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5 5 
Inhomogeneouss chemical evolution of the 
Galacticc disk: evidence for sequential stellar 
enrichment? ? 
vann den Hoek, L.B., and de Jong, T. J 

Abstract 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 
distr ibutionss 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 data 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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194 4 55 Inhomogeneous chemical evolution of the Galactic disk 

Inn contrast to previous understanding, these variations are much in excess of experimental uncertainties 
andd demonst ra te that the abundance spread for stars born at roughly the same galactocentric distance is 
simi larr 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 Lambert 1992; Cunha k Lambert 1992). These studies show that the concept of a well-defined 
t ightt age-metall icity 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 08 - 109 yr. Similar 
studiess 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 that 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-metall icity 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; 
Gi lmoree 1989; Gi lmore 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 mot ions in the ISM (Bateman k Larson 1993); 

 inefficient mixing in the disk ISM: isolated chemical evolution of individual parcels of interstellar 
gass dur ing considerable fractions of the lifetime of the disk (Lennon et al. 1990; Wilmes k Koppen 
1995); ; 

 major galaxy merger events resulting in mult iple 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/or 
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 galactocentr ic 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 that 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 tant as well. 

Basedd on the assumpt ion of short mixing t ime scales of ~ 107 yr in the local disk ISM, we argue that 
thee underlying physical mechanisms causing the observed abundance inhomogeneities and those init iating 
starr 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 inhomogeneit ies 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 
simultaneouslyy in the SNBH (see below), it is impor tant to investigate their combined effect on the chemical 
evolutionn of the Galact ic disk. 

Thee process of star formation init iated by stars formed during a preceding star formation event nearby, 
iss known as sequential star formation. Support for sequential star formation in the SNBH is provided by 
observationss of spatial ly 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/or by propagating ionization and shock fronts from an OB association 
causingg the gravitat ional 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 at 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 init iated 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/or spatial 
inhomogeneitiess in the ISM. This study differs from previous work (e.g. Pilyugin &; Edmunds 1995a) in that 
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 mult iple gas clouds in the Galactic disk. In 
part icular,, each gas cloud is allowed to follow its individual star formation, mixing, and infall history, as is 
suggestedd by the observations. Wi th 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 wil l 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 wil l 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 ibut ions related to the G-
dwarff  problem wil l 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 data of nearly 200 main-sequence field F and G dwarfs with actual 
distancess ^ 70 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 ta probably 
aree undersanipled (see EDV). Note that the sample is biased against old, high-metall icity stars through the 
minimumm Tetf limi t 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 wil l assume that these abundance variations are 
randomlyy distr ibuted within the rnetallicity range observed at a given stellar age. This is particularly im-
por tantt 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 ree 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 data 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 wil l probably not reduce the observed variations. Edvardsson et al. est imated 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 that 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 / ? ° , Fe £> 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 ° , Fe ^ 2, 3, and 4 kpc, for ~ 3 1, 14, and 8% of the sample stars, respectively. We note that 
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 ibut ion). 
Thiss suggests that a substantial part of the observed abundance variations is difficul t to explain by stellar 
orbitall  diffusion only. Also, Edvardsson et al. argued that the magni tude of the observed variations wil l 
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 ~ 13 kpc (Rolleston et al. 1994). 

Whatt 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 that 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 & Lambert 1992; Gies k Lambert 1992). The remarkable result that 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 
determinat 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 
difficul tt 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. data which suggest that the Sun is 
metal-r ichh 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 tant role (Wielen et al. 1996). We wil l discuss arguments in support of the former 
possibilityy in Sect. 5.2. 

5.2.33 Open clusters 

Variat ionss 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 variat ions suggests that the processes responsible for the abundance inhomogeneities among 
fieldfield stars 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 enr ichment of the disk ISM has been inhomogeneous on t ime scales less than ~ 1 0S - 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 
starss 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 /or local mixing of metal-enhanced material (e.g. stellar 
enr ichment).. When star formation is init iated 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 07 -
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/or 
infalll  induced star formation as the main processes responsible for the observed abundance variations (ample 
observationall  support for the occurrence of these processes in the local disk ISM are briefly discussed in Sect. 
5.5.2).. Obviously, the quant i tat 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 descript ion 

Wee present a model for the inhomogeneous chemical evolution of a star forming gas cloud. The basis for 
thiss model forms the individual star formation history and chemical evolution of multiple subclouds that 
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mutual lyy exchange interstellar material. We here restict ourselves to a brief outl ine 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 start 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 M qc|) 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 distr ibution of gas and stars within a star forming region of a 
molecularr cloud are il lustrated 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/or from infalling material (details related to the infall model 
wil ll  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 star formation events and/or to remain inactive 
dur ingg a substant ial part 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 /or supernova shocks, part of the enriched matter is assumed to mix homogeneously 
wit hh 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 t ime 
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 star that is able to enrich the subeloud core material before the core ult imately breaks up. 
Beforee dispersal of an entire, subeloud, the subeloud wil l be enriched by the stellar populat ions it is hosting. 
Afterr subeloud dispersal (i.e. after a typical mixing t ime scale A* mj x), 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 star 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 cont inuous 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 interstel lar abundances of H, He, C, O, Fe, Mg, Al , and Si, both within each subeloud and the inactive 
cloudd part. 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 part, 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. 
result ingg abundances are not altered for different values of M c ! ) . We here adopted Mc\ - 5 1010 M(;, similar 
too that 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 
withi nn each subeloud. For the reference model, we assume a maximum number of star formation events 
withi nn one subeloud Ns"

i ax = 1 so that 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 



5.35.3 Model characteristics and assumptions 

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 10l ü 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, , 

^*mi x x 

1.44 108 yr 
exp p 

1 1 

p 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 sp 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 ec a 
characteristicc t ime 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 t ime 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 Mart inet 1977; Dopita 1990). We here assume an exponentially 
decayingg SFR with £dec = 6 Gyr. As wil l 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 AM R 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 t imes tsf = tsc[. 

Wee define the core dispersal t ime Atdlsp as the t ime between onset of star formation tsf within a 
subcloudd core and the moment star formation ends due to the actual break up of this core. Observational 
est imatess of this t ime scale are generally ^ 1 07 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 ter AAf sc| 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. Wilkin g fe Lada 1983). We wil l 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 iall  associated with star formation event j is mixed homogeneously to the subcloud hosting the next 
starr 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 
stel larr abundance variat ions wil l be discussed in Sect 5.4.2. 

Tab lee 5.2 IM F 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 IM F m'y 

stellarr mass limit s 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 pat terns 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,, remnant masses, and ages, while assuming the stellar ejecta to be returned at the end of the lifetime 
off  the star (see e.g. Maeder 1992; Schaller et al. 1992). The respective t ime delays in enrichment by SNIa 
andd SNII are accounted for in detai l. 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  amounts 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 tat 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 . 02 
(cf.. Maeder 1992; Schaller et al. 1992). The mass ma 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 mr 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 limit s at birth, and progenitor mass 
rangess for stars ending their lives as SNIa and SNI l (+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 
thatt the IMF-weighed contr ibut ion 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 ^ mfjNI 1 contr ibute to the ISM enrichment during their stellar wind phase only. When no upper mass 
l imi tt mlNU = 2 5 - 30 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 ree 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 
inhomogeneit iess do not occur. Note that the resulting AMRs do not depend on the adopted value for M d 

ass long as the normal isat 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 
wit hh the mean EDV da ta 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 
model ingg 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 da ta provided by Edvardsson et al. imply that SNII and SNIa,b/c nucleo-synthesis sites mixed their 
productss together well. In addit ion, 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 enr ichment 

Inn case of sequential star formation, efficient self-enrichment of a star forming gas cloud by successive stellar 
generat ionss 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 ial 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 IM F and stellar mass limit s at birth. We distinguish the 
effectt of single and mult iple sequential stellar enrichment on the stellar abundance variations. We wil l 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) 

'References: : 
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 i l lustration 
purposes,, we consider only the alternating half of the subclouds to experience sequential enrichment. We 
definee initial masses of subclouds that 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 t imes 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 me nr able to 
enrichh material before cloud dispersal. For instance, values of Atfdisp ~ 5 106, 107, and 2 107 yr, correspond 
too me nr ~ 40, 15, and 12 M (;), respectively. 

Figuress 5.5-1 and 5.5-2 (top and center panels in Fig. 5.5, respectively) i l lustrate 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 part icipation 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 difficul t 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 t ime 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, omitt ing the enrichment 
duringg the stellar wind phase of supernova progenitors does not alter this conclusion. 
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F igu ree 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 al s t e l l ar e n r i c h m e nt 

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 fullfille d 
whenn isolated gas clouds experience mult iple 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 mult iple sequential enrichment. In the first scenario, earlier 
generat ionss of stars actual ly 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 variat ions only under condit ions 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 enr ichment 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 mult iple 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 0S 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 IM F 
(and/orr stellar mass limit s at birth) among different star forming regions are highly sensitive to the IM F 
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 difficul t to explain by sequential stellar 
enrichmentt only. This conclusion is not altered when allowing for variations in sequential enrichment between 
distinctt star 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/or cloud conditions that 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 addit ion, conditions that regulate the amount of cloud material 
too which the stellar ejecta are mixed before star formation is init iated (i.e. the star formation efficiency) 
mayy be important for the effects of sequential stellar enrichment. However, the impact of such conditions 
onn the stellar abundance variations, which would imply that the IM F weighed SN yields used here would be 
considerablyy modified, is beyond the scope of this paper. 

5.4.33 Episodic infall of metal-deficient mat ter 

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 init iated. 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 ta 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. 

2i tt 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 tant role in determining the stellar abundances when it induces star 
format ion.. 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 
thatt strongly interact with disk ISM and init iate 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 
it ss 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 matter, as well as the amount of 
infallingg gas that 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 gN " = 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 asumpt ion of a low initial disk mass which allows for a rapid early enrichment of the disk, and 2) 
thee assumpt ion of local infall of metal-deficient gas and subsequent star formation therein so that infalling 
mater iall  has relatively small effect on the dilution of the global disk ISM. 

Byy varying the ratio of infalling mat ter 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 addit ion, 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] , nf = -0 .65 ). We note that the current 
gass infall rate of ~3 .1 M 0 y r~' predicted by the model shown in Fig. 5.6 is larger than suggested by the 
observat ionss (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 addit ion, 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 that 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 important also because these processes are observed to operate simultaneously in the SNBH 
(seee Sect. 5.5.2). 

Attract ivee features of combined infall of metal-poor gas and sequential stellar enrichment are that a 
self-consistentt explanation can be obtained for: 1) the presence of high metallicity stars 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 ax = 0.90, A = 0.95, m™11 = 25 M 0 , 0S N l a = 0.005, and <^NIb /c _ n.33. c f T a b l es 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 ax = 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 wil l be locked up in long living stars due to sequential enrichment 
andd marked deviations from the observed [Fe/H] vs. [O/H] relation wil l 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  star 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 that stellar abundances for all elements heavier than helium would be mutual ly 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 
important.. 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 ree 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] 
relat ion.. Al though 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. 
[Fe /0 ].. Also, uncertaint ies 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, 
i tt seems improbable that the scatter observed in the [G/H] vs [0 /H] relation is due to observational errors. 
Finally,, it is difficul t to see how chemical differentiation processes (e.g. dust depletion, element mixing to the 
surface,, O/N-cycle, metal l ici ty dependent nucleo-synthesis, etc.) can cause such large abundance-abundance 
variat ionss among stars similar in mass and age. 

Fromm the arguments 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 limi t for SN1I. 

Secondly,, the predicted variation in [Mg/H] at a given [Fe/H] is substantial ly 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 important contr ibutors 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 that 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 that 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 addit ional 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 latter case, 
ann addit ional 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 l imi t for SNII, and/or the mass distr ibution of binaries. We have verified that 
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 that 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 quant i 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 star 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| jN 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-rat io C=0.5 and by the t ime scale r m f = 6 Gyr on which infall decays 
exponential ly.. Th is 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 
underest imatee of a factor of 2 -3 (see Sect. 5.5.2). We note that higher values of £ and/or lower values of 
rmff  may apply equally well. 

Thee predicted rates above all scale with the amplitude of the SFR. In turn, this ampl i 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 /or * decr wil l not affect the predicted stellar and interstellar abundances 
substant ial ly,, provided that a current gas-to-total mass-ratio /i i = 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 rate, and supernova rates. Obviously, these observations do not yet provide tight-
constraintss 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 limi t 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 mJjN 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 
solut ionss to this discrepancy are: 1) m'JjNI1 and /or the IMF have changed between the t ime 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 that the predicted current disk ISM  abundances of e.g. O and Fe increase and the effect of sequential 
enr ichmentt is reduced, and /or 3) the adopted yields for SNII (and or SNIb/c) are in error at metallicities 
beloww [Fe /H ]~ - 1 . 

Al thoughh 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. T imrnes et al. 1995). We emphasize that the detailed yields for SNII at metallicities [Fe /H]^ - 1 
aree not impor tant for the sequential enrichment and infall model results for disk stars presented in this paper 
butt we just want to note here that i i is difficul t 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 start to contaminate the global disk ISM (e.g. Gilmore & Wyse 
1991;; Bravo et al. 1993; Ishimaru k Ar imoto 1995). In our models, the breakpoint in the [O/Fe] vs. [Fe/H] 
relationn is mainly determined by: 1) the assumed fraction 0S 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 t ime r S N I a = 2.5 Gyr after which SNIa 
s tartt to contr ibute to the enrichment of the ISM (e.g. Smecker-Hane & Wyse 1992; Ishimaru fe Arimoto 
1995),, and 3) the frequency distr ibution 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 st , 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__ 25 ( i y r Jg i n 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 Ar imoto 1995). 

Alternatively,, model assumptions related to: 1) the enrichment rate of the disk ISM by SN1I (e.g. 
IM FF 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 [Fe /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 t imes /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 il lustrated 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 qual i 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 ntt gas 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 asymmetr ic 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 probabilit ies of HVCs. In particular, low-velocity gas may add substantial ly 
too the total influx of mat ter 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 underest imate by a factor of 3—4 appears likely. This would imply that a considerable fraction 
off  30—60 % of stars currently forming in the disk is associated with infalling gas provided that 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. 

Observat ionall  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 Cast 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 lat i tudes (like the Orion molecular cloud complex), 2) the displacement of OB star clusters 
wit hh respect to the centers of their parent molecular clouds, 3) the alignment of the OB clusters in directions 
thatt are substant ial ly inclined to the Galactic plane. 4) the age sequence of the aligned OB associations with 
ann age of ~ 1 07 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 difficul t 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 full y primordial because of the presence of various metals in HVCs, considerable mixing 
off  mater ial 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, part icipating 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 iall  from nearby metal-poor galaxies like the Small Magellanic ('loud (see below). 

I tt 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 t ime scales short compared to the 
locall  mixing t ime scale. According to the interaction time scale of 107 yr, this condition is likely fullfille d 
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 important 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 star formation is based on observations of spatially separated subgroups of OB 
starss that 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. Addit ional 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.. Garmany 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 format ion (Blit z 1990). When star formation proceeds on such t ime 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 Milk y 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 ~107 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 tradit ional 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 t ime scales short compared to the local mixing t ime scale. This condition likely is fullfille d 
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 ter so that the critical 
conditionss for star formation can be reached. Such conditions, i.e. for the collapse of high density gas under 
gravitionall  instabilit ies, are likely to be met in the spiral arms and nuclei of galaxies. 

Ass discussed above, sequential enrichment may be triggered by OB-associations or by single massive 
stars.. Efficient sequential enrichment wil l 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/or irregularly expanding shells, and 2) the t ime scale for star formation init iated by 
thesee outflows is shorter than the local mixing t ime scale so that stellar enrichment is restricted mainly to the 
regionn in which star formation is induced. These conditions are met in part icular 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. Init iation 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 that these 
processess can provide an adequate explanation for the abundance inhomogeneities observed among similarly 
agedd stars in the SNBH and may play an important role for the inhomogeneous chemical evolution of 
thee (Galactic disk. In addit ion, 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 tant 
ass well (e.g. Quinn et al. 199.3). In such cases, both gas and stars in the companion galaxy may add 
substantial lyy to the observed abundance inhomogeneities in the Galactic disk (Pilyugin k Edmunds 1996c). 
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However,, the suggestion that stellar populat ions from merging companion galaxies contribute substantially 
too the observed stellar abundance variations in the Galactic disk seems difficul t to reconcile with: 1) the 
apparentt homogeneous distr ibution 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 that 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 populat ions with independent star formation and chemical evolution 
histories.. In either case, merging may be important for the chemical evolution of the Galaxy both by adding 
largee amounts of predominant ly metal-poor mater ial and by init iating star formation in the disk. 

Addit ionall  processes which probably contr ibute to the inhomogeneous chemical evolution of the Galac-
ti cc disk include: 1) ejection of enriched material into the halo generating local abundance variations in the 
diskk ISM, and 2) stel lar orbital diffusion. We argue, however, that the t ime scales for these processes required 
too cause substant ial 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 tant 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 
variat ionss 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 LM C (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 init iate recent, 
starr formation so that 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)) and /or 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 that sequential stellar enrichment is generally inefficient in dwarf galaxies because of their 
loww gas densities, and that 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 start 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 Nsc| 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 part. Each subcloud i is formed at corresponding evolution t imes £*cl 

andd is allowed to follow its individual star formation, mixing, and infall history. 

A. ll  Model descript ion, 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 JM* d(^ f ) is transformed into stars. 

Wee define A ^ - as the t ime between the onset of star formation within a subcloud core and the 

completee dispersal of this core region by supernova explosions and/or 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, quantit ies 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 ult imately 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 t imes 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 t ime 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 that 
off  the neighboring subclouds. 

Beforee an entire subcloud breaks up its constituent material wil l be enriched by the stellar populat ions 
i tt 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 star formation event. Simultaneous 
withh the ejection of enriched material returned by newly formed stars, a substantial fraction of the ambient 
subcloudd matter 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 matter exchange is assumed between the subcloud and the surrounding ISM during the t ime 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 t ime, stars associated with the dispersing subcloud become part of the stellar populat ions 
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 that 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 t ime, both 
withinn each subcloud and the inactive cloud ISM. For each star formation event we use conventional chemical 
evolutionn model equat ions (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 t imes / — At and t. With 
MMcc\(t\(t = 0) the initial mass of the cloud and no stars initiall y present, i.e. M*(U ) = U, we can express the 
variat ionss 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 ter 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 matter 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*lj NI a 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 gee b e t w e en i nd iv idua l s u b c l o u ds 

Ass mat ter may be transferred from one subcloud to another (or within one subcloud from one subcloud 
coree to another) we include terms AM sf p r ev and AM sf next in Eq. (A6). The term AM sf 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 star 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 evv = \j-lSMJ
r-

l+K j-lMscUprev (A8) 

AMsfnextt = A^M J
r et + ^ M ^ c l (A9) 

wheree M sci 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 all  evo lu t i on of s u b c l o u ds 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(X c,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 - Efo rmX qc lM s
fc

cl + £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) 

A M 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 terr initiall y present at the t ime 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 est 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 initiall y 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 that 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 tabulate values of ort- for different combinat ions 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 skk = [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 that are far from the enrichment trajectory followed by the disk 
ISM,, and 2) the abundance-rat ios 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 that 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 difficul t to reconcile with efficient mixing on t ime scales as short as ~ 1 07 

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 that 
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 Mixin g of metal-r ich mater ial 

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). 
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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 aFe 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 iall  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 est 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 IM F with slope 7 - - 2 .35 while as-
sumingg an upper SNII mass limi t of m ^ 1 1 = 60 M e . The fact that the predicted relation drops substantially 
beloww that 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 contr ibution of SNII, SNIa, and SNIb/c on the resulting stellar abundance 
var iat ionss is beyond the scope of this paper, we give some examples below. 

Wee est 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 IM F integrated (7 = -2 .35) stellar oxygen and iron yields 
forr the first generation (assumed to have solar abundances init ially) . We assume that the enriched material 
returnedd by the first generation (formed with solar metallicity) is mixed homogeneously to a gas cloud (with 
initiall yy solar abundances as well). Furthermore, we assume that the abundances in the enriched gas cloud 
aree those available to the second stellar generation. 

Result ingg 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 initiall y converted into stars), 2) the upper mass limi t mJjNH of stars 
assumedd to end as SNII, and 3) the least massive star me nr 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 

AM o 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 

AM Fe 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. 

I tt can be seen that 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/or SNIb/c nucleo-synthesis products are required. 

Secondly,, for a given combination of m^N I 1 and me 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 me n r, abundance variations rapidly increase with m'^NI 1 (this 
effectt is more pronounced for oxygen; cf. Table 5.5). We assumed that stars more massive than m[jN11 do 
nott explode as supernova but presumably end as black hole (e.g. Maeder 1992). Consequently, such stars 
contr ibutee to the ISM enrichment during their stellar wind phase only. However, even though such stars 
probablyy do not part icipate 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 me nr £ 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 me nr except for values of menr £ 25 M ( ) . 

Thee abundance variations listed in Table 5.6 wil l be substantial ly 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 wil l be substantially reduced in 
casee of partial mixing of the enriched stellar ejecta (i.e. A < I, see above) and/or when a steeper IM F 
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, me nr — 12, 15, 25, and 40 M ( ) , approx-
imatelyy corresponds to sequential enrichment t imes 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 me nr ^ 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 that 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,, apart 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 addit ion to that of SNIa) may help (and in fact may be required) to explain the 
observedd variat ions 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 
enr ichment.. This results in a corresponding shift of the [Fe/H] vs. [O/H] relation and improves the agreement 
wit hh the observations, in part icular 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 that 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 variat ions 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 that infall of metal-deficient material and/or sequential stellar enrichment provide plau-
siblee mechanisms to explain (in part) the observed stellar abundance variations among similarly aged stars 
inn the SNBH. It is evident that a more quant i tat 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 dur ing which abundance inhomogeneities in the local disk ISM can exist (see Sect. 5.4). 


