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3 3 
Modellingg the chemical evolution of the Galac-
ti cc disk: basic equations, assumptions, and stel-
larr input data 

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

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

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

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

Introduction n 

Thee aim of galactic chemical evolution modelling is to predict reliable abundances in our Galaxy as well as 
inn other galaxies both as a function of t ime and location. Basic ingredients involved with galactic chemical 
evolutionn models are the star formation history and accretion or outflow history of the region of interest (e.g. 
galacticc disk, halo, or bulge), and the nucleosynthesis yields of the stars enriching this region. In principle, 
bothh the star formation and accretion/outflow history are determined by a complex set of processes including 
thee kinematical and dynamical evolution of the galaxy, the hydrodynamical evolution of the ISM (e.g. density, 
temperature,, and pressure), and the interaction between gas and stars (mixing, radial flows, etc.). We ileal 
withh the assumptions related to these processes in Chapter 4. Here we describe a general model for the 
chemicall  evolution of a galactic region such as the Galactic disk and discuss the basic equations and stellar 
inputt da ta used. The region is considered as an open, non closed-box system and is allowed to experience 
infloww and outflow of both gas and stars. We assume that the region is homogeneous at any time in its 
evolution.. Furthermore, we relax the instantaneous recycling approximation (e.g. Searle fc Sargent 1972) 
andd take into account metallicity dependent stellar lifetimes, remnant masses, and nucleosynthesis yields. 
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14 4 33 Basics of modelling the chemical evolution of the ('ia.lnrt.ic disk 

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

3.11 Basic equations and model assumptions 

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

dM. dM. 

dt dt 
d M , , 

dt dt 

*[ZM*[ZM RR] ] 

dt dt 

==  C-E + T ( ;U) 

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

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

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

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

3.1.11 Star formation rate and initial mass function 

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

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

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

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

Thee star formation rate C'{/) is defined as the product of the number of stars formed per unit t ime and 
thee mean stellar mass formed. For the IMF, we wil l adopt a power law, i.e. M(m) ~ dN{m)jdm oc n)-"" 
normalisedd as f™u M ( m ) dm = 1 . In general, the conventional assumptions of a separable SFR (i.e. the 
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3.13.1 Basic equations and model assumptions 15 5 

agee and mass-dependent parts of the SFR are separated) and of an age-independent IMF are convenient 
approximationss when solving the galactic chemical evolution equations. More general expressions for the 
SFRR and IM F wil l be considered in Sect. 4.2. 

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

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

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

3.1.22 Newly synthesized and unprocessed metals 

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

u u 

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

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

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

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

EEzz(t)(t) = E?d(t) + EÏ™(t) (3.9) 

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

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

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

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

 Initial conditions 

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

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

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

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

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

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

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

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

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

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

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

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

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

andd the average past SFR by: 

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

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

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

MW W 
LMC C 
SMC C 

S F R OB B 

3.6 6 
0.14 4 
0.038 8 

S F R H« « 

0.18 8 
0.048 8 

SFRwm m 
2.5 5 
0.23 3 
0.023 3 

S F R T IR R 

5.0 0 
0.30 0 
0.026 6 

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

<SFR> > 
16.55  1.5 
0.66  0.05 
0.088  0.02 

K K 

-4.5 5 
~ 3. . 
-2.5 5 

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

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

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

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

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

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

Tab lee 3.3 IMF related parameters and stellar enrichment 

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

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

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

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

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

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

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

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

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

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

 Solution method 

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

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

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

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

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

3.2.11 Stel lar lifetimes 

Wee use the stellar lifetimes from the metallicity dependent stellar evolution tracks presented by the Geneva 
groupp (i.e. Schaller et al. 1992; Schaerer et al. 1993, 1995; Charbonnel et al. 1993; Meynet et al. 1994). Fig. 
3.11 i l lustrates the stellar lifetimes adopted as a function of initial mass (between 0.1 and (JO M,. ) and initial 
metal l ici tyy (between Z — Ü.ÜÜ1 and 0.04) for the following evolutionary phases: main sequence (MS: core 
hydrogenn burning), red giant branch (RGB: shell hydrogen burning), horizontal branch (HB: core helium 
burning),, and (early) asymptot ic giant branch (EAGB, AGB: double shell burning). 
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F igu ree 3.1 Stellar lifetimes for stars in the mass range 0.8 —GO M,., formed with initial metallicities Z = 0.02 (solid 
curve),, 0.005 (dotted), and 0.001 (dashed). Data from the Geneva group (1995; MS-EAGB), Lattanzio (1991; HB), 
Groenewegenn k. de Jong (1993; EA(iB-AGB) 

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

Forr stars with m ^ 1.7 \\,.<. the Geneva tracks were computed up to the He (lash. For these stars, we 
usee the metall icity dependent HB and EAGB lifetimes from Lattanzio (1991). The Geneva tracks do not 
extendd beyond the HB for stars with 2< 77)[M,.,] <5. For stars in this mass range, EAGB lifetimes are taken 
fromm Lattanzio (1991) as well. For low and intermediate mass stars (i.e. m =0.8—8 M,.,), we adopt the AGB 
lifetimess from Groenewegen & de .long (1993). Note that the EAGB lifetimes for stars with m i>8 M r t refer 
too the t ime spent by these stars after the HB, i.e. these stars usually do not become AGB stars but become 
Wolf-Ravett stars. 



:i.2:i.2 Stellar lifetimes and remnant masses 21 1 

Inn general, stellar lifetimes are dominated by the times spent on the main-sequence and increase with 
initiall  metallicity for low- and intermediate mass stars (i.e. m <, 10 M,.,; see below). For more massive stars, 
main-sequencee lifetimes decrease with increasing metallicity. This is primarily due to the large hydrogen 
contentt of stars born with relatively low metal abundances (cf. Schaller et al. 1992). Metallicity effects on 
thee stellar MS lifetimes are generally small for massive stars (i.e. <, 15%) but can be important for low-mass 
starss (i.e. up to ~ 65%). Post-MS lifetimes are relatively insensitive to initial metall icity except for low-mass 
starss (in <>  8 M .,: i.e. variations less than ~25%). 

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

3.2.22 Stellar remnant masses 

•• Asymptot ic giant branch stars 

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

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

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

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

•• Supernova progenitors 

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

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

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

Thee Geneva group explicitly takes into account the dependence of stellar mass loss on initial rnetallicity. 
Inn part icular, the large opacity in high-metall ir i ty stars results in relatively high mass-loss rates and small 
remnantt masses. In fact, stars with m ,> 25 - 30 M Q born with high metallicities may loose most of then-
envelope,, during the stellar wind phase and/or the Wolf-Rayet stage. Alternatively, stars with m ^ 25 - 30 
M QQ may end their lives as a black hole depending on the part of the mantle layer that is accreted onto the 
coree (e.g. Maeder 1992). For this reason, remnant masses of stars with m ^ 25 MH are relatively uncertain, 
especiallyy at low metall icit ies. Remnant masses for stars with Z = 0.02 (cf. Maeder 1992) are similar to 
thosee given by Hashimito k Nornoto (1992) and Thielemann et al. (1993), except for small differences for 
starss in the mass range 20 — 25 M(-,. 



'A.'A'A.'A Stellar nucleosynthesis prescriptions 23 3 

Remnantt mass: I -dependence (Geneva) 
~r r 

Remnartt mass: I ceDcndence (Woosley et a1.) 

200 30 10 

Initiall Mass [M„] 

500 60 0 200 30 40 

Initiall Mass [M„] 

50 0 

Figuree 3.4 Left panel: Remnant masses of stars in the mass range O.S—60 M(., formed with initial nietallicities Z = 
0.04.. 0.02, 0.00S, 0.004, 0.001 (see legend). Data from the Geneva group (1995) and van den Hoek fe Groeiiewegen 
(1997)) for stars with m <i 8 M 0 . Right: Same as left panel but data from Woosley k Weaver (1905). Data for SNIb/c 
aree taken from Woosley, Langer, and Weaver (1995). Remnants of SNII and SNIb/c progenitors with in = X — 12 
M(:,, and with m ït 40 M[.; were extrapolated 

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

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

3.33 Stellar Nucleosynthesis Prescriptions 

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

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

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

3.3.11 Definition of stellar yields 

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

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

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

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

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

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

AY AY 
YY = Yt + -K2Z (3.13) 

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

Tab lee 3.4 Initial element abundances adopted 

Element t 

H H 
44 He 
l2l2C C 

„ ( : : 1 4N N 
166 O 

Z=0.001 1 
0.756 6 

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

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

0.004 4 
0.744 4 

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

0.008 8 

0.728 8 

0.264 4 

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

5.511 (-4) 
4.24(-3) ) 

0.02 2 
0.68 8 

0.30 0 
4.47(-3) ) 

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

1.06(-2) ) 

0.04 4 
0.62 2 

0.34 4 
9.73(-3) ) 

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

2.11(-2) ) 

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

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

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

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

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

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

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

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

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

3.3.22 Asymptotic Giant Branch stars 

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

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

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

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

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

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

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

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

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

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

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

•• Pre-AGB evolution 

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

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

•• Thermal-pulsing AGB 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

•• Dependence on mass loss 

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

•• Dependence on initial metallicity 

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

" ' i l l . . 

.0 0 
1.0 0 

1.3 3 
1.3 3 

1.5 5 

2.0 0 

3.0 0 

4.0 0 

5.0 0 

7.0 0 

8.0 0 

H H 

-.140E-01 1 

-.14.SE-01 1 

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

-.245E-01 1 

-.295E-01 1 

-.203E-01 1 

-.2GXE-01 1 

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

-.382E-01 1 

4He e 

.140E-01 1 

.14XE-01 1 

.213E-01 1 

.215E-01 1 

.210E-01 1 

.242E-01 1 

.149E-01 1 

.202E-01 1 

.234E-01 1 

.316E-01 1 

.295E-01 1 

, 2C C 

-.2266 E-04 

-.260E-04 4 

.2X1E-02 2 

-2S1E-02 2 

.321E-02 2 

.463E-02 2 

.472E-02 2 

.109E-02 2 

.5800 E-03 

.734E-03 3 

.603E-03 3 

i.-,(. . 

-.135E-04 4 

-.149E-04 4 

-.175E-04 4 

-.178E-04 4 

-.195E-04 4 

-.220E-04 4 

-.2344 E-04 

.223E-03 3 

.525E-04 4 

.910E-04 4 

.«5KE-04 4 

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

" » i l , l l 

.9 9 

1.0 0 
1.3 3 

1.3 3 

1.5 5 
2.0 0 

3.0 0 

4.0 0 

5.0 0 

7.0 0 

8.0 0 

H H 

-.121E-01 1 

-.136E-01 1 

-.191E-01 1 

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

-.303E-01 1 

-.422E-01 1 

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

-.395E-01 1 

-.50NË-01 1 

44 He 

.120E-01 1 

.134E-01 1 

.174E-01 1 

.174E-01 1 

.191E-01 1 

.249E-01 1 

.342E-01 1 

.262E-01 1 

.265E-01 1 

.311E-01 1 

.406E-01 1 

^ C C 

-.147E-03 3 

-.1699 E-03 

.12XE-02 2 

.12XE-02 2 

.253E-02 2 

.439E-02 2 

.681E-02 2 

.65KE-03 3 

.104E-05 5 

.458E-04 4 

-.520E-04 4 

. , ( ; ; 

.124E-04 4 

.144E-04 4 

.170E-04 4 

.171E-04 4 

.1833 E-04 

.215E-04 4 

.245E-04 4 

.300E-03 3 

.971E-04 4 

.130E-03 3 

.158E-03 3 

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

« » i t l i i 

.9 9 
1.0 0 
1.3 3 

1.3 3 

1.5 5 

2.0 0 

3.0 0 

4.0 0 

5.0 0 

7.0 0 

8.0 0 

H H 

-.992E-02 2 

-.208E-01 1 

-.294E-01 1 

-.157E-01 1 

-.182E-01 1 

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

-.37GE-01 1 

-.377E-01 1 

-.43GE-01 1 

-.474E-01 1 

4He e 
.992E-02 2 

.186E-01 1 

.257E-01 1 

.148E-01 1 

.1G0E-01 1 

.200E-01 1 

.329E-01 1 

.313E-01 1 

.314E-01 1 

.358E-01 1 

.390E-01 1 

V1V1i) i) 

-.415E-03 3 

-.123E-03 3 

-.334E-04 4 

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

.235E-02 2 

.511E-02 2 

.462E-02 2 

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

-.9233 E-03 

133 c 

.309E-04 4 

.480E-04 4 

.670E-04 4 

.491E-04 4 

.513E-04 4 

.597E-04 4 

.6688 E-04 

.698E-04 4 

.141E-03 3 

.170E-03 3 

.17GE-03 3 

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

« ' n i l l 

.9 9 

1.0 0 
1.3 3 

1.3 3 

1.5 5 

2.0 0 

3.0 0 
4.0 0 

5.0 0 
7.0 0 

8.0 0 

H H 

-.858E-02 2 

-.243E-01 1 

-.229E-01 1 

-.921E-02 2 

-.903E-02 2 

-.142E-01 1 

-.318E-01 1 

-.388E-01 1 

-.452E-01 1 

-.4G0E-01 1 

-.513E-01 1 

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

.193E-01 1 

.919E-02 2 

.S74E-02 2 

.123E-01 1 

.262E-01 1 

.314E-01 1 

.3G4E-01 1 

.3722 E-01 

.41GE-01 1 

llH: H: 
-.99 74 E-03 

-.347E-03 3 

-.804E-03 3 

-.140E-02 2 

-.1G7E-02 2 

-.108E-02 2 

.189E-02 2 

.454E-02 2 

.4G8E-02 2 

-.188E-02 2 

-.195E-02 2 

1 M C C 

.729E-04 4 

.113E-03 3 

.127E-03 3 

.982E-04 4 

.109E-03 3 

.142E-03 3 

.1588 E-03 

.1G1E-03 3 

.1G8E-03 3 

.27GE-03 3 

.277E-03 3 

ofof modelling the chemical evolution of the (lahirtic disk 

H B B = 0 .8 8 

144 N 

2644 E-04 

3044 E-04 

3G4E-04 4 

3711 E-04 

424E-04 4 

8111 E-04 

8022 E-04 

472E-02 2 

657E-02 2 

8G9E-02 2 

794E-02 2 

i ü 0 0 

-.197E-05 5 

-.223E-05 5 

.249E-03 3 

.249E-03 3 

-284E-03 3 

.400E-03 3 

.417E-03 3 

.4311 E-03 

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

.960E-04 4 

11 TUT 

-.108E-05 5 

-.847E-0G G 

.309E-02 2 

.309E-02 2 

.353E-02 2 

.529E-02 2 

.535E-02 2 

.656E-02 2 

.772E-02 2 

.9G1E-02 2 

.878E-02 2 

A m ej j 

.38 8 

.40 0 

.67 7 

.69 9 

.89 9 

1.32 2 
2.18 8 

3.09 9 

4.02 2 

5.87 7 

6.17 7 

» ie . ,d d 

.56 6 

.57 7 

.59 9 

.59 9 

.62 2 

.68 8 

.82 2 

.91 1 

.98 8 

1.13 3 
1.84 4 

HBB=0.8 8 

14N N 

198E-03 3 

2411 E-03 

3066 E-03 

3088 E-03 

3566 E-03 

55 76 E-03 

7844 E-03 

443E-02 2 

643E-02 2 
881E-02 2 

111E-01 1 

166 0 

.2855 E-04 

.53GE-04 4 

.139E-03 3 

.148E-03 3 

.216E-03 3 

.254E-03 3 

.3055 E-03 

.5722 E-04 

.660E-04 4 

-.6322 E-03 

-.9922 E-03 

Y T O T T 

.6833 E-04 

.112E-03 3 

.170E-02 2 

.171E-02 2 

.306E-02 2 

.543E-02 2 

.798E-02 2 

.544E-02 2 

.659E-02 2 

.835E-02 2 

.102E-01 1 

Arnej j 
.33 3 

.44 4 

.6H .6H 

.68 8 

.92 2 

1.39 9 

2.3G G 

3.10 0 

4.03 3 

5.89 9 

6.81 1 

« l e nd d 

.58 8 

.58 8 

.59 9 

.59 9 

.59 9 

.61 1 

.64 4 

.90 0 

.97 7 

1.11 1 

1.20 0 

(HBB-0.8 8 

u N N 

4855 E-03 

773E-03 3 

122E-02 2 

8677 E-03 

9866 E-03 

127E-02 2 

173E-02 2 

182E-02 2 

729E-02 2 

976E-02 2 
108E-01 1 

i«J0 0 

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

.187E-02 2 

.416E-03 3 

.3711 E-03 

.777E-04 4 

-.147E-05 5 

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

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

Y T O T T 

-.150E-07 7 

.161E-02 2 

-303E-02 2 

.7444 E-03 

.208E-02 2 

.394E-02 2 

.692E-02 2 

.624E-02 2 

.628E-02 2 

.774E-02 2 

.841E-02 2 

Alllej Alllej 

.33 3 

.53 3 

.90 0 

.72 2 

.97 7 

1.40 0 

2.38 8 

3.21 1 
4.08 8 

5.93 3 

6.85 5 

« i e tu u 

.57 7 

.58 8 

.59 9 

.59 9 

.59 9 

.60 0 

.62 2 

.79 9 

.92 2 

1.07 7 

1.15 5 

HBB=0.8 8 

4N N 
114E-02 2 

171E-02 2 

214E-02 2 

171E-02 2 
205E-02 2 

244E-02 2 

317E-02 2 

3300 E-02 

359E-02 2 

110E-01 1 

124E-01 1 

i « 0 0 

-.8055 E-04 

.191E-02 2 

.174E-02 2 

-.107E-03 3 

.2288 E-04 

.878E-04 4 

.964E-04 4 

-.417E-03 3 

-.5900 E-03 

-.125E-02 2 

-.130E-02 2 

Y T O T T 

.360E-05 5 

.321E-02 2 

.298E-02 2 

.158E-04 4 

.247E-03 3 

.180E-02 2 

.529E-02 2 

.739E-02 2 

.867E-02 2 

.845E-02 2 

.924E-02 2 

A«i ej j 

.35 5 

.55 5 

.80 0 

.69 9 

.94 4 

1.41 1 

2.39 9 

3.32 2 

4.23 3 

6.02 2 

6.91 1 

««end d 

.55 5 

.55 5 

.56 6 

.56 6 

.57 7 

.59 9 

.61 1 

.68 8 

.77 7 

.98 8 

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

0 0 

-0.05 5 

-0.1 1 

-0.15 5 

0.02 2 

0.01 1 

0 0 

2x10"J J 

10"3 3 

0 0 
- i o - 3 3 

-2x10" " 

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

•• Dependence on the amount of HBB 

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

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

yj j 
(D D 

y y 

22 4 6 8 0 2 4 6 
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F igu ree 3.6 Stellar yields of H, 4He. 12C, 14N, 1 60, and total CNO vs. initial stellar mass for the standard model: 
effectt of varying 1) the amount of HBB (first tiro columns), 2) the dredge-up efficiency (center columns), and 3) the 
criticall  core mass for dredge-up (last two columns). Dashed and dotted curves have the same meaning as in Fig. 3.5. 

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

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

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

•• Dependence on third dredge-up efficiency 

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

•• Dependence on critical core mass for dredge up 

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

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

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

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

•• Dependence on pre-AGB evolution 

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

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

•• Application to AGB stars in nearby galaxies 

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

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

.X X 

.n n 
1.0 0 

1.3 3 

1.5 5 

1.7 7 

2.0 0 
2.5 5 

;.*.o o 
3.5 5 

4.0 0 

4.5 5 

5.0 0 

0.0 0 

7.0 0 

8.0 0 

H H 

-.12E-01 1 

-.13E-01 1 

-.14E-01 1 

-.24E-01 1 

-.24E-01 1 

-.23E-01 1 

-.23E-01 1 

-.22E-01 1 

-.19E-01 1 

-.10E-01 1 

-.36E-01 1 

-.53E-01 1 

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

- . 10E+00 0 

- .10E+00 0 

4He e 
.12E-01 1 

.13E-01 1 

.14E-01 1 

.21E-01 1 

.21E-01 1 

.20E-01 1 

.1XE-01 1 

.17E-01 1 

.14E-01 1 

.13E-01 1 

.30E-01 1 

.46E-01 1 

.60E-01 1 

.80E-01 1 

.95E-01 1 

.94E-01 1 

H H 

-.11E-01 1 

-.12E-01 1 

-.13E-01 1 

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

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

-.24E-01 1 

-.27E-01 1 

- . lxE-01 1 

-.27E-01 1 

-.46E-01 1 

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

- .10E+00 0 

- .11E+00 0 

4He e 

.11E-01 1 

.12E-01 1 

.13E-01 1 

.17E-01 1 

.19E-01 1 

.1SE-01 1 

.17E-01 1 

.18E-01 1 

.19E-01 1 

.12E-01 1 

.22E-01 1 

.41E-01 1 

.55E-01 1 

-77E-01 1 

.92E-01 1 

.10E+00 0 

H H 

-.99E-Ü2 2 

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

-.11E-01 1 

-.15E-01 1 

-.15E-01 1 

-.1GE-01 1 

-.19E-01 1 

-.22E-01 1 

-.19E-01 1 

-.17E-01 1 

-.21E-01 1 

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

-.81E-01 1 

-.94E-01 1 

4He e 

.99E-02 2 

.99E-02 2 

.11E-01 1 

.11E-01 1 

.13E-01 1 

.13E-01 1 

.13E-01 1 

.14E-01 1 

.15E-01 1 

.13E-01 1 

.12E-01 1 

.16E-01 1 

.32E-01 1 

.57E-01 1 

.75E-01 1 

.87E-01 1 

H H 

-.83E-02 2 

-.8GE-02 2 

-.91E-02 2 

-.91E-02 2 

-.79E-02 2 

-.65E-02 2 

-.61E-02 2 

-.12E-01 1 

-.14E-01 1 

-.20E-01 1 

-.20E-01 1 

-.19E-01 1 

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

-.1KE-01 1 

-.28E-01 1 

4He e 

.83E-02 2 

.S6E-02 2 

.91E-02 2 

.91E-02 2 

.79E-02 2 

.65E-02 2 

.53E-02 2 

.88E-02 2 

.94E-02 2 

.14E-01 1 

.13E-01 1 

.13E-01 1 

.13E-01 1 

.14E-01 1 

.13E-01 1 

.23E-01 1 

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

Concludingg r emarks 

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

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

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

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

3.3.33 Supernovae Type I I 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Cor ee co l lapse of SN I I 

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

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

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

Chemicall  en r i chment by SN II 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

•• Pre-SN and SNII yields from Woosley and Weaver 

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

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

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

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

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

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

3.3.44 Supernovae Type la 

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

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

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

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

O O 

< < 
O O 

00 r 

--

-- He-

SNIaa 5. M 0 

00 Si e 
cc . • b 

ii \\emhhT 
I ff \ / » V 17 \ / Ti f 

VV P M N 
Naa K a / Va 

NN I 
Sc c 

1 1 

Fe e 

AA N'i 

|Mn\// 1 
Col l 

Zn--

Cu"" " 

• • 

00 -

- 33 -

10 0 20 0 30 0 

He e 
I I 

--

--
—-|| , 

-- Li B e 

SNIII 20. MQ 

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

r*r*  K A A A r^ Ca 

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

\\ A' 
FF « 

Sc c 

--

Ni i 
Fee -

AA / \ 
Cr// V \ Zn 

^ ii Cov* 
Mnn Cu 

--

10 0 200 30 0 10 

Atomicc Number 

- 6 6 

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

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

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

Inn Fig. 3.11 we compare the element yields of SNIa (Nomoto et al. 1984) with those of SNIb (Woosley 
ett al. 1995) and SNII (Woosley k Weaver 1995), for stars born with solar metallicity. For SNIa, the ejecta 
fromm mass-loss phases preceding the explosion were not taken into account. In general, the SNIa yields of 
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iron-peakk elements exceed those of SNII and SNIb by about one order of magnitude. Typical amounts of 
ironn produced are ~0 .8 M(.}  for SNIa, ~ 0.07 M 0 for SNII, and ~0.1 M(., for SNIb/c. Observations require 
thatt a total amount of 0 .4 -1 M(.» of  56Ni should be ejected in each SNIa event (e.g. Thielemann et al. 
1989).. This is in good agreement with the sum of the Fe and Ni yields predicted by the SNIa model shown. 
Notee that the oxygen production by SNIa is practically negligble compared to that by SNII and SNIb/e (e.g. 
Nomotoo et al. 1984: Hashimoto et al. 1989; Woosley and Weaver 1991). SNIa are thought to be a major 
sourcee of the iron-peak elements and of intermediate mass elements like Si, S, and Ca (of. Fig. 3.11). SNII 
(andd SNlb/o) are the main contributors to elements such as He, O, Ne, and the rv-elements (of. Fig. 3.9). 
Wee consider the yields of SNIb/e in more detail below. 

3.3.55 Supernovae Type Ib/c 

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

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

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

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

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

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

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

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

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

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

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

,, SNIb/c x 

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

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

3.3.66 Close binary stars 

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

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

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

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

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

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

3.4.11 Overview of the stellar yields adopted 

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

Tablee 3.10 Adopted stellar yields and remnant masses: literature sources 

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

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

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

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

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

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

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

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

3.4.22 Cumulat ive IMF-weighed yields 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

N i t r o g enn is mainly formed by ( 'NO burning in massive AGB stars as well as during the wind-phase of 
massivee stars born with rnetallicities Z ^0.01 (cf. Fig. 3.13). In particular, nitrogen is not, formed in signif-
icantt amounts dur ing the post-wind evolution of stars more massive than —8 M,.,. Thus, the IMF-weighed 
nitrogenn contr ibut ion is strongly dominated by AGB stars, i.e. AGB stars contribute at least 80 — 90% to the 
interstellarr nitrogen abundance (cf. Figs. 3.14 — 3.16) depending on the assumed IM F and initial metallicity 



3.43.4 Overall comparison of the yields of intermediate and massive stars 49 

iF—weightedd yields: Z-dependence (Geneva/Nomoto) 
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Figuree 3.15 Cumulative IMF-weighed yields for stars in the mass range 0.1-GO Me formed according to a Salpeter 
IMFF with initial metallicities Z = 0.04, 0.02, 0.008, 0.004, and 0.001 (see legend). Data from the Geneva group, 
Nomotoo et al. (1994), and van den Hoek & Groenewegen (1997) 

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

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

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

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

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

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

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

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

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

3.4.33 Net yield function 

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

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

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

Thee net yield may be also expressed as: 

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

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

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

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

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

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

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

3.4.44 Comparison of net yields 

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



522 3 Basics of modelling the chemical evolution of the ('1atactic disk 

Tablee 3.11 Net yields V, at Z = 0.02 and 0.001 for a Salpeter IMF 

ZZ = 0.02 

H H 

He e 
C C 
N N 

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

Fe e 
Z Z 

ZZ = 0.001 

H H 

He e 
<: : 
N N 

() ) 
Ne e 

MS S 
Al l 
Si i 
S S 
Ca a 

Fe e 
Z Z 

AGB B 

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

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

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

1.29{-3) ) 

AGB B 
-1.31(-2) ) 

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

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

1.63(-3) ) 

G N N 
SNI I 30 0 

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

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

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

SNI I 60 0 

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

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

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

5.86(-4) ) 

1.12{-2) ) 

G N N 
SNI I 30 0 

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

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

SNI I 60 0 

-3.100 (-2) 

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

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

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

1.52(-2) ) 

W W W 
SNI I 30 0 

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

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

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

1.15(-4) ) 

G.04(-3) ) 

SNII60 0 

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

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

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

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

W W W 
SNII 30 0 

-1.46(-2) ) 

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

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

5.96(-3) ) 

SNII60 0 

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

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

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

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

8.48(-3) ) 

SNIa a 

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

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

5.16(-6) ) 

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

SNIa a 
--

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

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

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

3.22(-4) ) 

5.73(-4) ) 

SNIb /c c 

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

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

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

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

SNIb /c c 

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

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

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

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

G N N 
Tota l30 0 

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

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

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

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

1.08(-2) ) 

G N N 
Tota l30 0 

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

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

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

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

1.12(-2) ) 

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

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

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

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

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

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

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

ZZ = 0.02 

H H 
He e 

C C 
N N 
O O 
Ne e 
M S S 

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

AGB B 

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

1.64(-3) ) 

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

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

2.26(-3) ) 

G N N 
SNII30 0 

-1.78{-2) ) 

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

8.16(-4) ) 

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

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

5.96(-3) ) 

SNII60 0 

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

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

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

W W W 
SNII30 0 

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

3.10(-4) ) 

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

6.36(-4) ) 

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

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

SNIIG0 0 

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

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

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

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

SNIa a 

--
2.04(-6) ) 

3.44(-5) ) 

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

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

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

SNIb /c c 

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

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

2.41(-4) ) 

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

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

G N N 
Total30 0 

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

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

1.21(-2) ) 

ZZ = 0.001 

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

Mg g 
Al l 
Si Si 

s s 
Ca a 
Fe e 
Z Z 

AGB B 

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

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

3.022 (-3) 

G N N 
SNII30 0 

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

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

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

SNII60 0 

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

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

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

W W W 
SNII30 0 

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

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

5.60(-3) ) 

SNII60 0 

-1.99(-2) ) 

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

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

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

SNIa a 

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

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

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

5.955 (-5) 
6.37(-5) ) 

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

9.57(-4) ) 

SNIb /c c 

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

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

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

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

3.07(-3) ) 

G N N 
Total' '0 0 

-5.57(-2) ) 

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

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

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

2.39(-4) ) 

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

Seee Table 3.11 for the meaning of symbols used 

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

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

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

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

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

dZfcc Yk 

soo that before performing detailed model calculations, observational constraints such as the helium-to-metal 
enrichmentt c\Y/c\Z ~ 4 -5  1 (e.g. Pagel 1992) immediately imply that: 1) the contribution by AGB stars 



54 4 33 Basics of modelling the chemical evolution of the (ialoctic disk 

Tab lee 3.13 Comparison of total net yields Y3 at Z = 0.02 and 0.001 for a Salpeter IMF 

ZZ = 0.02 

H H 
He e 

( .

X X 

() ) 
z z 

T o t a l1 0* * 

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

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

G N N 
Tota l30 0 

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

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

1.0X(-2) ) 

Tota l60 0 

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

1.71(-2) ) 

Tota l3 0' * * 

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

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

1.03(-2) ) 

W W W 
Total30 0 

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

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

1.07(-2) ) 

Tota l60 0 

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

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

1.41(-2) ) 

M a e d er r 
A A 

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

--
1.04(-2) ) 

2.51(-2) ) 

C C 

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

--
9.53(-3) ) 

2.05(-2) ) 

ZZ = 0.001 

H H 
He e 
( ' ' 
N N 

() ) 
Z Z 

T o t a l3 0* * 

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

G N N 
Tota l30 0 

-4.3G(-2) ) 

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

1.27(-2) ) 

Tota l60 0 

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

Total3 0'* * 

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

1.06(-2) ) 

W W W 
Total30 0 

-3.X3(-2) ) 

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

1.12(-2) ) 

Tota l60 0 

-4.92(-2) ) 

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

6.62(-3) ) 

1.50(-2) ) 

M a e d er r 
A A 

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

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

C C 

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

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

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

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

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

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

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

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

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



3.43.4 Overall comparison of the yields of intermediate and massive stars oo o 

Tablee 3.14 Comparison of total net yields Y3 at Z = 0.02 and 0.001 for a Scalo IMF 

ZZ = 0.02 

H H 
He e 
C C 

N N 
O O 

z z 

Total3 0' * * 

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

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

G N N 
Total30 0 

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

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

Tota l60 0 

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

Total3 0'* * 

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

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

W W W 
Tota l30 0 

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

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

Tota l60 0 

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

1.43(-2) ) 

M a e d er r 
A A 

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

--
7.09(-3) ) 

2.38(-2) ) 

c c 
--

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

--
4.82(-3) ) 

2.07(-2) ) 

ZZ = 0.001 

H H 
He e 
C C 
N N 
O O 

z z 

Total3 0' * * 

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

G N N 
Tota l30 0 

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

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

Tota l60 0 

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

Total3 0' * * 

-4.52(-2) ) 

3.47(-2) ) 
2.955 (-3) 

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

W W W 
Tota l30 0 

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

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

Tota l60 0 

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

5.83(-3) ) 

1.55(-2) ) 

M a e d er r 
A A 

--
5.33(-2) ) 

2.17(-3) ) 

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

C C 

--
4.211 (-2) 

7.60(-4) ) 

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

Notes:Notes: see Table 3.13 

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

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

3.4.55 Concluding remarks 

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

YfYf  = <! 
•nn (£) 

11 - exp ( l - ) 

 closed box model 

 gas infall balancing SFR 

3.27) ) 

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

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

A H e / A Z Z 

A H e / A O O 

A O / A F e e 

A F e / AZ Z 

A O / A Z Z 

Z Z 

0.02 2 
0.001 1 
0.02 2 
0.001 1 

0.02 2 
0.001 1 
0.02 2 
0.001 1 

0.02 2 
0.001 1 
0.02 2 

0.001 1 

0.02 2 
0.001 1 
0.02 2 
0.001 1 

0.02 2 
0.001 1 

0.02 2 
0.001 1 

I M F F 

Salp. . 
Salp. . 
Scalo o 
Scalo o 

Salp. . 
Salp. . 

Scalo o 
Scalo o 

Salp. . 
Salp. . 

Scalo o 
Scalo o 

Salp. . 
Salp. . 
Scalo o 
Scalo o 

Salp. . 
Salp. . 

Scalo o 
Scalo o 

AGB B 

5.8 8 
6.8 8 
5.9 9 
6.7 7 

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

SNI13( ( 

1.8 8 
1.7 7 
2.1 1 
2.0 0 

3.5 5 
3.6 6 
4.2 2 
4.4 4 

7.9 9 
8.7 7 
8.9 9 

7.9 9 
0.07 7 

0.05 5 
0.06 6 
0.06 6 

0.52 2 
0.48 8 
0.51 1 
0.44 4 

G N N 
)) SN1160 

1.5 5 
1.1 1 
1.7 7 

1.3 3 
3.2 2 
1.9 9 

3.6 6 
2.4 4 

8.9 9 
16.6 6 
8.5 5 
14.4 4 

0.05 5 
0.04 4 
0.06 6 
0.04 4 

0.46 6 
0.59 9 
0.47 7 
0.56 6 

W W W 
SNII30 0 

1.0 0 
 1.6 
1.2 2 
1.7 7 

1.8 8 
2.7 7 

2.1 1 
3.0 0 

30.1 1 
311.5 5 
26.7 7 

284.2 2 

0.02 2 
0.00 0 
0.02 2 
0.00 0 

0.57 7 
0.59 9 
0.56 6 
0.58 8 

SNII60 0 

1.1 1 

1.7 7 
1.2 2 
1.8 8 

1.9 9 
2.7 7 

2.1 1 
2.9 9 

35.1 1 
440.6 6 

31.2 2 
387.4 4 

0.02 2 
0.00 0 
0.02 2 
0.00 0 

0.60 0 
0.64 4 
0.59 9 
0.62 2 

SNIa a 

— — 
— — 
— — 
--
— — 
— — 
— — 
--

0.2 2 
0.2 2 
0.2 2 
0.2 2 

0.54 4 
0.56 6 
0.54 4 
0.56 6 

0.10 0 
0.10 0 

0.10 0 
0.10 0 

SNIb /c c 

2.1 1 
2.2 2 
2.2 2 
2.3 3 

8.4 4 
8.0 0 
9.0 0 
8.5 5 

1.8 8 
2.2 2 
1.7 7 

2.0 0 

0.14 4 
0.13 3 
0.15 5 
0.13 3 

0.25 5 
0.28 8 
0.24 4 
0.27 7 

G N N 
Tota l30 0 

2.2 2 
2.7 7 
2.7 7 

2.9 9 
6.1 1 
6.9 9 

8.4 4 
9.8 8 

3.5 5 
4.0 0 
2.9 9 
3.1 1 

0.10 0 
0.10 0 
0.11 1 

0.09 9 

0.36 6 
0.40 0 

0.31 1 
0.29 9 

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

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

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

AA Approximate and exact solutions of the metallicity equation 

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

as: : 

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

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

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

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

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

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

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

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

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

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

where e 

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

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

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

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

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

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

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

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

inn which the average SFR is given by: 

i.. fT r i u 

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

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

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

i.. rT r i u 

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

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

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

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

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

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

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

(Jl(Jl Mt
A

0MTB(\-fiA(TA)) 

rtff A/B t (o)rA ( i - / 1 B (TB)) [m) 

http://la.Ia.ctic

