
formedd within one and the same cloud, c) the efficiency of sequential enrichment, i.e. the mass-ratio of the 
enrichedd stellar mater ia l and the cloud to which this material is mixed, d) details of stellar enrichment: e.g. 
thee relative number of SNII and SNIa, and e) the IMF and stellar mass limits at birth. We distinguish the 
effectt of single and mult iple sequential stellar enrichment on the stellar abundance variations. We will refer 
too single sequential enrichment as the case in which a star formation event induces subsequent star formation 
inn a nearby cloud (when mixing enriched material to this cloud). 
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Tablee 5.3 Summary of model input parameters and resulting quantities related to the SFR (Mc | = 2 1011 M(.,) 

Model l 

Reference e 
Seq.(single) ) 
Seq.. (multiple) 
lnfall l 
Infall+Seq. . 
Lnfall+Seq. . 
Observations* * 

Fig. . 

5.3+4 4 
5.5-1/2 2 
5.5-3 5.5-3 
5.6 6 
5.7-1/2 2 
5.7-3 5.7-3 

Msc!(0) ) 
[[ M 0 ] 
1.33 (10) 
2.11 (10) 
1.55 (10) 
6.33 (9) 
6.44 (9) 
6.44 (9) 

NNsT sT 

100 0 
100 0 
200 0 
100 0 
136 6 
166 6 

,, max 

0.50 0 
0.95 5 
0.50 0 
0.95 5 
0.90 0 
0.90 0 

mJN11 1 

[[ M(:> ] 
30 0 
25 5 
25 5 
40 0 
25 5 
25 5 

0.0 0 

/ f i i 

0.09 9 
0.11 1 
0.21 1 
0.16 6 
0.19 9 
0.32 2 

3-0.2 2 

SFR! ! 
[M ( , , 

2.9 9 
3.7 7 
2.5 5 
5.4 4 
5.2 2 
44 4 
3.6+1. . 

INF! ! 
yr"1] ] 

--
--
--
3.1 1 
1.8 8 
3.1 1 
£0.5 5 

^SNI l l 

[yr-1] ] 
1.33 (-2) 
1.55 (-2) 
1.00 (-2) 
2.55 (-2) 
2.11 (-2) 
1.88 (-2) 
2 - 44 (-2) 

ftftSN,a SN,a 

[yr"1] ] 
7.11 (-4) 
8.22 (-4) 
6.44 (-4) 
1.66 (-3) 
1.33 (-3) 
1.11 (-3) 
** 3 (-3) 

'Re fe rences : : 
Mci:: Bahcall fc Soneira (1980); Fich fe Tremaine (1991). 
/n :: Kulkarni & Heiles (1987); Binney & Tremaine (1987); see also Basu fc Rana (1992). 
SFR:: Dopita (1987); Walterbos (1988; based on IR observations); Mezger 1988 
INF:: Mirabel fc Morras (1984); Lépine fc Duvert (1994). 
SNIII fc SNIa: van den Bergh fc Tammann (1991); Tutukov et al. (1992); Cappellaro et al. (1993); Strom 

(1993). . 

Sing lee sequen t i al s te l lar  en r i chment 

Wee present results for models incorporating single sequential stellar enrichment ( N ^ a x = 1). For illustration 
purposes,, we consider only the alternating half of the subclouds to experience sequential enrichment. We 
definee initial masses of subclouds tha t are sequentially enriched as Msc\ = dM* where M*  is the total mass 
off gas converted into stars during the previous enriching star formation event. Initial masses of subclouds 
nott involved with sequential enrichment are assumed to decrease exponentially (as for the reference model) . 

Too maximize the effect of sequential enrichment on the stellar abundance variations, we assume i? = 0.2, 
(( = 0.95, 7?iuNI1 = 25 M(;), ^ S N I a — 0.005, and an enrichment efficiency A = 0.95 (i.e. nearly all enriched 
stellarr material ejected is mixed to the material wherein the next star formation event is induced). We 
considerr cloud dispersal t imes Afdisp ~ 107 yr. Such disperal times are among the largest ones deduced 
fromm observations of nearby star forming molecular clouds (see Sect. 5.3.3). Using a theoretical age vs. 
turnoff-rnasss relation (e.g. Schaller et al. 1992), AZdisP can be related to the least massive star m e n r able to 
enrichh material before cloud dispersal. For instance, values of Atfdisp ~ 5 106, 107, and 2 107 yr, correspond 
too m e n r ~ 40, 15, and 12 M(;), respectively. 

Figuress 5.5-1 and 5.5-2 (top and center panels in Fig. 5.5, respectively) illustrate the effect of sequential 
enrichmentt on the stellar abundance variations for cloud dispersal t imes of A^disp — It)7 and 2 107 yr, 
respectively.. The extent to which sequential enrichment contributes to the stellar abundance variations is 
determinedd by the chemical evolution of the ambient ISM. In general, large cloud dispersal t imes give rise to 
efficientt locking up of metals in long living stars and enhanced stellar abundance variations relative to the 
abundancess in the ISM. Stellar abundance variations due to single sequential stellar enrichment are found 
too be maximal for A^disp ~ 2 107 yr. Larger values of Afdisp allow stars less massive than m ~ 12 M^ to 
dilutee the metal-rich ejecta of more massive stars (e.g. Hashimoto et al. 1993). 

Inn case Afdisp = 2 107 yr, resulting stellar abundance variations due to sequential enrichment are 
sufficientlyy large to explain the observed variations in [O/H]. In contrast, corresponding variations in [Fe/H] 
aree much smaller than observed. This is true even though the models presented here do account for sequential 
enrichmentt by SNIb/c which usually show theoretical [O/Fe] ratios much lower than SNII (e.g. Woosley et al. 
1995.. Results disagree with the observational fact that stellar abundance variations in [Fe/H] are considerably 
largerr than in [O/H] (see also Gilmore k Wyse 1991; Edvardsson et al. 1993a). An enhanced contribution 
off SNIb/c (i.e. assuming ^sNib/c > 0.33) or participation of SNIa to the process of sequential enrichment 
seemss to be excluded by the observations (van den Bergh k. Tammann 1991; Tutukov et al. 1992). 

Wee conclude that single sequential stellar enrichment models are inconsistent with the observations 
becausee they: 1) result in [O/H] variations that are larger than those in [Fe/H], 2) predict current ISM 
abundancess far below those observed, and 3) are difficult to reconcile with the apparent age independency 
off the stellar abundance variations (see Sect. 5.2). This conclusion is independent of the assumed cloud 
dispersionn time scale A^disp, sequential enrichment efficiency A, value of i), background level of iron-group 
elementss set by SNIa (i.e. <ji>SNIa), star formation efficiency c, and adopted IMF. Also, omitting the enrichment 
duringg the stellar wind phase of supernova progenitors does not alter this conclusion. 
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Timee [Gyr] Time [Gyr] [O /H ] 

Timee [Gyr] Time [Gyr] [O /H] 

Timee [Gyr] Time [Gyr] [ O / H ] 

F igu r ee 5.5 Model results for single and multiple sequential stellar enrichment. Top panels: Single sequential enrich
mentt assuming a cloud dispersal time fdisp = 10' yr. Center panels: Single sequential enrichment assuming tdisp = 
22 107 yr. Bottom panels: Multiple sequential enrichment (see text). Model results are shown for variations of stellar 
andd interstellar [Fe/H] and [O/H] abundance ratios: a [Fe/H] vs. age, b [O/H] vs. age, c [Fe/H] vs. [O/H]. Stellar 
abundancess are indicated by filled circles. Mean interstellar abundances (averaged over both active and inactive 
clouds)) are indicated by solid curves. Average interstellar abundances within the inactive cloud ISM only (indicated 
byy short dashed curve) do approximately coincide with the overall mean abundances. Remaining symbols and curves 
havee the same meaning as in Fig. 5.4 

M u l t i p l ee s e q u e n t i a l s t e l l a r e n r i c h m e n t 

Thee effect of sequential stellar enrichment on the abundance variations among successive stellar generations 
cann be very large, especially for high sequential enrichment efficiencies and /or small amounts of cloud material 
too which the stellar ejecta are mixed before star formation is init iated. These conditions are naturally fullfilled 
whenn isolated gas clouds experience multiple star formation events (i.e. N^ax>l) before mixing with the 
surroundingg ISM. Since the gas content of an isolated cloud is reduced by each star formation event, cloud 
abundancess rapidly increase when enriched by successive generations of massive stars. 

Wee consider two possible scenarios of multiple sequential enrichment. In the first scenario, earlier 
generat ionss of s tars actually separate from the remaining subcloud material after dispersal of the subcloud 
coree and do not further part icipate in the enrichment of the subcloud. Such models result in substantial 
stellarr abundance variations only under conditions and assumptions similar to those for the single sequential 
enr ichmentt case. In the second scenario, all stellar generations formed in the subcloud continue to contribute 
too the enrichment until the entire subcloud has been dispersed. In this case, large stellar abundance variations 
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arisee due to efficient recycling of the stellar ejecta from successive generations formed within the same cloud. 
Wee apply the second scenario and consider all subclouds to experience multiple sequential enrichment. 

Ass maximum number of star formation events within one and the same subcloud we assume N™* = 4 (e.g. 
suggestedd by observations of OB subgroups in Orion; see Blaauw 1991). We adopt a sequential enrichment 
efficiencyy A = 1 (by definition within the same subcloud), a star formation efficiency ( between 0.3 and 0.6 
forr each star formation event, and A^isp = 107 yr. Other values of these parameters may provide similar 
results.. Remaining model parameters are taken as for the single sequential enrichment model. 

Inn Fig. 5.5-3, we plot resulting stellar abundance variations in case of multiple sequential stellar 
enrichment.. Although variations caused by the first sequential enrichment event are relatively small (similar 
too the single sequential enrichment case assuming Atcilsp = 107 yr; see Fig. 5.5-1), abundance variations 
causedd by subsequent events can be as large as ~ 0.2—0.3 dex (depending on the subcloud abundances). As 
mentionedd before, such large abundance variations are mainly due to ongoing sequential enrichment of the 
remainingg cloud material by stellar generations formed earlier in the cloud. We find that models incorporating 
multiplee sequential stellar enrichment encounter the same problems as single sequential enrichment models. 
However,, the former models appear observationally far more justified. This is true in particular for the 
sequentiall enrichment and star formation efficiencies, as well as the cloud core dispersal times, required to 
obtainn a given stellar abundance variation. 

Wee emphasize that the local conditions at the cores of star forming molecular clouds are likely to 
determinee the IMF, the relative formation rate of different supernova progenitors, the fraction of binaries, 
etc.. Therefore, in a more detailed t reatment of sequential stellar enrichment, it seems natural to account 
forr variations from one star formation event to another in e.g. fdisp, ™uNI1, t n e fraction 0 S N I b / c of SNII 
progenitorss which ult imately end as SNIb/c , etc. We have verified that for reasonable variations in: 1) 
m ^ 1 1 ,, 2) the contribution by SNIb/c , and 3) the contribution by SNIa (e.g. SNIa exploding in the vicinity 
off a subcloud; see Fig. 5.2f) may add at most ~0.1 dex to the observed stellar abundance variations at 
solarr metallicity. Similarly, we find that stellar abundance inhornogeneities caused by variations in the IMF 
(and/orr stellar mass limits at birth) among different star forming regions are highly sensitive to the IMF 
slope22 and may result in variations in [O/H] of more than 0.15 dex at solar abundance. 

Wee conclude that the observed stellar abundance variations are difficult to explain by sequential stellar 
enrichmentt only. This conclusion is not altered when allowing for variations in sequential enrichment between 
distinctt s tar formation events (e.g. by considering variations in the IMF, relative formation rates of SNII and 
SNIb/c ,, etc.) . Possible exceptions may be selective mixing of SNII nucleo-synthesis products to the material 
whereinn star formation is induced and /o r cloud conditions tha t determine both the composition of the ejecta 
returnedd by a stellar generation (e.g. by means of the IMF, m ^ N n , Afdisp, contribution by SNIb/c , binaries) 
andd the sequential enrichment efficiency. In addition, conditions that regulate the amount of cloud material 
too which the stellar ejecta are mixed before star formation is initiated (i.e. the star formation efficiency) 
mayy be impor tant for the effects of sequential stellar enrichment. However, the impact of such conditions 
onn the stellar abundance variations, which would imply that the IMF weighed SN yields used here would be 
considerablyy modified, is beyond the scope of this paper. 

5.4.33 Episodic infall of metal-deficient ma t t e r 

Infalll of metal-poor material can account for abundances of newly formed stars which lie substantially below 
thee abundances in the global disk ISM. In principle, abundance variations due to metal-deficient gas infall 
aree determined by the abundances within the infalling gas, the gas infall rate, and the amount of disk ISM 
too which the infalling material is mixed before star formation is initiated. Stellar abundance variations due 
too infall of metal-rich material associated with SN ejecta from massive stars in the Galactic disk can be 
consideredd as a special case of sequential stellar enrichment and is not discussed here. 

Elementt abundances within the infalling gas are constrained by the lowest abundances observed for 
diskk stars with [Fe /H ]^ — 1. The Edvardsson et al. da t a imply infall abundances of [M/H]mf ^ —0.8 to 
—— 1.2 for e.g. M=('.', Mg, Al, and Si. These abundances are consistent with observations of interstellar clouds 
inn the halo (see Sect. 5.5.2) and suggest that infall induced star formation is associated with the lowest 
abundancess observed among disk F and G dwarfs in the SNBH. 

2itt is evident that the stellar abundance variations observer! among similarly aged stars in the SNBH certainly do not excludt 
variationss in e.g. the IMF among distinct star formation events 
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Figviree 5.6 Infal] of metal-deficient material: model results are shown for variations of stellar and interstellar [Fe/H] 
andd [O/H] abundance ratios: a [Fe/H] vs. age, b [O/H] vs. age, c [Fe/H] vs. [O/H]. Symbols and curves have the 
samee meaning as in Fig. 5.5 

Wee assume infall abundances similar to the abundances observed among the oldest metal-poor disk stars, 
i.e.. [Fe/H] = - 1 , [O/H] = - 0 . 6 5 , and a hydrogen mass fraction of X~0.72 (e.g. Bessell et al. 1991). 
Forr simplicity, we do not account for abundance inhomogeneities within the infalling gas and assume infall 
abundancess to be constant in time. Furthermore, we consider infall to occur as soon as the infall abundances 
aree reached in the global disk ISM (presumably corresponding with the onset of star formation in the disk). 

Thee detailed manner in which gas infall varies with t ime is not essential for the results presented here 
asas long as infalling gas plays an impor tan t role in determining the stellar abundances when it induces star 
formation.. Here, we deal with the concept of infall induced star formation, i.e. the infalling gas initiates star 
formationn when falling onto the disk. This concept is based on observations of infalling high-velocity clouds 
tha tt strongly interact with disk ISM and initiate star formation therein as soon the critical density for star 
formationn is reached (see Sect. 5.5.2). Since star formation occurs by definition within active subclouds 
accordingg to our model, infall is associated with subclouds experiencing star formation shortly after their 
format ion.. For simplicity, we assume each subcloud to contain an amount of infalling gas accumulated at 
thee t ime star formation is induced. This amount is taken as a random fraction of the initial subcloud mass 
(i.e.. between 0 and 1). In this manner , we allow for local and episodic gas infall onto the Galactic disk 
ISM.. On average, the gas infall rate is assumed to decay exponentially on a t ime scale tdec = 6 Gyr while 
itss overall ampl i tude is constrained by /<i = 0 .05-0 .2 (cf. Eq. (1); see Table 5.3). 

Wee assume an initial disk mass Mc] - 3 101" M 0 before the onset of gas infall. This results in a 
diskk initial-to-final rnass-ratio £ =0.55 according to an exponentional decrease of subcloud mass with cloud 
evolutionn t ime (M s d ( 0 ) = 2 109 M 0 ; cf. Table 5.3). Clearly, stellar abundance variations due to metal-
deficientt gas infall are small at low levels of enrichment of the global disk ISM (i.e. large initial disk mass). 
Fur thermore ,, continuous and large scale metal-deficient gas infall not associated with star formation results 
inn relatively small stellar abundance variations. Thus, the magnitude of the stellar abundance variations 
iss affected by the ratio of initial disk mass and total amount of infalling mat ter , as well as the amount of 
infallingg gas tha t is involved with induced star formation in the disk ISM. 

Figuree 5.6 displays resulting AMRs for iron and oxygen in case of episodic infall of metal-deficient gas. 
Wee assumed <^SNla = 0.015, </>SN,b/c = 0.33, and m g N " = 40 M 0 . The value of ms

u
ml is taken larger than for 

thee reference model (cf. Table 5.2) to obtain somewhat better agreement with the observations. Resulting 
abundancess in the disk ISM follow the upper end of the abundances observed in F and G dwarfs younger 
thann ~10 Gyr. Although the effect of global infall of metal deficient gas is generally to dilute the enrichment 
off the ISM, the inflow model results in larger ISM abundances than the reference model. This is mainly due 
to:: 1) the asumption of a low initial disk mass which allows for a rapid early enrichment of the disk, and 2) 
thee assumption of local infall of metal-deficient gas and subsequent star formation therein so that infalling 
mater ia ll has relatively small effect on the dilution of the global disk ISM. 

Byy varying the ratio of infalling mat te r and disk ISM within each subcloud, stellar abundance variations 
off A [Fe/H] ~ 0.8 dex and A [O/H] ~ 0.65 dex naturally can be accounted for. In addition, the scatter 
inn [Fe/H] remains larger than in [O/H] since the iron abundances within the infalling gas relative to solar 
(i.e.. [Fe/H] i n f = - 1 ) are much smaller than that of oxygen ( [0 /H] , n f = - 0 . 65 ) . We note that the current 
gass infall ra te of ~3 .1 M 0 y r~ ' predicted by the model shown in Fig. 5.6 is larger than suggested by the 
observationss (see Sect. 5.5.1). However, other choices of model parameters, e.g. (, predict much lower infall 
ratess while providing similar abundance results. 
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Ourr models incorporating metal-deficient gas infall are in good agreement with the observed magni tude of 
stellarr abundance variations and the slope of the [Fe/H] vs. [O/H] relation observed. However, these models 
predictt current, interstellar [Fe/H] and [O/H] abundance ratios of ~0 .2 dex above solar. This is in marked 
contrastt with [O/H] abundance ratios of ~ 0.15 dex below solar observed both in interstellar gas and recently 
formedd stars in the SNBH (see Sect. 5.2). In addition, these models appear to disagree with the observations 
onn two other grounds. First, no significant scatter in the [Fe/H] vs. [O/H] relation is predicted, contrary to 
whatt is observed for intermediate age disk stars (cf. Fig. 5.1). F'art of the observed scatter may be due to 
experimentall errors but variations of at least 1 dex in the [Fe/H] vs. [O/H] relation are probably real 
andd have to be explained by any satisfactory model. A way to account for such scatter would be to allow for 
considerablee abundance variations among different parcels of infalling gas. Secondly, these models predict 
stellarr abundance variations to increase with t ime. This is inconsistent with the apparent constancy of the 
abundancee scatter observed. Possible ways out may be uncertainties in the ages of stars older than ~ 10 
Gyrr or disk evolution times in excess of tev ~ 14 Gyr. 

Wee conclude that models dealing with metal-deficient gas infall can probably be excluded as the 
completee answer to the stellar abundance variations observed, even though such models are in good agreement 
withh both the observed abundance variations and [Fe/H] vs. [O/H] relation. This conclusion is primarily 
basedd on the fact tha t such models predict mean current ISM abundances ~0 .4 dex larger than those observed 
inn the SNBH. 

5.4.44 Metal-poor gas infall combined with sequential enrichment 

Motivatedd by the results previously discussed, we study the combined effect of sequential stellar enrichment 
andd episodic infall of metal-deficient gas on the inhomogeneous chemical evolution of the Galactic disk. Such 
investigationn is impor tant also because these processes are observed to operate simultaneously in the SNBH 
(seee Sect. 5.5.2). 

Attractivee features of combined infall of metal-poor gas and sequential stellar enrichment are tha t a 
self-consistentt explanation can be obtained for: 1) the presence of high metallicity s tars at early epochs of 
starr formation in the Galactic disk (due to sequential enrichment), 2) the presence of metal-poor stars at 
recentt epochs of Galactic evolution (as a result of metal-deficient gas infall), 3) the nearly constant magni tude 
off the stellar abundance variations during the lifetime of the disk, and 4) abundances in the local disk ISM 
thatt are currently below solar (as observed for oxygen). 

Wee show in Fig. 5.7 results for combined sequential stellar enrichment and metal-deficient gas infall. 
Modell assumptions concerning each of these processes are similar to those described in the previous sections 
(e.g.. em a x = 0.90, A = 0.95, m™11 = 25 M 0 , 0 S N l a = 0.005, and <^NIb /c _ n.33. c f T a b l e s 5 2 and 5.3). 
Thee three models shown in Fig. 5.7 differ only in the amounts of disk ISM involved with sequential stellar 
enrichmentt and infalling gas accreted during the lifetime of the disk. For each of these models, resulting 
stellarr abundance variations and [Fe/H] vs. [O/H] relation are consistent with the observations. Clearly, 
modelss with combined sequential enrichment and metal-poor gas infall do not encounter the specific problems 
involvedd when each of these processes is considered separately. 

Wee study the relative impact of rnetal-poor gas infall and sequential stellar enrichment on the resulting 
stellarr abundance variations as well as the global enrichment of the ISM. First, we investigate the effect of 
varyingg the fraction of subclouds (i.e. the amount of star forming disk ISM) experiencing multiple sequential 
stellarr enrichment (N™™=4, Atdlsp = 107 yr, em a x = 0.9; see Sect. 5.4.2). This fraction increases from 
~ 1 0 %% to ~ 2 5 % when going from top to center models shown in Fig. 5.7. The remaining part of the 
subcloudss is assumed to experience one single star formation event. Furthermore, we assume half of the 
subcloudss to form stars partly from infall of metal-deficient gas (i.e. Figs. 5.7-1 and 5.7-2), regardless of the 
numberr of star formation events in each subcloud. Note that subclouds involved with metal-poor gas infall 
formm predominantly stars with abundances below those in the global disk ISM. It, can be seen that mean 
interstellarr abundances and stellar abundance variations are not significantly altered when the fraction of 
ISMM associated with sequential stellar enrichment is increased from 10 to 25%. However, when this fraction 
iss further increased, more and more metals will be locked up in long living stars due to sequential enrichment 
andd marked deviations from the observed [Fe/H] vs. [O/H] relation will occur (see Sect. 5.4.2). 

Secondly,, we investigate the effect when the fraction of subclouds forming stars from metal-deficient gas 
infalll is increased from 50 to 100%. In this case, stellar generations are all formed according to infall induced 
sequentiall s tar formation and the total mass of infalling gas is increased by a factor two. This results in a 
reductionn of the interstellar [Fe/H] and [O/H] abundance ratios by ~0.1 dex (see Fig. 5.7-3). Interestingly, 
thiss marginally affects the magnitude of the resulting stellar abundance variations (assuming fmax = 0.9, 
AA = 0.95) but strongly alters the number of stars with abundances below those present in the global disk 
ISM.. We note that direct comparison of the abundance results with previous models is not justified because 
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F igu r ee 5.7 Model results for combined sequential stellar enrichment and episodic infall of metal-poor gas. Top 
panels:panels: ~10% of the clouds is assumed to experience multiple sequential enrichment while half of the subclouds is 
involvedd with metal-deficient gas infall. Nearly 5% of the clouds undergoes both infall of metal-deficient material 
andd sequential stellar enrichment. Center panels: 25% of the subclouds experiences multiple sequential enrichment 
whilee half of the subclouds is involved with metal-poor gas infall. Bottom panels: as center panels but all subclouds 
experiencee metal-deficient gas infall. Model results are shown for variations of stellar and interstellar [Fe/H] and 
[O/H]] abundance ratios: a [Fe/H] vs. age, b [O/H] vs. age, c [Fe/H] vs. [O/H]. Symbols and curves have the same 
meaningg as in Fig. 5.5 

thee enhanced gas infall model results in a current gas-to-total mass-ratio u.\ ~ 0 . 3 , i.e. considerably higher 
thann the /i) = 0 .1 -0 .2 indicated by the observations (cf. Table 5.3). To arrive at ji\  = 0.2, a reduction in 
initiall disk mass from 3 1010 to 2 1010 M 0 would be required. In turn, this would result in ISM abundances 
andd stellar abundance variations similar to that for models with more modest infall rates. 

5.4.55 Addit ional abundance constraints 

Keepingg these results in mind, we study how models with combined sequential stellar enrichment and metal-
poorr gas infall behave when confronted with additional observational constraints provided by the stellar 
abundancee variations and current ISM abundances of C, Mg, Al, and Si. 

Carbonn abundance da t a for 85 F and G dwarfs in the SNBH have been presented by Andersson fc 
Edvardssonn (1994). These da ta show that there is a weak correlation between [C/H] and [O/H] (see Fig. 
5.8).. The shape of this correlation differs from that between e.g. [Fe/H] and [O/H]. In addition, the variation 
inn [C/H] (i.e. ^ 0 . 6 dex) at a given value of [O/H] is about three times larger than that in [Fe/H]. 
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Iff the observed stellar abundance variations are caused by infall of metal-deficient gas only, one would 
expectt tha t stellar abundances for all elements heavier than helium would be mutually correlated, e.g. similar 
too the correlation between oxgyen and iron. In case of sequential stellar enrichment only, a similar behaviour 
wouldd be expected only for elements that are produced predominantly by SNII and SNIb/c. This implies 
thatt abundance-abundance variations between elements which are not synthesized predominantly within 
SNIII and SNIb/c (such as C and N), on the one hand, and elements that are produced predominantly within 
supernovaee (e.g. O, Si), on the other hand, may be conclusive about the importance of metal-deficient gas 
infall. . 

Wee show in Fig. 5.8 results for: 1) infall of metal-deficient gas only (cf. Fig. 5.6), 2) multiple sequential 
stellarr enrichment only (cf. Fig. 5.5-1), and 3) combined metal-poor gas infall and sequential enrichment 
(cf.. Fig. 5.7-1). The infall model predicts no substantial scatter in the [C/H] vs. [O/H] relation but follows 
thee trend in the observations well. Although the scatter in the [C/H] vs. [O/H] relation suggests that infall 
iss not exclusively responsible for the observed variations, the shape of this relation indicates that infall is 
impor tant .. Conversely, the sequential enrichment model shows large scatter in the [C/H] vs. [O/H] relation 
butt appears to deviate from the observed trend. The correlation predicted by the combined sequential 
enrichmentt and infall model appears in reasonable agreement with the observations. However, the observed 
carbonn abundances at [C/H]~0 . exhibit considerable more scatter than predicted by the model shown in 
Fig.. 5.7-1 and seem to require a somewhat steeper increase of carbon relative to oxygen. This may be due 
too variations in sequential stellar enrichment between different star formation events and/or variations in 
abundancess within the infalling material . 
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Figuree 5.8 Comparison between observed and model-predicted [C/H] vs. [O/H] relation. Observations: data for 
FF and G dwarfs in the SNBH from Andersson & Edvardsson (1995). Open circles represent stars with mean stellar 
galactocentricc distances at birth within 0.5 kpc from the Sun (Rr<, = 8.4 kpc). Full dots indicate stars with average 
distancess within ~2 kpc from the Sun. Typical errors are indicated at the bottom right (top left panel). Model 
results:results: Predicted abundances of stars (full dots) and gas (solid line) for models incorporating metal-poor gas infall 
and/orr sequential stellar enrichment 

Inn our models, the overall shape of the stellar [C/H] vs. [O/H] relation is due to infall of metal-
poorr material with carbon abundances [C/0];nf ~ —0.4. The reason why these relatively low carbon infall 
abundancess are necessary to explain the observed trend in the [C/H] vs. [O/H] relation, is unclear. A possible 
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F igu r ee 5.9 Comparison between observed (left) and model-predicted (right) [M/H] vs. [Fe/H] relations: a) [Si/Fe], 
b)) [Mg/Fe], and c) [Al/Fe]. Observations: data for F and G dwarfs in the SNBH from Edvardsson et al. (1993a). 
Symbolss have the same meaning as in Fig. 5.8. Typical errors are indicated at the lower right of each panel. Model 
results:results: predicted abundances of stars (full dots) and gas (solid line) for model 7-1 

explanat ionn may be a delayed carbon enrichment of the disk ISM, e.g. by low-mass SNIa progenitors that 
experiencee incomplete carbon burning or by low-mass AGB stars with small carbon yields. 

Sequentiall stellar enrichment seems inevitable to explain the observed scatter in the [G/H] vs. [0 /H] 
relation.. Although large abundance inhomogeneities within the infalling gas may reproduce the observed 
variat ionss as well, such inhomogeneities in [ 0 / 0 ] appear inconsistent with the small scatter observed in e.g. 
[ F e / 0 ] .. Also, uncertainties in the derived carbon abundances may be considerably larger than those in 0 
andd Fe but are not likely to exceed ~0 .2 dex (see Andersscm & Edvardsson 1994; see also EDV). Therefore, 
itt seems improbable tha t the scatter observed in the [G/H] vs [0 /H] relation is due to observational errors. 
Finally,, it is difficult to see how chemical differentiation processes (e.g. dust depletion, element mixing to the 
surface,, O/N-cycle, metallicity dependent nucleo-synthesis, etc.) can cause such large abundance-abundance 
variat ionss among stars similar in mass and age. 

Fromm the a rguments above, we conclude that models incorporating both infall of metal-poor gas and 
sequentiall stellar enrichment provide an adequate explanation for the observed [0 /H] vs. [O/H] relation. For 
thee model shown in Fig. 5.7-1, we compare the predicted stellar abundance ratios Si, Mg, and Al vs. Fe with 
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thee observations in Fig. 5.9. We find that slight offsets in [M/H] are present between the model predicted 
andd observed relations. These offsets, most pronounced for Al, are due to details in the adopted stellar yields 
andd related parameters (see Table 5.3), and are not essential for the following discussion. Interestingly, a 
numberr of observed features are naturally reproduced by these models. 

First,, the observations suggest that variations in the stellar [M/H] abundance ratios decrease with 
increasingg metallicity. This is theoretically predicted by the individual effects of both sequential stellar 
enrichmentt and infall of metal-deficient material (as discussed above). For the model shown in Fig. 5.7-1, 
thee resulting scatter in [M/H] at a given value of e.g. [Fe/H] is mainly due to sequential enrichment (except 
att abundances [ M / H ] ^ —0.7) and is strongly related to the iron contribution by SNIa in regions that do 
nott experience sequential enrichment. It can be seen that the scatter in [M/H] strongly decreases at solar 
metallicitiess and above. This may indicate that much of the observed element-to-element variations at high 
metallicitiess is due to observational errors of ~0 .1 dex in [M/H]. Alternatively, the observed scatter at high 
metallicitiess may imply that sequential enrichment by massive stars varies from one star formation event to 
another,, e.g. by means of variations in the upper mass limit for SN1I. 

Secondly,, the predicted variation in [Mg/H] at a given [Fe/H] is substantially larger than that in [Si/H], 
consistentt with the observations. In our model, this is due to: 1) the fact that part of the Si comes from 
SNIaa which are impor tant contributors also to Fe (Mg is produced less efficiently in SNIa than is Si by about 
onee order of magnitude; e.g. Nomoto et al. 1984), and 2) the predicted ISM abundance of [Mg/H] is less by 
aboutt 0.1 dex than that of [Si/H] (see Fig. 5.9). 

Thirdly,, the observed variation in [Al/H] is similar (or even larger) than that in [Mg/H] (see EDV). 
Thiss behaviour is also found for the model shown in Fig. 5.7-1. The predicted ISM abundance of Al is 
probablyy too low by ~0 .1 dex so that the resulting abundance scatter would be slightly reduced when 
correctingg for this. The impact of sequential stellar enrichment is more pronounced for Al than for Mg and 
Si,, due to the somewhat lower ISM abundance of Al (even after correction). Overall, we conclude tha t the 
magnitudess of the resulting stellar variations in Si, Mg, and Al vs. Fe appear in reasonable agreement with 
thee observations. 

Comparisonn of variations in Mg, Si, and Al vs. O with the observations reveals a somewhat different 
picturee from that vs. Fe. The observed variation of [Mg/H] with [O/H] has been shown in Fig. 5.1; Al and 
Sii display a similar behaviour. No trend is observed for variations in the scatter in the A[M/H] vs. [O/H] 
relation,, in contrast to that in the A[M/H] vs. [Fe/H] relation. Furthermore, the observations indicate mean 
variationss in [M/Fe] of the same magnitude as those in [M/O]. In contrast, the model shown in Fig. 5.7-1 
predictss variations in Mg, Al, and Si vs. Fe that are considerably larger than those vs. 0 . This is simply 
duee to the fact tha t a substantial fraction of Fe originates from SNIa. Therefore, models predict hardly any 
scatterr in e.g. [Mg/O] since both elements are synthesized predominantly within SNII (and SNlb /c ) . This 
impliess that either the scatter in the observed [Mg/H] vs. [O/H] relation is due to observational errors or 
thatt an additional process is needed in the models to explain this scatter. 

Inn the former case, there would be no reason to believe the variations observed in the [M/H] vs. [Fe/H] 
relationss either. However, we have argued above that at least part of this scatter is real. In the lat ter case, 
ann additional mechanism causing the scatter in [M/O] could be variations from one star formation site to 
anotherr in the enrichment by SNII (and SNIb/c) . Alternatively, such variations could include variations in 
e.g.. the IMF, upper mass limit for SNII, and /o r the mass distribution of binaries. We have verified tha t 
suchh variations generally result in abundance-abundance scatter sufficiently large to account for the observed 
variationss of 0.1 dex in [M/O] and sufficiently small to have a negligble effect on the scatter observed in 
[M/Fe].. Clearly, element-to-element variations in enrichment from one star formation site to another would 
bee a natural refinement of the sequential stellar enrichment models discussed before. 

Wee conclude that models incorporating both sequential stellar enrichment and episodic infall of metal-
poorr gas provide a natural explanation for the observed stellar abundance variations and are consistent 
withh the ISM abundances of C, O, Fe, Mg, Si, and Al. We find tha t the mean ISM abundances and 
abundance-abundancee relations can provide only limited constraints on the relative importance of sequential 
enrichmentt and infall induced star formation in the Galactic disk. Therefore, improvements in observational 
andd theoretical constraints are required to disentangle the effects of these processes on the inhomogeneous 
chemicall evolution of the Galactic disk in a more quanti tat ive way. 
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5.55 Discussion 

Wee briefly examine how the combined sequential stellar enrichment and metal-deficient gas infall models 
discussedd in the previous section behave when confronted with independent constraints provided by the 
currentt s tar formation rate in the Galactic disk and the chemical evolution of the Galactic halo. Thereafter, 
wee discuss observational evidence in support of sequential enrichment and gas infall in the local disk ISM 
andd consider possible implications of these processes for the chemical evolution of the Galaxy as a whole. 

5.5.11 Additional constraints 

S FRR r e l a t ed c o n s t r a i n ts 

Thee combined sequential enrichment and metal-deficient gas infall (Fig. 5.7-1) predicts a present SFR of 
~5 .22 M 0 y r " 1 , and current rates of SNII (excluding SNIb/c) and SNIa of RSNU = 2.1 ICT2 y r _ 1 and ftSNIa 

== 1.3 lO - ' 1 y r - 1 , respectively. These values are roughly consistent with the observations (i.e. within a factor 
off two; see Table 5.3). Adopted values of m | j N I I =25 M(i) and V'SNIa=0.005 may be somewhat too low since 
thee SN-rates scale with the predicted SFR. For the same model, the current gas infall rate is determined by 
thee assumed disk initial-to-final mass-ratio C=0.5 and by the t ime scale r m f = 6 Gyr on which infall decays 
exponentially.. This results in a current gas infall rate of 1.8 M(;) y r - 1 . Observations indicate a current gas 
infalll rate of ~0 . 5 Mr;j y r - 1 (e.g. Mirabel &  Morras 1984). However, selection effects may account for an 
underes t imatee of a factor of 2 - 3 (see Sect. 5.5.2). We note that higher values of £ and /o r lower values of 
rmff may apply equally well. 

Thee predicted rates above all scale with the amplitude of the SFR. In turn, this ampli tude is determined 
byy the total cloud mass M d =2 1011 M(., and SFR decay time scale tdecr ~ 6 Gyr assumed (see Sect. 
5.3.2).. Distinct values of Mcj and /o r *de c r will not affect the predicted stellar and interstellar abundances 
substantial ly,, provided tha t a current gas-to-total mass-ratio /ii = 0.1 is maintained. We conclude that the 
adoptedd parameters for the model shown in Fig. 5.7-1 are consistent with observational constraints on the 
currentt SFR, gas infall ra te , and supernova rates. Obviously, these observations do not yet provide tight-
constra intss on e.g. ^decr, /M, and C, thus preventing a clear distinction between chemical evolution models 
basedd on these quant i t ies (cf. Table 5.3). 

C o n s t r a i n t ss r e l a t ed t o t h e en r i chment of t h e Galact ic ha lo 

Thee mean plateau value of [O/Fe]~0.5 5 observed for halo stars with [Fe /H]^ - I (e.g. Bessell et al. 
1991)) is presumably determined by the average [O/Fe] ratio within the ejecta of SNII (and SNlb/c) as well 
ass the initial abundances within the halo ISM. For our models, the plateau value implies a maximum upper 
masss limit of SNII  progenitors of m^N I 1 « 40 M 0 > assuming initial metallicities [Fe /H]£ - 1 , a Salpeter 
IMF,, and stellar yields as described in Sect. 5.3.4. An even larger value for m^N I 1 is implied when SNIb/c 
contr ibutedd substant ial ly to the halo enrichment. 

Wee assumed mJ j N n = 25 M(:} for the combined infall + sequential enrichment model (Fig. 5.7-1) 
discussedd before. This results in [O/Fe]~0.2 at [Fe/H]£ - 1 while omit t ing the contribution from SNIb/c 
wouldd have resulted in [O/Fe]~0.25 at [Fe /H]£ - 1 . This is inconsistent with the observations. Possible 
solutionss to this discrepancy are: 1) m'JjNI1 and /o r the IMF have changed between the time stars formed in 
thee halo and the t ime of onset of star formation in the disk, 2) m'^Nn is actually ~40 M 0 for disk stars 
soo tha t the predicted current disk ISM  abundances of e.g. O and Fe increase and the effect of sequential 
enrichmentt is reduced, and /o r 3) the adopted yields for SNII (and or SNIb/c) are in error at metallicities 
beloww [Fe /H]~ - 1 . 

Althoughh the first two possibilities cannot be excluded, we favour the latter option since values of 
m ^ N HH ~ 30 M 0 are suggested by recent models accounting for metallicity dependent yields of SNII in full 
detaill (e.g. Timrnes et al. 1995). We emphasize that the detailed yields for SNII at metallicities [Fe /H]^ - 1 
aree not impor tan t for the sequential enrichment and infall model results for disk stars presented in this paper 
butt we jus t want to note here that ii is difficult to explain the mean [O/Fe] ratio in halo stars using the 
samee models. 

Thee observed breakpoint in the [O/Fe] vs. [Fe/H] relation at [Fe /H]~ 2 (e.g. King 1994) is 
generallyy associated with the time SNIa s tar t to contaminate the global disk ISM (e.g. Gilmore & Wyse 
1991;; Bravo et al. 1993; Ishimaru k Arimoto 1995). In our models, the breakpoint in the [O/Fe] vs. [Fe/H] 
relationn is mainly determined by: 1) the assumed fraction 0 S N I a = 0.005 of main-sequence stars with initial 
massess between 2.5 and 8 M 0 (e.g. Nomoto et al. 1984), 2) the delay time r S N I a = 2.5 Gyr after which SNIa 
s t a r tt to contr ibute to the enrichment of the ISM (e.g. Smecker-Hane & Wyse 1992; Ishimaru fe Arimoto 
1995),, and 3) the frequency distribution of SNIa as a function of age for a given stellar generation (assumed 
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too be constant from r S N I a to r
S N l a _ j _ 0.5 Gyr, and zero otherwise). These assumptions, in part icular for 

rSNiaa s t , rongly affect the increase of [Fe/H] with disk age and thus determine the scatter in and the slope of 
thee [O/H] vs. [Fe/H] relation predicted. In fact, SNIa provide a background signal of iron-group elements 
onn top of which stellar abundance variations due to sequential enrichment by SNII+SNIb/c occur. 

Wee assumed r S N I a — 2.5 Gyr for the models presented in this paper, as recently suggested by Ishirnaru 
kk Arimoto (1995). However, this assumption implies different breakpoints in the [O/Fe] vs. [Fe/H] relation 
forr models with disinct star formation and infall histories. The model shown in Fig. 5.7-1 predicts [Fe/H]=— 1 
afterr ~1 .3 Gyr (and results [Fe /H]~ —0.75 after 2.5 Gyr) . This may indicate that the assumed value of 

rSNia__ 2 5 ( i y r Jg in error. Estimates for r S N I a based on stellar evolution calculations suffer from large 
uncertaintiess in the detailed evolution scenario for SNIa progenitors (see e.g. Smecker-Hane k Wyse 1992; 
Kingg 1994) while theoretical estimates for r S N l a based on the observed breakpoint may suffer from large 
uncertaintiess in the assumed chemical evolution of the halo (e.g. Ishirnaru k Arimoto 1995). 

Alternatively,, model assumptions related to: 1) the enrichment rate of the disk ISM by SN1I (e.g. 
IMFF and SFR, m ^ N n and SNII yields), or 2) the initial abundances of the material to which the SNII ejecta 
aree mixed (e.g. disk mass at the onset of star formation, amount of gas infall, and infall abundances) may 
bee in error. For instance, adopted iron yields for SNII at metallicities [ F e /H ]^ —1 may be too high by 
aboutt a factor of two. This would be consistent with the discrepancy in the [O/Fe] ratio for Galactic halo 
starss discussed above. Furthermore, large amounts of metal-poor gas infall would improve the consistency 
withh the assumption of r S N I a = 2.5 Gyr. Other possibilities, such as higher values of the disk total-to-final 
mass-ratioo or larger SFR decay times /deer, seem to be excluded by the observations (e.g. van den Hoek et 
al.. 1996). 

Wee conclude that combined sequential enrichment and metal-poor gas infall models are consistent with 
thee observed plateau value and breakpoint in the [O/Fe] vs. [Fe/H] relation provided that e.g. the adopted 
SNIII yields at low metallicities [Fe/H]<i —1 are too high by about a factor of two. At the same t ime, we 
havee illustrated how sensitive our model results are to specific assumptions related to the enrichment by e.g. 
SNIII and SNIa. These assumptions may affect quanti t ive conclusions concerning the relative importance of 
sequentiall stellar enrichment and metal-poor gas infall. However, our quali tat ive conclusion regarding the 
simultaneouss presence of these processes in the local Galactic disk is not altered. 

5.5.22 Observational support 

Wee briefly discuss observational evidence in support of sequential stellar enrichment and metal-deficient gas 
infalll in the local disk ISM. 

M e t a l - d e f i c i e n tt g a s infal l 

Observationss of high-velocity clouds {HVCs) show that many separate interstellar clouds are present in the 
Galacticc halo with abundances usually ~ 0.1 solar for elements like O, O, S, and Si (e.g. de Boer k Savage 
1984;; Schwarz et al. 1995). Many faint HVOs up to distances of at least ~10 kpc above the Galactic plane 
aree found to be a member of large scale cloud complexes (Wakker 1991). The velocity distribution of these 
complexess is asymmetric showing a net inflow of mat ter onto the Galactic disk (e.g. Mirabel k Morras 1984; 
Hulsboschh k Wakker 1988; Wakker 1990). These observations support the idea of high-velocity inflow of 
neutrall hydrogen gas towards the Galactic disk. 

Estimatess of the current gas infall rate onto the Galactic disk range from 0.2—0.5 M(;) y r - 1 based on 
HVCss (v ;> 250 km s" 1 ; e.g. Mirabel k Morras 1984; Mirabel 1989; Lépine k Duvert 1994), to - 0 . 7 M 0 

y r - 11 derived from the soft X-ray background (( 'ox k Smith 1976), and ~1 .5 M(0 y r _ i based on observations 
off atomic hydrogen (Oort 1970). However, gas infall rates derived from the inflow of HVCs are likely to 
bee underestimates both because of the preferential detection of nearby HVCs and the large uncertainties 
involvedd with e.g. distances (a factor of two uncertainty in the distance results in a factor 4 in the estimated 
influxx of mass) and the detection probabilities of HVCs. In particular, low-velocity gas may add substantially 
too the total influx of mat te r onto the Galactic disk. This gas is hard to detect due to its less pronounced 
(andd more diffuse) interaction with the disk ISM (e.g. Mirabel k Morras 1984). 

AA crude est imate of the fraction of stars recently formed from metal-poor gas infallen onto the disk 
cann be made as follows. The current star formation rate in the Galactic disk is ~ 3.5  1. M^ y r " 1 (e.g. 
Dopitaa 1987; see also Table 5). The minimum gas infall rate obtained from the observations is ~0 .5 M(.) 
y r - 11 but an underestimate by a factor of 3—4 appears likely. This would imply tha t a considerable fraction 
off 30—60 % of stars currently forming in the disk is associated with infalling gas provided tha t all infalling 
mat terr initiates star formation. On the theoretical side, models in reasonable agreement with observational 
constraintss on the chemical evolution of the Galactic disk predict current gas infall rates in the range of 
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0 . 9 - 2 . 55 M(.) y r " 1 (e.g. Twarog 1980; Tinsley 1981; Meusinger et al. 1991; T immes et al. 1995) which would 
bee consistent with the fraction est imated above. 

Observationall support, for infall induced star formation in the SNBH has recently been presented for 
thee Orion cloud complex (Lépine k Duvert 1994; Meyer et al. 1994), the Monoceros cloud complex (Gomeéz 
dee Cas t ro (1992), the Gould Belt (e.g. Cómeron k Torra 1994), and the £ Sculptoris open cluster (Edvardsson 
ett al. 1995). These observations suggest that the most prominent star forming regions in the SNBH have 
beenn part ly formed from infalling clouds from the Galactic halo. Circumstantial evidence for HVC impacts 
onn the Galact ic disk is based on: 1) the existence of subgroups of young stars in star forming molecular clouds 
att high Galact ic la t i tudes (like the Orion molecular cloud complex), 2) the displacement of OB star clusters 
withh respect to the centers of their parent molecular clouds, 3) the alignment of the OB clusters in directions 
tha tt are substant ial ly inclined to the Galactic plane. 4) the age sequence of the aligned OB associations with 
ann age of ~ 1 0 7 yr for the oldest subgroups, and 5) the large elongated or filamentary structures observed 
inn e.g. the Orion, Taurus , Monoceros molecular clouds connecting the clouds to the Galactic plane (see also 
Tenorio-Taglee et al. 1986; Franco et al. 1988; Górnez de Castro 1992). Many of these phenomena can be 
natural lyy explained by the interaction of a high velocity cloud with disk ISM and are difficult to reproduce 
byy the process of sequential star formation (Lépine k Duvert 1994). Infall induced star formation appears 
too be a process frequently operating in the Galactic disk. 

Itt has been proposed that many of the HVCs are associated with the ejection of material upto large 
scalee heights by supernovae in the Galactic disk (Mathewson k Ford 1984). Apart from the fact that 
HVCss cannot be fully primordial because of the presence of various metals in HVCs, considerable mixing 
off mater ia l in the Galact ic halo with metal-rich material associated with star formation in the disk may 
havee occured. The height above the Galactic plane and the amount of accreted material , participating in 
thee circulation between the halo and the disk, may determine the average abundances within the infalling 
mater ia l .. Alternatively, infalling clouds may be related to intergalactic gas or associated with stripping of 
mater ia ll from nearby metal-poor galaxies like the Small Magellanic ('loud (see below). 

Itt is interesting to note that Orion's oxygen abundance is at the low end of the oxygen abundances 
observedd in Hii regions at roughly the galactocentric distance of Orion (Cunha k Lambert 1992; see also 
Meyerr et al. 1994). If due to metal-poor gas infall, this would be consistent with the scenario of infall 
inducedd star formation as deduced from OB associations in Orion. To preserve the chemical inhomogeneities 
causedd by infall of metal -poor gas, infall must induce star formation on time scales short compared to the 
locall mixing t ime scale. According to the interaction time scale of 107 yr, this condition is likely fullfilled 
dur ingg the impact of a HVC with the disk ISM. 

Thiss would be consistent with the generally accepted idea that Galactic HVCs usually have abundances 
beloww those present in the local disk ISM  (Savage k de Boer 1981; de Boer k Savage 1983, 1984). However, 
recentt observations indicate that both high (i.e. about solar; Spitzer k Fitzpatrick 1995) and low (i.e. about 
1/100 solar; Danly et al. 1993; Savage et al. 1993; Kunth et al. 1994; Schwarz et al. 1995) metal abundances 
inn HVCs are present. The latter authors derived abundances of C, O, S, and Si which are at most 0.1 times 
solar;; the lowest abundances found are similar to those present in the Magellanic Stream. Since depletion 
off heavy elements by dust grains may play an impor tant role and metallicities may vary considerable across 
aa HVC complex (Schwarz et al. 1995) further analysis is needed to confirm the overall metal-deficiency of 
high-velocityy clouds falling onto the disk ISM. 

Sequentiall  stellar  enrichment 

Thee concept of sequential s tar formation is based on observations of spatially separated subgroups of OB 
s tarss tha t appear aligned in a sequence of ages in many OB associations (e.g. see the review by Blaauw 
1991;; Megeath et al. 1995; Testi et al. 1995). Sequential star formation has been argued to occur in 
nearbyy molecular cloud complexes including the well known Orion, Taurus-Auriga-Perseus, Cepheus, Carina, 
andd Chameleon cloud complexes. Additional support is provided by observations of newly formed stellar 
generat ionss at the interfaces of HI I  regions and their surrounding molecular clouds (e.g. Genzel k Stutzki 
1989;; J unices et al. 1992; Goldsmith 1995; Megeath et al. 1996). Efficient self-enrichment is expected to 
occurr in these regions. 

Agee differences between the OB subgroups (distances of 10-50 pc) in Orion are typically of the order 
off 2 - 7 106 yr (e.g. Genzel k Stutzki 1989; Blaauw 1991; Cunha & Lambert 1992; Elmegreen (1992); Riseo 
kk Bajaya 1994; Brown et al. 1994; Haikala 1995). These ages appear similar to the estimated dispersal 
t imess of 3-5 106 of molecular cloud cores associated with young star clusters after the onset of star formation 
(e.g.. Ga rmany et al. 1982; Leisawitz 1985; Leisawitz et al. 1989). This may be compared to the typical 
free-falll t ime of ~ 2 Myr for a giant molecular cloud which implies star formation to start shortly after 
cloudd formation (Blitz 1990). When star formation proceeds on such time scales, massive stars belonging 
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too different OB subgroups may enrich the ambient molecular cloud material before a next round of star 
formationn is initiated. This process is actually going on in various sites in the Orion A and B clouds (e.g. 
Brownn et al. 1994). 

OBB associations in Orion probably display a substantial variation in their heavy element abundances 
amongg stars that form within the first OB association and those that form just before the association 
disperses.. For instance, the oldest of four subgroups observed in the Orion OBI association appears to 
havee oxygen abundances which are lower by about 40% compared to the younger subgroups while C and N 
abundancess are identical within the observational errors (see Gies k Lambert 1992; Gunha &  Lambert 1992). 
Thee finding that G and N abundances are similar for all subgroups studied in OBI (Gunha k. Lambert 1994) 
iss consistent with the idea that these elements are returned predominantly by stars less massive than those 
responsiblee for the oxygen enrichment (e.g. Timmes et al. 199.5). 

Thee winds and radiation from OB stars in the Trapezium cluster interact with the dense gas of the 
cloudd and may be inducing another round of star formation in the cloud. As the total mass of the cloud 
appearss less than an order of magnitude larger than the total mass in stars, star formation appears to be 
highlyy efficient (Gunha k Lambert 1992). These authors suggest that additional oxygen observed in the 
Trapeziumm stars is the product of explosive nucleosynthesis immediate prior to its formation. Since the 
Orionn OB association is at the edge of the molecular cloud complex the ejecta of supernovae are expected 
too reach larger distances in the low density gas and such enrichment may be expected. 

Apartt from observational support for sequential enrichment in nearby star forming regions, there are 
strongg indications that the molecular cloud out of which the Sun formed has been enriched sequentially as 
well.. Studies related to extinct radioactive nuclides such as 53Mn both in the Sun and in meteorites suggest 
thatt the protosolar molecular cloud has been enriched by high mass stars from a preceding OB association, 
aboutt 10—25 Myr prior to the actual formation of the Sun (e.g. Gameron 1993; Swindle 1993). These 
studiess imply that the Sun formed from material metal-rich compared to the ambient ISM at that time. The 
estimatedd time scale of 10—2.5 Myr between cloud enrichment and actual formation of the Sun is similar to 
thatt for sequential star formation inferred from other observations. This suggests that the formation of the 
Sunn has been initiated by an evolved massive star and that sequential stellar enrichment of the protosolar 
cloudd occured. In turn, this would imply that the typical abundances of 0.15 dex in [M/H] below solar, 
observedd for the vast majority of the gas and young stars present in the SNBH, are not biased by infall of 
metal-poorr gas but, more likely, are the result of the self-enrichment of the protosolar nebula. 

5.5.33 Implications for Galactic chemical evolution 

Wee have argued that infall of metal-deficient material onto the disk is required to explain the observed 
abundancee variations among similarly aged stars throughout the Galactic disk. Although there is a wealth 
off observations supporting the presence of high-velocity gas clouds at high Galactic latitudes (see above), 
thee origin of this infalling material is not well known. As possible nature of the gaseous material observed in 
thee Galactic halo have been proposed: 1) the residual of a slow halo collapse in which the chemical evolution 
off the halo is expected to be halted at the time the collapse becomes pressure-supported and the remaining 
gass settles to a disk, 2) accretion of intergalactic gas (Oort 1970; Hulsbosch & Oort 1973) in combination 
withh the peculiar motion of the Galaxy in intergalactic space, 3) condensation of gas in a Galactic fountain 
floww (Shapiro k Field 1976; Bregman 1980), and 4) gas stripping from nearby galaxies by tidal interaction 
withh the Galaxy, e.g. such as the Magellanic Stream (Gardiner et al. 1994; Wolfire et al. 1995). 

Observationss support the idea that some HVGs are of extragalactic origin (e.g. McGee et al. 1983; 
Mirablee k Morras 1984; West et al. 1985; Mirabel 1989; Songaila et al. 1989), at least at distances above 
thee Galactic plane of ^,10—15 kpc. The presence of large amounts of neutral hydrogen in the Galactic halo 
upp to such distances and beyond seems difficult to explain by ejection of material into the halo by massive 
starss formed in the disk. Probably, the region of the Galactic halo which is contaminated with enriched gas 
byy supernova-driven winds out of the disk ISM (e.g. Norman k Ikeuchi 1989) is distinct from the gas which 
extendss upto the distance of the Magellanic Glouds and beyond. 

Inn the Galactic fountain model, HVGs of neutral hydrogen can condense from a hot, dynamic corona 
abovee the plane of the Galaxy perhaps upto distances of 30 kpc above the plane (Shapiro k Field 1976; 
Bregmann 1980; Wakker k Bregman 1994). In the model favoured by these authors, hot gas from superbubbles 
(arisingg from multiple supernovae in OB associations; e.g. Garmany 1994) escapes from the Galactic disk, 
coolss radiatively when it moves upwards, eventually recombines, and spirals down to the disk about 3-60 
10'' yr after its ejection out of the Galactic plane. The model predicts a total mass flux of HVGs onto the 
diskk of ~2.5 M 0 y r - 1 with typical HVG masses of 5 107 to 5 109 M 0 (see also Schulman et al. 1994). 

Thee fact that most HVGs show signatures of Galactic rotation implies that they have distances greater 
thann ~3 kpc (e.g. Dickey k Locakman 1990). In this part of the halo, gas exchange with the disk ISM 
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probablyy makes a dominant contribution to the enrichment of the halo gas. If this model is correct, a 
substantiall fraction of the HVCs may be metal-rich and induce abundance inhomogeneities (similar to those 
causedd by sequential stellar enrichment) when they interact with the disk ISM. Interestingly, the mass of Hi 
containedd in HVCs in external galaxies appears to be correlated with the amount of star formation as traced 
byy the IRAS far-IR flux (e.g. Schulman et al. 1994). Whether this is due to star formation initiated by the 
impactss of HVCs and/or is due to a relation between the total mass contained in HVCs and the SFR is yet 
unclear. . 

Inn contrast, the outer part of the Galactic halo at distances of ~30 kpc and above may have abundances 
similarr to that found in the Magellanic Clouds and in fact may extend to distances upto ~200 kpc. Massive 
haloess of spiral galaxies with luminosities similar to that of the Galaxy extend out to radii of 200 kpc (e.g. 
Zaritskyy et al. 1989, 1993). This gas is usually not seen as neutral hydrogen but becomes ionized by the 
intergalacticc radiation field when the opacity in the outer disk regions becomes very low. In the Milky Way 
thiss might occur at distances of at least 10-15 kpc above the Galactic plane (e.g. Savage k de Boer 1988; 
Kutyrevv k Reynolds 1989). Below these distances, Ha emission presumably is due to recombination after a 
shockk wave created by the HVC/hot gas interaction (Kutyrev k Reynold 1989; Ferrara k Field 1994). 

Thee chemical composition of the outer halo gas may be traced by the interaction of the Magellanic 
Streamm (MS) with hot halo gas. Abundances in the MS are similar to lowest abundances found in HVCs, 
i.e.. less than ~0.1 solar (Schwarz et al. 1995). The density concentrations observed in the Magellanic 
Streamm (Mathewson et al. 1977) have been suggested to be due to the interaction of the gas inbetween the 
Cloudss and that present in the Galactic halo (Mathewson et al. 1987; Wayte 1991). The presence of gas 
inn the outer halo of the Galaxy may be important for the motion of the MS by means of hydrodynamic 
effectss (Irwin 1991). An interesting explanation has been proposed by Liu (1992) who showed that a chain 
off concentrations of cold hydrogen gas at the approximate positions of the observed concentrations along the 
MSS could be explained by a model in which gas is stripped from the region between the LMC and SMC' and 
coolss in the wake of hot halo gas behind the receding Magellanic Clouds. The MS itself contributes as well 
too the infall of hydrogen gas onto the Galactic disk: the tip of the stream near the South Galactic Pole has 
aa high infall velocity of about 380 km s _ 1 (Wannier k Wrixon 1972; Murai k Fujimoto 1980). Therefore, 
gass stripping from nearby galaxies also may provide an explanation for gas clouds falling onto the disk. 

Clearly,, the temporal behaviour of the rate of gas infall onto the disk and the origin of the infalling 
matterr are not well known. The majority of the observations suggest an external origin for most of the 
materiall contained in HVCs. This is consistent with our results indicating that a substantial fraction of 
matterr infalling from the halo must have abundances typical to that of halo stars with [M/H] 1, in order 
too explain the observed stellar abudance variations. On the other hand, a local origin of the HVCs related to 
thee ejecta of massive stars in the disk would imply these clouds to be more metal-rich. In this case, the effect 
off metal-rich infall on the chemical evolution of the disk ISM would be very similar to that of sequential 
stellarr enrichment except that the halo residence time for such clouds would be considerably longer than 
thatt for star formation initiated directly in the disk ISM. 

Theree are several indications that the most prominent star forming regions in the SNBH, e.g. the Orion 
molecularr cloud and the Gould belt, have been partly formed from (and undergo star formation induced by) 
infallingg clouds from the Galactic halo (Franco et al. 1988; Comerón k Torra 1992; Edvardsson et al. 1995). 
Molecularr clouds may form at high Galactic latitudes due to the rapid cooling and high densities achieved 
inn the shocked layer resulting from the impact of a high-velocity cloud (HVC) with the Galactic disk or halo 
ISM.. It is interesting to note that high-altitude molecular clouds have been observed recently in 12CO(1-0) 
(Malhotraa 1995). 

Hydrodynamicall models for infall induced star formation events suggest that, although the accretion of 
infallingg gas onto the shocked disk ISM layer is a continuous process during the impact, the formation of an 
OBB cluster could inhibit star formation for a few times 106 yr until the threshold density for star formation 
att these high Galactic latitudes is reached again (see Lépine k Duvert 1994; Cómeron k Torra 1994). After 
thee formation of the OB cluster, the remaining part of the infalling cloud may continue to interact with 
thee disk ISM, initiating another round of star formation, until the velocity dispersion of the cloud matter 
hass become similar to that of the ambient ISM after ~107 yr (Lépine k Duvert 1994). It appears that 
suchh models naturally can explain the observed age sequence and spatial alignment of the OB associations 
inn OMCL The time scale estimated for the impact of the HVC with the disk ISM is ~10 7 yr, depending 
onn the cloud velocity, direction, and density contrast with the disk ISM. The fact that the OB associations 
observedd in Orion are displaced from the center of the molecular cloud may be a strong indication for the 
impactt by a HVC (see above). 

Inn the infall induced star formation model, successive stellar generations are born on time scales 
determinedd by the velocity of the HVC, the resulting density contrasts within the disk ISM, and the amounts 
off gas consumed by previous star formation events during the impact. In this case, there is no direct causal 
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effectt of one group of stars upon the other although massive stars belonging to the previously formed 
generationn may catalyze the next star formation event. While in the traditional view of sequential star 
formationn massive stars are required to induce a next round of star formation, this is not the case for 
thee impact of an HVC with the disk ISM (Lépine fc Duvert 1994). In order to preserve the chemical 
inhomogeneitiess caused by infall of metal-poor gas for the next generation of stars, infall must induce star 
formationn on time scales short compared to the local mixing time scale. This condition likely is fullfilled 
duringg the impact of a HVC with the disk ISM. 

Apartt from the possibility of sequential star formation caused by infalling clouds, sequential enrichment 
alsoo may occur when expanding (and/or shock driven) stellar ejecta break out of the surface of their parent 
molecularr cloud core and induce star formation at the interference zones with the ambient disk ISM, i.e. 
att the cloud edges. Sequential star formation is expected to occur preferentially in regions where density 
inhomogeneitiess are generated by the interaction of large amounts of swept up mat te r so tha t the critical 
conditionss for star formation can be reached. Such conditions, i.e. for the collapse of high density gas under 
gravitionall instabilities, are likely to be met in the spiral a rms and nuclei of galaxies. 

Ass discussed above, sequential enrichment may be triggered by OB-associations or by single massive 
stars.. Efficient sequential enrichment will take place when newly synthesized heavy elements returned by 
aa generation of massive stars are mixed to relatively small amounts of material in which star formation is 
induced.. This is especially true in case: 1) the enriched stellar material is returned to the ambient ISM in 
collimatedd outflows and /o r irregularly expanding shells, and 2) the t ime scale for star formation initiated by 
thesee outflows is shorter than the local mixing time scale so tha t stellar enrichment is restricted mainly to the 
regionn in which star formation is induced. These conditions are met in particular when star formation within 
thee same cloud core continues over an extended period of t ime so that the first massive stars formed are 
ablee to enrich the material accumulating at the star forming core. In general, the effect of sequential stellar 
enrichmentt depends on the detailed mass-loss history of the actual generation of massive stars enriching the 
surroundingg cloud material before the cloud core disperses. 

Self-enrichmentt may be also important within the expanding shells associated with giant Hn regions 
aroundd young star clusters {Kunth &  Sargent 1986; Pilyugin 1992). In this case, heavy elements originating 
fromm stellar winds and supernovae mix exclusively with the ionized gas within the expanding Hit region. 
Dependingg on the dispersion of the heavy elements, efficient self-enrichment may occur when the expanding 
shelll enters a new episode of star formation. Initiation of star formation within the expanding shell is 
determinedd by the detailed structure of the ambient ISM together with the underlying cluster of massive 
starss driving the expansion. This process has been suggested also to operate in globular clusters when a 
secondd generation of stars forms in the expanding shell around an earlier generation of stars (Brown 1991), 
andd in case of supershell induced star formation around evolving OB associations (McOray Si Kafatos 1987; 
Elmegreenn 1992). The abundance inhomogeneities observed among similarly aged open clusters (e.g. Carraro 
fefe Chiosi 1994), as well as among stars within a given open cluster (e.g. Kilian-Montenbruck et al. 1994), 
mayy be due to a similar process of self-propagating star formation. 

5.5.44 Concluding remarks 

Inn this paper, we have presented both theoretical and observational arguments in support of combined 
metal-deficientt gas infall and sequential stellar enrichment in the local disk ISM. We have shown tha t these 
processess can provide an adequate explanation for the abundance inhomogeneities observed among similarly 
agedd stars in the SNBH and may play an impor tant role for the inhomogeneous chemical evolution of 
thee (Galactic disk. In addition, these processes probably affected the star formation history and chemical 
evolutionn of the Galactic halo as suggested by the signicant abundance variations observed among metal-poor 
haloo stars (e.g. Bessell et al. 1991; Nissen et al. 1994; Sect. 4.3). Also, abundance inhomogeneities of ^ 0 . 8 
dexx among similarly aged globular clusters in the Galactic halo have been discussed recently by Chaboyer 
ett al. (1996). Although part of these abundance inhornogeneites may be associated with the accretion of 
globularr clusters from nearby galaxies by the Galaxy (such as the Sgr dwarf galaxy), a substantial fraction 
off these clusters probably formed in the outer halo during the early collapse of the proto-Galactic cloud as 
indicatedd by the mean age-metallicity relation observed among such clusters. In this context, it seems likely 
thatt sequential stellar enrichment and metal-poor gas infall are at least in part responsible for the large 
spatiall abundance fluctations observed in massive disk galaxies (e.g. Roy &  Kunth 1994). 

Notwithstandingg the results presented in this paper, combined rnetal-poor gas infall and sequential 
stellarr enrichment may be a too schematic picture of the complex set of processes directing the chemical 
evolutionn of the Galactic disk. In particular, merger events with small companion galaxies may be impor tan t 
ass well (e.g. Quinn et al. 199.3). In such cases, both gas and stars in the companion galaxy may add 
substantiallyy to the observed abundance inhomogeneities in the Galactic disk (Pilyugin k Edmunds 1996c). 
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However,, the suggestion tha t stellar populations from merging companion galaxies contribute substantially 
too the observed stellar abundance variations in the Galactic disk seems difficult to reconcile with: 1) the 
apparentt homogeneous distribution of these variations within the metallicity range observed at a given age 
off the disk, and 2) the relatively small scatter observed in the element-to-element variations for stars in the 
SNBH.. Instead, we argue tha t most of the stars present in the Galactic disk formed from gaseous material 
accumulatedd in the disk and that the observed stellar abundance variations are due to inhomogeneities in 
thee ISM rather than merging of stellar populations with independent star formation and chemical evolution 
histories.. In either case, merging may be impor tant for the chemical evolution of the Galaxy both by adding 
largee amount s of predominantly metal-poor material and by initiating star formation in the disk. 

Addit ionall processes which probably contribute to the inhomogeneous chemical evolution of the Galac
ticc disk include: 1) ejection of enriched material into the halo generating local abundance variations in the 
diskk ISM, and 2) stellar orbital diffusion. We argue, however, that the t ime scales for these processes required 
too cause substant ia l abundance variations in the disk ISM are often much larger than those indicated by the 
observations.. Therefore, we believe that such processes are unlikely to be the main cause for the observed 
abundancee variat ions. 

Inhomogeneouss chemical evolution due to sequential stellar enrichment and /or metal-poor gas infall is 
probablyy impor tan t also in nearby galaxies such as the Magellanic Clouds and M31. In the Large Magellanic 
(.'loud,, large abundance variations of ~ 0 . 4 - 0 . 8 dex in [Fe/H] among similarly aged open clusters are observed 
(e.g.. Cohen et al. 1982; Da Costa 1991; Olsewski et al. 1991). Part of the variations may be accounted for 
byy a radial gradient of —0.15 dex k p c - 1 in [Fe/H] (Kontizas et al. 1993). However, the main part of these 
variationss is likely due to triggered star formation in supershells as indicated by the close association of HI I 
complexess with large HI holes observed in the LMC (Dopita 1985; Lortet k Testor 1988; Meaburn et al. 
1991).. In addi t ion, gas infall may have affected the chemical evolution of the tidally interacting Magellanic 
Clouds. . 

Observationall evidence in support of shock-induced star formation by SNII in the spiral arms of M31 
hass been presented by Magnier et al. (1992). At these sites, young OB stars are observed to initiate recent, 
s tarr formation so tha t large abundance inhomogeneities due to sequential stellar enrichment are expected, 
similarr to those observed among OB associations in the Orion star forming cloud complex in our own Galaxy. 

Stellarr and nebular abundance indicators reveal that substantial abundance fluctuations exist in the 
ISMM of gas-rich galaxies (e.g. Roy &  Kunth 1995). For instance, abundance inhomogeneities in metal-poor 
galaxiess such as IZw 18 may be among the largest observed in external galaxies (e.g. Kunth et al. 1995) 
a l thoughh this is still highly uncertain (Pett ini fe Lipman 1995). Whether the abundance fluctuations observed 
inn dwarf galaxies are due to variations in self-enrichment of the Hii-regions in these systems (e.g. Pilyugin 
1992)) a nd / o r are related to selective loss of metals through galactic winds driven by massive stars (Roy fe 
Kunthh 1995; Mart in 1996) is unclear. 

Wee expect tha t sequential stellar enrichment is generally inefficient in dwarf galaxies because of their 
loww gas densities, and tha t the effect of metal-poor gas infall on the stellar abundance variations is weak due 
too their low ISM abundances . Instead, star formation and abundance inhomogeneities induced by metal-rich 
gass infall associated with previous star formation may be relatively important in these systems. 
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Appendices s 

AA A model for the inhomogeneous chemical evolution of a star 
formingg gas cloud 

Wee describe the adopted model for the inhomogeneous chemical evolution of a star forming gas cloud. The 
modell can be applied to various mass scales, e.g. to the entire system of molecular cloud complexes in 
thee Galactic disk or to the star forming core regions within a single molecular cloud. We star t from a 
homogeneous,, metal free gas cloud with a total mass M c | . At any evolution t ime t in its evolution, this cloud 
iss subdivided into N s c | active subclouds (with corresponding masses M ^ ) involved with star formation and 
ann inactive cloud part (with mass Mqci) not involved with star formation. We assume matter to be freely 
exchangedd within the inactive cloud par t . Each subcloud i is formed at corresponding evolution times £*cl 

andd is allowed to follow its individual star formation, mixing, and infall history. 

A. ll Model description, definitions and assumptions 

Duringg the lifetime tev of the star forming gas cloud a total number Nsf star formation events is assumed 
occur.. Each star formation event j presumably occurs within an active subcloud i. We define N ^ as the 
totall number of star formation events within subcloud i. For the reference model Nl

sf — 1 and each star 
formationn event j occurs in corresponding subcloud i = j . Subclouds are allowed to experience numerous 
starr formation events, i.e. Nsf > 1. During each star formation event j at t ime t — t3  ̂ within subcloud i, a 
totall mass of gas SWsc{ = f J M* d (^ f ) is transformed into stars. 

Wee define A ^ - as the time between the onset of star formation within a subcloud core and the 

completee dispersal of this core region by supernova explosions and /o r stellar winds. During A^ | j s the 

subcloudd core is assumed to form stars. The profile of the star formation rate (SFR) during AtJdi is 
assumedd constant and identical for all star formation events. However, quantities such as the minimum 
stellarr mass formed and IMF-slope are allowed to vary from one star formation event to another (cf. Sect. 
5.4.2).. The subcloud core dispersal t ime determines the mass of the most massive star that is able to enrich 
subcloudd cloud material before the core ultimately breaks up. At t ime of core dipsersal, the newly formed 
generationn of stars has returned an amount of material SMJ

ret. Accordingly, the net amount of material 
convertedd into stars during star formation event j is given by: SMJ

sf = fJ<£M*ci(^f) — SM3
ret. 

Subcloudss M*d are formed from the inactive cloud ISM at cloud evolution times t — t\c[. When a 
subcloudd forms it adopts the abundances of the inactive cloud ISM at t — ̂ d . For each subcloud, we define 
aa mixing time scale A£*mix as the time between formation of the subcloud and the actual break up of the 
entiree subcloud. The instant of break up of the subcloud may be either after one or more star formation 
events,, or before star formation actually takes place. In this manner, material can be deposited within a 
subcloudd region for a considerable period of t ime before being mixed to the surrounding ISM. The mixing 
historyy of each subcloud directs both the inhomogeneous chemical evolution of the inactive cloud and tha t 
off the neighboring subclouds. 

Beforee an entire subcloud breaks up its constituent material will be enriched by the stellar populations 
itt is hosting. We assume the stellar enrichment of the subcloud to proceed homogeneously. In order to allow 
forr sequential enrichment, we consider a fraction X3 of enriched material ejected during star formation event 
jj  to mix homogeneously with subcloud core material hosting the next s tar formation event. Simultaneous 
withh the ejection of enriched material returned by newly formed stars, a substantial fraction of the ambient 
subcloudd mat ter K ^ M ^ may be swept up during dispersal of its star forming core. This subcloud material 
mayy mix to the subcloud hosting the next star formation event as well. The subcloud hosting the next star 
formationn event may be either the subcloud hosting the current star formation event or a subcloud nearby. 
Noo mat ter exchange is assumed between the subcloud and the surrounding ISM during the time between 
twoo star formation events occuring within one and the same subcloud. In case of the reference model, we do 
nott consider mass transfer between subclouds, i.e. AJ = K3 = 0. 

Afterr an entire subcloud breaks up its mat ter is assumed to mix homogeneously to the inactive cloud 
part .. At the same time, stars associated with the dispersing subcloud become part of the stellar populations 
inn the inactive cloud. After break up, different cloud fragments present in the ambient ISM may form new 
subcloudss wherein star formation occurs as soon as the critical conditions for star formation are met. 
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Inn addit ion to the individual chemical evolution of subclouds, which is directed by their star formation 
historyy and exchange history with the surrounding ISM. we allow for local enrichment of a given subcloud 
byy stars tha t were not formed within that subcloud. This may be particularly important for low mass 
SNIa-progenitorss which travelled considerable distances from their birth sites and enrich their immediate 
surroundingss at the t ime they explode as SNIa (cf. Fig. 5.2f; see below). 

A.22 Basic equations 

Wee keep track of the total mass of and abundances in stars and gas as a function of evolution time, both 
withinn each subcloud and the inactive cloud ISM. For each star formation event we use conventional chemical 
evolutionn model equations (e.g. Tinsley 1980, see below) except for including metallicity dependent stellar 
lifetimes,, remnant masses and element yields (cf. van den Hoek et al. 1996). 

M a s s - e x c h a n gee b e t w e en s u b c l o u ds and t h e inact ive c loud ISM 

Wee denote AQ as the variation of a quant i ty Q between two cloud evolution times / — At and t. With 
MMcc\(t\(t = 0) the initial mass of the cloud and no stars initially present, i.e. M*(U) = U, we can express the 
variationss of mass of gas and stars within the cloud as: 

AM, ,, = E ^ ' ^ A M ^ + A M ^ , (Al) 

A M ,, = E £ ' / ° (A(:i ~ AEi) - AE*,qci (A2) 

wheree Nsc|(<) is the current number of individual subclouds, Nsf(£) the current number of star formation 
eventss within the cloud, AC-7' the total mass of stars formed during star formation event j , and AE-? the total 
masss of mat te r returned within At by stars formed during star formation event j . We recall conventional 
expressionss for AC-7 and AE-7 (cf. Tinsley 1980): 

/•tsff + t d i sp (-f in 

AC J '' = / ƒ mSj(«)Mj(m) dmdt (A3) 

AE-77 — / / (m — mrem(m))Sj(t — r(m))Mj(m) dmdt (A4) 
Jt-AtJt-At Jm0(t-tsf) 

wheree Sj and Mj denote the SFR by number [yr _ 1 ] and IM F [ M 0
_ 1 ] for star formation event j . For con

venience,, we ignored the index j for *sf, ^isp as well as for the stellar mass boundaries at birth mi, m u . 
Wee emphasize tha t both the stellar remnant masses mrem(m), lifetimes r (m ) , and turnoff-masses m0(t) are 
aa function of the initial metallicity Z* (containing all elements heavier than He) of the stellar generation 
underr consideration. Variations in the total gas masses within the inactive cloud and subcloud i, i.e. Mqc | 
andd M*c) respectively, can be expressed as: 

AM q c || = A E „ > q c , - E f o r m M ^ + EdispM^, (A5) 

A M ; C )) = [AE, -ACVT ' + AMsf.prev - A M s f , n e x t (Aö) 

AMSC,, = s[L'c1
, ( t )AMlc l + S f o r m M j c l - E d i 8 p M i c l (A7) 

wheree AE*_qci refers to the amount of material returned by stars present in the inactive cloud within t ime At. 
Wee followed both the stellar ejecta from recently formed stars within active subclouds and the ejecta from 
olderr stellar populat ions present in the inactive cloud ISM. The total amount of gas depleted by subclouds 
whichh are formed within t ime At is denoted by Ef o r m M* d . Similarly, the amount of gas returned by subclouds 
whichh become dispersed within t ime At is denoted by EdjSpMgCl. We remark that the term between square 
bracketss in Eq. (A6) refers to star formation events which occur within subcloud i. 

S u p e r n o v aee T y p e l a 

Thee term AEJ, in Eq. (A6) is related both to stellar generations which formed within subcloud i and to 
s tarss tha t entered the subcloud from elsewhere in the cloud. We will consider the case of SNIa progenitors 
s tarss only. Consequently, the term AEJ, can be expressed as two terms, i.e. AE^, = Esf(AE-7)*c] + AE.sNia-
Thee former term is related to star formation events which occured within subcloud i while the latter term is 
associatedd with subcloud enrichment by SNIa-progenitors formed elsewhere in the cloud. We define the total 
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amount,, of mat ter returned by SNIa within subcloud i during t ime At as: AE^Nia = agN^A/ftsNla^iremt"*) 
wheree ftsNia is the total average SNIa-rate in the entire cloud and t*ljNIa the corresponding fraction of SNIa 
thatt is is assumed to go off within subcloud i. In case of the reference model AEsNia = 0 . 

M a s s - e x c h a n g ee b e t w e e n i nd iv idua l s u b c l o u ds 

Ass mat te r may be transferred from one subcloud to another (or within one subcloud from one subcloud 
coree to another) we include terms AM s f p r e v and AMsfnext in Eq. (A6). The term AMsf iPrev corresponds to 
thee amount of material added from the preceding star formation event to the core of the subcloud currently 
experiencingg star formation. The term AM sf n ext refers to the amount of mat ter mixed from the subcloud 
coree actually experiencing star formation to the subcloud core hosting the next s tar formation event. For 
eachh star formation event j which happens to occur in subcloud i within the time interval At we may write: 

AM s f ) P r e vv = \j-lSMJ
r-

l+K j-lMscUprev (A8) 

AMsfnextt = A^M J
r e t + ^ M ^ c l (A9) 

wheree Msci iPrev is the mass of the subcloud hosting the preceding star formation event. In this paper, we 
presentedd only results for KJ = 0. In general, KJ >0 has a similar effect as when reducing the sequential 
enrichmentt efficiency AJ. 

C h e m i c a ll evo lu t i on of s u b c l o u d s and inac t i v e c loud I SM 

Expressionss for the average abundance changes of element X within the entire cloud, inactive cloud part , 
andd subclouds can be written as: 

A(Xc ,Mci)) = S ^ l ( 0 A ( X ^ M ; c l ) + A ( X q c l M q c l ) (A10) 

A ( X q c i M q d )) = AEx ,qci - E fo rmXqc lMs
fc

c l + £ d i s p ^ c l M i c l ( A l l ) 

A(XA(Xsc[sc[MMsclscl)) = E r J ] , ( 0 A ( X i c i M : c l ) + E f o r m X q c l M ^ c l - E d l s p ^ q l M L 1 (A12) 

A ( ^ c l M ' , )) = [ A E x - X s e i A a f A M x . p r e - A M x . n e x t ( A 1 3 ) 

wheree the meaning of each term can be found from its counter part in Eqs. A5-A7. Similarly, expressions 
forr AM^.prev and AMjf,next can be written as: 

AMx,Prevv = \j-'SMj
x-

]
ret +  KJ-\Xsc]Msc{)prev (A14) 

AMx.nextt = A^M J
X j r e t + ^ c l M ^ (A15) 

wheree AE^- is the total mass of enriched material of element X returned within time At by a stellar 
generationn formed during star formation event j : 

ftft rm0(t—tsf — tdisp) 

A E ^^ = / / A M x ( m ) S j ( « - r ( m ) ) M j ( m ) dmd* (A16) 
Jt-AtJt-At Jm0(t-tsf) 

°m°m00(t—t(t—tssff — tdisp) 

AM M 
> ( t - t s f ) ) 

AMjf(m)) = mpx{m) + (m - mnm(m)) Xi (A17) 

andd A M x ( « 0 is the total mass of element X ejected by a star of initial mass m born with metallicity Xi 
duringg star formation event j . The term A M x ( m ) includes both newly synthesized stellar material and 
mat te rr initially present at the time stars were formed. Initial stellar abundances Xi are determined by the 
abundancess of the subcloud i (hosting star formation event j) at t ime t3s{, i.e. Xi = Xlci(t — /^ f) . Literature 
sourcess for the adopted theoretical metallicity dependent stellar yields p x ( " 0 ' stellar lifetimes r(m), and 
remnantt masses mrem(m) are given in Sect. 5.3.4. 
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BB Basic effects of metal-deficient gas infall and sequential stellar 
enrichment t 

Ourr goal is to es t imate the amount of material to be mixed homogeneously to a star forming gas cloud in 
orderr to explain abundance variations by mass of 10log (M/H)iS;0.6 dex relative to the initial abundances of 
thee cloud. Such abundance variations can be achieved either by mixing metal-poor or metal-rich material 
too the cloud. 

Wee define SMH as the ratio of hydrogen mass in the added material and that initially present in the 
starr forming region: SM„  = M^/Mtf'. Similarly, we define /?,- as the mass-ratio of element i, relative 
too hydrogen, of the added material and tha t of the star forming region: /i,- = (M;/H)ac id / (M i /H ) m i . 
Consequently,, the logari thm of the ratio of the abundances of stars formed before and after mixing material 
too the star forming region, can be expressed as: 

100 i / ' ! + 0i$MH 

Wee tabula te values of ort- for different combinations of 6MH and /?,• in Table 5.5. We consider the observed 
abundancee scatter of ~0 .6 dex in [O/H] . We assume that the initial cloud oxygen abundances are equal to 
thee mean stellar oxygen abundances observed at a given age. This implies variations in Q 0 of 3 dex. 
Alternatively,, we could have assumed tha t the initial cloud abundances are equal to the largest stellar oxygen 
abundancess observed (i.e. variations in a o down to - 0 . 6 dex) or equal to the smallest abundances observed 
(i.e.. variations in a0 up to -fO.6 dex). Since the mean interstellar oxygen abundances in the SNBH are not 
welll known, we simply illustrate the effect of mixing material tha t is needed to achieve stellar abundance 
variationss of 3 dex. Stellar abundance variations larger than 3 dex will lead to more extreme values 
off I5MH and /?,• than discussed below. 

B.ll Mixing of metal-deficient material 

Tablee 5.5 illustrates tha t stellar abundance variations a,- of about —0.3 dex can be obtained by mixing 
metal-deficientt mater ial with abundance ratios /?, <̂  0.1 and hydrogen mass-ratios of SMH £ 1. In this case, 
mixingg of material metal-poor by one order of magnitude is needed to explain abundance variations of - 0 . 3 
dexx for comparable amounts of hydrogen within the added material and (initially present) within the star 
formingg cloud. Similarly, abundance variations of—0.3 dex can be reached also by mixing very large amounts 
off material tha t is less metal-deficient with respect to the initial abundances in the star forming region. We 
concludee tha t in order to explain stellar oxygen abundances below the mean value of [O/H] observed at a 
givenn age (see Fig. 5.1), mixing of gas with an underabundance of at least one order of magnitude relative 
too the ambient ISM would be required. Such mixing would imply infall (or accretion) of metal-deficient 
mater iall and /o r inefficient mixing of parcels of interstellar gas over extended periods of t ime during the 
lifetimee of the disk. 

Wee emphasize tha t the effect of adding more and more metal-deficient material to a star forming 
regionn strongly depends on the abundances within the diluting material . We illustrate this in Fig. 5.5 where 
wee show the effect of mixing metal-poor material (with the lowest stellar abundance ratios observed, i.e. 
[Fe /H]~~ - 1 and [O/H] 0.65) to gas with the highest stellar abundance ratios observed (i.e. [Fe/H]~0.23 
andd [O/H]~0.18) . Interestingly, the result of such dilution of the stellar abundances appears consistent with 
thee mean [Fe/H] vs. [O/H] relation observed (see Fig. 5.11 below). As an example, Fig. 5.5 illustrates 
thee max imum stellar abundance-abundance variations which may occur when metal-poor gas is mixed to 
thee disk ISM. To this end, we consider a given mean [P/H] vs. [Q/H] evolution trajectory in the disk ISM 
forr two elements P and Q (e.g. Fe and O). Fig. 5.5 shows the stellar abundance-abundance variations due 
too infall of metal-deficient gas for various metallicities. At a given ratio [P/H] , the separation between the 
abundancee contour resulting from mixing metal-deficient gas and that the mean trajectory assumed in the 

Tablee 5.4 Theoretical abundance variations cv; as a function of SMH and ti, 

<^M H H == 0.1 
0.5 5 

1 1 
10 0 

ftft - o. 
-0.04 4 
-0.18 8 
-0.30 0 
-1.04 4 

0.1 1 
-0.04 4 
-0.16 6 
-0.26 6 
-0.74 4 

0.5 5 
-0.02 2 
-0.08 8 
-0.13 3 
-0.26 6 

1 1 
0. . 
0. . 
0. . 
0. . 

2 2 
+0.04 4 
+0.13 3 
+0.18 8 
+0.28 8 

5 5 
+0.14 4 
+0.37 7 
+0.48 8 
+0.67 7 

10 0 
+0.26 6 
+0.60 0 
+0.74 4 
+0.91 1 
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diskk ISM, is a measure for the stellar abundance variations expected. The characteristic shape of the infall 
contourr is due to the fact that at high abundances, small amounts of metal-poor gas infall result in negligible 
abundancee variations in the disk ISM. 

Figur ee 5.10 Abundance-abundance vari
ationss due to infall of metal-poor gas. 
Thee enrichment trajectory assumed the disk 
ISMM is indicated by the thick solid line. 
Meann abundance ratios in the disk ISM of 
[P /H] d l s kk = [Q/H]disk=+0.3 dex were assumed. 
Maximumm variations of the stellar abundance 
ratioss due to the infall (or accretion) of in
creasingg amounts of metal-deficient material 
aree shown as the thin solid lines, for various 
abundancee ratios [P/Q]mf within the infalling 
materiall (indicated by full dots). 

Ass expected, the resulting stellar abundance variations due to metal-poor gas infall are relatively large when: 
1)) the infall abundance ratios [P/Q]inf tha t are far from the enrichment trajectory followed by the disk 
ISM,, and 2) the abundance-ratios within the disk ISM are large (we assumed [P/H]djSk=[Q/H]di sk=+0.3). 
Inn general, the theoretical abundance-abundance contours shown in Fig. 5.10 are inconsistent with the 
observationss (see Fig. 5.1). This suggests tha t the abundance ratios within the infalling gas are usually 
closee to the enrichment trajectory followed by the disk ISM and /or that metal-poor gas infall is not entirely 
responsiblee for the abundance variations observed among similarly aged stars in the SNBH. 

Thee idea of large amounts of interstellar material with abundances considerably below the average 
abundancess in the ISM may be difficult to reconcile with efficient mixing on t ime scales as short as ~ 1 0 7 

yrr (see Sect. 5.5.3). However, infall of metal-deficient material onto the disk, and the initiation of star 
formationformation within this material before substantial mixing occurs, appears to be a more plausible possibility to 
explainn the minimum [O/H] abundance ratios observed among similarly aged stars in the SNBH. Note tha t 
thiss is true also for elements with mixing t ime scales in the disk ISM that are similar to the mixing t ime 
scalee of oxygen. Observational evidence in support of such local infall of metal-deficient material onto the 
Galacticc disk is discussed in Sect. 5.5. 

B.22 Mixing of metal-rich material 

Similarr to the case of mixing metal-deficient material , stellar abundance variations of +0.3 dex can be 
achievedd by adding enriched material with /?,• ^ 10 and a mass of about 10% of total initial mass of the star 
formingg region (cf. Table 5.5). Alternatively, variations o f + 0 . 3 dex can be explained also by mixing large 
amountss (SMH ~ 10) of moderately enriched material (e.g. /% ^ 2). Since efficient mixing in the disk ISM 
probablyy rules out the latter possibility (see Sect. 5.5.3), we will concentrate on abundance variations which 
aree caused by adding small amounts of very metal-rich material to a star forming region. Such concentrations 
off metal-rich material are most readily produced within the ejecta of massive stars (observations pointing to 
sequentiall stellar enrichment in the local ISM are discussed in Sect. 5.5). 

Wee examine the stellar abundance variations «; that result from mixing the ejecta of massive stars to 
aa star forming region. Table 5.6 lists the theoretical stellar yields, defined as the total element mass ejected 
byy a star of initial mass m, both for the progenitors of SNII, SNIa, and SNIb/c . For a detailed description 
off the yields we refer the reader to the references given in Table 2 and Ghap. 3. 

Thee final helium mass just before a star of initial mass m becomes a supernova is listed as mHe- We 
considerr helium stars surrounded by hydrogen-rich envelopes as the immediate progenitors of SNII, and 
heliumm stars stripped off their hydrogen-rich envelopes as the progenitors of SNIb/c (see Woosley, Langer fe 
Weaverr 1994). These helium stars presumably leave a neutron star remnant of 1.4 M Q . SNIa are assumed 
too originate from accreting and/or coagulating WDs in a binary system. SNIa leave no remnant as the WD 
iss assumed to disrupt completely during the explosion. Typical amounts of iron produced are ~ 0.08 M(., 
forr SNII, - 0 . 8 M 0 for SNIa, and - 0 . 1 M 0 for SNIb/c (see Table 5.6). 

^^ r-

Metal-poorr  gas infal l 

X X 

- 1 1 

_ii i i_ 

-11 0 
[Q/H] ] 
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Totall oxygen and iron masses ejected by a star of initial mass m with metallicity Z, - Z 0 at birth are 
denotedd by A M 0 and A M F e , respectively. Corresponding mean abundance ratios within the stellar ejecta 
(relativee to solar) are given by [O/H]» and [Fe/H], and are shown in Fig. 5.11. These were calculated 
assumingg an initial hydrogen abundance X = 0.68 (cf. Anders k Grevesse 1989). In the last two columns 
off Table 5.6, we list the resulting abundance variations a F e and Q 0 when the ejecta of a star with initial 
masss m are mixed to a gas cloud that has the same initial mass and abundances as the star. We note that 
thee stellar abundance variations Oj are given relative to the abundances of the material out of which the 
progenitorr s tar formed (cf. Eq. B l ) . 

Fromm Table 5.6 it can be seen that local enrichment of the ISM by SNII easily can account for abundance 
variat ionss of a0 ^ + 0 . 3 dex. However, in order to explain the mean [Fe/H] vs. [O/H] relation and to comply 
withh the full range in [Fe/H] and [O/H] observed for F and G dwarfs in the SNBH (see Fig. 5.11), combined 
mixingg of e.g. SNII and SNIa-ejecta as well as dilution of the star forming region by more metal-deficient 
mater ia ll is required. We conclude from Table 5.6 that abundance variations of ^0 .6 dex in [Fe/H] and [O/H] 
easilyy can be achieved by local enrichment from massive stars. 

Figuree 5.11 Theoretical abundances within SNII and 
SNl-ejecta.. Data are shown for SNII (triangles, 
Hashimotoo et al. 1993), SNIa (open circles; Nomoto et al. 
198-1),, and SNlb/c (filled squares; Woosley et al. 1993). 
Errorr bars for the SNIb/c abundances indicate the spread 
inn the theoretical predictions due to the fact that a wide 
rangee in initial stellar mass m may result in roughly the 
samee helium star mass (which presuambly is the immedi
atee progenitor of SNIb/c; cf. Woosley, Langer fc Weaver 
1994).. The mean [Fe/H] vs. [O/H] relation observed for 
FF and G main-sequence dwarfs in the SNBH is shown as 
aa solid line and has been extrapolated above [Fe/H]~0.2 
dex.. For comparison, theoretical curves are drawn in 
casee of: 1) enrichment by SNII only (—em dashed line) 
,, and 2) dilution by adding more and more metal-free 
materiall (thick dotted curve). Width and position of the 
horizontalhorizontal line, seqments mark the range covered by the 
observationall data (see also Fig. 5.1). 

Too es t imate the typical abundances in the ejecta of an entire generation of stars, the stellar yields in Table 
5.66 (corrected for initial stellar abundances) need to be integrated over the initial stellar mass range after 
weighingg by the stellar mass function (IMF) as well as weighing by the relative contributions of SNII, SNIa 
andd SNIb /c . For this reason, we show in Fig. 5.11 the resulting [Fe/H] vs. [O/H] relation for a stellar 
generationn in case of enrichment by SNII only. 

Thiss relation was computed after weighing the SNII yields by an IMF with slope 7 - - 2 . 35 while as
sumingg an upper SNII mass limit of m ^ 1 1 = 60 M e . The fact that the predicted relation drops substantially 
beloww tha t observed, clearly demonstrates that SNIa and/or SNIb/c are required to explain the observed 
abundancee variations by means of sequential stellar enrichment. Although an extensive discussion of these 
IMF-weighedd yields and relative contribution of SNII, SNIa, and SNIb/c on the resulting stellar abundance 
variat ionss is beyond the scope of this paper, we give some examples below. 

Wee es t imate the effect of sequential enrichment on the relative abundances of two generations of stars, 
thee second generation forming in part out of the material enriched by the first generation. For simplicity, we 
onlyy consider the ejecta of SNII and compute the IMF integrated (7 = -2 .35 ) stellar oxygen and iron yields 
forr the first generation (assumed to have solar abundances initially). We assume that the enriched material 
re turnedd by the first generation (formed with solar metallicity) is mixed homogeneously to a gas cloud (with 
initiallyy solar abundances as well). Furthermore, we assume that the abundances in the enriched gas cloud 
aree those available to the second stellar generation. 

Resultingg abundance differences a* (see Eq. 1) between the two stellar generations are listed in Table 
5.66 for various values of: 1) the cloud mass to which the stellar ejecta are mixed (defined by Mc\ - tiM* 
wheree M„ is the total mass of gas initially converted into stars), 2) the upper mass limit mJjNH of stars 
assumedd to end as SNII, and 3) the least massive star m e n r that is able to contribute to the enrichment of 
thee gas cloud before cloud dispersal. 
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Tablee 5.5 Theoretical oxygen and iron yields of SNI1 and SNI (Z=Z ( )) 

SNII I 

SNla2 2 

SNIb/c3 3 

m m 
[M„] ] 
10 0 
12 2 
15 5 
20 0 
40 0 
60 0 
2.5 5 
8 8 
£35 5 
r> r> 

» » 
>5 5 

» » 

m H e e 

[Mo] ] 
2.5 5 
3 3 
4 4 
6 6 
16 6 
32 2 
— — 
--
4 4 
5 5 
7 7 
10 0 
20 0 

AMo o 
[M(i)] ] 
0.15 5 
0.25 5 
0.4 4 
1.2 2 
3.8 8 
1.5 5 
0.13 3 
0.13 3 
0.05 5 
0.18 8 
0.44 4 
0.79 9 
0.91 1 

AMFe e 
[M(:)] ] 
0.02 2 
0.02 2 
0.2 2 
0.08 8 
0.3 3 
0.45 5 
0.78 8 
0.78 8 
0.08 8 
0.13 3 
0.16 6 
0.12 2 
0.14 4 

[O/H]. . 

+0.41 1 
+0.67 7 
+0.70 0 
++ 1.03 
++ 1.63 
++ 1.16 
+0.46 6 
+0.29 9 
-0.75 5 
-0.22 2 
+0.18 8 
+0.48 8 
+0.54 4 

[Fe/H], , 

0.19 9 
0.21 1 
+0.96 6 
+0.67 7 
++ 1.26 
++ 1.34 
++ 1.98 
++ 1.80 
+0.15 5 
+0.37 7 
+0.49 9 
+0.33 3 
+0.53 3 

Q O O 

+0.20 0 
+0.36 6 
+0.41 1 
+0.67 7 
+0.95 5 
+0.52 2 
+0.17 7 
+0.0 0 
-0.25 5 
-0.14 4 
+0.03 3 
+0.14 4 
+0.13 3 

«Fe e 

+0-07 7 
+0.09 9 
+0.63 3 
+0.38 8 
+0.64 4 
+0.67 7 
+0.54 4 
+0.34 4 
+0.04 4 
+0.18 8 
+0.23 3 
+0.15 5 
+0.19 9 

References:References: SNII: (Hashimoto et al. 1993; Thielemann et al. 1993; Woosley, Langer &; 
Weaverr 1993), SNIb/c (Woosley et al. 1993, 1994), and SNla (Nomoto et al. 1984). 
Notes:Notes: (1) mHe refers to the pre-SN mass used in the SNII and SNIb/c calculations. (2) 
Binaryy WD scenario (assumed initial mass of secondary: 5 M Q ) . (3) «o and cvpe values 
forr SNIb/c have been calculated assuming m=35 M(.j. 

Itt can be seen tha t the IMF-integrated stellar abundance variations given in Table 5.6 are considerably 
beloww the individual stellar abundance variations listed in Table 5.5. This is due to the metal-poor material 
returnedd by intermediate mass stars relative to that returned by individual massive stars. First, we verify 
fromm Table 6 that the resulting abundance variations in [O/H] are substantially larger than those in [Fe/H] 
(ass expected for SNII ejecta). Thus , in order to explain observed variations in [O/H] smaller than those in 
[Fe/H]] by means of sequential enrichment, SNla and /o r SNIb/c nucleo-synthesis products are required. 

Secondly,, for a given combination of m^N I 1 and m e n r , it can be seen that abundance variations « o 
andd ctpe rapidly increase with decreasing cloud masses to which the stellar ejecta are mixed (i.e. decreasing 
valuess of d). Consequently, an abundance variation of ~ 0.6 dex in [O/H] due to sequential enrichment alone 
probablyy excludes values of d £ 0.15. 

Thirdly,, for a given combination of d and m e n r , abundance variations rapidly increase with m'^NI1 (this 
effectt is more pronounced for oxygen; cf. Table 5.5). We assumed tha t stars more massive than m[jN11 do 
nott explode as supernova but presumably end as black hole (e.g. Maeder 1992). Consequently, such stars 
contributee to the ISM enrichment during their stellar wind phase only. However, even though such stars 
probablyy do not participate in the iron enrichment of the ISM, they still may affect the interstellar [Fe/H] 
abundancee ratio by means of the amounts of hydrogen they consume. This is reflected by the abundance 
variationss found in case m e n r £ m^ (cf. Table 5.6). Finally, we find that for a given combination of \) and 
m ^ N n ,, the stellar abundance variations are relatively insensitive to m e n r except for values of menr £ 25 M ( ) . 

Thee abundance variations listed in Table 5.6 will be substantially larger in case of initial stellar abun
dancess much below solar provided that element yields for SNII are insensitive to the initial abundances of 
theirr progenitors (see Sect. 3.3). In contrast, these abundance variations will be substantially reduced in 
casee of partial mixing of the enriched stellar ejecta (i.e. A < I, see above) and /o r when a steeper IMF 
towardss low mass stars is considered. We note that the critical stellar mass menr able to enrich the dispersed 
cloudd material , can be roughly related to the dispersal t ime of the star forming region using a theoretical 
main-sequencee turnoff-mass vs. stellar age relation. In this manner, m e n r — 12, 15, 25, and 40 M ( ) , approx
imatelyy corresponds to sequential enrichment times of i^isp ~ 2 107, 107, 7 106, and 4 106 yr, respectively 
(forr stars formed with solar abundances; see Schaller et al. 1992). Cloud dispersal times t(\\sp £ 107 Cyr, 
equivalentt with m e n r ^ 15 M ( ) , are probably not supported by the observations (Sect. 5.5.2). 

Ann argument often proposed against sequential stellar enrichment as explanation for the observed 
stellarr abundance variations is based on inefficient mixing of the nucleo-synthesis products from different 
typess of supernovae (e.g. in the case of mixing of the ejecta of SNII and SNla that are associated with the 
onee and the same stellar generation). This argument is primarily based on the different enrichment t ime 
scaless for SNII and SNla (eg Gilmore h Wyse 1991; Edvardsson et al. 1993) and states tha t in case of 
sequentiall stellar enrichment during a local burst of star formation, variations in e.g. [O/H] (predominantly 
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TableTable 5.6 Theoretical abundance variations no and o-Fe in case of sequential enrichment by SNII 

l? ? 

0.01 1 
0.05 5 
0.1 1 
0.2 2 
0.5 5 
1. . 
0.01 1 
0.05 5 
0.1 1 
0.2 2 
0.5 5 
1. . 

m*N1JJ = 
mmenrenr =12 

1.05 5 
0.84 4 
0.69 9 
0.52 2 
0.31 1 
0.19 9 
0.79 9 
0.61 1 
0.48 8 
0.33 3 
0.19 9 
0.11 1 

15 5 
1.12 2 
0.87 7 
0.70 0 
0.52 2 
0.30 0 
0.18 8 
0.80 0 
0.58 8 
0.44 4 
0.30 0 
0.16 6 
0.09 9 

60 0 
25 5 

1.18 8 
0.81 1 
0.61 1 
0.42 2 
0.23 3 
0.13 3 
0.83 3 
0.50 0 
0.35 5 
0.22 2 
0.11 1 
0.06 6 

40 0 
0.97 7 
0.56 6 
0.33 3 
0.20 0 
0.09 9 
0.05 5 
0.81 1 
0.38 8 
0.24 4 
0.14 4 
0.06 6 
0.03 3 

12 2 
1.01 1 
0.80 0 
0.65 5 
0.49 9 
0.29 9 
0.17 7 
0.73 3 
0.55 5 
0.43 3 
0.30 0 
0.16 6 
0.09 9 

mf» » 
15 5 

1.05 5 
0.82 2 
0.66 6 
0.48 8 
0.28 8 
0.17 7 
0.68 8 
0.49 9 
0.36 6 
0.25 5 
0.13 3 
0.07 7 

== 40 
25 5 

1.07 7 
0.73 3 
0.54 4 
0.37 7 
0.19 9 
0.11 1 
0.60 0 
0.34 4 
0.23 3 
0.14 4 
0.06 6 
0.03 3 

40 0 
0.62 2 
0.29 9 
0.17 7 
0.10 0 
0.04 4 
0.02 2 
0.18 8 
0.06 6 
0.03 3 
0.02 2 
0.01 1 
0.00 0 

12 2 
0.78 8 
0.61 1 
0.49 9 
0.35 5 
0.20 0 
0.11 1 
0.57 7 
0.43 3 
0.33 3 
0.23 3 
0.12 2 
0.07 7 

mSNII I 

15 5 
0.80 0 
0.61 1 
0.47 7 
0.34 4 
0.18 8 
0.10 0 
0.46 6 
0.32 2 
0.23 3 
0.15 5 
0.07 7 
0.04 4 

== 25 
25 5 

0.57 7 
0.35 5 
0.24 4 
0.15 5 
0.07 7 
0.04 4 
0.16 6 
0.08 8 
0.05 5 
0.03 3 
0.01 1 
0.00 0 

40 0 
0.62 2 
0.29 9 
0.17 7 
0.10 0 
0.04 4 
0.02 2 
0.18 8 
0.06 6 
0.03 3 
0.02 2 
0.01 1 
0.00 0 

causedd by SNII) are expected to be larger than those in [Fe/H] (which in part originate from SNIa). This 
iss exactly the opposite to what is observed as the da ta provided by Edvardsson et al. (1993) suggest that 
differentt nucleosynthesis sites mixed their products together well (cf. Fig. 5.1). 

However,, apar t from the uncertainties still involved with the enrichment t ime scales of SNII and 
SNIa,, the effects of sequential stellar enrichment on abundance variations in the ISM heavily depend on the 
integrated,integrated, IMF-weighed stellar yields (i.e. are determined by the contributions of different types of SNe). 
First ,, SNIb /c ejecta (in addition to tha t of SNIa) may help (and in fact may be required) to explain the 
observedd variations in [Fe/H] relative to those in [O/H] (see Fig. 5.11). Compared to models which account 
forr the enrichment by SNII only, the main effect of the inclusion of SNIb/c is an enhancement of the iron 
enrichment .. This results in a corresponding shift of the [Fe/H] vs. [O/H] relation and improves the agreement 
withh the observations, in particular at solar abundances. Secondly, stellar abundance variations observed for 
elementss such as Fe still may may be explained by the IMF-weighed element contributions of SNII in spite 
off the fact t ha t such elements are efficiently produced by SNIa (see Sect. 3.4). Thirdly, and probably most 
impor tan t ,, the effect of sequential enrichment on the stellar abundance variations for individual elements is 
stronglyy affected by the abundances in the ambient ISM to which the stellar ejecta are actually mixed. Thus, 
evenn though sequential stellar enrichment alojie seems to be ruled out by theoretical arguments as the full 
explanat ionn for the observed stellar abundance variations, the extent to which sequential enrichment may 
contr ibutee to these variations strongly depends on both the details of the stellar enrichment process and the 
chemicall evolution of the ambient ISM. This allows for an explanation of the observed stellar abundance 
variat ionss in terms of combined sequential stellar enrichment and metal-deficient gas infall as discussed in 
Sect.. 5.4.4. 

Wee conclude tha t infall of metal-deficient material and/or sequential stellar enrichment provide plau
siblee mechanisms to explain (in par t ) the observed stellar abundance variations among similarly aged stars 
inn the SNBH. It is evident that a more quant i ta t ive investigation, of the effects of these processes on the 
stellarr abundance variations, relies on the detailed chemical evolution of the disk ISM and on the typical 
t imee scales during which abundance inhomogeneities in the local disk ISM can exist (see Sect. 5.4). 
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Modellingg the spectro-photometric and chem
icall properties of Low Surface Brightness 
galaxies s 

vann den Hoek, L.B., de Blok, W.J.G., van der Hulst, J.M., and de Jong, T. 

Abstract t 
Wee investigate the star formation history and chemical evolution of low surface brightness (LSB) disk 
galaxiess by means of their observed spectro-photometric and chemical properties. To this end, we use a 
galacticc chemical evolution model incorporating a detailed metallicity dependent set of up-to-date stel
larr input data covering all relevant stages of stellar evolution. Comparison of our model results with 
observationss confirms the idea that LSB galaxies are relatively unevolved systems. 
Basedd on extensive modelling, we find that for the majority of the LSB galaxies in our sample, observed 
Johnson-Cousinss UBVRI magnitudes, [O/H] abundances, gas masses and fractions, and Hi mass-to-light 
ratios,, are best explained by galactic evolution models incorporating an exponentially decreasing global 
starr formation rate (SFR) ending at a present-day gas-to-total mass ratio of Hi = 0.5 for a galaxy age of 
144 Gyr. About 35 % of the LSB galaxies in our sample exhibit properties that cannot be explained by 
exponentiallyy decreasing SFRs alone. We argue that most of these systems experienced recent episodes 
off enhanced star formation superimposed on exponentially decreasing global SFR models. Only a small 
fractionn (~10—15 %) of the LSB galaxies have properties consistent with those resulting from linearly 
decreasingg or constant SFR models. 
Wee find evidence, from model point of view, for recent and ongoing star formation in the disks of LSB 
galaxiess at rates of ~0.1 M© yr _ 1 . In particular, we demonstrate that the occurrence of small amplitude 
starr formation bursts in LSB galaxies is required to explain the contribution of the young (5-50 Myr old) 
stellarr population to the galaxy integrated luminosity. This result suggests that star formation in LSB 
galaxiess has proceeded in a stochastic manner from the moment star formation started in their disks. We 
arguee that sporadic star formation in LSB galaxies is probably associated with local accretion and/or infall 
off matter. 
Thee presence of an old stellar population in many late-type LSB galaxies, as confirmed by our results, 
suggestss that LSB galaxies roughly follow the same evolutionary history as HSB galaxies, except at a much 
lowerlower rate. In particular, our results imply that LSB galaxies do not form late, or have a delayed onset 
off star formation, but evolve slowly. We show that the observed color differences between LSB and HSB 
galaxiess can be interpreted almost entirely in terms of the relatively low extinction and metallicity in LSB 
galaxies.. We propose that LSB galaxies are in an early stage of disk formation and probably are still in the 
accumulationn phase of gas during which their current amount of star formation and chemical enrichment is 
regulated.. In particular, the gas reservoir at the time of onset of main star formation in LSB galaxies may 
havee been substantially less than that estimated from their present-day amounts of gas since accretion of 
matterr is still very important in these systems. 
Thee low evolutionary state of LSB galaxies relative to HSB galaxies suggests that LSB galaxies are just 
HSBB galaxies in the making (except on time scales much longer than a Hubble time). We discuss our 
resultss in the context of the evolutionary history of LSB galaxies compared to that of HSB and dwarf 
irregularr galaxies. 

6.11 Introduction 

Deepp searches for field galaxies in the local universe have revealed the existence of a large number of galaxies 
withh such low surface brightnesses that they, until recently, were hard to detect against the night sky 
(Schombertt et al. 1988, 1992; Knezek 1993; Turner et al. 1993; Bergvall & Rönnback 1995; Schwartzenberg et 
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al.. 1995; Sprayberry et al. 1995). The low surface brightness galaxies detected in the field are predominantly 
la te- typee spirals which in general are disk-dominated, do not show any clear signs of a large bulge or strong 
bar,, and have central surface brightnesses Z 23 mag arcsec - 2 in the B band (e.g. Rönnback k Bergvall 1994; 
McGaughh k Bothun 1994; de Blok et al. 1995, hereafter dB95; Vennik et al. 1996). A small fraction (~ 15 
%)%) of the field LSB galaxies detected thus far comprises early type systems, ellipticals, and dwarf galaxies. 

Thee sizes and luminosities of LSB galaxies can range from the small and faint Local Group dwarfs 
likee C R 8 (Hodge 1967) to tha t of the giant and luminous Malin-1 like systems (e.g. Impey k Bothun 1989; 
Knezekk 1993; Sprayberry et al. 1995). This latter group of giant LSB galaxies, which comprises — 10 % of 
thee LSB galaxy populat ion, usually have a large bulge and are much different from the disk dominated LSB 
galaxiess described above. 

Inn this paper, we will concentrate on late-type LSB spirals. The main property which distinguishes 
thesee systems from their "normal" late-type spirals is their low surface brightness, not e.g. their luminosity or 
opticall size. Observations show that LSB galaxies are neither dwarf systems nor just the fainter counterparts 
off HSB spirals (de Blok et al. 1996, hereafter dB96). 

Inn many cases, LSB galaxies follow the trends in galaxy properties found along the Hubble sequence 
towardss very late types. These trends, including increasingly blue colors (e.g. Rönnback 1993; McGaugh k 
Bothunn 1994; dB95), decreasing oxygen abundances in the gas (e.g. McGaugh 1994; Rönnback k Bergvall 
1995),, and decreasing Hi surface densities (from type Se onwards; e.g. van der Hulst et al. 1993, hereafter 
vdH93)) suggest tha t LSB galaxies must be in a low evolutionary s ta te compared to HSB galaxies. 

Atomicc gas surface densities of LSB spirals are among the lowest known for disk galaxies (dB96). 
Notwi ths tanding,, LSB spirals rank among the most gas-rich disk galaxies of a given total mass as their Hi 
diskss in general are ra ther extended (Zwaan et al. 1995; dB96). The fact that LSB galaxies still have large 
reservoirss of gas together with their low abundances suggest that their amount of star formation in the past 
cannott have been very large. Clearly, LSB galaxies are not the faded remnants of HSB spirals. 

Currentt star formation rates in LSB galaxies are among the lowest known for late-type disk galaxies 
ass well, as deduced from narrow-band Ha imaging (McGaugh 1992; vdH93). These observations reveal the 
presencee of a few giant Hll regions which are ionized by OB associations formed during recent episodes of 
s tarr formation (e.g. McGaugh 1992). Such sites of minimal s tar formation are, however, low in number, do 
nott t race the spiral a rms very well, and are usually found towards the outer parts of the galaxy (dB95). This 
suggestss that local ra ther than global star formation is a common phenomenon in LSB galaxies. 

Thee unevolved na ture of LSB spirals as implied by their low gas abundances, unusually blue colors, 
loww gas surface densities, large gas contents, and low current star formation rates, can be interpreted in 
manyy different ways. For instance, LSB spirals may be relatively young systems in which the main phase of 
s tarr formation is still to occur. If the mean age of the stellar population in LSB galaxies is much younger 
thann tha t in HSB spirals, this would imply different star formation histories for galaxies differing in surface 
brightness.. Alternatively, the stellar population in LSB spirals might be as old as in their HSB counterparts 
butt with a young populat ion dominat ing the luminosity. This would imply similar star formation histories 
andd further would suggest the existence of a distinct group of red LSB spirals undetected yet because of 
theirr absence of a young stellar population (e.g. McGaugh k Bothun 1994). Other explanations for the 
dissimilaritiess observed between LSB and HSB spirals may include differences in internal extinction and/or 
inn the stellar mass function at birth. 

Thee goal of this paper is to address these and other scenarios for the evolution of LSB galaxies by 
detailedd modelling of their spectro-photometric and chemical properties. The model used incorporates a 
detailedd metallicity dependent set of stellar input da ta covering all relevant stages of stellar evolution and is 
ablee to describe the evolution of low metallicity galaxies such as LSB spirals. 

Modell results are compared directly with the observed colors, gas phase abundances, gas contents, 
andd current s tar formation rates of LSB galaxies to constrain the global star formation history and chemical 
evolutionn of these systems. In particular, we consider the important question whether LSB spirals do have an 
evolutionaryy history fundamentally different, from that of HSB spirals and dwarf galaxies. We will show that 
modelss incorporat ing exponentially decreasing SFRs are in best agreement with the spectro-photometric and 
chemicall properties of the majority of the LSB galaxies in our sample, provided tha t these LSB galaxies 
havee turned about half of their present-day disk mass into stars. 

Thiss paper is organized as follows. We briefly compare observational da ta of LSB galaxies with those 
off face-on spirals and dwarf galaxies in Sect. 6.2. In Sect. 6.3, we describe the ingredients of the galactic 
evolutionn model developed to study the spectro-photometric evolution of LSB spirals. In Sect, 6.4, we 
comparee and calibrate the model and describe the initial set of s tar formation histories studied. Model 
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resultss related to the chemical and speetro-photornetric evolution of LSB galaxies are presented in Sect. 6.5. 
Thee impact of small ampli tude star formation bursts in LSB galaxies is investigated in Sect. 6 and predicted 
starr formation rates are compared with the observations in Sect. 6.7. We discuss our results in the context 
off the s tar formation history and dynamical evolution of LSB galaxies in Sect. 6.8. 

6.22 Observational characteristics of LSB galaxies 

Too amplify the properties of LSB galaxies, we compare Johnson-Cousins UBVRI magnitudes, neutral hydro
genn masses, gas fractions, and oxygen abundances of LSB galaxies, with those of HSB and dwarf galaxies. 

6.2.11 Sample selection 

Wee refer to de Blok et al. (1996) for an extensive description of the sample selection. In brief, their sample 
consistss of 24 late-type LSB galaxies (inclinations up to ~ 60°), taken from the lists by Sehornbert et al. 
(1992)) and the UGO (Nilson 1973), which are representative for the LSB galaxies generally found in the field 
byy Sehornbert et al. For these systems, optical da ta have been taken from dB95, Hi data from dB96, and 
abundancee da ta from McGaugh & Bothun (1994) and de Blok Ik van der Hulst (unpublished). 

Fromm this sample, we selected a subsample of 16 LSB galaxies for which high-quality data are available. 
Wee list the galaxy identification and UBVRI absolute magnitudes in columns (1) to (6) in Table 6.1 (a Hubble 
constantt of Ho = 100 km s - 1 M p c - 1 was used). To allow for direct comparison with photometric evolution 
modelss Johnson UBV and Kron-Oousins RI magnitudes will be used throughout this paper. Corresponding 
luminositiess and mass-to-light ratios in the B band, neutral hydrogen and dynamical masses, gas-to-total 
masss ratios /( (corrected for helium; see Sect. 2.6 for the definition of /Jdyn and firot), a nd mean [O/H] 
abundancess are listed in columns (7) to (13). 

Inn addition to the sample listed in Table 6.1, we consider a complementary set of LSB galaxies for which 
lesss da t a are available. For these systems, we use photometry da t a presented by McGaugh et al. (1995) and 
abundancee da ta provided by McGaugh (1994) and Rönnback Sz Bergvall (1994). Selection criteria for the 
McGaughh et al. (1995) sample were the same as those used by dB95. The LSB galaxies from Rönnback Ik 
Bergvalll (1994) were selected in a different manner. In general, both sets of complementary LSB galaxies 
showw properties similar to those of the dB95 subsample. 

Tablee 6.1 Observational data on LSB galaxies (de Blok et al. 1995, 1996) 

(1) ) 
Name e 

F561-1 1 
F563-1 1 
F563-V1 1 
F564-V3 3 
F565-V2 2 
F567-2 2 
F568-1 1 
F568-3 3 
F568-V1 1 
F571-5 5 
F571-V1 1 
F574-2 2 
F577-V1 1 
U0128 8 
H0628 8 
UU 1 230 
Typ .. Dwarf 
Typp LSBC 
Typ .. HSBG 

(2) ) 
U U 
mag g 

-17.4 4 
-16.6 6 
-15.7 7 

* * 
* * 
-17.0 0 
-17.7 7 
-17.8 8 
-17.4 4 
-16.6 6 

* * 
* * 
-17.9 9 
-18.5 5 
-18.5 5 
-18.9 9 
-17.5 5 
-18 8 
-20 0 

(3) ) 
B B 
mag g 

-17.2 2 
-16.7 7 
-15.7 7 
-11.8 8 
-14.8 8 
- 1 6 8 8 
-17.5 5 
-17.7 7 
-17.3 3 
-16.5 5 
-16.4 4 
-17.0 0 
-17.6 6 
-18.2 2 
-18.5 5 
-17.7 7 
-17 7 
-17.5 5 
-19.5 5 

(4) ) 
V V 
mag g 

-17.8 8 
-17.4 4 
-16.3 3 
-12.4 4 
-15.3 3 
-17.4 4 
-18.1 1 
-18.2 2 
-17.8 8 
-16.9 9 
-16.9 9 
-17.7 7 
-18.0 0 
-18.7 7 
-19.1 1 
-18.2 2 
- 1 7 5 5 
-18 8 
-20 0 

(5) ) 
R R 
mag g 

-18.0 0 
-17.6 6 
- 16 .6 | | 
-12.6 6 
-15.6 6 
-17.4 4 
-18.3 3 
-18.5 5 
-18.0 0 
-17.1 1 
-17.3 3 
-17.8 8 
-18.1 1 
-18.9 9 
-19.3 3 
-18.5 5 
-18 8 
-18 8 
-20.5 5 

(6) ) 
I I 
mag g 

-18.4 4 
-16.4f f 
-16.9 9 

* * 
* * 
-17.7 7 
-18.8 8 
-19.0 0 
-18.5 5 

* * 
* * 
**  . 
* * 
-19.3 3 
-19.7 7 
-18.9 9 
-18.5 5 
-18.5 5 
-21 1 

(7) ) 
LB B 

[LO.B] ] 
1.2(9) ) 
7.4(8) ) 
3.0(8) ) 
8.2(6) ) 
1.3(8) ) 
8.2(8) ) 
1.6(9) ) 
1.9(9) ) 
1.3(9) ) 
6.2(8) ) 
5.6(8) ) 
9.8(8) ) 
1.7(9) ) 
3.0(9) ) 
3.9(9) ) 
1.9(9) ) 
1.0(9) ) 
1.5(9) ) 
1.0(10) ) 

(8) ) 
M H ,, L " 1 

[[ M 0 L - ) B ] 
0.7 7 
2.0 0 
0.9 9 
1.6 6 
2.6 6 
1.5 5 
1.4 4 
0.8 8 
1.1 1 

* * 
1.2 2 
0.9 9 
0.8 8 
1.2 2 

* * 
1.7 7 
1.0 0 
1.3 3 
0.4 4 

(9) ) 
MH , , 
[ M 0 ] ] 
8.1(8) ) 
1.5(9) ) 
2.8(8) ) 
1.3(7) ) 
3.4(8) ) 
1.2(9) ) 
2.2(9) ) 
1.6(9) ) 
1.4(9) ) 
9.8(9)t t 
6.6(8) ) 
9.3(8) ) 
1.4(9) ) 
3.6(9) ) 

* * 
3.2(9) ) 
1(9) ) 
2(9) ) 
4(9) ) 

(10) ) 

Md y n n 

[M(:>] ] 
4.6(9) ) 
3.8(10) ) 
1.0(9) ) 
6.3(8) ) 
3.8(9) ) 
8.1(9) ) 
3.6(10) ) 
4.2(10) ) 
5.1(10)t t 
2.8(10) ) 
1.4(10) ) 
3.2(9) ) 
1.6(9)f f 
7.2(10) ) 
44 9(10) 
6.3(10) ) 
1(9) ) 
1(10) ) 

HU) ) 

(11) ) 

Mdy n n 

0.24 4 
0.05 5 
0.38 8 
0.03 3 
0.12 2 
0.20 0 
0.08 8 
0.05 5 
0.04 4 
0.47 7 
0.07 7 
0.39 9 
- 1 . . 
0.07 7 

* * 
0.05 5 
0.5 5 
0.2 2 
0.04 4 

(12) ) 

Mro t t 

0.59 9 
0.19 9 
0.59 9 

* * 
0.33 3 
0.49 9 
0.32 2 
0.45 5 
0.53 3 

* * 
0.33 3 
0.CG G 

* * 
00 39 

* * 
0.60 0 
+ + 
0.5 5 

* * 

(13) ) 
[O/H] ] 

-0.87 7 
-1.46 6 
-1.05 5 

* * 
* * 
* * 
-0.98 8 
-0.92 2 
-0.99 9 
-11 53 
-0.94 4 

* * 
* * 
* * 
* * 
-0.76 6 
- 0 . 6
- 0 . 6
~0 . 0 0 

** not available, f uncertain 

6.2.22 Magni tudes and colors 

Wee compare in Fig. 6.1 magnitudes and broadband colors of LSB galaxies to those of HSB face-on spirals 
(dee Jong k van der Kruit 1994) and dwarf galaxies (Melisse Ik Israel 1994; Gallagher fc Hunter 1986, 1987). 
Wee note that the usual distinction between HSB and LSB galaxies is purely an artificial one since normal 
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Figuree 6.1 Observational data on LSB galaxies compared to that for normal spirals and dwarf galaxies. Symbols 
referr to LSB galaxies (triangles; data from de Blok et al. 1995, 1996), normal face-on spirals (full dots; de Jong & van 
derr Kruit 1994), and dwarf galaxies (crosses; Mellise fc Israel 1994). LSB galaxies which are probably dwarf systems 
aree indicated by triangles with crosses overlayed. Typical error bars are indicated in the bottom left of each panel. 
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galaxiess along the Hubble sequence show a continuous range in central surface brightness, i.e. ranging from 
valuess around the Freeman value for early type systems to the very faint values observed for the late-type 
LSBB galaxies in our sample (e.g. de Jong 1995; dB95). 

LSBB galaxies are usually much bluer, both in (B—V) and ( R - I ) , and have fainter B magnitudes than 
theirr HSB counterparts (e.g. McGaugh 1992; vdH93; dB95). At a given gas mass, LSB galaxies are among 
thee bluest disk galaxies observed (see below). Due to sample incompleteness, the distribution of galaxies in 
thee (R— I) vs. B diagram (Fig. 6.1b) is limited to systems brighter than 16 mag in the B band. Since 
photometricc evolution models predict galaxies to evolve rapidly (i.e. within one Gyr) to colors (R—1)<; +0 .2 
magg (see Sect. 6,4), one expects to observe only a few galaxies with colors dominated by a young stellar 
population,, i.e. with (R-I)<^ +0.2 mag. Three galaxies with ( R - I ) ^ - 0 . 1 mag (i.e. F563-1 and two dwarfs) 
havee been omitted from the da ta because their (R— I) colors are probably contaminated by nearby objects 
and /o rr suffer from large observational errors. Dwarf galaxies, on average, appear to be even bluer than LSB 
galaxiess while spanning roughly the same range in luminosity. 

Thee reason why LSB spirals are unusually blue compared to normal late type galaxies may be explained 
byy the presence of a relatively young stellar population, the lack of internal dust extinction, and/or metallicity 
effects.. Alternatively, the stellar mass function at birth in LSB galaxies may be different from tha t in HSB 
galaxies.. We will discuss these possibilities in Sects. 6.4 and 6.5 below. 

6.2.33 Abundances 

Estimatess of the ISM abundances in LSB galaxies predominantly rely on abundance determinations of their 
constituentt Hll regions. Within such regions, oxygen abundances are usually derived using an emperical 
relationn for the line-ratio R2 3 = ([Oil] A3727 + [Olll] AA4959,5007) / H/i as first discussed by Pagel et al. 
(1979)) and later calibrated by e.g. McGaugh (1991). A full discussion of the method is given in McGaugh 
(1994)) but we remark that for a given Hll region observational errors in [O/H] can be as large as 3 dex 
(apartt from uncertainties due to internal reddening). For bright Hll regions within the LSB galaxies listed 
inn Table 6.1, abundances are taken both from McGaugh (1994) and de Blok k van der Hulst (unpublished). 

Wee assume tha t the Hll-region abundances on average are a reasonable indicator of the ISM abundances 
withinn a given LSB spiral. The intrinsic scatter in [O/H] among different Hll region abundances within a 
givenn LSB galaxy is usually less than 2 dex around the mean Hll region abundance (e.g. McGaugh 
1994).. However, in LSB galaxies containing only a few bright Hll regions for which abundances have been 
determined,, abundances may be biased towards the physical properties (e.g. age, initial metallicity and 
amountt of self-enrichment) of individual Hll regions (e.g. Pilyugin 1992; Pettini k Lipman 1995). 

Inn Fig. 6.1c we compare mean [O/H] abundances of Hll regions in LSB galaxies with those in HSB 
spiralss (Zaritsky et al. 1994) and dwarf galaxies (Melisse k Israel 1994; Gallagher k Hunter 1986, 1987). 
Onn average, LSB galaxies seem to follow the correlation between the characteristic gas-phase abundance 
andd luminosity as found for HSB spirals (Zaritsky et al. 1994). However, the range in [O/H] at a given B 
magni tudee is nearly one dex and large scatter in the correlation is present. This scatter is probably related 
too evolutionary differences among the LSB galaxies of a given B magni tude (e.g. in the ratio of old to young 
stellarr populations) and /o r the Hll regions they contain. Glearly, LSB galaxies (and dwarf systems) on 
averagee show substantially smaller [O/H] abundances than HSB galaxies. 

Ass LSB galaxies have Hi surface densities about a factor of ~ 3 lower than in normal late-type galaxies 
(vdH93;; dB96), their low [O/H] abundances may be interpreted in terms of a strong dependence of the 
SFRR on surface density (see also Kennicutt 1989). Such a dependence has been suggested for late-type HSB 
galaxiess (e.g. Edmunds k Pagel 1984; Dopita 1990; Phillips and Edmunds 1991; Ryder k Dopita 1994) and 
mayy apply to LSB galaxies as well (see Sect. 6.5). 

6.2.44 Extinction 

Estimatess of extinction are particularly important when photometric evolution models are applied to spiral 
galaxies.. Statistical studies of variations of galaxy magnitudes with inclination support the tradit ional view 
thatt Sc galaxies are semi-transparent with most of the extinction concentrated in the inner regions (e.g. 
Huizingaa k van Albada 1992; Giovanelli et al. 1994). These studies conclude tha t the outer parts of spiral 
galaxiess in general are optically thin. 

Measurementss of extinction in foreground spirals obscuring a background galaxy range from ~0 .3 mag 
inn B in the interarm regions and outer parts of a spiral (Keel 1983; Andredakis k van der Kruit 1992; 
Whitee k Keel 1992), to ~1.6 mag within the spiral arms itself (Keel 1983; James k Puxley 1993). These 
studiess suggest that internal extinction in HSB spirals is concentrated towards the galaxy nucleus and spiral 
arms,, while extinction in the outer galaxy and inter-arrn regions is relatively low. This is consistent with 
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conclusionss derived from independent extinction studies for large samples of spiral galaxies (see also Jansen 
ett al. 1994; Peletier et al. 1995; Huizinga 1995; Beekman et al. 1996). 

Dustt radiative transfer models indicate an overall face-on extinction in spirals of ^ 0 . 5 mag in B (e.g. 
Knapenn k van der Kruit 1991; Byun et al. 1994; Huizinga 1994), while estimates of the maximum face-on 
extinctionn in spirals based on far-IR, measurements are in the range 1.5 to 2 mag in B (Disney et al. 1989). 
Noo suppor t for optically thick disks has been found in a sample of nearby spirals from 60/nn observations 
(Bothunn k Rogers 1992). These studies support the idea that spiral galaxies have face-on extinctions of 
typicallyy less than ~0.5— 1 mag in B. 

Thee observational finding by Bosma et al. (1992) and Byun (1992) that low luminosity spirals appear 
t ransparentt throughout their edge-on disks, while more luminous spirals become optically thick at a given 
galactocentricc distance, supports the idea tha t face-on extinction in LSB galaxies is relatively low, i.e. 
typicallyy less than EB-V = 0.1 mag (e.g. McGaugh 1994). This is consistent with observational evidence in 
supportt of low dust contents in galaxies having low gas abundances (e.g. Issa et al. 1991; van den Hoek k 
dee Jong 1992). In addit ion, low column densities of Hi imply a low dust content if the gas-to-dust ratio is 
thee same as (or larger than) in the Galaxy. 

Wee consider £ B - V ~ 0.5 — 0.6 mag as a plausible upper limit for the face-on extinction in spirals 
(assumingg H\- = A\ / E B - V ~ 3 in our own Galaxy: e.g. Johnson 1968). In normal HSB spirals, we 
es t imatee typical face-on reddenings of E B - v ~ 0 .3 -0 .4 and ~ 0 .1-0 .2 mag, in systems with prominent and 
conspicuouss spiral arms in their outer disk, respectively. In LSB spirals, which usually do not show either 
aa s t rong nucleus or well developed spiral arms, face-on internal extinction is expected to be rather low, i.e. 
lesss than E^-v ~ 0.1 mag. 

6.2.55 Gas masses 

Wee compare in Fig. 6. Id the present-day amounts of atomic gas Mg ~ 1.4 MHi (corrected for helium) in LSB 
galaxiess with those present in HSB galaxies and dwarfs. At a given B-band luminosity, LSB galaxies are 
usuallyy found among the spirals containing the highest gas masses (dwarfs appear concentrated to somewhat 
smallerr gas masses). Thus , since their Hi surface densities are relatively low (dB96), LSB galaxies must have 
aa larger, more extended disk of gas compared to tha t of HSB galaxies of the same luminosity (Zwaan et al. 
1995). . 

Thee above strictly applies to the atomic gas content of galaxies only, since the inclusion of molecular 
gass may change the observed trend. If HSB spirals would be as gas-rich as LSB spirals of the same luminosity, 
HSBB galaxies would need to contain at least ~ 5 times more molecular gas than atomic hydrogen. This seems 
exceedinglyy high. For instance, our own Galaxy contains only as much H2 as Hi (Scoville k Sanders 1987). 
Furthermore,, est imates of the amounts of molecular gas in normal Scd galaxies exclude H2 / Hi ratios larger 
thann ~ 1 (Young k Knezek 1989; Young k Scoville 1991). 

Soo far no CO-emission has been detected in LSB galaxies (Schombert et al. 1990; de Blok k van der 
Hulst,, in prep.) . Therefore, the total amount of molecular gas in LSB galaxies is probably small even though 
relativelyy high C O / H 2 conversion factors may apply in these low rnetallicity galaxies (Wilson 1995). We will 
assumee tha t the atomic hydrogen masses listed in Table 6.1 (multiplied by 1.4 to correct for He) represent 
thee total amounts of gas in LSB galaxies. We conclude that, on average, LSB galaxies are considerably more 
gas-richh (up to a factor ~ 3) than HSB galaxies of the same luminosity (see also Fig. 6.1g; and dB96). This 
impliess tha t evolutionary differences between galaxies differing in surface brightness must exist (see Sect. 
6.5). . 

6.2.66 Total masses and gas fractions 

Inn principle, determinat ion of the gas-to-total mass-ratio (/*i = M g a s / (A/gas + A/Stars) ) of the mat ter 
containedd within a given galactocentric radius (i.e. usually up to where the Hi rotation curve can be 
measured) ,, involves the conversion of the observed galaxy luminosity to stellar mass. However, the mass-
to-lightt ratio of the underlying stellar population is generally not, well known and, in fact, is an important 
quant i tyy to determine. Alternatively, if one assumes a fixed value of the mass-to-light ratio, artificial trends 
willl be introduced in the gas-fractions derived since this ratio is expected to vary among galaxies having 
differentt s tar formation histories. We note tha t , from theoretical point of view, /^ is strictly related to the 
amountt of gas tha t is associated with the star forming disk and is available for star formation. 

Independentt est imates of the gas fraction /q can be obtained from gas-to-dynamical mass-ratios /fdyn 

== Afgas/A/dyn- However, since the dynamical masses of LSB galaxies usually include dark mat te r (i.e. mat ter 
nott observed as gas or s tars) , values of //dyn provide lower limits to the actual gas fractions in LSB galaxies. 
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Wee determined /idyn for a dynamical mass corresponding to the outermost point of the Hi rotation curve 
(seee dB96; Table 6.1). 

Forr late-type HSB galaxies, studies by Bosnia (1978), Begeman (1987), and Broeils (1992) have shown 
thatt the ratio of dark to luminous mat ter at the edge of the optical disk is ~ 50%. In this case, the true 
gass fraction is underestimated by a factor ~ 2. The discrepancy probably increases for LSB galaxies and 
dwarfss (i.e. up to factors 2—10; see Broeils 1992), but is almost negligible in early-type HSB galaxies where 
thee stellar population dominates the optical disk. 

Too get around the discrepancy for LSB galaxies, we also determined gas fractions / w = A/Ras / 
(M g a ss + M» m a x) where M * m a x denotes the mass of the stellar component obtained from maximum disk 
fittingg of the rotation curve (dB96). This method likely overestimates the contribution of the luminous 
stellarr disk to the observed total mass distribution (e.g. Kuijken k. Gilmore 1989; Bottema 1995) and, 
therefore,, also provides a lower limit to the actual gas fraction. 

Inn the following, we will use firot for LSB galaxies whenever the da ta allows application of the maximum 
diskk method (cf. Table 6.1). We est imate that firot approximates the true gas fraction /xi within a factor of 
~~ 2. For LSB galaxies, we find that / ( r o t is 3—10 times larger than /tdyn- This is consistent with the factors 
estimatedd by Broeils (1992) and suggests that LSB galaxies are dark mat ter dominated (see dB96). 

Forr the HSB galaxies and dwarfs in our comparison samples, we are forced to use /Jdyn as es t imate 
off the actual gas fraction //1 as /frot has been derived for a few of these systems only. Consequently, the 
adoptedd gas fractions are hard lower limits for all galaxies considered. We note that for HSB galaxies, the 
differencess between f.irot and ftdyn are usually small (e.g. dB96). 

Figs,, le and If show the distribution of the present-day gas fraction / j r o t and total gas mass vs. (B—V). 
Itt can be seen that LSB galaxies and dwarfs exhibit much larger gas fractions (typically f.i\ ~ 0.5) than HSB 
spiralss (/(i ~ 0.05). This implies tha t LSB galaxies are in a low evolutionary s tate with respect to HSB 
spiralss consistent with our earlier findings. 

6.2.77 Mass-to-light ratios 

Wee show in Figs, lg and h the distribution of the mass-to-light ratio MHI / LB VS. (B—V) and vs. / q , 
respectively.. LSB galaxies exhibit considerably higher MHI / LB ratios than HSB spirals (cf. Table 6.1). This 
iss primarily due to the relatively large atomic gas contents of LSB spirals as discussed above. In addit ion, 
highh values of MHI / LB may originate from a less well developed (both old and young) stellar population. In 
eitherr case, the high values of MHI / LB observed for LSB spirals indicate a low evolutionary state of these 
galaxies.. This is consistent with the fact that central surface brightnesses decrease with increasing values of 
MHII / LB as found for LSB galaxies (dB96). 

Wee conclude that the low surface densities and brightnesses, blue colors, low abundances, large scale 
lengths,, inconspicuous spiral arms and nuclei, low rotation velocities (dB96), and high gas masses observed 
inn LSB spirals, all provide evidence in support of the view tha t LSB galaxies are relatively unevolved systems 
comparedd to HSB spirals. This agrees well with our finding that LSB galaxies usually display properties 
intermediatee to those of HSB spirals and dwarf galaxies. 

6.33 Model description and assumptions 

Wee describe the galactic evolution model developed to study the chemical and spectro-photorrietrie evolution 
off LSB galaxies (for a more extensive description of the model see van den Hoek 1997). We concentrate 
onn the stellar contribution to the total galaxy luminosity in a given passband (other contributions are 
neglected).. For a given star formation history (SFR), we compute the chemical enrichment of a model 
galaxyy by successive generations of evolving stars. To derive the stellar luminosity in a given passband at 
aa given age, we use an up-to-date metallicity dependent set of theoretical stellar isochrones as well as a 
libraryy of spectro-photometric da ta . The spectro-photometric properties of the model galaxy are calculated 
byy integrating the stellar luminosities at a given galactic age weighed by the SFR at the t ime these stars 
weree born. 

6.3.11 Chemical evolution model 

Wee restrict ourselves to a brief outline of the basic assumptions and boundary conditions to the chemical 
evolutionn model used. We start from a model galaxy initially void of stars. We follow the chemical enrichment 
off this galaxy during its evolution assuming stars to be formed according to a given Pstar formation rate 
(SFR,)) and initial mass function (e.g. a power law IMF: dN /dm = M{ni) cm nf). Specific choices of the SFR 
willl be described in Sect. 6.4. Both stellar and interstellar abundances as a function of galactic evolution 
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t imee / are computed assuming tha t the stellar ejecta are returned and homogeneously mixed to the ISM 
att the end of their lifetimes (i.e. relaxing the instantaneous recycling approximation; see Searle k Sargent 
1972).. A description of the set. of galactic chemical evolution equations used can be found in e.g. Tinslev 
(1980)) and Twarog (1980), see also van den Hoek (1997). 

Wee follow the stellar enrichment of the star forming galaxy in terms of the characteristic element 
contr ibut ionss of Asymptot ic Giant Branch (AGB) stars, SNII and SNIa. This t reatment is justified by the 
specificc abundance pat terns observed within the ejecta of these stellar groups (see e.g. Trimble 1991; Russell 
kk Dopita 1992). A detailed description of the metallicity dependent stellar lifetimes, element yields, and 
remnantt masses is given by van den Hoek (1997) and vanden Hoek k Groenewegen (1997). We compute the 
abundancess of H, He, O, and Fe, as well as the heavy element integrated metal-abundance Z (for elements 
moree massive than helium), during the evolution of the model galaxy. Both the SFR, IMF and resulting 
elementt abundances as a function of galactic evolution time, are used as input for the spectro-photometrie 
evolutionn model described below. 

Boundaryy conditions to the chemical evolution model are the galaxy total mass Mtot. its evolution 
t imee £ev. and the initial gas abundances. Unless stated otherwise, we assume Mtot — 1010 M(„ and / e v = 
144 Gyr. For a given value of Mtot, we normalise the model SFR such that a gas-to-total mass-ratio /t, - 0 . 1 
iss reached at t = tev. Note that solutions of the galactic chemical evolution equations are independent of 
thee ratio of the SFR normalisation and Mtot. Primordial helium and hydrogen abundances are adopted as 
Vpp = 0.232 and X = 0.768 (cf. Pagel k Kazlauskas 1992). Initial abundances for elements heavier than 
heliumm are set to zero. 

Tab lee 6.2 IMF related parameters and stellar enrichment 

77 -2.35 slope of power-law IMF 
(m\,(m\, ?nu) (0.1,60) M 0 stellar mass range at birth 
(m,, -' , ma  ̂ ) (0.8, 8) M 0 progenitor mass range for AGB stars 
(mf N n ) ,, mjNI1) (8, 30) M,:, progenitor mass range for SNII 
(m,, a , m* a ) (2.5, 8) M^ progenitor mass range for SNIa 
.SNIa a ^^ 0-015 fraction of progenitors ending as SNIa 

Wee list the main input parameters in Table 6.2, i.e. the adopted IMF-slope, minimum and maximum 
stellarr mass limits at birth as well as the progenitor mass ranges for stars ending their lives as AGB star, 
SNIa,, and SNII, respectively. For simplicity, we assume the stellar yields of SNIb.c to be similar to those 
off SNII. Furthermore, we assume a fraction i /S N I a = 0.015 of all white dwarf progenitors with initial masses 
betweenn ~ 2.5 and 8 M 0 to end as SNIa. These and other particular choices for the enrichment by 
massivee stars are based on similar models recently applied to the chemical evolution of the Galactic disk 
(e.g.. Groenewegen, van den Hoek k de Jong 1995; van den Hoek k de Jong 1997). We will adopt these values 
alsoo when modelling the stellar enrichment in LSB galaxies. We emphasize that the detailed inclusion of the 
stellarr enrichment in LSB galaxies is impor tan t for their spectro-photometrie evolution and is relevant, for 
thee quali tat ive conclusions presented below. Quanti t ies used in the chemical evolution model are identical 
too those used in the spectro-photometrie evolution part of the model. 

6.3.22 Spectro-photometrie evolution model 

Inn principle, the total luminosity of a galaxy in a specific wavelength interval AA is determined by: 1) the 
contributionn by its stellar content L*, 2) the contribution from the interaction between stars and gas L i sm 

(e.g.. HII-regions, high-energy stellar outflow phenomena, etc.), and 3) the total amount of radiation absorbed 
LLextext (or scattered to wavelengths in- or outside A A) by gas and dust contained within the galaxy: 

^ g a l ( 00 ~ ^* + ^ism — ̂ ext (6.1) 

wheree each term in general is a complex function of galactic evolution time. We concentrate on the stellar 
contr ibutionn and neglect the latter two terms in Eq. (6.1). In this case, the galaxy luminosity within a 
wavebandd AA at galactic evolution t ime t = T can be written as: 

£ g a l ( « = T )) = 

ff  I 
mm00(T-t) (T-t) 

L*L* xx(m,Z(t),T-t)(m,Z(t),T-t) S{t)M{m) dmdt (6'.2) 
mi i 
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wheree TNI denotes the lower stellar mass limit at birth, m0(t) the turnoff mass for stars evolving to their 
remnantt stage at evolution t ime /., and L^x the luminosity of a star with initial mass m, initial metallicity 
Z{t),Z{t), and age (T—t). We assume a separable SFR: $(m,t) — S{t)M(m) where S(t) is the star formation 
ratee by number [yr^1] and M(m) the IMF [ Mw ~ ' ] . By convention, we normalise the IMF as ƒ M(m) d m 
==  1 where the integration is over the entire stellar mass range \m\, m u ] at birth (cf. Table 6.2). 

Start ingg from the chemical evolution model described above, we compute the star formation history 
S(jn,t),S(jn,t), gas-to-total mass-ratio fi(t), and age-metallicity relations (AMR) Z{(t) for different elements i. 
Thus,, at each galactic evolution t ime t the ages and metallicities of previously formed stellar generations are 
known.. To derive the stellar passband luminosity L^x we use a set of theoretical stellar isochrones, as well as 
aa library of spectro-photometic da ta . Stellar evolution tracks provide the stellar bolometric luminosity L^o], 
effectivee temperature Teff, and gravity g, as a function of stellar age for stars with initial mass m born with 
metallicityy Z*. We compute Eq. (6.2) using a spectro-photometric library containing the stellar passband 
luminositiess Lfx tabulated as a function of Teff, Log g, and Z* (see below). 

Wee emphasize that the turnoff mass m 0 (T — t) occuring in Eq. (6.2) depends on the metallicity Z(t) 
off stars formed at galactic evolution t ime t. For instance, the turnoff mass for stars born with metallicity 
ZZ = 1 0 - 3 at a galactic age of fev = 14 Gyr is m 0 ~ 0.8 M(;> (e.g. Schaller et al. 1992). This value differs 
considerablyy from m 0 ~ 0.95 M(0 for stars born with metallicity Z— Z ( ) . Such differences in m 0 affect 
thee detailed spectro-photometric evolution of a galaxy by constraining the mass-range of stars in a given 
evolutionaryy phase (e.g. horizontal branch) at a given galactic evolution t ime. In the models described below, 
wee explicitly take into account the dependence of m0(t) on the initial stellar metallicity Z* (see van den 
Hoekk 1997). 

6.3.33 Stellar evolution tracks and spectro-photometric data 

Wee use the theoretical stellar evolution tracks from the Geneva group (e.g. Schaller et al. 1992; Schaerer 
ett al. 1993). These uniform grids are based on up-to-date physical input (e.g. opacities, nuclear reaction 
rates,, mixing schemes, etc.) and cover large ranges in initial stellar mass and metallicity, i.e. m = 0.05 — 
1200 Mc.. and Z= 0.04 — 0.001, respectively. These tracks imply a revised solar metallicity of Z ( ) = 0.0188 
withh y(.) = 0.299, and AY/AZ — 3.0 for a primordial He-abundance of Yp = 0.232. For stars with m > 
77 M (), these tracks were computed until the end of central C-burning, for stars with m = 2—5 M(., up to 
thee early-AGB, and for m < 1.7 M e up to the He-flash. For stars with m ^ 0 . 8 M(;), we used the stellar 
isochronee program from the Geneva group (Maeder & Meynet, private communicat ion) . 

Too cover the latest stellar evolutionary phases (i.e. horizontal branch (HB), early-AGB, and AGB) 
forr stars with m <i 8 M 0 , we extended the tracks from Schaller et al. with those from Lattanzio (1991; 
HBB and early-AGB) for m ~ 1 — 2 M^ , and from Groenewegen h de Jong (1993; early-AGB and AGB) for 
7?ii ~ 1—8 M(:,. These tracks roughly cover the same metallicity range as the tracks from the Geneva group. 
Thee synthetic AGB models from Groenewegen fe de Jong were succesfully applied to AGB stars both in 
thee Galactic disk and Magellanic Glouds (see also Groenewegen, van den Hoek h de Jong 1995). Special 
at tentionn has been paid to smoothly fit together these distinct da ta sets. Gorresponding isochrones were 
computedd at a carefully selected logarithmic grid of stellar ages, well covering galactic evolution times up to 
/ e vv ~ 14 Gyr. Isochrones are linearly interpolated in m, log Z, and log /. 

Thee spectro-photometric da ta library tha t we use is based on the Revised Yale Isochrones and has 
beenn described extensively by Green et al. (1987). These da t a include stellar UBVRI Johnson-Cousins 
magnitudess covering the following ranges in Tett-[K] — 2800 to 20000, log g [cm s - 2 ] = -0 .5 to 6, and log 
(Z/%(•))(Z/%(•)) ' 2.5 to +0 .5 . Corresponding spectro-photometric da t a for stars with Teff > 20000 K have been 
adoptedd from Kurucz (1979) at solar metallicity, covering Teff = 20000 - 50000 K. 

6.44 Model tuning, uncertainties, and selection 

6.4.11 Model calibration 

Forr the photometric evolution model discussed in the previous section, we show in Fig. 6.2 the evolution of 
thee (U—B), (B—V), (V—R), (V—I) colors, and the stellar mass-to-light ratio M* / L t o t , of a single stellar 
populationn formed at t = 0 with initial stellar metallicities Z — 0.02, 0.008, and 0.001, respectively. We note 
thatt our models are dust-free and have been computed at a t ime resolution of log (Af[yr]) ~ 6 ) . 

Wee compare the model adopted in this paper with the recent photometric evolution models presented 
byy Worthey (1994) and Bressan et al. (1994). In brief, the model of Worthey includes the metallicity 
dependentt stellar evolution tracks of van den Berg (e.g. 1985) up to the base of the red giant branch (RGB), 
thee Revised Yale Isochrones (Green et al. 1987) up to the tip of the RGB, and post RGB tracks from 
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differentt l i terature sources. The model of Bressan et al. comprises a homogeneous library of inetallicity 
dependentt stellar evolution tracks up to the end of the early AGB (or the onset of central carbon ignition) 
presentedd by Alongi et al. (1993) and Bressan et al. (1994). Both models use the stellar spectral flux library 
fromm Kurucz (1992) and determine colors and magnitudes by convolution of the integrated spectral energy 
dis tr ibut ionn of a stellar population with the UBVRI pass-band filters. 

Comparisonn of the UBV colors predicted by the model used in this paper with those given Worthey 
(1994)) and Bressan et al. (1994) reveals that these models provide very similar results. Note that the 
selectedd colors in general become bluer with decreasing initial metallicity (inetallicity effects in the R and I 
bandd are usually small; see also Worthey 1994). Particularly good overall agreement is found between the 
photometr icc results of Worthey and tha t developed by us (even though distinct libraries of stellar isochrones 
weree used). 
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F i gu r ee 6.2 Theoretical UBVRI colors and stellar mass-to-light ratio evolution of a single stellar population with 
initiall metallicity Z =0.02 (left panels), Z = 0.008 (center), and Z = 0.001 (right panels). Photometric evolution 
modelss refer to: Worthey (1994, full circles), Bressan et al. (1994, clashed lines), this paper (solid curves) 

Inn general, the Bressan et al. model predicts R and I band magnitudes that are somewhat brighter 
(~~ 0 . 1 -0 . 4 mag) at ages £ 1 Gyr at Z = 0.02 (and at ages £ 0.1 Gyr at Z &  0.008) than predicted by the 
otherr models. This is due to the fact tha t Bressan et al. used the Johnson RI filter passbands (as supplied 
withh the Kurucz 1992 distribution) which are known to result in ( V - R j ) and (V—Ij) colors that are too 
redd for cool stars (see e.g. Worthey 1994). The stellar mass-to-total light ratios vs. log Age predicted by 
thee different models are in good agreement. Variations in M/L t o t with metallicity are found negligble. In 
contras t ,, mass-to-light ratios for different passbands show a strong metallicity dependence, which reverses 
whenn going from blue to near-IR colors (Worthey 1994). 
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Althoughh a detailed description of the tuning and calibration of the adopted photometric model is 
beyondd the scope of this paper, we note that the model has been checked against various observations 
includingg integrated colors and magnitudes, luminosity functions, and color-magnitude diagrams of Galactic 
(andd Magellanic Cloud) open and globular clusters covering a wide range in age and metallicity. 

Ass an example, we show in Fig. 6.3 resulting color-magn ; tude diagrams for a Monte-Carlo simulation 
off the Galactic disk open cluster M67. We used the stellar photometry da ta (mainly from the Geneva group) 
describedd in Sect. 3.3. For M67, we assumed an age of 3.5 Gyr and metallicity Z = 0.016. These values 
aree consistent with observations which suggest that M67 is a solar metallicity cluster with an age of ~ 4 Gyr 
(seee Montgomery .et al. 1993). Furthermore, a binary fraction of ~ 7 5 % (see Sect. 3.3.6) was assumed (for 
binariess with mass-ratios n^/nii ^ 1) and we adopted an extinction in the direction of M67 of E(B—V) — 
0.055 mag as indicated by the observations. 

Fig.. 6.4 shows the corresponding color-magnitude diagrams observed for M67 presented by Mont
gomeryy et al. (1993). Very good agreement is found between the predicted and observed color-magnitude 
diagramss of M67 cluster stars. In particular, the precise location and shape of the main-sequence turnoff 
pointss as well as the locations of the red giant branches are well reproduced by the models. Note that 
thee detailed positions of the cluster stars in the color-magnitude diagrams can be compared (i.e. not the 
relativee number of stars of a given V magnitude since the model stars were not weighed by the IMF). Similar 
calibrationn tests were performed suecesfully for open and globular clusters covering a wide range in age 
andd metallicity. In general, good agreement was found between the predicted and observed color-magnitude 
diagramss of the clusters studied. We note that analogue comparisons have been presented e.g. by Worthey 
(1994)) and Bressan et al. (1994). 

6.4.22 Uncertaint ies and l imitations 

Althoughh the previous comparison demonstrates that the adopted stellar evolution data are essentially 
correctt and reliable, several uncertainties and sources of errors are involved in the photometric evolution 
model.. These are related to the detailed assumptions and interpolations made in the evolutionary tracks 
usedd (e.g. amount of overshooting, mixing lengths, convection, nuclear reaction rates, etc.), and to the 
calibrationn of the stellar fluxes, magnitudes, and colors in the spectral library (e.g. temperature, gravity, 
chemicall composition). Both the adopted stellar evolution tracks and stellar spectro-photometric library 
(accuracyy and input physics, grid-range and interspacing, included stellar evolutionary phases, spectral 
range)) determine to a large extent the final galaxy magni tude and color evolution. In addition, errors may 
arisee because of differences in the filter transmission curves used to calculate synthetic magnitudes and those 
usedd with observations of e.g. galaxies (e.g. Bessell 1979). 

Apartt from these sources of errors, which are inherent to any photometric model used to predict the 
spectrall evolution of a galaxy according to a given star formation history and chemical evolution, there 
aree several uncertainties involved with the importance of binary stars, extinction, the detailed stellar mass 
functionn at birth and lower mass cutoff, initial element abundances (e.g. helium, oxygen) at a given metal
licity,, and the inclusion of late stages of stellar evolution which are relatively uncertain (e.g. post ACB and 
Wolf-Rayett stages). Although a detailed discussion of the above uncertainties is beyond the scope of this 
paperr (see e.g. Worthey 1994; van den Hoek 1997), we do not expect these to alter the qualitative conclusions 
presentedd below. Overall, the models above are in good agreement with many independent aspects of stellar 
evolutionn theory which provides confidence for their application to more complex systems such as galaxies. 

Nevertheless,, the influence of binaries and the adopted IMF on the photometric evolution results may 
bee relevant for the photometric evolution of LSB galaxies compared to that of HSB galaxies. Therefore, we 
willl briefly address these effects when discussing model results below. 

6.4.33 Model selection and propert ies 

Wee present results for the chemical and spectro-photometric evolution model discussed in the previous 
section.. We start from a model LSB galaxy with initial mass Mg(/ == 0) = 1010 M(.}, initially metal-free and 
voidd of stars. The chemical and photometric evolution of this galaxy are followed during evolution t ime tev 

—— 14 Gyr, assuming one of the theoretical star formation histories discussed below. Unless stated otherwise, 
wee assume that stars are formed according to a Salpeter (1955) IMF (i.e. 7 = —2.35) with stellar mass limits 
att birth between 0.1 and 60 M,> (cf. Table 6.2). 

AA basic set of star formation histories is used to see how these models behave with respect to the 
observedd properties of LSB spirals discussed in Sect. 6.2. The following functions of the SFR with galactic age 
aree considered: 1) constant, 2) exponentially decreasing, 3) linearly decreasing, 4) exponentially increasing, 
andd 5) linearly increasing. Normalized SFRs and resulting age-metallicity relations are shown in Fig. 6.5. 
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Figur ee 6.3 Monte-Carlo simulation of the Galactic disk open cluster MG7. Resulting V vs. (B—V) and V vs. (V—I) 
distributionss are shown for a single stellar population born with Z = 0.016 and age 3.5 Gyr. An extinction of E(B-V) 
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increasingg (dot-dashed). SFRs have been normalised to a current gas-to-total mass-ratio ;<i =0 . 1 . 

Tablee 6.3 Basic set of star formation models (pi = 0.1 and Mtot = 1010 M Q , unless noted otherwise) 

(1) ) 

Al l 
AA 2 
A3 3 
Al l 

151 1 
B2 2 
B3 3 
B4 4 

0 0 
1) ) 
E E 

F F 

(2) ) 
Model l 

Exp.. decreasing 

" " 
" " 
n n 

Constan t t 

" " 
" " 
" " 

Exp.. decreasing 
Lin.. decreasing 
Exp.. increasing 
Lin.. increasing 

(3) ) 
< S F R > > 

[M 0 0 

0.93 3 
0.52 2 
0.69 9 
1.08 8 

0.89 9 
0.49 9 
0.G8 8 
1.08 8 

0.90 0 
0.90 0 
0.85 5 
0.87 7 

(4) ) 
SFR , , 

y r ~ l ] ] 

0.17 7 
0.09 9 
0.13 3 
0.20 0 

0.89 9 
0.49 9 
0.68 8 
1.08 8 

0.07 7 

0.60 0 
3.06 6 
1.74 4 

(5) ) 
o o 

0.18 8 
0.18 8 
0.18 8 
0.18 8 

1. . 
1. . 

1. . 
1. . 

0.08 8 
0.67 7 
3.4 4 
2.0 0 

(6) ) 
[O/H], , 

+0 .3 3 
- 0 . 2 5 5 
- 0 . 9 9 
+0 .5 5 

+0 . 3 3 
- 0 . 2 5 5 
- 0 . 9 9 

+0 .5 5 

+0 .3 3 
+0 .3 3 
+0 . 3 3 

+0 . 3 3 

(7) ) 
Ntot t 

3.6(10) ) 
2.1(10) ) 
4.7(10) ) 
2.2(10) ) 

3.4(10) ) 
2.1(10) ) 
4.7(10) ) 
2.2(10) ) 

1.1(11) ) 
3.5(10) ) 
3.3(10) ) 
3.3(10) ) 

(X) ) 
LB B 

[ L 0 , B ] ] 

3.6(9) ) 

2.3(9) ) 
1.6(9) ) 
5.2(9) ) 

1.0(10) ) 
6.4(9) ) 
3.7(9) ) 
1.7(10) ) 

2.3(9) ) 
7.6(9) ) 
2.8(10) ) 
1.8(10) ) 

(9) ) 
Mmm / LB 

[M.oL-yj j 
0.16 6 
1.56 6 
0.45 5 
0.16 6 

0.03 3 
0.58 8 

0.21 1 
0.04 4 

0.32 2 
0.10 0 
0.03 3 

0.04 4 

(10) ) 
IMF /SFR R 

77 = - 2 . 3 5 , ( + ) 
7 == - 2 . 35 , ( + , 1) 

77 = - 3 , ( + ) 
IMF:: *, ( + ) 

77 = - 2 . 3 5 
77 = - 2 . 3 5 , (1) 

77 = - 3 

IMF:: * 

7 == - 2 . 3 5 , (x) 
7 == - 2 . 3 5 
7 == - 2 . 3 5 
7 == - 2 . 3 5 

Kroupaa et al. IMF (1992) assumed; ( + ) rsfr = 5 Gyr; (x) rsfr = 4 Gyr; (1) /n = 0.5 

Forr each model, the ampli tude of the SFR is chosen such that a present-day gas-to-total mass-ratio /<| = 
0.11 is achieved (indices 1 and Ü will be used to refer to current and initial values, respectively). 

Inn columns (2) to (6) of Table 6.3, we list the functional form of the SFR., average past and current 
SFRs,, the ratio of current and average past SFRs a, and the present-day oxygen abundance by mass. It, can 
bee verified that the average past, SFR, (SFR) = 0.9 M,., iss roughly the same for all models ending at 
/(ii = 0.1, assuming a Salpeter IMF and Mg(t = 0) — 10 M,.,. In contrast, present-day SFRs range from 
SFRii = 0.07 to 3 M(:, y r~ ' and in fact determine the contribution by young stars to the integrated light, 
off the model galaxy (see below). Current oxygen abundances predicted are [O/H] i~+0 .25 and are mainly 
determinedd by ft\, the IMF, and the assumed mass limits for SNII (cf. Table 6.3). 

Beforee comparing different, SFR models with available observational da ta on LSB galaxies, we consider 
thee photometric evolution of the constant, and exponentially decreasing SFR models in some more detail. 
Figg 6.6 shows the evolution of the total number of MS and post-MS stars for the exponentially decreasing 
SFRR model. The current, total number of MS stars is roughly 4 1010, compared to ~ 1 0 8 post-MS stars (all 
phases)) and ~ 3 104 (AGB stars only). Mean stellar luminosities for stars in distinct, evolutionary phases 
decreasedd over the past 10—12 Gyr by about, one order of magnitude for MS, RGB, and HB stars while 
remainingg relatively constant for early-AGB (EAGB) and AGB stars. The present-day mean luminosity of 
starss on the MS is ~ 1 0 _ 1 Lw compared to ~ 1 0 4 L;:, for AGB stars. Summing over all phases, the product 
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off total number of stars and mean stellar luminosity, shows that the current bolornetric galaxy luminosity is 
determinedd mainly by MS stars (LMS ~ 4 109 L(.;). In particular, AGB stars (LAC;B ~ 108 L,.,) are relatively 
un impor tan t .. This is characteristic of the constant and exponentially decreasing SFR models discussed here. 

Forr the exponentially decreasing star formation model discussed in Fig. 6.6, we show in Fig. 6.7 the B 
andd I-band magnitudes of stars in distinct evolutionary phases. As for the total galaxy luminosity, MS stars 
generallyy dominate in the B-band. However, within the I-band, RGB and HB stars are nearly as important 
ass MS stars, at least at late stages of galactic evolution. Due to the cooling of old, low-mass MS stars as well 
ass the contribution by RGB and HB stars increasing with galactic age, the current total I-band magnitude 
iss considerably brighter than that in the B-band. We emphasize that this qualitative model behaviour is 
insensitivee to the adopted star formation history (for e-folding times larger than 3—5 Gyr) but instead is 
determineddetermined by the assumed IMF and the stellar input data used (e.g. lifetime in each evolutionary phase, 
stellarr evolution tracks, etc). Thus, constant star formation models exhibit a similar behaviour apar t from 
beingg brighter by about one magnitude in all passbands at later evolution times (cf. Fig. 6.7). 
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Fig.. 6.8 illustrates the sensitivity of broadband colors to the galactic star formation history for constant 
andd exponentially decreasing SFR models. It can be seen that the colors considered increase with galactic 
agee (most rapidly in U— I). In general, differences between colors such as (U—B), (B—V), and (R— I) for 
distinctt SFR models are less than the variations of these colors with age for a given model, the largest 
differencess occuring in (U—I) and (B—V). Also, assuming a galactic age since the onset of star formation of 
e.g.. 8 instead of 14 Gyr has limited effect on the resulting galaxy colors (e.g. less than 0.1 mag in B —V), even 
thoughh absolute magnitudes are substantially altered (cf. Fig. 6.7). We like to emphasize that both age and 
extinctionn effects can result in substantial reddening of the colors of a stellar population in almost the same 
mannerr and it is difficult to disentangle their effects on the basis of photometry da ta alone. Glearly, galaxy 
colorss alone are not well suited to discriminate between distinct SFR models, even when internal extinction 
iss low and other reddening effects are negligble (see below). 

Fig.. 6.9 demonstrates that the contribution by post-MS stars to the mean colors of a stellar population 
iss usually limited to a few tenths of a magnitude. Therefore, the use of (B—V) and (R—I) colors as mean age 
indicatorr of the dominant stellar population is valid for the dust-free models discussed here (cf. Fig. 6.8). 
Inn particular, the mean age of an unreddened stellar population increases with (R— I), provided that AGB 
starss are negligible contributors to this color. Note that the detailed (R— I) vs. age relation given in Figs. 
6.88 and 6.9 depends on the assumed IMF, SFR, and stellar evolution data used. 
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F i gu r ee 6.9 Exponentially decreasing SFR models: broadband (B—V) and (R—I) colors vs. galactic age. Mean colors 
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6.4.44 More detailed predictions 

Fig.. 6.10 illustrates in detail the properties (i.e. the luminosities, colors, effective temperatures, abundances, 
andd masses) of the present-day stellar population predicted by the exponentially decreasing SFR model (rsfr 

== 5 Gyr) ending at /<] = 0 . 1 . Results are shown for stars in different evolutionary phases from the main-
sequencee up to the AGB by means of a Monte-Carlo simulation. This figure serves to illustrate the main 
characteristicss of the present-day stellar populations (with ages 14 Gyr) predicted by our models and can 
bee compared both with observations and other spectro-photometric evolution models. Very similar results 
aree obtained e.g. for exponentially decreasing SFR models ending at (.t\ = 0.5 or constant SFR models. 

Fig.. 6.11 shows the corresponding luminosity, color, mass, and metallicity distributions for the present-
dayy main-sequence stellar population shown in Fig. (5.10. Again, these distributions (such as the mass and 
luminosityy function of main-sequence stars) can be compared directly to observations whenever such data 
iss available. We emphasize that these distributions do not depend strongly on the adopted star formation 
historyy since the dis tr ibut ions are normalised to all stars (ever formed in the model galaxy) that are nowadays 
onn the main-sequence. In contrast, these distributions are very sensitive to the stellar IMF at birth and, in 
principle,, can be used to constrain the IMF. 

Inn Fig. 6.12 we show the resulting present-day luminosity and number contributions of stars in different 
evolutionaryy phases as function of their age (corresponding to the results discussed in Figs. 6.11 and 6.10). 
Forr instance, Fig. 6.12 demonstra tes tha t main-sequence stars younger than ~ 1 Gyr contribute nearly 75% 
too the total present-day U band luminosity of all main-sequence stars. Similarly, the contribution of main-
sequencee stars younger than 1 Gyr to the I band is less than ~ 2 5 % . These results can be used to estimate the 
contr ibut ionn of young stars to the present-day galaxy luminosity in a given wave band which, in principle, 
alsoo can be determined observationally. Such observations provide valuable constraints to the underlying star 
formationn history and stellar IMF at birth of the present-day stellar populations in galaxies. For comparison, 
Fig.. 6.13 illustrates the same results for the constant SFR. model ending at //, = 0.1 (see Fig. 6.5) and 
revealss the sensitivity of the present-day luminosity distributions of stars in different evolutionary phases to 
thee underlying star formation history. 

ii : 



6.46.4 Model tuning, uncertainties, and selection 245 5 

en n 
O O 

CD D 

en n 

MS+RGB+HB+EAGB+AGB B 
14.00 Gyr 

•»••, , 
* * , , 

^ ^ 

44 3 

Logg Teff [K] 

MS+RGB+HB+EAGB+AGB B 
11 4.0 Gyr 

jtfJ'J&tA. jtfJ'J&tA. 

Logg Teff [K] 

5 5 

0 0 

5 5 

: : 

--

i i 

MS+RGB+HB+EAGB+AGB B 
14.00 Gyr 

| |&g^a^Aff i8& & 

jRCl& & 
> > 

/ / 

( ( 
i i 

A A 

! ! 

A A 

I I 

--

--
^ ^ 
" " 

; ; 

--

Masss [ M „ ] 

MS+RGB+HB+EAGB+AGB B 
14.00 Gyr 

.*«« . ï« <^\v£f*.V4.C>4 
- 11 0 

Logg ( Z / Z 0 ) 

-10 0 

- 5 5 

0 0 

5 5 

10 0 

15 5 

2 0 0 

2 55 h 

MS+RGB+HB+EAGB+AGB B 
14.00 Gyr 

tt v 

(BB - V)r 

4 4 

2 2 

0 0 

' ' 1 1 

-- MS+RGB+HB + EAGB+AGB 
14.00 Gyr 

-- , , , i 

.;.S:#:3» » 

--

A A 
** J?* 

0®^ 0®^ 

i l i " " 

i n n 

I I 

Z> > 

- 1 0 0 

- 5 5 

0 0 

55 FT 

10 0 

15 5 

20 0 

25 5 

44 -

22 -

00 -

MS+RGB+HB+EAGB+AGB B 
14.00 Gyr 

\ \ 

' & & 

22 4 

( UU - B ) 0 

MS+RGB+HB+EAGB+AGB B 
14.00 Gyr 

(BB - V)c (BB " V)0 

F i g u r ee 0.10 Predicted propert ies of individual s tars in different evolutionary phases a t galactic age tev =14 Gyr in 
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theirr present-day evolutionary phase (i.e. no IMF or SFR weighing was applied). For each phase, the propert ies of 
~1000 s tars were plot ted as follows: MS (full circles), RGB (open circles), HB (crosses), EAGB (open triangles), and 
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F i g u r ee G.12 Resulting present-day luminosity (and number) contr ibut ions as a function of stellar age for s tars in 
differentt evolutionary phases. Results are shown in case of the e x p o n e n t i a l ly d e c r e a s i ng S FR model (rsfr = 5 
(Syr)) ending at /<i = 0.1. Both normalised (solid curve) and cumulative (thick solid) distributions of ( left t o r igh t ) 
U,, B, V, R, I, Ltot, and Ntot are plot ted for: ( t op t o b o t t o m) MS, RGB, HB, EAGB, AGB, and all ( T O T ) s tars . 
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F igu r ee 6.13 Resulting present-day luminosity and number contributions as a function of stellar age for stars in 
differentt evolutionary phases. Results are shown in case of the cons tan t S F R model (rsfr = 5 Gyr) ending at ,(, = 
0.1.. Both normalised (solid curve) and cumulative (thick solid) distributions of (left to r ight) U, B, V, K, I. L,ot, 
andd Ntot are plotted for: ( top to bo t t om) MS, RGB, HB, EAGB, AGB, and all (TOT) stars. 
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6.55 Results 
Wee confront the basic set, of star formation models discussed in the previous section with the complete set 
off observations available for LSB galaxies, including UBVRI broadband photometry, present-day Hi masses, 
gas-to-totall mass-ratios, and [O/H] abundances. We are primarily interested in global differences between 
thee star formation history of LSB and HSB spirals. However, we a t tempt to extend some of our results to 
thee sample of dwarf irregulars discussed in Sect. 6.2. In this section, we restrict ourselves to an investigation 
off model parameters related to the global galactic star formation history for a few standard SFR models. 
Inn the next sections, we consider the impact of small ampli tude bursts on the photometric evolution of LSB 
galaxiess and discuss what our results imply for each of the galaxy samples. 
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Figuree C.14 Exponentially decaying SFR model: photometric and chemical evolution results. Curves have been 
drawnn for initial galaxy masses Mg(t=0) = 108, 10°, and 1010 M<:,. For the M g ( t=0)= 10° M 0 model, arrows 
indicatee evolution times of 1, 2, 4, 8, and 14 Gyr, respectively, Symbols refer to the following galaxy samples: face-on 
HSBB spirals (dots; de Jong k van der Kruit 1994), LSB spiral galaxies (triangles; de Blok et al. 1995), and dwarf 
irregularss (crosses; Melisse and Israel 1994). Typical observational errors are shown in the bottom left of each panel. 

6.5.11 Star formation history of LSB vs. HSB galaxies 

Predictionss of exponentially decreasing SFR models are usually found in good agreement with observations of 
HSBB galaxies with different e-folding times for different Hubble types (e.g. Larson k Tinsley 1978; Guiderdoni 
kk Rocca-Volmerange 1987: Kennicutt 1989; Bruzual k Chariot 1993; Fritze-v. Alvensleben k Gerhard 1994). 

Inn Fig. 6.14 we concentrate on the exponentially decreasing SFR model SFRoc exp(—i/rsf r) with rsfr 

== 5 Gyr ending at a present-day gas-to-total mass-ratio of/ / i = 0.1 (appropriate to the Galactic disk; e.g. 
Claytonn 1988). For this model, the chemical and spectro-photometric evolution have been followed during 
thee last 14 Gyr. A value of ft]  — 0.1 was achieved by scaling the ampli tude of the SFR accordingly. Model 
resultss are considered for the range of initial galaxy masses appropriate to LSB spirals, i.e. Mg(t — 0) ~ 
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10** - 1010 Mf.j, in such a way tha t the ratio SFR.(t=0) / Mg(f = 0) remains constant. Note that galaxy 
colorss and abundances are not affected by such scaling while, in contrast, absolute magnitudes and final gas 
massess scale with the adopted value of Mg( / = 0) (as indicated by the distinct curves shown in each panel 
off Fig. 14). 

L S BB ga lax ies 

F'resent-dayy (B —V) and (R—I) colors for the exponentially decreasing SFR model are 0.6 and 0.5 mag, 
respectively.. These colors agree reasonably well with the reddest values observed for LSB galaxies. However, 
manyy LSB galaxies included in Fig. 6.14a exhibit present-day ( B - V ) colors <>  0.5 mag that cannot be 
explainedd by the exponentially decreasing SFR model shown. The same appears true when considering the 
( R - I )) colors (Fig. 6.14b) although these da ta are incomplete relative to the ( B - V ) da ta . Both the colors of 
(BB —V) ^ 0.5 and (R— I) <>  0.4 mag observed for many LSB galaxies indicate the presence of a bright stellar 
populat ionn probably younger than ~ 5 Gyr (cf. Fig. 6.2). Alternatively, metallicity, extinction, IMF, and /o r 
Tsfrr effects may play an impor tant role in determining the (B —V) and (R—I) colors of LSB galaxies. We will 
discusss these possibilities further on in this paper. 

Fig.. 6.14c demonst ra tes that the [O/H] abundances predicted by the exponentially decaying SFR model 
aree much larger than observed in LSB galaxies. Since current metal-abundances are primarily determined 
byy the present-day gas-to-total mass-ratio fi\, this is typical for SFR models ending at fi\ — 0.1 (cf. Table 
6.3).. The large range observed in [O/H] abundances at a given B magnitude (i.e. down to [O/H] = - 1 . 4 ) 
indicatess tha t substant ial variations in stellar enrichment have occured among LSB galaxies. There are 
severall plausible explanat ions for this: 1) LSB galaxies show present-day gas fractions much larger than 
/iii — 0 .1 , 2) the ISM in LSB galaxies has been diluted by metal-poor material (e.g. by metal-deficient gas 
infall),, 3) LSB galaxies exhibit a considerable range in age between 8 and 14 Gyr since the onset of main 
s tarr formation in their disks, and/or 4) LSB galaxies experienced various degrees of stellar enrichment (e.g. 
duee to differences in the IMF and /o r quanti t ies related to SNII enrichment). In the latter case, it would 
bee necessary to explain why stellar enrichment in LSB galaxies would be distinct from that in HSB spirals 
forr which exponentially decaying SFR models predict reasonable abundances (cf. Fig. 6.14c) assuming a 
Salpeterr IM F and SNII  enrichment as described Sect. 6.3. 

Fig.. 6.14d shows tha t exponentially decreasing SFR models ending at /ii = 0.1 are also inconsistent 
withh the total amount of gas Mg ~ 1 .4MHI (corrected for helium) observed in LSB galaxies of a given B 
magni tude ,, provided tha t the present amount of molecular gas in these systems is negligible (see Sect. 6.2). 
Th iss is true for all SFR models in the case of /(i = 0.1 (we exclude the possibility that LSB galaxies are 
youngerr than ~ 1 Gyr; cf. Fig. 6.14d). These results imply tha t the present-day gas-to-total mass-ratios 
inn LSB galaxies are much larger than f.i\ = 0.1 and /o r that substantial amounts of gas have been accreted 
inn these systems during their evolution. Both possibilities are consistent with our findings from the [O/H] 
abundances .. We conclude that exponentially decreasing SFR models ending at f.i\ = 0.1 are inconsistent 
withh the observed properties of LSB galaxies. 

H S BB g a l a x i e s 

F'resent-dayy colors of HSB galaxies with ( B - V ) ^ 0 . 6 and (R-I) i>0.5 mag can be explained by the exponen
tiallyy decreasing SFR model ending at / ^ = 0.1 only when substantial amounts of internal dust extinction are 
incorporated.. The reason is that , even though a single stellar population born at Z=0.02 may become as red 
ass (B—V)~ l . l and (R—1)~0.8 mag (cf. Fig. 6.2), the luminosity contribution by young stellar populations 
(withh ages less than a few Gyr) results in substantial blueing of the galaxy colors. For the same reason, 
valuess of (B — V) ,> 0.65 mag are not predicted by our dust-free models independent of the adopted SFR, 
orr IMF (see below). Therefore, considerable reddening of, in particular, the emission associated with these 
youngeryounger stellar populat ions is required to explain the colors of HSB galaxies. 

Sincee internal extinction in HSB galaxies up to E (B-V) ~0 .5 mag (corresponding to A v ~1 .5 mag) is 
required,, no ma t t e r what the detailed underlying star formation history of these systems is, extinction and 
metallicityy may be one of the main explanations for the differences in color observed between LSB and HSB 
galaxies.. This conclusion is consistent with the well established fact that most extinction in HSB galaxies 
originatess from the galaxy nucleus and spiral arms (see Sect. 6.2), i.e. the sites where star formation and 
luminouss young stellar populations in HSB galaxies are usually observed and which are weakly developed 
orr absent in LSB galaxies. In this manner, LSB galaxies are not remarkably blue compared to HSB galaxies 
butt instead the young stellar populations determining the colors of HSB galaxies appear exceptionally red 
duee to relatively large amounts of internal extinction (and high metallicity). This view is consistent with 
independentt a rguments which suggest tha t reddening by dust in LSB galaxies is relatively unimpor tant 
(Sect.. 6.2) and indicates that at least par t of the color differences between HSB and LSB galaxies are due 
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too effects of extinction. We emphasize that the underlying stellar populations in LSB and HSB galaxies 
aree distinctly different due to marked differences in the chemical evolution of these systems (see below). 
Therefore,, extinction effects, although important , cannot be the entire explanation for the color differences 
observed. . 

Apartt from extinction, reddening effects due to the inclusion of binaries and /or preferential formation 
off low mass stars may play a significant role in determining the colors of individual galaxies. Although a 
detailedd investigation of these effects is beyond the scope of this paper, we have verified tha t reasonable 
correctionss for binaries (by means of an enhanced contribution by post-MS stars) and for variations in the 
stellarr IMF are unable to account for the observed color differences between LSB and HSB galaxies (even 
thoughh such corrections can result in substantial reddening up to ~0.2 mag in (B—V) and ~0.15 mag in 
( R - I ) ;; cf. van den Hoek 1997). 

Figs.. 6.14c and d show that both the [O/H] abundance ratios and present-day gas masses of HSB 
galaxiess can be explained reasonably well by exponentially decreasing SFR models ending at f.i\ ~ 0.1 
(providedd that the upper HSB galaxies in Fig. 6.14d have initial masses as large as M g ( t=0) ^ 1 0 " M^ ) . 

Wee conclude that , in contrast to LSB galaxies, exponentially decreasing SFR models ending at ft] 
== 0.1 generally provide adequate explanations for the star formation history of late-type HSB galaxies 
whenn internal extinction is taken into account. This is consistent with the results from previous evolution 
modelss (with different stellar input data) for HSB galaxies (e.g. Larson & Tinsley 1978; Guiderdoni & 
Rocca-Volmerangee 1987). 

6.5.22 A more detailed comparison 

Inn the previous section, we have argued tha t exponentially decreasing SFR models ending at a present-day 
gas-to-totall mass-ratio /*i = 0.1 are inconsistent with the observed B—V colors, abundances, gas fractions, 
andd gas contents of LSB galaxies. We here extend the set of SFRs considered to models ending at values 
/*!! = 0.025, 0.1, 0.3, 0.5, 0.7, and 0.9, for the various star formation histories shown in Fig. 6.5. 

Color ss and m a g n i t u d es 

Resultss for the exponentially decaying SFR models ending at values of //] <; 0.025 are shown in Fig. 6.15 
(thee ampli tude of the SFR was scaled while maintaining the functional form of the SFR). While the age 
distributionn of the stellar populations is the same for the models shown, present-day (B—V) and (R— I) colors 
aree found to decrease by 0.2 and 0.1 mag, respectively, when going from models ending at /ii = 0.025 to 
~ 11 (cf. Figs. 6.15a,b). This blueing effect is due to the decrease of stellar initial metallicities for models 
endingg at increasingly higher gas fractions. We emphasize that the abundance effect on the galaxy colors is 
substantiall and originates from the metallicity dependent set of stellar evolution da ta used. 

Exponentiallyy decaying SFR models ending at values /fi =0.5—0.7 are in best agreement with the 
(B—V)) and (R— I) colors of a typical LSB galaxy with (B—V) <;0.5 mag. Note that these results can be 
shiftedd towards brighter B magnitudes by assuming initial gas masses larger than M g( i = 0) = 10 i n M^ 
(andd vice versa) while this leaves the resulting colors unaltered (cf. Fig. 6.14). 

Inn principle, single burst SFR models in which all stars were formed about 5 Gyr ago with Z=0.001 
predictt colors of (B—V) = 0.55 and (R— I) = 0.4 mag that are consistent with the typical LSB galaxy colors 
observedd as well (cf. Fig. 6.2). However, as recent star formation is observed in basically all the LSB 
galaxiess in our sample (see below), a prominent stellar population much older than 5 Gyr must be present 
too compensate for the color contributions of the more recently formed stellar populations in these systems. 
Consequently,, single burst models cannot be appropriate for the evolution of LSB galaxies and illustrate the 
needd for roughly exponentially decreasing SFR models to fit the colors of LSB galaxies with (B—V) <;0.5 
mag. . 

Inn contrast, relatively blue LSB galaxies with (B—V) £0 .4 mag cannot be fitted by exponentially 
decreasingg SFR models alone (assuming tev = 14 Gyr) , regardless of their current gas fraction fi\. In these 
bluee LSB galaxies a relatively young stellar population may contaminate the galaxy colors superimposed on 
ann exponentially decreasing SFR. Alternatively, these LSB galaxies may be much younger than ~14 Gyr 
(e.g.. 5—8 Gyr old, cf. Fig. 6.15a) and /o r may have experienced linearly (i.e. more slowly than exponentially) 
decayingg or constant SFRs which generally result in present-day colors of (B—V) £ 0.4 and (R— I) £ 0.35 
mag. . 

Thiss suggests that LSB galaxies can be distinguished in two major groups by means of their colors: 
onee group with (B—V) <i0.5 mag whose colors can be explained by exponentially decreasing SFR models 
(endingg at tev — 14 Gyr) and a second group with (B—V) £0 . 5 mag which shows clear evidence for the 
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F igu r ee 6.15 Photometric and chemical evolution results in case of exponentially decaying SFR models ending at /<] 
== 0.025, 0.3, 0.5, 0.7, and 0.9 for an initial galaxy mass of M s(t=0) = 1010 M 0 (in Fig. 6.15d we show also results 
forr M g ( t=0 )= 109 M 0 ) . Arrows on top of the /n = 0.025 model indicate evolution times of 1, 2, 4, 8, and 14 Gyr, 
respectively.. Observational data as in Fig. 6.14 

presencee of a young stellar population that dominates the luminosity (e.g. these LSB galaxies may have: 1) 
experiencedd their onset of main star formation relatively recently, or 2) experienced a recent burst of star 
formationn on top of an old stellar population; see Sect. 6.6). 

Abundances s 

Thee observed range in [O/H] abundances for LSB galaxies is well explained by exponentially decaying SFR 
modelss with fii  ^ 0 . 3 (cf. Fig. 6.15c). However, constant SFR models ending at /M ^0 . 3 are also consistent 
ass the abundances of elements predominantly produced in massive stars are in general determined by the 
present-dayy gas fraction (.L\ and are insensitive to the detailed underlying star formation history (e.g. Tinsley 
1980). . 

Metal-poorr LSB galaxies with [ 0 / H ] ^ - l probably have experienced low and sporadic star formation 
historiess different from exponentially decaying or constant SFRs (low and constant SFRs appear to be 
excludedd by the colors and gas fractions of these systems; see below). Alternatively, star formation may have 
turnedd on recently. In either case, such galaxies are relatively unevolved and usually have high gas-to-total 
mass-ratios.. A substantial fraction of these metal-poor systems may have accreted considerable amounts of 
metal-poorr gas since the onset of main star formation in their disks, maintaining the low abundances in the 
diskk ISM (see Sect. 6.8). 

Anotherr effect which may play an impor tan t role for the enrichment of LSB galaxies is the stellar IMF. 
Althoughh present observations are inconclusive, the very low gas surface densities observed in LSB galaxies 
mayy result in significantly lower low and high-mass cutoffs of the IMF, i.e. the preferential formation of low 
masss s tars in LSB compared to that in HSB galaxies. For instance, a steep power law IMF with 7 = - 3 
resultss in oxygen abundances of [ 0 / H ] = - 1 at //, = 0.1 (cf. Table 6.3). On the other hand, steep IMF 
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modelss are unable to explain LSB galaxies with the highest relative luminosities and abundances, regardless 
off the assumed SFR history and value of / i j , so that a range of IMFs would be needed to explain the entire 
rangee of abundances observed in LSB and HSB galaxies. 

Wee est imate that at least ~30 % of the LSB galaxies in our sample have very low abundances (i.e. 
[()/H]<>> —1) with respect to their small present-day gas fractions (i.e. /<i ~0.5) and probably experienced 
infalll of substantial amounts of metal-poor gas and /o r have formed stars relatively deficiënt in massive stars . 
Wee will return to these possibilities below. 

G a ss c o n t e n t s 

Present-dayy gas masses observed in LSB galaxies can be well fitted by exponentially decaying SFR models 
endingg at /(] = 0.3 — 0.5 (note that the results can be shifted towards fainter B magnitudes and smaller 
present-dayy gas masses (and vice versa) by varying the adopted value for the initial mass Mg(/ = 0) while 
leavingg predicted colors and abundances unaltered; cf. Fig. 6.15d). This is consistent with the range of 
ft\ft\ i> 0.3 derived from the [O/H] data . Exponentially decreasing SFR models ending at ft\ <; 0.(j are (dearly 
inconsistentt with the observations if we exclude the possibility tha t LSB galaxies are extremely young systems 
withh a stellar population younger than a few (fyr. 

Present-dayy gas masses in combination with the colors and magnitudes observed in LSB galaxies, 
probablyy exclude e.g. constant or slowly decaying SFR models since such models predict present-day gas 
niass-to-lightt ratios that are too small compared to the observations (see below). 
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Figuree 6.16 Comparison of model predicted and observed gas-to-total mass-ratios and total gas masses vs. (B — V). 
TopTop panels: exponentially decreasing SFR models. Bottom panels: constant SFR models. Models with SFR normali
sationss according to /<i = 0.025, 0.1, 0.3, 0.5, 0.7, and 0.0 are shown for an initial galaxy mass of Mg(t=0) = 1010 M(:>. 
Arrowss on top of the /ii = 0.025 model indicate evolution times of 1, 2, 4, 8, and 14 Gyr, respectively. Observational 
dataa as in Fig. G.14 
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Gass fraction s 

Fig.. 6.16 displays the present-clay gas-fraction and total amount of gas vs. ( B - V ) for constant and exponen
tiallyy decaying SFR models. Exponentially decreasing SFR models are able to explain simultaneously values 
off /*i ~ 0.5  0.2, (B -V) ,>0 .5 mag., and MK £ 1 0 9 M,.,, as observed for the majority of the LSB galaxies in 
ourr sample . Over the entire range of possible gas fractions, constant (or increasing) SFR models are clearly 
inconsistentt with the observations provided that : 1) internal extinction in these galaxies is low (i.e. E ( B - V ) 
<><>  0.1 mag; see Sect. 6.2.4), and 2) these galaxies have not recently accreted large amounts of gas, i.e. much 
largerr than that presently observed within their optical disks. In fact, the inclusion of gas infall does not 
al terr this conclusion since the colors predicted by such SFR models remain inconsistent with the observations. 

Forr exponentially decreasing SFR models, we emphasize that (continuous) accretion of mat te r is con
sistentt with the observations as long as: 1) the initial galaxy mass was substantially less than the typical 
dynamicall mass M d y n = 1010 Mf:, currently observed for LSB galaxies (see Table 6.1), and 2) a present-day 
gass fraction /f] = 0.5 2 is predicted. Thus, the gas reservoir at. the time of onset of main star formation 
inn LSB galaxies may have been substantially less than that estimated from their present-day amounts of gas. 

Similarr conclusions can be reached when the gas mass-to-light ratio is considered (see below). Unfortu
nately,, LSB galaxies for which reliable gas fractions are currently available are biased towards relatively red 
LSBB galaxies with (B—V)£ 0.5 mag. A few LSB galaxies with ( B - V ) £0 .4 mag, however, may be best fitted 
byy constant SFR models (or exponentially or more slowly decreasing SFR. models with the contribution of 
ann addit ional young stellar population superimposed). 

Gass mass-to-l ight ratio s 

Fig.. 6.17 demonst ra tes tha t exponentially decreasing SFR models ending at //i ~0 .5 are in good agreement 
withh the observed atomic hydrogen mass-to-light ratios Mm / LB as well, in contrast to constant (or slowly 
decreasing)) SFR models. 

Consequently,, our earlier finding that it is possible to distinguish the SFR history of LSB galaxies on 
thee basis of their colors probably can be interpreted only in a manner consistent with their mass-to-light 
rat ios,, if most of the LSB galaxies with (B—V)£0.4 mag experienced exponentially (or somewhat less rapidly) 
decreasingg SFRs with an additional luminosity and color contribution from a young stellar population. This 
findingg essentially excludes constant SFR models for the majority of the LSB galaxies in our sample. 

Thee high MHi / LB ratios and the large values of/^ observed for LSB galaxies can be interpreted in 
t e rmss of slow evolution due to low rates of star formation and /o r large amounts of gas infall since the onset. 
off s ta r formation. Infall would be consistent also with the relatively low abundances observed in some LSB 
galaxiess with respect to their gas fractions. 

Ass discussed in Sect. 6.2, the present-day gas fraction /ij used in this paper provides a hard lower limit 
too the actual gas-to-total mass-ratio within the optical radius of a LSB galaxy. In fact, the total amount 
off gas available for star formation within LSB galaxies may be much larger than tha t present, within their 
opticall radii. This may be due to accretion of mat te r from beyond their optical disk and /o r infall of mat ter 
fromm large scale heights onto the disk. In either case, this would shift da ta points to the upper left in the 
M H II / LB vs. /ij d iagram. However, from the agreement between the MH . / LB vs. ( B - V ) da ta observed 
andd t ha t predicted by exponentially decreasing SFR models ending at / / ]= 0 .3-0 .7 for the majority of the 
LSBB galaxies in our sample, we argue tha t the observationally determined gas fractions of fn ~ 0.5 are 
probablyy accurate within ~50%. Some exceptions include the LSB and dwarf galaxies with MH ] / LB k, 2 
forr which gas fractions of /*i £ 0.5 are likely underestimated by factors 2 - 3 . This conclusion is insensitive 
too whether infall is involved or not (as long as /*,= 0.3-0.7 and M t ot ~ 1010 M(., at present) but depends 
onn our assumpt ions of rsfr = 5 Cyr, *ev = 14 Cyr, and E (B-V) £ 0.1 mag for LSB galaxies. 

AA possibility to reproduce the observed colors and MH, / LB ratios of LSB galaxies by constant or slowly 
decreasingg SFR. models would be if the contribution by post main-sequence stars to the galaxy integrated 
colorss is considerably underst imated in our models (e.g. due to IMF effects, binary inclusion, see Sect. 6.5.1). 
However,, the predicted Hi rnass-to-light ratios for such models would lie far below those observed and large 
amoun t ss of infall would be needed to compensate for this effect. Since the stellar evolution data used in 
ourr models is comparable to that of other recent photometric evolution models (see Sect. 6.4), a significant 
underes t imatee of the post-MS star contributions to the galaxy colors appears improbable. Therefore, it 
seemss safe to conclude tha t constant and slowly (e.g. linearly) decreasing SFR models are appropriate only 
forr a very small fraction (£10-15 %) of the LSB galaxies in our sample. 

Thee main reason to conclude tha t constant and slowly decreasing SFR models are inconsistent with 
thee observed photometr ic and chemical properties of LSB galaxies is based on the assumption of negligible 
amoun t ss of dust extinction in these systems. However, if a considerable fraction of the LSB spirals in 



6.56.5 Results 255 5 

22 -

--

• • 

--

--

II I 1 I I I 1 1 I . 

--
11 ' 1 . 

11
 

1 
L_

 

xx A X 

MM A. . 

" .. 1 . . . . 1 

11 0.5 0 
Gass frac 

33 -

22 -

00 -

CD CD 

11 -

00 -

0.55 0 
Gass frac 

Figuree 6.17 Evolution of Mm / LB VS. (B —V) (left) and Mm / LB VS. H\ (right). Top panels: exponentially 
decreasingg SFR models, bottom panels: constant SFR models. From bottom to top, curves are shown for models 
endingg at increasing gas fractions tii = 0.1, 0.3, 0.5, and 0.7, respectively. Arrows on top of the /ii = 0.1 model 
indicatee evolution times of 1, 2, 4, 8, and 14 Gyr, respectively. Observational data as in Fig. 6.16 

ourr sample would suffer from extinctions of E(B — V) = 0.1 — 0.25 mag, the Mm / LB ratios predicted by 
constantt SFR models would increase by a factor 1.4—2.5 after correction for internal extinction. In this 
manner,, constant and slowly decreasing SFR models ending at gas fractions fi\ = 0.3 — 0.7 after ~14 Gyr 
couldd also explain relatively red LSB galaxies with (B—V) <; 0.5 mag and Mm / LB ratios as large as 
~1 . 5 .. However, we have argued in Sect. 6.2 that internal extinction in LSB galaxies is unlikely to exceed 
E(B—V)~0.11 mag so that slowly decreasing and constant SFRs appear inconsistent with most of the LSB 
galaxiess in our sample. 

Too summarize, we find that exponentially decreasing SFR models ending at /<i = 0.3 — 0.7 are in 
optimall agreement with the colors, magnitudes, [O/H] abundances, gas contents, and mass-to-light ratios 
observedd for LSB galaxies with (B—V) ^0 .45 mag. For some of the LSB galaxies in our sample, the observed 
[O/H]] abundances (as well as present-day gas contents) indicate that accretion of substantial amounts of 
metal-deficientt gas has occured since the onset of star formation in their disks. Blue LSB galaxies with 
(BB —V) £>0.45 mag cannot be fitted by exponentially decreasing SFR models without an additional light 
contributionn from a young stellar population. Alternatively, such LSB galaxies have experienced constant 
SFRs,, SFRs more slowly decreasing than exponentially, or may be much younger than 14 Gyr. We presented 
argumentss in favour of the possibility that such LSB galaxies experienced exponentially decreasing SFRs 
ass well but with recent epochs of enhanced star formation. We will consider this possibility in more detail 
below. . 
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6.66 Recent star formation in LSB galaxies 

6.6.11 Luminosi ty contr ibut ion by H II regions in LSB galaxies 

Wee investigate the contribution of young massive stars to the integrated colors and magnitudes of LSB 
galaxies.. To this end, we select all Hll regions that can be identified by eye, either from the Ha or R-band 
CCDD images, and add up their total luminosity in a given passband. We define 7)\ as the ratio of this Hi I 
regionn integrated luminosity and the luminosity of the hosting LSB galaxy. In this way, the brightest and 
largestt Hll regions within each LSB galaxy are easily traced although some Hll regions may be missed due 
too extinction and selection effects (see below). The Hit regions identified contain recently formed, massive 
OBB stars t ha t are hot and luminous enough to ionize the surrounding ISM. 

Tab lee 6.4 Observed broadband contributions by Hll regions in LSB galaxies and derived SFRs 

(1) ) 
Name e 

F561-1 1 
F563-1 1 

F563-V1 1 
F564-V3 3 

F565-V2 2 
F567-2 2 
F568-1 1 

F568-3 3 
F568-V1 1 

F571-5 5 
F571-V1 1 

F574-2 2 
F577-V1 1 

U128 8 
U628 8 
U1230 0 

(2) ) 

# # 

15 5 
12 2 
4 4 
16 6 
4 4 

9 9 
4 4 
7 7 
11 1 
10 0 

5 5 
4 4 
14 4 
17 7 
26 6 
24 4 

(3) ) 
B B 
mag g 

-14.4 4 
-13.6 6 
-12.3 3 
-8.7 7 
-11.1 1 

-14.3 3 
-13.4 4 
-14.5 5 
-15.4 4 
-14.2 2 

-13.1 1 
-13.3 3 
-15.7 7 
-14.7 7 
-15.7 7 
-14.7 7 

(4) ) 
I I 
mag g 

-15.3 3 
-14.1 1 
-13.6 6 
-10 .1* * 

-12.2* * 
-14.5 5 
-14.7 7 

-16.1 1 
-16.8 8 
-14.6* * 

-13.9* * 
-14.0* * 
-16 .3* * 

-16.2 2 
-17.8 8 
-16.2 2 

(5) ) 
»/B B 

0.07 7 
0.05 5 
0.04 4 
0.06 6 
0.03 3 
0.06 6 
0.02 2 
0.05 5 

0.18 8 
0.12 2 
0.05 5 

0.03 3 
0.18 8 

0.04 4 
0.07 7 
0.06 6 

(6) ) 
'h 'h 

0.06 6 

0.12f f 
0.04 4 
0.10* * 
0.04* * 

0.05f f 
0.02 2 
0.07 7 

0.22 2 
0.10* * 
0.04* * 
0.03* * 
0.19* * 
0.06 6 
0.17 7 
0.08 8 

(7) ) 

( B - V ) H H H 

mag g 
0.43 3 
0.65 5 
0.53 3 
0.78 8 
0.72 2 

0.90f f 
0.41 1 
0.53 3 
0.59 9 
0.28 8 

0.40 0 
0.46 6 
0.39 9 
0.55 5 
0.55 5 
0.43 3 

(«) ) 
( B - V ) g a l l 

mag g 

0.59 9 
0.65 5 
0.56 6 
0.64 4 

0.53 3 
0.67 7 
0.62 2 
0.55 5 
0.51 1 
0.34 4 

0.53 3 
0.63 3 
0.38 8 
0.51 1 

0.56 6 
0.52 2 

(9) ) 
SFR c o n t t 

0.013 3 
0.16 6 

0.005 5 
— — 
0.017 7 
0.029 9 
0.12 2 

0.06 6 
0.05 5 
— — 
0.033 3 

0.012 2 
— — 
0.14 4 
— — 
0.05 5 

(10) ) 
S F R taur , t t 

[Mww y r " 1 ] 
0.068 8 

1.53 3 
0.019 9 
— — 
0.055 5 

0.12 2 
0.19 9 
0.27 7 
0.54 4 
— — 
0.11 1 

0.029 9 
— — 
0.68 8 
— — 
0.34 4 

(11) ) 
SFR t o t t 

0.081 1 

1.7f f 
0.024 4 
_ _ 
0.072 2 
0.15 5 
0.31 1 
0.33 3 
0.58 8 
_ _ 
0.14 4 
0.041 1 
_ _ 
0.82 2 
_ _ 
0.39 9 

** values refer to R band magnitudes instead of I-band 
tt uncertain due to contamination by fore- or background objects 
—— /irot not determined 

Inn columns (1) and (2) of Table 6.4, we list the LSB galaxy identification and number of Hll regions 
selected.. The number of Hll regions identified within one LSB galaxy ranges from a few to ~ 2 5 . For the 
ensemblee of Hll regions in each LSB galaxy, we tabulate the absolute B and I magnitudes as well as the 
correspondingg ratios ?;B and r/i of the Hi I region integrated luminosity and total LSB galaxy luminosity, in 
columnss (3) to (6). Mean (B—V) colors for the Hll regions and for the LSB galaxy as a whole are given in 
columnss (7) and (8), respectively. Magnitudes and colours of the individual Hll regions are found to vary 
overr a wide range. This may be expected for Hi I regions differing in e.g. age, size, metallicity, IMF, etc. We 
findd that there is a tendency of brighter magnitudes for LSB galaxies with larger number of identified Hll 
regions.. An exception is F564-V3 which is probably an extreme dwarf galaxy. We recall that the Hn region 
integratedd luminosity contribution may be strongly biased towards the properties of individual Hi I regions 
inn LSB galaxies for which the total number of identified regions is low. 

Substantiall amoun t s of dust extinction within the Hll regions in LSB galaxies are found to be present. 
First,, ( B - V ) colors of many Hll regions are nearly the same as (or even redder than) observed for the hosting 
LSBB galaxy. Second, the Hll regions identified are usually brighter in I than in the B band (cf. Table 6.4). 
Thi rd ,, selective extinction of £ R _ V = 1 mag is suggested by the reddening coefficients based on the 
rat ioo of Ho: and H/i lines towards the Hll regions observed {e.g. MeCaugh 1994; see also Osterbrock 1989). 
Wee note tha t a value of £ B - V = 0.3 mag is consistent with the typical extinction derived for Hn regions in 
thee Magellanic Clouds (e.g. Wilcots 1994). Also, very few Hll regions display properties of an optically thin 
mediumm (McCall et al. 1985; Dopita &  Evans 1986). Assuming a mean Calactic interstellar extinction curve, 
thiss corresponds to A B 4 and Ai 2 mag. As the mean extinction curve for Hll regions in low 
metallicity,, low density LSB galaxies may be distinct from tha t in the Galactic disk, the actual extinction 
mayy be much lower. 
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Forr most of the LSB galaxies in our sample, the contribution by the Hll regions to the total light 
emittedd by LSB galaxies does not exceed ?/ = 0.05—0.1 both in the B and I band. Corrected for extinction, 
thee actual contributions may he larger, up to factors ~3—4 in B and ~'2 in I, respectively, provided that the 
meann extinction in LSB galaxies is low compared to that in their constituent Hn regions. Some Hi I regions 
mayy be missed due to dust extinction (values up to E B - V ~ 0.6— 1.1 mag are observed; e.g. McGaugh 1994) 
and /o rr seeing effects. Thus, the values of i]\  derived provide severe lower limits to the actual luminosity 
contributionss of the Hn regions. 

Forr some LSB galaxies, e.g. F568-V1 and F577-V1, the Hll region contribution is found as high as rj\  — 
0.22 both in the B and I band. These systems contain a modest number of Hll regions so that their Hll regions 
onn average may he larger and /or brighter than those present in several other LSB galaxies. Alternatively, 
thee old stellar population within F568-V1 and F577-V1 may be under-represented due to a relatively low 
pastt SFR. This may apply in particular to F577-V1 which has (B — V)~0.4 mag and is among the bluest 
systemss listed in Table 6.4. 

Figuree 12 shows the resulting Hn region contributions i]\  in the B and I band for the SFR. models 
discussedd in Sect. 6.4. We assume a maximum age THM = 5 Myr for the Mil regions observed in the LSB 
galaxiess in our sample. This implies that stars more massive than ~25 M(., are associated with the ionized 
regionss identified in Ha, according to the stellar evolution tracks from the Geneva group (see below). Con
stantt and increasing SFR models predict the Hll region contribution i)\ to increase at recent epochs (both 
inn flip R 'A\tr\ I handed In rnnt.rast PYnnnpntnllv rlprrpasmcr ^FR mrulpl« nrprbrt ?j, to rlprrpa«p We note 

F iguree G.18 Evolution of the Hll region integrated luminosity contribution for distinct SFR models ending at, n\ 
==  0.1. Left panel: Ratio of Hll region integrated and total luminosity in the B band vs. (R —I). Right panel: same 
ass left panel but for I band. For the exponentially decreasing SFR model, solid triangles indicate evolution times of 
1,, 2, A, 8, and 14 Gyr, respectively. Observational data on LSB galaxies is shown as open triangles. Typical errors 
inn the data (upper right) and directions to which the data would shift after corrections for extinction (bottom left) 
aree indicated. Top and bottom arrows indicate corrections for extinction within the Hll regions and the LSB galaxy, 
respectively y 

Correctionss for dust extinction within the Hn regions and LSB galaxy as a whole, respectively, will 
shiftt the observations in the directions as indicated in Fig. 6.18 (assuming a mean Galactic extinction 
curve).. Clearly, the B band constributions by Hll regions in LSB galaxies do not provide useful constraints 
onn our models as extinction is too large at these wavelengths. However, from the I band observations we 
cann conclude that the values of ;/i predicted by smoothly varying SFR models are systematically too low by 
largee factors for most of the LSB galaxies in our sample. 

Thiss is true in particular for F568-V1, F577-V1, ami 11628 for which values of ij\  R ^ 0.2—0.25 suggest 
thatt star formation has been recently enhanced by factors —5—10 relative to the SFRs predicted by expo
nentiallyy decreasing or constant SFR models. Alternatively, the I band magnitudes of young stars used in 
ourr models may be considerably too low and /o r the Hll region lifetime assumed (i.e. THM = 5 Myr) may 
bee too short. The former possibility can be excluded as synthetic color magnitude diagrams for young open 
(dusterss (e.g. V—I vs. I), based on the stellar evolution da ta adopted here, are in good agreement with the 
observationss (van den Hoek 1997). The latter possibility can be excluded provided that stars older than ~20 
Myrr (i.e. initial mass Si 10 M;.,) do not contribute substantially to the Hll regions identified (see below). 
Thus,, star formation may be recently enhanced in LSB galaxies with i)\ R, <; 0.2—0.25. 
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Ass an addit ional check, we investigated whether there is a correlation between the Hll region integrated 
contr ibutionss in the R band and Mm / L. Such a correlation is expected when enhanced star formation is 
thee pr imary cause for the high Hll region contributions observed. Figure 6.19 shows that such a trend may
bee present, at least for the iargest values of i)K observed. However, the da ta are affected by extinction and 
selectionn effects and additional observations are needed to be conclusive. 
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F igu r ee 6.19 Evolution of the Hll-region integrated luminosity contribution for exponentially decreasing SFR models. 
LeftLeft pand: Ratio of I In region integrated and total luminosity in the R band vs. Mm / LB for models ending at /<i 
== 0.3 (solid curve), 0.5 (dotted), and 0.7 (dashed). Right panel: same as left panel but vs. Mm / LR. Symbols have 
thee same meaning as in Fig. 6.18. 

Wee conclude tha t smoothly varying SFRs disagree with the observations. This is true in particular for 
thee exponentially decreasing SFR models ending at fi{ = 0 . 3 -0 .7 which, as discussed in the previous section, 
aree favoured for LSB galaxies. Note tha t models ending at gas fractions /«i>0.1 provide results similar to 
modelss ending at /^ = 0.1 (i.e. the ratio of the young-to-old stellar luminosity contributions is independent 
off the normalisation of the SFR) . We expect that LSB galaxies with high Hi I region contributions in the R 
andd I band, such as F568-V1, F577-V1, and U628, are probably experiencing small ampli tude bursts of star 
formation.. Such bursts may be a common phenomenon in many LSB galaxies. 

6.6.22 Effects of small ampl i tude s tar formation bursts 

Wee investigate whether the large Hll region integrated contributions to the galaxy integrated luminosity of 
TJ\TJ\ ~0 .25 in the I band, as observed for several LSB galaxies discussed above, can be explained by small 
ampl i tudee bursts of star formation. 

Wee assume a Gaussian star formation burst profile with a given ampli tude and width. The burst 
ampl i tudee is taken as a free parameter which can be adjusted to fit the observations. To study the effect 
off the burst width (2a), we consider burst durations A/ b = 1. 5. and 10 Myr, respectively. For each burst 
profilee we follow the chemical and photometr ic evolution during 1 Gyr with a time resolution of ~0 .1 Myr 
att t ime of burst max imum and of ~ 2 Myr at roughly 5<r from burst maximum. We superimpose the star 
formationn burst on each of the star formation models discussed in Sect. 6.5.1 while assuming a galactic 
evolutionn time at burst maximum of tb = 13 Gyr, burst maximum ampli tude Ah = 8 M(-, y r~ ' , burst-
durat ionn Atb = 5 Myr, maximum Hll region lifetime THU = 5 Myr, and an initial galaxy mass of 1010 M,.,. 
Inn the following, we will refer to these burst parameters unless noted otherwise. For convenience, we neglect 
anyy influence of the burst on the chemical evolution of the model galaxy. 

Wee show in Fig. 6.20a the resulting Hll region integrated I band contribution ?/i for an exponentially 
decreasingg SFR. plus burst model. Up to a galactic evolution time of ~13 Gyr the photometric evolution 
off the model galaxy is identical to that for the exponentially decreasing SFR model without burst (cf. 
Fig.. 6.18). Thereafter, the contribution by young stars to the galactic integrated light increases rapidly. 
Simultaneously,, the (R—I) colors become significantly bluer. After burst maximum, the contribution by 
youngg stars decreases and galaxy colors start to redden again until the effect of the burst becomes negligble 
andd colors and magni tudes evolve as prior to the burst. We remark that the Hll integrated-to-total luminosity 
ratioo short after the burst can be substantially below those during the pre-burst evolution. This is due to 
thee fact tha t stars somewhat older than Tyin = 5 Myr dominate the galaxy light for a considerable time after 
thee burst . 
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F iguree 6.20 Impact of small amplitude bursts on the evolution of the Hll region integrated luminosity contribution 
inn the I-band vs. (R —1). Unless stated otherwise, we plot, the exponentially decreasing SFR 4- burst model assuming 
.4bb = 8 MQ y r - 1 , Atb = 5 Myr, THII = 5 Myr, and E B - V = 0 mag. a) effect of varying burst amplitude: A], [ M<:) 

yrr ] = 8 (solid curve), 4 (dotted), and 1.6 (dashed); b) effect of mean extinction within Hll regions: £ B - V [mag] = 
0.255 (solid curve), 0.5 (dotted), and 1 (dashed); c) effect of global star formation history: exponentially decreasing 
SFRR (solid curve), constant (dotted), and linearly increasing (dashed); d) effect of actual gas-to-total mass ratio: 
HiHi  = 0.1 (dashed curve), 0.5 (solid), and 0.7 (dotted); e) effect of burst duration: Ath [Myr] = 1 (dashed curve), 
55 (solid), and 10 (dotted); f) effect of Hll region age: TH„ [Myr] = 2 (solid curve), 10 (dotted), and 50 (dashed; no 
burstt shown). Symbols have the same meaning as in Fig. 6.18. 

Inn this manner, a characteristic burst loop is completed as shown in Fig. 6.20a. The shape of this loop 
iss determined by: a) the burst ampli tude, b) the extinction within the Hll regions, c)+d) the contribution 
byy the old stellar population to the integrated galaxy light, e) the duration (and profile) of the burst, and f) 
thee maximum lifetime of the Hll regions during which young stars can be distinguished from the old stellar 
population.. In addition, the IMF of the stars formed during the burst is of importance but we will argue 
thaii this effect is similar to that of varying the burst ampli tude. Note that the shape of the burst loop is in
sensitivee to the galactic age at which the burst occurs. This is because the contribution by young stars to the 
galaxyy integrated colors change little over the past few Gyr for smoothly varying SFR models (cf. Fig. 6.18). 

B u r s tt a m p l i t u d e a n d I M F : Fig. 6.20a demonstrates that high Hll region integrated I band contributions 
?/ii ~0 .25 can be well explained by bursts with ampli tude .4b = 8 M f ) y r - 1 superimposed on an exponentially 
decreasingg SFR model ending at //i = 0 . 1 . Decreasing the burst ampli tude by factors 2.5 and 5, respectively, 
resultss in the smaller loops shown in Fig. 6.20a. The actual burst ampli tude required to explain (he 
observationss depends on many quantities as we will argue below. 
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Thee contr ibut ion by young stars to the galaxy integrated magnitudes and colors increases when con
sideringg burst IMFs tha t favour high mass star formation (e.g. m>10 \1...) compared to the Salpeter IMF. 
Forr various IMFs we find that the shape of the burst loop remains intact while the burst ampli tude varies 
betweenn 0.2 (steep IMFs ; cf. Sect. 6.4.2) and 1.5 (Kroupa et al. IMF ) normalised to 1 for the Salpeter IMF . 
Sincee high-mass stars dominate the Hll region integrated luminosity contribution, the effect of varying the 
burstt IMF is similar to tha t of varying the burst ampli tude. 

D u stt  e x t i n c t i o n : Fig. 6.20b illustrates the effect of dust extinction in Hn regions on the burst contribution 
too the I band luminosity as well as to the galaxy ( R - I ) color. A selective extinction of EB-\> - 0.25 (0.5) 
magg results in a reduction of the Hn region integrated I band contribution by a factor 1.6 (2.5) and a red
deningg of £ R _ I — 0.14 (0.27) mag, assuming a (Galactic extinction curve. For values of Z?B-V ^ 0.5 mag. we 
findd tha t the blueing effect on ( R - I ) by young massive stars formed during the burst is neutralized almost 
entirelyy by extinction. We note that a maximum extinction of £ B - V ~ 1.1 mag within the Hi I regions in 
LSBB galaxies (e.g. McGaugh 1994) would result, in a reduction in ?/] by a factor ~6 .5 (for intense bursts 
evenn reddening of the galaxy colors may occur). If variations in the mean extinction of the ensembles of Hn 
regionss among LSB galaxies are small (e.g. less than a factor two), it is difficult to see how extinction alone 
cann provide an adequate explanation for the large variations observed in i)\. We will return to this point below. 

G l o b all  s tar  f o r m a t i o n h is to ry : Fig. 6.20c shows the impact of the assumed star formation history of 
thee old stellar populat ion on the effect of the burst. The burst effect on the galaxy magnitudes and colors 
increasess when the contribution by the old stellar population is decreased. Thus, colors and magnitudes 
aree less affected by bursts imposed on constant or even increasing SFRs compared to those imposed on 
exponentiallyy decreasing SFR models: the smaller loop sizes just reflect tha t the mean age of the old stellar 
populat ionn is relatively young. 

C u r r e n tt  g a s f rac t ion : Fig. 6.20d demonstrates how the assumed present-day gas fraction /ij for an ex
ponentiallyy decreasing SFR model modifies the effect of the burst. The luminosity contribution by the old 
stellarr populat ion decreases for increasing values o f / t j . We find that the effect of a star formation burst for 
galaxiess with /t] = 0.9 (i.e. unevolved systems) is as large as that of a ten times stronger burst for fi\ = 
0.11 (i.e. highly evolved systems). Thus , the burst amplitude required to explain the observations strongly 
dependss on the present-day gas-to-total mass-ratio. 

B u r s tt  d u r a t i o n : Fig. 6.20e shows tha t the duration of the burst affects the impact of the burst as well. For 
A / bb = 1, 5, and 10 Myr, the variation in ?/i is ~0 .25 while the resulting galaxy ( R - I ) colors become bluer. 
Burstt durat ions in excess of Atb ~ 5 Myr are unlikely since this would require dust extinctions E ( B - V ) Z 
11 mag in order to provide agreement with the observed ( R - I ) colors. Such large extinction in Hn regions 
aree probably excluded by the observations (e.g. McCiaugh 1994). Thus, relatively narrow burst profiles are 
neededd to explain adequately extreme values i)\ ~ 0.2 (as for F568-VT; cf. Table 6.4). 

M a x i m u mm a g e of Hl l reg ions: Fig. 6.20f shows that when the maximum lifetime of the Hll regions is 
increasedd from rH,i = 5 to 50 Myr, partial agreement with the observations can be achieved without invoking 
s tarr formation bursts . Similarly, values of TH,, <; 200 Myr would be required to explain the large values of 
//II = 0.2 observed (see below). We note that the resulting Hll region contributions do not increase linearly 
withh 7>in as short lived massive stars dominate the luminosity contribution of all stars formed during the 
pastt THII vr. 

Too explain the observed variations in r/i by means of variations in r^,,, the question arises why such 
largee variations would occur in the mean value of rHu among different LSB galaxies. First, this could be due 
too selection effects. In this case, fainter Hl l regions may be detected preferentially in regions of low surface 
brightnesss (e.g. the outer par ts of LSB galaxies and /o r LSB galaxies with relatively low surface brightnesses). 
Wee plot in Fig. 6.21 the average surface brightness of the Hll regions within a given LSB galaxy vs. central 
surfacee brightness of the hosting LSB galaxy. Indeed there appears to be a trend of preferential detection of 
faintt Hll regions in LSB galaxies with low central surface brightnesses, but further observations are needed 
too clarify this interesting tendency. 

Second,, this could be due to physical effects. For instance, the formation of massive stars could be 
favouredd in LSB galaxies with relatively high surface densities. Since fainter Hn regions are probably ionized 
byy less massive stars , as has been argued for Hll regions in the Magellanic Clouds (e.g. Wileots 1994), larger 
Hlll ages TH,, may be associated with LSB galaxies having relatively low surface brightnesses (or equivabntly 
loww surface densities; cf. dB96) . This would imply that systematic variations in the least massive star m-Win 

ionizingg the Hl l regions are present from one LSB galaxy to another (consistent with the data shown in Fig. 
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6.21).. This would be consistent with observations of sites of intense star formation which support the idea 
thatt the IMF is biased towards more massive stars in high surface density regions (e.g. Rieke & Lebofsky 
1985). . 

Valuess of nni ^ 50 Myr would mean that stars down to masses of m,on ^ 7 M(., would contribute to 
thee Hll regions identified (e.g. Schaerer et al. 1992; Z=0.001) . Obervational estimates for mlon are usually 
inn the range 10—15 M(:, (Wilcots 1994; Garcia-Vargas et al. 1995) and correspond to TH„ <; 15 Myr. Even 
thoughh these values would imply that our adopted value of TH,, = 5 Myr is too low, this probably excludes 
extremee values of THU = 200 Myr which would be required to explain the observed range in ?/i exclusively in 
termss of variations in THU and /or mj o n -

Tablee 6.5 Effect of 5 Myr star burst model on galaxy magnitudes and colors for Mg(0) = 10 M( 

Model l AAb b 

M,.,, yr' 
ABB Al A(B-V) A (R - l ) 
magg mag mag mag 

Notes s 

SFR,, = 0.17 M 0 yr _ 1 A11 + burst 

' ' 

Bl+burst t 

' ' 

0.8 8 

1.6 6 
3.0 0 

8.0 0 
0.8 8 

1.6 6 
3.0 0 
8.0 0 

-0.34 4 
-0.58 8 
-1.05 5 
-1.72 2 
-0.14 4 
-0.32 2 
-0.56 6 
-0.94 4 

-0.14 4 
-0.30 0 
-0.42 2 
-0.53 3 
-0.06 6 
-0.21 1 
-0.32 2 
-0.41 1 

-0.18 8 
-0.28 8 
-0.43 3 
-0.50 0 
-0.08 8 
-0.11 1 

-0.21 1 
-0.33 3 

-0.04 4 
-0.10 0 
-0.17 7 
-0.26 6 
-0.02 2 
-0.07 7 

-0.11 1 
-0.14 4 

SFR,, = 0.89 M 0 yr" 

E(BB —V) ^ 0.3 mag in Hll regions is required to provide agreement with observations 

Wee conclude tha t variations in THM (or equivalently m l o n ) and /or extinction may provide an explanation 
onlyy for part of the variations in the Hll region integrated luminosity contributions observed among LSB 
galaxies.. Therefore, the observations suggest that small ampli tude bursts of star formation are important in 
att least several of the LSB galaxies for which accurate photometry da ta is available. Such recent episodes of 
enhancedd star formation may play an important role in affecting the colors of the blue LSB galaxies discussed 
above. . 

6.6.33 Quanti ta t ive effect of small ampl i tude bursts on galaxy colors and mag
nitudes s 

Tablee 6.5 lists the effect of a 5 Myr star formation burst on the galaxy integrated magnitudes and colors 
forr various burst amplitudes. For an exponentially decreasing SFR. (model Al in Table 6.3; assuming Mg(0) 
== 1010 M(.), /M = 0.1, Salpeter IMF), we find that a burst with amplitude Ab = 0.8 M,., y r " 1 results 
inn maximum color variations A(B—V) and A(R —I) of —0.18 and —0.04 mag, respectively. The effect of 
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increasingg the burst ampl i tude by a factor ten to Ab = 8 M . y r " 1 results in corresponding shifts of - 0 .56 
andd - 0 . 2 6 tnag. respectively. This effect is similar to that when the initial galaxy mass is reduced by a factor 
tenn while leaving the burst ampli tude unaltered. We note that exinction in Mil regions is likely to suppress 
thee color and magni tude effects of the bursts ( i.e. the values given in Table 6.5 are hard upper limits). 

Forr bursts superimposed on exponentially decreasing SFRs models ending at //, = 0.1, the color and 
magni tudee shifts predicted are consistent with the observations in case of burst ampli tudes Alt <, 3 M 
y r _ i ,, assuming a typical extinction of E ( B - V ) = 0.3 mag in the Hn regions. In fact, the effect of the 
burstt is determined mainly by the total luminosity of the young stellar populations formed according to the 
continuouss SFR during e.g. the last Gyr. Since the amplitude of the SFR scales with (1- /<,) for models 
endingg at different gas fractions /ij (see Appendix B, ( 'hap. 3), the impact, of the burst for models ending 
att //! = 0.5 is about twice that given in Table 6.5. Similarly, for models ending at / i , £0 .9 , the burst effect 
becomess roughly ten times stronger compared to the / i t = 0.1 case (ef. Fig. 6.20). 

Wee emphasize tha t the effect of the burst is substantially reduced when going from exponentially 
decreasingg to constant SFRs (ef. Table 6.5). We will discuss in Sect. 6.8 how these results fit. into a more 
generall scenario for the star formation history of LSB galaxies. 

Tab lee 6.6 Observational estimates of present-day SFRs [ Mrl y r _ I ] in LSB galaxies* 

(1) ) 
N a m e e 

F561-1 1 
F563-1 1 
FF 563 -VI 
F567 -2 2 
FF 568-1 
F568 -3 3 
F568 -V1 1 
U 1 2 8 8 
I I1230 0 

(V (V 
Dis t . . 
[Mpc] ] 

47 7 
34 4 
38 8 
56 6 
64 4 
58 8 
60 0 
48 8 
40 0 

(3) ) 

' » I I 

14.7 7 
16.1 1 
15.8 8 
15.9 9 
15.0 0 
14.7 7 
15.7 7 
13.5 5 
14.3 3 

(4) ) 

K K [kpc] ] 

6.6 6.6 
10.2 2 
4.6 6 
8.4 4 
9.6 6 
8.7 7 

8.4 4 
18.2 2 
12.0 0 

(5) ) 

r*Hi i 
[kpc] ] 

7.6 6 
16.3 3 
4.8 8 
10.6 6 
11.5 5 
11.4 4 
10.7 7 
21.4 4 
18.8 8 

(6) ) 
MI I 
[aresecc ] 

23.2 2 
26.4 4 
24.0 0 
24.6 6 
23.7 7 
23.3 3 
24.3 3 
24.1 1 
24.5 5 

H H 
M H i i 
[[ M H ] 
8.91 1 
9.19 9 
8.48 8 
9.09 9 

9.35 5 
9.20 0 
9.14 4 
9.55 5 
9.51 1 

(8) ) 
< < T H i > > 

[[ M(., p c " 2 ] 
4 .5 5 
1.0 0 
4.2 2 
3.5 5 
5.4 4 
3.9 9 
3.8 8 
(2 .0) ) 

(4 .3) ) 

(9) ) 
SFRfi" " 

0.05 5 
(0.03) ) 
0.02 2 
0.04 4 
0.08 8 
0.09 9 
0.05 5 
(0.16) ) 
(0.11) ) 

(10) ) 

S F R i i 

0.09 9 
(0.02) ) 
0 .03 3 
0.06 6 
0.18 8 
0.14 4 
0.07 7 
(0.21) ) 
(0.15) ) 

00 0 
S F R c o i H H 

0.013 3 
0.16 6 
0.005 5 
0.029 9 
0.12 2 
0.06 6 
0.05 5 
0.14 4 
0.05 5 

(12) ) 
S F K l o t t 

0.081 1 
1.7f f 
0.024 4 
0.15 5 
0.31 1 
0 .33 3 
0.58 8 
0.82 2 
0.39 9 

Notes:: * theoretical values in columns (11) and (12) repeat those in columns (9) and (11) from Table 6.4; f probabl 
contaminatedd by field galaxy; values between parentheses are uncertain. 

6.77 Present-day star formation rates in LSB galaxies 

6.7.11 Theoretical star formation rates 

Globall s tar formation rates are derived according to the best fitting models discussed in the previous section 
assumingg an exponentially decreasing SFR, Salpeter IMF, and observational estimates for the current, gas 
fractionn / ( r o t and total Hi mass for each LSB galaxy individually according to: 

S F R ^ M ( : ) y r - ' ] ^ / w ) ^^ (6.3) 

wheree A(/.irot) is the model SFR ampl i tude required to end at a gas fraction / j r o t at a galactic evolution time 
off 14 Gyr (assuming an initial mass of 1010 M 0 ) and M t o t the total galaxy mass as obtained from MH ! and 
//rot-- We derived / ^ M ^ y r " 1 ] = 0.18 (/*rot = 0.1), 0.13 (0.3), 0.09 (0.5), 0.06 (0.7), and 0.02 (0.9), respectively. 
Accordingly,, we find tha t LSB galaxies show present-day SFRs (without bursts) between SFR c o n t ~0 .01 and 
0.155 M(:) y r " 1 (cf. Table 6.4). For a typical LSB galaxy (i.e. M t o t = 1010 M H , /<rot = 0.5) we est imate 
SPRcontt = 0 j M 0 y r - i 

Thee gas reservoir at the t ime of onset of main star formation in LSB galaxies may have been substan
tiallyy less than tha t est imated from their present-day amounts of gas since infall and accretion of mat ter 
hass probably been impor tant in these galaxies. Furthermore, only part of the gas mass observed in LSB 
galaxiess may be available for star formation. Therefore, we expect that the derived values of SFR.'~ont are 
upperr limits to the cont inuum SFRs in LSB galaxies (within a factor 2 - 3 ) . This remains true even while 
thee total masses M t o t of LSB galaxies are underest imated by using the derived values o f / i r o t (see Sect. 6.2). 

Ass we discussed in Sect. 6.6, the effect of a starburst on the galaxy integrated magnitudes and colors 
dependss on many quanti t ies. Therefore, the ampli tude of the star formation burst (superimposed on the 
exponentiallyy decreasing SFR model) in best agreement with the observed values of r/A is a rather uncertain 
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quanti tyy (see Sect. 6.6). A detailed discussion of this problem is beyond the scope of this paper. However, 
assumingg a modest Hn region extinction of E(B—V) = 0.25 mag and lifetime TH,, = 20 Myr, crude est imates 
forr the maximum burst ampli tude can be derived from: 

SFR b u r a tt [M ( , y r - 1 ] * 20»ft ^ (— - l) (6.4) 

Wee find that I-band contributions of ?]\ = 0.2 are best explained by a 5 Myr burst with amplitude SFR b u r s t 

== 0.8 M(0 y r - 1 , assuming present-day values of MHI = 2 109 M ( ) and / i r o t = 0.5. 
Theoreticall est imates for the total current SFRs in LSB galaxies are found from SFR t o t = SFR c o n t + 

SFR b u r s tt and are listed in the last two columns of Table 6.4. Present-day SFRs for LSB galaxies experiencing 
smalll ampli tude bursts range from SFR t o t ~ 0.02 to 0.8 M 0 y r - 1 (except for F563-1 for which the derived 
valuee of ~1 .7 M(.} y r _ l is very unreliable). Concerning the uncertainties involved with e.g. the burst 
ampl i tudee and current gas-to-total mass ratios, theoretical est imates for the actual SFR in each LSB galaxy 
probablyy lie between SFR c o n t and SFR t o t . 

6.7.22 Empirical s tar formation rates 

Wee have also derived current SFRs for LSB galaxies using the empirical method presented by Ryder fe 
Dopitaa (1994; hereafter RD) based on CCD surface photometry of Galactic disks. These authors found an 
almostt universal relationship between the Ha and I-band surface brightness at a given radius in the disks of 
aa sample 34 of southern spiral galaxies. From this relation, RD derived a constraint on the present-day SFR 
integratedd over the entire stellar mass spectrum as: 

l o g S F R j p V l ^ p c ^ G y r - 1 ]] = - 0 .26 /q 4- 0.92 log<rH, 4- 5.3 (6.5) 

wheree /q is the I-band surface brightness and an\ is the global mean Hi surface density [ M 0 p c - 2 ] within 
thee star-forming disk. The relation between SFR] and /q is normalised by a term related to the mean 
surfacee density <THI and by a constant which is partly related to the conversion of the massive star formation 
ratee to total SFR depending on the adopted IMF (cf. Kennicutt 1983). It is unclear from the RD sample 
whetherr the relation is valid also for the lowest (stellar) I-band surface densities that are observed among 
LSBB galaxies. However, since this relation holds over a wide range in surface brightness and massive star 
formationn in the disks of spirals appears rather insensitive to galactic dynamics, extinction, and molecular 
gass content (RD), we expect this relation to be valid also in case of LSB galaxies. At the faintest surface 
brightnessess (i.e. /q <; 25.6 mag a rc sec - 2 ) , the relation may be flattening off although the effects of sky 
subtractionn and small number statistics leave this open to question. If flattening indeed occurs, Eq. (6.3) 
providess lower limits to the actual SFRs in LSB galaxies. 

Usingg Eq. (6.1), we est imate global present-day SFRs for all LSB galaxies in our sample with measured 
II band magni tudes and related data . For these LSB galaxies we list the distance, apparent I band magni tude, 
andd radius R27 at which the B band isophote is equal to 27 mag a r c sec - 2 , in columns (2) to (4) in Table 
6.6.. This radius corresponds to the optical edge of the LSB galaxy and is more representative for the radius 
withinn which the old disk stellar population in LSB galaxies is contained than is R25 as used by RD for HSB 
galaxies.. Accordingly, we define an effective I band surface brightness as: 

pfpf =  m , 4 2.5 \og(nR2
27) (6.6) 

andd use this in Eq. (6.3). We tabulate the outermost radius of the measured Hi rotat ion curve RHj, effective 
II band surface brightness /q and total Hi mass derived within RHI , and the mean global surface Hi densities 
fTHii in columns (5) to (8), respectively. The mean global Hi surface densities <THI derived from these values 
rangee between 2 and 5.5 M 0 p c - 2 and are substantially smaller (i.e. by 20—60 %) than those derived using 
R27R27 instead. However, since Mm has been measured within /far, we expect the former values to be more 
representativee of the average Hi surface density in the star forming part of the disk. 

Thee empirically derived mean present-day SFRs for the sample LSB galaxies range from about SFRi = 
0.022 to ~0 .2 M(., y r - 1 (cf. column 10 of Table fS.G). Errors arising from the Hi normalisation are estimated 
too be within a factor of two. This is illustrated when the same SFRs are derived assuming a fixed Hi 
surfacee density of 2 M 0 p c - 2 for all LSB galaxies (cf. SFR?* in Table 6.6). Other sources of errors include 
thee conversion factor of rnassive-to-total SFRs as derived from the Ha luminosities (see Kennicutt 1983; 
RD)) which may differ for HSB and LSB galaxies as this ratio is determined by the IMF and by theoretical 
est imatess of the Ha radiation emitted by individual stars. For instance, the mean stellar population in LSB 
galaxiess has a metallicity that is substantially lower than in HSB galaxies which will affect the stellar Hrv 
emission.. F*robably the largest uncertainty arises from the possible flattening of the relationship between 
/*Haa and /q found by RD towards low values o f / q . We est imate that the relative SFRs for LSB galaxies 
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givenn in Table $.6 are accurate within a factor of two while absolute SFRs may suffer from more substantial 
errors. . 

Thee empirically derived current SFRs in LSB galaxies range from SFR! = 0.02 to 0.2 M.., y r " 1 . This 
iss in particularly good agreement with the theoretically derived SFRs ranging from SFR c o n t —0.01 to 0.15 
M,;;; y r - 1 (ef. Table 6.6). As discussed before, the theoretically derived present-day SFRs of individual LSB 
galaxiess lie probably between SFR c o n t and SFR t o t where the latter values include the contribution of small 
ampl i tudee bursts. In several cases, the values of SFR t o t are considerably larger than the empirical values 
whichh suggests tha t the burst contribution is overestimated by the models and /o r that the SFRs derived 
empiricallyy do not trace well local enhancements of star formation at the faint surface brightnesses of LSB 
galaxies.. We conclude tha t the predicted SFRs in LSB galaxies generally agree to within a factor 2 - 3 with 
thosee derived empirically. 

6.7.33 Comparison of present-day SFRs in LSB and HSB galaxies 

Wee have derived current star formation rates in LSB galaxies of typically ~ 0.1 iYl(., y r - 1 . Several LSB 
galaxiess in our sample are probably in a s tate of enhanced star formation and may experience small ampli tude 
burstss of up to perhaps ~ 1 M(.» y r - 1 . Wha t fraction of the LSB galaxies actually is in such an excited 
s ta tee is difficult to es t imate from current observations. In either case, the present-day SFRs in LSB galaxies 
aree found considerably below the — 5 — 10 M(.: y r - 1 derived for their HSB counterparts (e.g. Kennicutt 
19922 and references therein) but significantly larger than the ~0.001 M(;, y r - 1 observed tyically in dwarf 
irregularr galaxies (e.g. Hunter k Gallagher 1986). Possible explanations for the marked differences in the 
present-dayy SFRs of LSB compared to HSB galaxies are discussed below. 

6.88 Discussion 

Inn the previous sections, we checked a comprehensive set of galactic photometric evolution models against 
aa base of observations comprising the chemical and photometric properties of a representative sample of 
LSBB galaxies. Here we discuss results of this comparison in the context of the early evolution and star 
formationn history of such systems while focusing on the distinctly low evolutionary state of LSB relative to 
HSBB galaxies. 

6.8.11 Star formation history 

Forr the majority of the LSB galaxies in our sample, observed UBVRI magnitudes, [O/H] abundances, gas 
massess and fractions, and Hi mass-to-light ratios are best explained by galactic evolution models incorpo
rat ingg an exponentially decreasing global SFR ending at a present-day gas-to-total mass-ratio of/*i ~ 0.5. 
Whenn infall is involved to delay the chemical enrichment of the LSB galaxy disks, similar models ending at 
/(ii « 0.3 may be appropr ia te as well. When small amplitude bursts are involved to decrease the predicted 
M g // L ratios, models ending at /<] « 0.7 may also apply. In addition to exponentially decreasing SFR mod
els,, ~ 1 5 % of the LSB galaxies require modest amounts of internal extinction E(B—V)^0.1 mag to explain 
thee relatively red colors of ( B - V ) ~0 .6 mag of these systems. 

AA substantial fraction (~35 %) of the LSB galaxies in our sample have colors ( B - V ) ^0 . 45 mag which 
aree inconsistently blue compared to the ( B - V ) colors predicted by exponentially decreasing global SFR 
modelss at galactic evolution times tev ~ 14 Gyr. Instead, these galaxies exhibit properties similar to those 
resultingg from exponentially decreasing SFR models at evolution times of ~5—10 Gyr. Alternatively, recent 
episodess of enhanced star formation superimposed on exponentially decreasing SFR models may provide 
ann adequate explanation for the colors of these systems (see Sect. 6.6). A small fraction of —10—15 % of 
thee LSB galaxies have properties (such as ( B - V ) <^0.35 mag) consistent with those resulting from slowly-
decreasingg or constant SFR models ending at f.tx = 0.5. Although the current da ta are inconclusive to 
distinguishh between the possibilities previously discussed, it is clear that the stellar population in these blue 
LSBB galaxies must be relatively young. 

Recentt star formation is observed, at least at low levels, in essentially all the LSB galaxies in our 
sample.. Hence, it seems justified to assume that the disks in LSB galaxies experienced continuous (i.e. 
frequentt small ampl i tude bursts of) s tar formation, at least during the last few Gyr. Therefore, to explain 
thee colors of LSB galaxies observed, the blup color contributions by stellar populations formed recently need 
too be compensated by the contributions of older stellar populations (provided that internal extinction is low; 
cf.. Sect. 6.5.2). We have shown tha t star formation models which on average decay exponentially take such 
colorr compensat ion effects consistently into account. Thus, our result that these models are adequate for 
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mostt of the LSB galaxies in our sample basically relies on two assumptions: 1) negligible amounts of internal 
extinction,, and 2) more or less continuous star formation in LSB galaxies. 

C o m p a r i s onn w i t h H SB a n d dwar f g a l a x i e s 

Thee presence of an old stellar population in many late-type LSB galaxies as indicated by their optical colors 
(e.g.. vdH93; dB95) and as confirmed by the results obtained in this paper suggests that LSB galaxies roughly 
followw the same evolutionary history as HSB galaxies, except at a much lower rate. 

First,, this suggests that the mean age of the stellar populations in most LSB and HSB galaxies is similar 
evenn though the disks of LSB galaxies are in a relatively low evolutionary state (see below). Although we 
cannott justify a uniform r ,y r ~ 5 Gyr for all LSB galaxies, our results indicate that , on average, the relative 
importancee of the old (e.g. older than a few Gyr) and young stellar populations to the colors and luminosities 
off LSB galaxies are similar to that of late-type HSB galaxies. Values of rsfr <§C 5 Gyr would increase the 
colourr contributions of the older stellar populations and would predict too red colors as compared to the 
colorss observed for LSB galaxies. Such models probably can be excluded for LSB galaxies unless recent 
starr formation in these systems would be more impor tant than indicated by the observations. On the other 
hand,, values of rsfr ^> 5 Gyr correspond to slowly decreasing or constant SFRs and would increase the colour 
contributionss of the younger stellar populations. Such models would predict too blue colors and probably 
cann be excluded for most of the LSB galaxies in our sample provided that extinction is low in these systems 
(i.e.. E ( B - V ) £ 0.1 mag) . 

Secondly,, this implies that the combined effect of extinction and metallicity on galaxy colors is sufficient 
too explain the color differences observed between LSB and HSB galaxies. Since the amount of extinction 
dependss strongly on the dust content which in turn is determined by the heavy element abundances in the 
ISMM (see Sect. 6.2), metallicity is probably the main quanti ty directing the color differences between LSB 
andd HSB galaxies. In this manner, the much lower rate of star formation in LSB galaxies, which implies 
relativelyy low metallieities and dust contents, indirectly determines the blue colors of LSB galaxies compared 
too HSB galaxies. 

Recentt models indicate that the stellar surface density is probably a fundamental quantity in deter
miningg star formation in the disks of spiral galaxies (Dopita h Ryder 1994). Such models imply a roughly 
exponentiall decrease of the SFR with t ime for disk galaxies (Dopita 1985) and suggest that the initial onset 
off main star formation has been much more intense in HSB galaxies compared to LSB galaxies. Provided 
thatt s tar formation proceeds from the center outwards in disk galaxies (e.g. Burkert et al. 1994), this is 
consistentt with the insignificant bulges observed in LSB galaxies. Our results discussed above are in good 
agreementt with this scenario. 

Inn summary, our results confirm that the properties of most late-type HSB galaxies can be best 
explainedd by exponentially decreasing SFR models ending at present-day gas fractions (i\ <i0.05—0.1 (see 
e.g.. Clayton 1985; Dopita 1985; Guiderdoni Sz Rocca-Volmerange 1987). In contrast, LSB galaxies are 
bestt fitted by similar SFR models ending at ft]  <^ 0.3. This implies that LSB galaxies must be in a low 
evolutionaryy s tate compared to HSB galaxies, a result which is consistent with the relatively blue colors, large 
gass fractions, high gas mass-to-light ratios, and low current star formation rates observed in LSB galaxies. 
Also,, this is consistent with observations which indicate that , for a given total mass or luminosity, LSB 
galaxiess usually have gas contents and gas-to-total mass-ratios much larger than their HSB counterparts of 
thee same Hubble type (dB96). For instance, LSB galaxies are more gas-rich than the late-type spirals in 
thee Virgo cluster (Cayatte et al. 1994). Furthermore, relatively low rates of evolution are indicated by the 
observationall fact tha t LSB galaxies usually show properties comparable to those found in the outer parts 
off HSB spirals. In addition, the absence of the formation of grand design spiral arms in the disks of LSB 
galaxiess is an indication of the low evolutionary state of LSB compared to HSB galaxies (Elrnegreen 1990). 

Inn the above discussion, we have treated the bulge-disk system as a whole when comparing LSB with 
HSBB spirals. Clearly, a more detailed comparison should include radial variations of the galaxy properties. 
Forr instance, the bulges of LSB galaxies are much less prominent with respect to their disks than in HSB 
galaxies.. Wha t fraction of the current stellar content in LSB galaxies actually formed in their central par ts 
iss unclear but is an important issue when considering evolutionary differences between LSB galaxies and 
HSBB galaxies in more detail (van den Hoek & de Blok, in preparat ion). 

Inn general, there appears a trend along the Hubble sequence of rapidly decaying SFRs for early type 
galaxies,, to constant or even increasing SFRs for dwarf irregular galaxies (see e.g. reviews by Sandage 1986; 
Kennicuttt 1992). On average, the observed trend corresponds to a decrease of the ratio of mean past to 
presentt SFR. along the Hubble sequence. Most of the LSB galaxies in our sample belong to the group of 
late-typee Scd/Sd galaxies for which exponentially decreasing SFR models are in good agreement with the 
observations.. The remaining LSB galaxies, for which slowly decreasing or constant (sporadic) SFR models 
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aree more appropria te , belong to a group of galaxies with properties intermediate to those of disk galaxies 
withh weak or absent spiral arms and S m / I m galaxies. Thus, in general LSB galaxies comply well with the 
observedd trend of SFR variation with Hubble type. 

Thiss picture is consistent with the finding that LSB galaxies usually cover the range of properties 
intermediatee to tha t of HSB spirals and dwarf irregulars. Although not discussed in detail here, we have 
foundd tha t dwarf galaxies are best modelled using increasing or constant global SFR models. Since these 
systemss are on average even bluer and usually have larger gas fractions than LSB galaxies, their rate of 
evolutionn must have been very low (e.g. Gallagher et al. 1984) while star formation probably has oceured 
inn bursts separated by quiescent periods in these systems (e.g. Searle k Sargent 1972; Sandage 1986; Hodge 
1991;; van Zee et al. 1996). In this case, the interburst period should be sufficiently long to allow young 
starss formed during the most recent burst to dominate the galaxy colors. To a lesser extent, the sporadic 
starr formation scenario may apply to many of the LSB galaxies in our sample as well (ef. Sect. 6.6). 

6.8.22 Present-day star formation 

Thee presence of Hll regions observed in virtually all the Ha images of the LSB galaxies in our sample 
suggestt tha t recent star formation is a common phenomenon in these systems. The star formation sites in 
LSBB galaxies generally do not trace the spiral arms and are preferentially found towards the edges of their 
opticall disks. In particular, very little of the Ha emission is associated with the nuclei of LSB galaxies (which 
iss in marked contrast with HSB galaxies). 

Wee found evidence for the occurrence of small amplitude bursts in several LSB galaxies for which 
accuratee da t a is available. This result indicates that current star formation in virtually all the LSB galaxies 
inn our sample is local both in t ime and space and suggests that sporadic star formation has been a continuous 
processs from the t ime star formation started in the disks of LSB galaxies. 

Thee low star formation rates of ~0 .1 M(;) y r " 1 derived for LSB galaxies as well as the local nature of 
thee s tar formation in these systems are consistent with the idea of a critical threshold for the onset of global 
s tarr formation in disk galaxies (e.g. Skillman 1987; Kennicutt 1989; Davies 1990). The mean star formation 
thresholdthreshold as suggested from observations of irregular galaxies and spirals (Guiderdoni 1987; Kennicutt 1989) 
iss about 8 M,;, p c - 2 . This is slightly below the average Hi peak surface densities of ~8 .7 M(.) pc~ 2 found 
forr normal field Scd spirals (Warrnels 1988; RD) and 10 M e p c - 2 for Sd galaxies (Gayatte et al. 1994). In 
LSBB galaxies, typical Hi surface densities of ~ 3 M e p c - 2 are found (vdH93; cf. Table Q.6) which is well 
beloww the threshold. The idea of a s tar formation threshold is consistent with star formation models which 
s ta tee that s tar formation should increase with surface mass density (e.g. Dopita 1985; RD; see also Donas 
ett al. 1987). 

Evenn though LSB galaxies contain large amounts of gas, only very limited amounts part icipate in the 
processs of s tar formation. If we assume that LSB galaxies maintain their current star formation rate of ~0.1 
M{.)) y r - 1 , their typical present-day amount of gas ~ Mg = 2.5 109 M 0 will be consumed within T"gas = ~30 
Gyrr (for a recycled fraction of 25%). Such gas consumption times for LSB galaxies are much larger than a 
Hubblee t ime (e.g. Romanishin 1980). For comparison, rgas ~ 2 - 4 Gyr in HSB galaxies, assuming typically 
Mgg ~ 1010 M<:, and SFR] ~ 5 M(:, y r~ ! , which implies tha t HSB galaxies will run out of gas soon (see 
Kennicuttt 1992). 

Anotherr reason for the low global star formation rates in LSB galaxies may be the fact that these 
systemss are relatively isolated (Bothun et al. 1993) so that star formation is unlikely to be triggered by tidal 
interactionn with nearby companions (e.g. Mo et al. 1994). Since the critical conditions for sporadic star 
formationn can be reached only locally at the outer edges of the optical disks of LSB galaxies, this suggests 
tha tt s tar formation may be associated with local accretion and /o r infall of mat ter . This would naturally 
explainn why the threshold can be reached in areas that are relatively void of stars and where the global gas 
surfacee density is relatively low. 

Thee process of infall induced star formation is common in the Galactic disk (e.g. Lépine k Duvèrt 
1994;; van den Hoek k de Jong 1997) and may be the dominant mode of star formation in LSB galaxies in 
whichh low surface densities inhibit globalst&r formation. In this manner, the LSB galaxies currently observed 
too undergo a small ampl i tude burst of star formation may have a relatively high gas infall rate. 

Thee present-day star formation rates derived here for LSB galaxies place an upper limit on the gas 
infalll rate in these systems of <>0.3 ms y r~ ! , provided that most of the infalling gas is associated with star 
formation.. Such an infall rate would result in <^4.5 109 M(.> accreted in the form of gas over a disk lifetime 
off 14 Gyr and would imply tha t about half (up to all) of the total mass observed within the optical radius 
off LSB galaxies has been accreted and /o r fallen in. More work is needed to settle the issue of gas infall and 
accretionn in LSB galaxies. 
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Observationss of gas-rich LSB galaxies and star-dominated HSB galaxies suggest t ha t at least two star 
formationn modes may be impor tant in spiral galaxies: 1) a global, continuous star formation mode directed 
byy accumulation of gas in the deep gravitational wells associated with old stellar population in the galactic 
nucleuss and spiral arms (which basically involves the entire ISM on time scales of £ 1 Gyr), and 2) a local, 
sporadicc star formation mode associated with accretion and infall of mat ter interacting with gas already 
settledd in the disk. 

Whilee the formation of low-mass stars (e.g. m <, 1 M f )) may be primarily related to the gas surface 
density,, the formation of high-mass stars may be related to the total (both gas and stellar) surface density. 
Thiss results in a SFR depending both on the total surface density and surface density of the gas (see e.g. 
Dopitaa 1989; Dopita h Ryder 1995). The low surface densities in LSB galaxies may directly affect the IMF 
inn the sense that, formation of massive stars may be suppressed in these systems. Substantial variations in 
thee massive star IMF observed in our own Galaxy (e.g. Garmany, Conti &  Chiosi; 1982), e.g. may be related 
too variations in surface density. Furthermore, massive star formation in low surface density regions may 
temporarilyy inhibit (massive) star formation by controlling the pressure in the disk ISM and maintaining the 
verticall velocity dispersion (scale height) of the gas (e.g. Kennicutt 1989). Especially in LSB galaxies, this 
self-regulatingg mechanism of star formation may prevent the gas from reaching the critical surface density 
soonn after star formation has occured. Observed differences between the star formation histories of the disks 
off LSB and HSB galaxies may be explained in terms of the relative importance of the high and low-mass 
starr formation modes in these galaxies. 

6.8.33 On the formation of LSB galaxies 

Hierarchicall theories of structure formation predict LSB galaxies to form at late times from small overden-
sitiess in the universe (Dalcanton et al. 1995). In this case, LSB galaxies form from the collapse of smaller 
ampli tudee overdensities than do HSB galaxies (Mo et al. 1994) since small ampli tude peaks in the back
groundd density take longer to reach their maximum size and longer to recollapse than higher ampl i tude 
peaks.. Furthermore, these small ampli tude peaks are more likely to be found in underdense regions so tha t 
objectss that collapse from small ampli tude peaks will be less correlated than those that collapse from larger 
oness (Kaiser 1984; White et al. 1987). Another interesting prediction is tha t LSB galaxies should have lower 
totaltotal masses than HSB galaxies since low mass galaxies tend to form naturally with low surface densities 
accordingg to hierarchical clustering theories. 

Thiss theoretical picture is consistent with observations which show tha t LSB galaxies are locally 
isolatedd systems (on scales ^ 2 Mpc; e.g. Bothun et al. 1993) and that their separation weakly tends to 
increasee towards fainter surface brightnesses (McGaugh, private communicat ion) . As the initial s t ructure of 
galaxiess can be strongly affected by their large-scale environments (Hoffman et al. 1992), the formation and 
loww evolutionary state of LSB galaxies may be directed by their environment which favours long collapse 
times. . 

Severall aspects concerning the formation and evolution of LSB galaxies have not been considered here. 
Forr instance, it is unclear whether large amounts of undetected gas are present in the haloes of LSB galaxies. 
Inn fact, the hydrogen mass in spirals may be underest imated by more than a factor 10 owing to the very 
inhomogeneouss nature of cold molecular gas which, therefore, is difficult to detect (Pfenniger et al. 1994). 
Alternatively,, this gas may be in the form of ionized hydrogen since protogalaxies with low column densities 
off gas may experience a delay in the recombination of ionized hydrogen until the extragalactic background 
fluxx has dropped below a certain value (Babul & Rees 1992). This prevents star formation over large scales 
inn these galaxies (Corbelli fe Salpeter 1996). 

Thee presence of large amounts of dark mat ter in the haloes of LSB galaxies compared to that in HSEi 
galaxiess is strongly suggested by the rotation curves of these systems (dB96). It is found that LSB galaxies 
doo not only have diffuse disks but are diffuse also in their distribution of dark mat ter . If the dark mat te r 
ultimatelyy turns out to be gas, this would strongly suggest that large amounts of dark matter are still to be 
accretedd and converted into stars within LSB galaxies, implying that these systems will ult imately end as 
HSBB galaxies. 

6.99 Concluding remarks 

Thee reason why LSB galaxies can maintain their gas surface densities below the star formation threshold for 
veryy long times is probably related to the settling of their disks and the onset of star formation therein. In 
fact,, LSB galaxies may evolve at a low rate because they are relatively isolated systems (e.g. Bothun et. al. 
1993)) and their disk gravitational potentials are relatively weak. Observations indicate tha t LSB galaxies 
aree very extended compared to HSB galaxies and that LSB galaxies have truly low matter densities both 
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inn their disks and haloes (dB96) which implies slow contraction and accretion of mat te r . Furthermore, the 
largee total gas masses and low rotation velocities suggest t ha t LSB galaxies are still in the process of galaxy 
format ion. . 

Thee inconspicuous spiral a rms in LSB galaxies may be related to their low surface densities and /or to 
theirr low rotat ion velocities in combination with the gradual formation of their disks. Since there appear to 
bee no HSB galaxies with weakly developed spiral arms, low surface brightness may imply weakly developed 
spirall a rms . In addi t ion, high rates of gas accretion over long evolution times may be required to form and 
main ta inn pronounced spiral s tructure. 

Recentt theories of galaxy formation predict tha t continuous infall is very impor tant in the outer parts of 
diskk galaxies over long evolution times (e.g. Gunn 1987; Steinmetz k Muller 1995). In this manner, galaxies 
continuee to build up during their evolution instead of being formed at one preferred epoch. This is probably 
t ruee for LSB galaxies which contain large fractions of their total atomic hydrogen content beyond the edges 
off their optical disks and perhaps also beyond the outermost points of their rotation curves measured. This 
impliess intrinsic age differences between the gaseous disks of LSB and HSB galaxies even though the mean 
agee of the stellar populat ions formed in these disks may be similar. 

Fromm theoretical computat ions it has been found tha t the formation t ime scale of Galactic disks 
stronglyy depends on the surface density (Burkert et al. 1992) which implies that the disk forms from inside 
outt and tha t s tar formation progresses outwards in the disk. In particular, infall t ime scales are much longer 
att the outer radii of the gaseous disk (e.g. Larson 1976) while the inner disk depletes gas at short time scales. 
Thiss is consistent with the fact, tha t the major portion of the Hi lies outside the star forming disk in many 
late-typee disk galaxies (e.g. Kennicutt 1992; dB96). The low surface densities in the extended disks of LSB 
galaxiess enable long dynamical t ime scales so that LSB galaxies are likely to represent an early stage of disk 
formationn in which large amounts of gas are left-over after the initial collapse (i.e. with respect to that in 
HSBB galaxies). 

Thiss picture is consistent with observations which show that the outer parts of LSB galaxies are usually 
bluerr than their inner parts (which appear more evolved; e.g. van der Hulst et al. 1987; Bothun et al. 1990; 
Knezekk 1993). Furthermore, color gradients in LSB galaxies are generally large compared to those in HSB 
galaxiess (e.g. de Jong 1995; dB95) which is consistent with the low evolutionary state of LSB compared to 
HSBB galaxies. 

Overall,, the low evolutionary s tate of LSB galaxies relative to HSB galaxies suggests that LSB galaxies 
aree jus t HSB galaxies in the making (except on time scales much longer than a Hubble t ime). The low 
evolut ionaryy s ta te of LSB galaxies as confirmed by the results in this paper indicates that the process of 
collapsee and secular contraction of the disk is still going on and proceeds in a regular fashion. Since LSB 
galaxiess probably formed in relatively low density regions of the universe, infall and accretion of mat ter from 
theirr pr imordial gas reservoir is likely to play a major role in the evolution of their disks. 

Inn the near future, near-IR observations will provide valuable information tracing the old red, metal-
poorr stellar populat ion in LSB galaxies. Also, extension of the LSB galaxy observations towards smaller 
Hii contents and lower Hi surface densities will be very useful. In addition, many LSB galaxies may be 
stilll undetected at the faint end of the galaxy luminosity function (i.e. fainter than B ~ - 1 5 mag). Such 
observationss surely will provide many new insights concerning the evolution of low surface brightness galaxies. 
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Summary y 
Thee chemical enrichment of the interstellar medium (ISM) by successive generations of stars 
iss a key issue in understanding the chemical evolution of galaxies in general, and the for
mationn history and abundance distributions of the stellar populations in our Galaxy in par
ticular.. The goal of galactic chemical evolution modelling is to predict reliable abundances 
inn our Galaxy as well as in other galaxies both as a function of time and location. From 
suchh modelling, we can learn what processes determine the chemical enrichment history of 
differentt galactic regions (e.g. disk, bulge, halo) and deduce how the formation and evolution 
off galaxies in general may have proceeded according to their chemical properties. 

Inn this thesis, we concentrated on the star formation history and chemical evolution of the 
Galacticc disk. Using a wide range of observational constraints, most of which have become 
availablee during the last few years, we aimed at reconstructing the Galactic star formation 
historyy by modelling simultaneously various aspects of Galactic chemical evolution. In the 
secondd part of this thesis, we investigated the spectro-photometric and chemical evolution of 
nearbyy galaxies by means of a photometric evolution model. In particular, this model was 
appliedd to the stellar populations of Low Surface Brightness galaxies, a class of very faint 
galaxiess for which a wealth of observational data have recently become available. 

Wee summarize the main results obtained in this thesis as follows: 

Inn Chapter  3, considerable effort was made to discuss and to emphasize the assumptions 
andd uncertainties involved with the current generation of galactic chemical evolution mod
els.. In particular, a thorough comparison was made between the two state-of-the-art models 
forr the core-collapse and chemical evolution of massive stars, i.e. the model presented by 
thee group of Woosley, Timmes, and Weaver (1996) on one hand, and that presented by the 
groupp of Nomoto, Thielemann, and Hashimoto (1996) on the other. This comparison clearly 
revealss for the first time the magnitude and origin of the uncertainties and differences be
tweenn the yields of massive stars predicted by the two groups and allows for a more reliable 
interpretationn of several discrepancies between the actual models and specific observational 
constraintss to the chemical evolution of the Galactic disk. 

Inn Chapter  4, we modelled a large set of observational data related to the chemical evolution 
off the Galactic disk and halo using a comprehensive and up-to-date galactic evolution model 
whichh incorporates metallicity dependent stellar yields, lifetimes, and remnant masses. A 
new,, iterative solution procedure was applied to solve the galactic chemical evolution equa
tionss in a self-consistent manner with the freedom to study complex relations between e.g. 
thee IMF and the SFR. We made a distinction between the enrichment contributions by 
Asymptoticc Giant Branch stars, Supernovae Type la (SNIa), SNIb/c, and SNII while using 
state-of-the-artt evolution models for the chemical evolution of these final stages of stellar 
evolution. . 

First,, we addressed the abundance inhomogeneities observed among similarly aged stars and 
openn clusters in the Galactic disk. We analysed in detail the possibility suggested by e.g. 
Francoiss $z Matteucci (1993) and Wielen et al. (1996) that stellar orbital diffusion in combi
nationn with radial abundance gradients in the disk ISM are the main explanation for these 
abundancee inhomogeneities. We showed that in case of large errors in the derived ages and 
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orbitall parameters of the stars in the Edvardsson et al. (1993) sample, orbital diffusion as 
describedd by Wielen et al. (1996) can provide an adequate explanation for the majority of 
thee observed stellar abundance variations. However, at the same time, we argued that this 
requiress several specific assumptions which may be unjustified and not appropriate to the 
chemicall evolution of the Galactic disk. 

Second,, we investigated the sensitivity of the age-metallicity relation (AMR) to specific 
galacticc chemical evolution model assumptions and we selected a set of models that can 
explainn the mean [Fe/H] vs. age relation observed in the local Galactic disk. We studied 
thee sensitivity of the AMR to the main parameters and assumptions involved in our models. 
Wee demonstrated that a wide range of enrichment scenarios is consistent with the observed 
AMR,, i.e. there exists no unique model that is in best agreement with the observed AMR. 
Conversely,, the observed AMR alone is found insufficient to constrain tightly Galactic chem
icall evolution models and additional constraints are needed. 

Third,, we confronted the models selected on their ability to fit the observed AMR with 
observationall constraints related to the ISM abundances and stellar content of the disk: 

•• the present-day stellar mass function (PDMF) and IMF; 

•• the total number and formation rates of (post) main-sequence stars; 

•• the gas depletion, infall, and star formation rates in the disk ISM; 

•• the enrichment history of the Galactic disk as recorded by the abundance-abundance 
variationss (i.e. the variation of the abundance of a given element as a function of 
thee abundance of another element) and the present-day abundances observed. We 
investigatedd the impact of: 1) the adopted stellar yields, 2) the star formation history, 
3)) the IMF, 4) the delay time of SNIa, and 5) the upper mass limit for SNII, on the 
resultingg abundance-abundance variations of the most abundant elements in the disk 
ISMM including C, N, 0 , Mg, AI, Si, and Fe. 

•• the luminosity function of white dwarf (WD) remnants; 

•• the mass distribution of WD remnants; 

•• the age and metallicity distributions of long-living stars in the local disk (i.e. the 
classicall G-dwarf problem). 

Byy means of this comparison, we at tempted to converge to a set of models for the chemical 
evolutionn of the Galaxy consistent with the above constraints and we traced back eventual 
discrepanciess between our results and the observations. 

Inn particular, we aimed to deduce the star formation history of the Galaxy both from the 
abundance-abundancee variations observed and other independent observational constraints 
too the chemical evolution of the Galaxy. As a shortlist of interesting results we like to em
phasizee the following ones: 1) we found that evolution scenarios in which the SFR gradually 
increasess up to a given maximum in the disk and thereafter decreases exponentially are 
clearlyy favoured by the observations. We argue that models which incorporate infall of gas 
regulatingg this kind of behaviour of the SFR with age in the Galactic disk are preferred over 
modelss which do not incorporate gas infall; 2) we demonstrated that the ejecta of SNIa, 
associatedd with stars formed early in the evolution of the Galaxy and with initial masses 
inn the range ~ 2 . 5 - 8 M 0 , need to be delayed over at least 3 - 5 Gyr after the formation of 
theirr WD progenitors in order to fit the observations. Instead of such a time delay, SNIa 
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mayy be associated with considerably less massive stars than previously thought, i.e. with 
massess between ~1.5 and 2 M 0 ; and 3) we showed that models in which the upper mass 
limitt of SNII increases as a function of galactic, age during early epochs of star formation 
inn the Galaxy are consistent with the observations for variations of mu between ~20 and 
~30—400 M 0 if these variations occur delayed with respect to the variation of the SFR. Such 
aa behaviour of the upper mass limit of SNII may be supported by the formation of massive 
starss both in the Galactic disk and in external galaxies. 

Fourth,, we briefly compared our main results with those presented in several other recent in
vestigationss dealing with Galactic chemical evolution. We summarized the type of chemical 
evolutionn models that are in best overall agreement with the observations and we discussed 
whatt this may imply for the chemical evolution of the Galaxy as a whole. Combined with 
thee detailed description in Chap. 3 of the galactic chemical evolution model assumptions 
andd ingredients involved, the extensive results for a wide range of observations presented in 
thiss thesis make that our model is one of the best documented Galactic chemical evolution 
modelss currently available. 

It 'ss beyond the scope of this summary to list all the results obtained in Chapter 4. Instead, 
wee prefer to highlight some of the results obtained in Sect. 4.3.4 where we modelled the 
abundancess and abundance-abundance relations observed among Galactic disk and halo 
stars. . 

•• overall, reasonable agreement was found between the predicted and observed abundance-
abundancee variations for stars in the Galactic disk and halo. In detail, however, none 
off the SFR models selected on their ability to fit the observed AMR of iron could pro
videe an adequate explanation of the abundance-abundance relations observed, unless 
additionall variations of the element productions by (massive) stars with galactic age 
aree taken into account; 

•• our results support: 1) a gradual increase of the SFR up to a maximum several Gyr 
afterr the onset of star formation in the Galaxy, 2) an exponentially decrease of the SFR 
pastt its maximum, and 3) an SFR in the disk ISM regulated by gas infall/accretion of 
matter .. Gas infall onto the Galactic disk seems to be required to explain the stellar 
abundance-abundancee variations observed. Infall time scales between 0.5 and 3 Gyr 
appearr in best agreement with the observations when exponential decaying gas infall 
iss assumed. The agreement of the SFR models above with the observed abundance-
abundancee variations is very sensitive to the contraction time of the disk ISM before 
thee maximum SFR in the disk ISM is reached; 

•• our models suggest that the ejecta of SNIa associated with intermediate mass stars 
formedd at early epochs in the evolution of the Galaxy have been delayed over at least 
3—55 Gyr after the formation of their WD progenitors. It is difficult to extract informa
tionn about the detailed SNIa delay time profile from the observed abundance-abundance 
variations.. However, a substantial delay of a large number of SNIa over at least several 
Gyrr after the major period of star formation is needed to strongly affect the slope of 
thee [O/Fe] vs. [Fe/H] variation at values of [Fe/H]^; —1. The WD delay time effect on 
thee iron enrichment by SNIa leads to an underestimate of the iron abundance at early 
epochss in the evolution of the Galaxy. Although there are several ways out to compen
satee for this effect, we favour the possibility that the ages of stars in the Edvardsson et 
al.. (1993) sample are systematically too large by at least 3—4 Gyr; 
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•• if the t ime delay of SNIa would not be the primary cause for the change in slope 
off the variation of [O/Fe] with [Fe/H], it appears difficult to explain the observed 
abundance-abundancee trends for these elements unless different processes have ini
tiatedd and regulated the star formation history in the Galactic halo and disk ISM. 
Thiss may involve corresponding differences in e.g. the IMF, lower stellar mass limit, 
and/orr upper mass limit for SNII; 

•• our models combined with the Geneva/Nomoto yields are unable to explain ade
quatelyy the [O/Fe] and [C/O] ratios observed in Galactic halo stars. This conclusion 
iss independent of the SFR and IMF model used and is insensitive to the parameter 
valuess assumed; 

•• we have argued that the amount of carbon produced during the SNII explosion of 
massivee stars as predicted both by the Geneva/Nomoto and Woosley/Weaver yield 
setss is considerably too large. This may be e.g. related to the 1 2C(a, 7) rates adopted; 

•• we find that nitrogen is overproduced in our models by ~0 .3 -0 .4 dex. This suggests 
that :: 1) too many stars reach the AGB, and/or 2) the effect of hot bottom burning 
iss too large in our models. This result needs further investigation; 

•• in general, an IMF distinct from the Salpeter IMF results in a shift of the abundance-
abundancee variations predicted, while the shape of these variations is predominantly 
determinedd by the underlying star formation (and infall) history; 

•• the agreement with the observations for oxygen and the a -e lements is improved 
whenn IMFs are considered that flatten towards low-mass stars as compared to the 
Salpeterr IMF. However, elements such as C and N formed in intermediate mass 
AGBB stars, probably are overproduced in case of such flat IMFs. Therefore, such 
flatt IMFs are excluded by the observed abundance-abundance variations unless the 
formationn rate of intermediate mass AGB stars is suppressed at the same time. 
Alternatively,, the carbon and nitrogen yields of stars with metallicities Z <> 0.001 
mayy be substantially in error; 

•• no observational support is found for large variations of the stellar lower mass limit 
att birth over the lifetime of the Galaxy. If such variations did occur, episodes of 
relativelyy massive star formation must have been very short with respect to the 
lifetimee of the Galaxy and/or simultaneous variations in the enrichment contributions 
byy massive stars must have occurred to prevent overproduction of heavy elements in 
thee disk ISM; 

•• models for which the stellar upper mass limit at birth increases substantially with 
thee SFR are not supported by the observations (unless e.g. simultaneous variations 
inn the lower stellar mass limit at birth did occur); 

•• models for which the upper mass limit of SNII inc reases as a function of galac
ticc age during early epochs of star formation in the Galaxy are consistent with 
thee observations for variations of rau with between ~20 and ~ 3 0 - 4 0 M 0 , if these 
variationss occur delayed with respect to the variation in the SFR with age. We 
emphasize,, however, that the precise value and variation of m^N n favoured by the 
observedd abundance-abundance variations is rather sensitive to e.g. the IMF, and 
thee contribution by SNIa to the iron enrichment; 

•• the Dopita SFR (e.g. Dopita 1989; Dopita & Ryder 1994) and Salpeter IMF models 
aree found in best agreement with the observed stellar abundance-abundance varia 
tionss in the Galaxy for values of m^N n between 20 and 25 M 0 at the early epoch of 
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starr formation in the Galaxy, a SNIb/c fraction F S N I b / c ~ 0.2 for stars with masses 
betweenn ~8 M 0 and ms

u
m\ a SNIa fraction F S N I a between 0.01 and 0.02 for stars 

withh masses between ~2.5 and ~ 8 M@, and a SNIa delay time after formation of the 
WDD progenitor of ~3—5 Gyr; 

forr these models, we find that AGB stars roughly account for ~40% of the present-day 
stellarr consumption rate of hydrogen, and contribute ~50% and ~90% to the present-
dayy ejection rates of newly synthesized helium and nitrogen, respectively. SNII are 
foundd to contribute ~80% to the current stellar ejection rate of newly synthesized 
oxygen.. When oxygen initially present in stars at time of their formation is included 
inn the total stellar ejection rate of oxygen, we find that the contribution by SNII is 
reducedd to ~50% and that AGB stars contribute ~35% to this rate; 

modelss in best agreement with the observations and computed with the Woosley/Weaver 
stellarr yields, the Salpeter IMF, and parameters as listed hereabove imply typical 
contributionss by AGB stars, SNIa, SNIb/c, and SNII, to the total present-day stellar 
ejectionn rates of C, 0 , and Fe as follows (normalized to one): 

Ell AGB SNIa SNIb/c SNII 
CC 0.45 - 0.30 0.25 
OO 0.35 - 0.15 0.50 
Fee 0.25 0.50 0.10 0.15 

•• the present-day abundances observed in the Galactic disk ISM are not suited to 
distinguishh between different SFR models. However, the interstellar abundances for 
aa large number of elements at distinct epochs in the evolution of the Galaxy may 
providee the most stringent constraint to models for the star formation history and 
chemicall evolution of the Galaxy. A first confrontation of this kind was made in 
Sect.. 4.3.4. 

•• unfortunately, the present-day abundances predicted by our models deviate strongly 
fromm the mean abundances observed in Hll regions in the SNBH and in Canopus. 
Wee propose that the abundances of young objects in the solar vicinity are not rep
resentativee for the mean present-day abundances in Galactic disk stars; 

•• the possibility that the enrichment in the Galaxy proceeded at a relatively rapid 
ratee during the transition phase in the [O/Fe] vs. [Fe/H] relation may imply that 
thee formation of massive stars during this phase has not been accompanied by a 
correspondingg enhancement in the formation of low and intermediate mass stars (i.e. 
nott many of such stars are nowadays observed). This may point to a difference in 
thee IMF of stars formed before and after the transition phase as compared to the 
bulkk of disk stars nowadays observed; 

•• we suggest that the large spread in abundances observed among Galactic halo stars 
iss related to small-scale spatial variations in the nucleosynthesis of intermediate mass 
starss (m = 2 — 8 M©) which do not produce both at the same time iron and e.g. 
oxygenn in substantial amounts. These abundance variations may be primarily due 
too the local enrichment of the halo ISM by SNIa. 

Inn C h a p t e r 5, we investigated in detail the origin of the abundance variations observed 
amongg similarly aged F and G dwarfs in the local Galactic disk. We argued that orbital 
diffusionn of stars in combination with radial abundance gradients is probably insufficient to 
explainn these variations. We showed that episodic and local infall of metal-deficient gas can 
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providee an adequate explanation for iron and oxygen variations as large as A[M/H] ~0.6 
dexx among stars formed at a given age in the solar neighbourhood (SNBH). However, such 
modelss appear inconsistent with the observations because they: 1) result in current disk ISM 
abundancess that are too high compared to the observations, 2) predict stellar abundance 
variationss to increase with the lifetime of the disk, and 3) do not show substantial scatter in 
thee [Fe/H] vs. [O/H] relation. Notwithstanding, our results do suggest that metal-deficient 
gass infall plays an important role in regulating the chemical evolution of the Galactic disk. 
Wee demonstrated that sequential enrichment by successive stellar generations within indi
viduall gas clouds can account for substantial abundance variations as well. However, such 
modelss are inconsistent with the observations because they: 1) are unable to account for the 
fulll magnitude of the observed variations, in particular for [Fe/H], 2) predict stellar abun
dancee variations to decrease with the lifetime of the disk, and 3) result in current abundances 
farr below the typical abundances observed in the local disk ISM. 

Wee presented arguments in support of combined infall of metal-deficient gas and sequential 
enrichmentt by successive stellar generations in the local Galactic disk ISM. We showed that 
galacticc chemical evolution models which take into account these processes simultaneously 
aree consistent with both the observed abundance variations among similarly aged F and G 
dwarfss in the SNBH and the abundances observed in the local disk ISM. For reasonable 
choicess of parameters, these models can reproduce A[M/H] for individual elements M = 
C,, O, Fe, Mg, Al, and Si as well as the scatter observed in abundance-abundance relations 
likee [O/Fe]. For the same models, the contribution of sequential stellar enrichment to the 
magnitudee of the observed abundance variations can be as large as ~50%. We discussed 
thee impact of sequential stellar enrichment and episodic infall of metal-deficient gas on the 
inhomogeneouss chemical evolution of the Galactic disk. 

Inn C h a p t e r 6, we investigated the star formation history and chemical evolution of low 
surfacee brightness (LSB) disk galaxies by means of their observed spectro-photometric and 
chemicall properties. To this end, we used a galactic chemicaland spectro-photometric evo
lutionn model incorporating a detailed metallicity dependent set of up-to-date stellar input 
da taa covering all relevant stages of stellar evolution. Comparison of our model results with 
thee observations confirms the idea that LSB galaxies are relatively unevolved systems. 

Basedd on extensive modelling, we found that for the majority of the LSB galaxies in our 
sample,, observed Johnson-Cousins UBVRI magnitudes, [O/H] abundances, gas masses and 
fractions,, and Hi mass-to-light ratios, are best explained by galactic evolution models incor
poratingg an exponentially decreasing global star formation rate (SFR) ending at a present-
dayy gas-to-total mass ratio of  ̂ = 0.5 for a galaxy age of 14 Gyr. About 35 % of the 
LSBB galaxies in our sample exhibit properties that cannot be explained by exponentially 
decreasingg SFRs alone. We argued that most of these systems experienced recent episodes 
off enhanced star formation superimposed on exponentially decreasing global SFR models. 
Onlyy a small fraction (~10 —15 %) of the LSB galaxies have properties consistent with those 
resultingg from linearly decreasing or constant SFR models. 

Wee found evidence, from model point of view, for recent and ongoing star formation in the 
diskss of LSB galaxies at rates of ~0.1 M 0 y r _ 1 . In particular, we demonstrated that the 
occurencee of small amplitude star formation bursts in LSB galaxies is required to explain 
thee contribution of the young (5-50 Myr old) stellar population to the galaxy integrated 
luminosity.. This result suggests that star formation in LSB galaxies has proceeded in a 
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stochasticc manner from the moment star formation started in their disks. On the basis of 
thiss result, we argued that sporadic star formation in LSB galaxies is probably associated 
withh local accretion and/or infall of matter . 

Thee presence of an old stellar population in many late-type LSB galaxies, as confirmed by 
ourr results, suggests that LSB galaxies roughly follow the same evolutionary history as HSB 
galaxies,, except at a much lower rate. In particular, our results imply that LSB galaxies 
doo not form late, or have a delayed onset of star formation, but evolve slowly. We showed 
thatt the observed color differences between LSB and HSB galaxies can be interpreted almost 
entirelyy in terms of the relatively low extinction and metallicity in LSB galaxies. We pro
posedd that LSB galaxies are in an early stage of disk formation and probably are still in the 
accumulationn phase of gas during which their current amount of star formation and chemical 
enrichmentt is regulated. In particular, the gas reservoir at the time of onset of main star 
formationn in LSB galaxies may have been substantially less than that estimated from their 
present-dayy amounts of gas since accretion of matter is still very important in these systems. 

Thee low evolutionary state of LSB galaxies relative to HSB galaxies suggests that LSB galax
iess are just HSB galaxies in the making (except on time scales much longer than a Hubble 
time).. We discussed our results in the context of the evolutionary history of LSB galaxies 
comparedd to that of HSB and dwarf irregular galaxies. 

Apartt from the results presented in this thesis, I have been and/or am currently working 
on:: evolutionary population synthesis models for the stellar contents in the nuclei of ellip
ticall galaxies (in cooperation with Paul Goudfrooij, Pascale Jablonka, and Danielle Alloin), 
thee star formation history and chemical evolution of the Magellanic Clouds (with Martin 
Groenewegenn and Ken'ichi Nomoto), the luminosity function of AGB stars in the Galactic 
diskk and Magellanic Clouds (with Martin Groenewegen), the formation and evolution of 
interstellarr dust grains in the Galactic disk and Magellanic Clouds (with Teije de Jong), 
andd the radial distribution of the stellar content in spiral galaxies with high and low central 
surfacee brightnesses (with Roelof de Jong and Erwin de Blok). Part of the results of these 
investigationss will be presented elsewhere. 

Thee road to wisdom ? 
Well,, it's plain and simple to express 

Err,, err, and err again 

butt less, and less, and less 

Piett  Hein 



Niemandd kijkt naar wat zich voor zijn/haar voeten bevindt. 
Wee staren allemaal naar de sterren ... 

Quintuss Ennius 







Stellingenn behorende bij het proefschrift getiteld: 

'Onn the chemical and spectro-photometric evolution of nearby galaxies' 

1.. The inclusion of the metallicity dependence of both stellar yields and main-sequence stellar life
timess in Galactic chemical evolution models forms the solution of the classical G-dwarf problem 
(seee Chap.  4, this  thesis). 

2.. Abundance-abundance variations (e.g. [O/Fe] vs. [O/H]) observed among disk and halo stars cur
rentlyy provide the most stringent constraints on the star formation history and chemical evolution 
off the Galaxy (see Chap.  4, this  thesis). 

3.. To explain the change in slope in the [O/Fe] vs. [Fe/H] relation observed at values [Fe/H]^ — 1 , 
aa characteristic delay of several billion years between the time of formation of the main-sequence 
progenitorr of a supernova Type la (SNIa) and that of the corresponding SNIa explosion appears 
too be required. Alternatively, substantial changes in the stellar mass function at birth and/or 
stellarr yields with Galactic age and/or with location in the Galaxy can explain this change in slope 
(seee Chap.  4, this  thesis). 

4.. Orbital diffusion of stars in combination with radial abundance gradients is insufficient to explain 
thee abundance variations observed among similarly aged F and G dwarfs in the Galactic disk. 
Sequentiall enrichment by successive generations of stars and metal-deficient gas infall are required 
too explain these variations (see Chap.  5, this  thesis). 

5.. Many late-type, low surface brightness disk galaxies roughly follow the same evolutionary history 
ass their high surface brightness counterparts, except at a much lower rate (see Chap.  6, this 
thesis). thesis). 

6.. The morphology of any object depends on the wavelength at which it is observed. 

7.. De kans op leven in spiraalstelsels is vele orden van grootte hoger dan in elliptische sterrenstelsels. 

8.. Sommige muziekstukken komen aanzienlijk beter uit de verf wanneer de minimum geluidssterkte 
tijdenss het afspelen dichtbij het maximum van de installatie ligt. 

9.. Er heerst in Nederland nog steeds een taboe op mensen die zich verzetten tegen het doorbreken 
vann een taboe. 

10.. De reparatie-operaties van de Hubble Space Telescope behoren tot de grootste technische prestaties 
vann de 20e eeuw. 

11.. Hoe dikker de gebonden tijdschrift edities in de bibliotheek van een instituut, hoe lager het budget 
vann dat instituut in de periode waarin deze tijdschriften gebundeld werden. 

12.. Roest is de vijand van de fietsenmaker. 

13.. Wetenschap bestaat niet door aan regels gebonden te zijn. 

14.. Er zou niet alleen gekeken moeten worden naar een resultaat maar ook naar de omstandigheden 
waaronderr dat resultaat tot stand is gekomen. 

15.. Het is bijzonder onhandig om de rinkelfrequentie van kantoortelefoons gelijk te schakelen. 

16.. Niet alles dat mis kan gaan gaat mis. 

Bobb van den Hoek 
Amsterdam,, 10 April 1997 





'Leapp before you look' ('begint eer ge bezint') was a favourite expression of prof.dr. Albert Bouwers 
(1893-1972;; left photograph). Bouwers, born in Dalen, was a dutch physicist and industrialist who be-
comee famous by numerous inventions in the fields of optics, x-ray science, and high-voltage generation. 
Hee studied mathematics and physics in Amsterdam and Utrecht and graduated in 1924 cum laude on 
hiss thesis 'Measuring the intensity of x-rays'. 

Bouwerss pioneering work on x-ray research (invention of the x-ray tube with rotating anode), on 
thee generation of ultra-high voltages (of millions Volts) required for atomic nuclei studies, and on the 
constructionn of concentric mirror systems (which enabled unprecedented high light intensity combined 
withh exceptional sharpness) has found numerous applications in many different scientific fields. 
Fromm 1920 to 1941, Bouwers was director of the Philips X-ray and high-voltage Research Laboratory 
Eindhoven.. In particular, his invention of intensified x-ray photography (image-amplifier) was of great 
importancee for the population study on tuberculosis and fulfilled the medical need in the fifties to film 
activee interior organs (e.g. heart, lung, intestines) without exposing patients to appreciable amounts of 
x-rayy radiation. 
Fromm 1941 to 1968, Bouwers was President of the N.V. Optical Industry 'de Oude Delft'. Bouwers 
concentricc mirror optical system (with concave spherical mirror) has been and still is applied in many 
scientificc areas. It's ability to correct for spherical abberation in a simple and accurate manner (in 
contrastt to the method of Schmidt 1931 applied before) is widely used, e.g. in telescopes, binocular 
fieldfield glasses, microscopes, and night cameras. This system enabled for the first time low-brightness 
photographyy and was part of the infrared camera on board the Gemini 7 to photograph the farside of 
thee moon. Other remarkable inventions in optics by Bouwers include the 360  panorama camera and 
camerass for high-altitude photography. 
Fromm 1949 until 1954, Bouwers was extraordinary professor at the Department of physics and instrumen-
tationn at the University of Technology in Delft. He wrote and contributed to several books (e.g. 'Selected 
scientificc papers' 1969) and over 130 scientific and technical articles. He granted more than 215 national 
andd international patents on many of his inventions and received numerous scientific honours and prices. 

Bouwerss was a brilliant, gifted, modest, and creative physicist who dedicated his life to the development 
off new instruments and products which have found many applications in a wide range of research fields. 
Bouwerss belief in a fortunate outcome of a new idea when the principles were basically correct never 
failed.. If he went home with a problem, he came back the next morning, restless and full of energy, to 
applyy the solution worked out during the night. His intuition, controlled by sound reasoning, rarely led 
himm astray. 

Bobb van den Hoek (right photograph) is the grandson of Albert Bouwers. Ab, I hope you would 
havee been proud of me if you would have been able to read this work. 
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