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Abstract. Grids of evolutionary star models from 1 to 120 Mg
with metallicities Z = 0.001 and 0.020 are used to derive chemi-
cal yields for studies on the chemical evolution of galaxies. The
stellar models include the new opacities by Rogers & Iglesias
(1992) and take into account, in addition to the usual metal
dependent opacity and nuclear effects, the changes of the mass
loss rates with metallicity predicted by wind models and also the
dependence of the mass loss rates of WR stars on their actual
masses. Moderate core overshooting is also accounted for. It has
been verified that the model predictions agree with the number
statistics of WR and O-type stars in nearby galaxies of various
Z.

The wind contributions in He, C, N, O, Ne and heavy ele-
ments are given in detail. The total stellar yields including the
contributions from the winds, from supernovae and planetary
nebulae are also derived for helium and heavy elements. Great
care is given to the way the yields are calculated. Schematically
we can say that in massive stars, at high Z, large amounts of
helium and carbon are ejected into the interstellar medium before
being turned into heavier elements. This makes low oxygen, but
large helium and carbon yields at high Z. At low Z, most of the
new helium and carbon are further processed to oxygen and its
descendants, which makes large oxygen, but relatively low helium
and carbon yields. An important result of this paper is that the
nucleosynthetic production very much depends on metallicity Z.

We also consider the consequences on the yields of various
values of the lowest initial mass limit Mpy for black hole for-
mation, assuming, in agreement with Burrows (1992), that no or
little mass should be lost subsequently to the general relativistic
collapse. The yields in heavy elements strongly decrease with the
lowering of Mgy, since then more heavy elements are swallowed
by black holes. The decrease is however less important at high
Z, because lots of heavy elements are anyway ejected by stellar
winds and escape. Comparisons with observational estimates of
the yields in heavy elements clearly exclude the case where all
the onion skin layers of presupernovae are ejected from all initial
stellar masses and suggest a value of My around 20 to 25 M.
This result has only a small dependence on the assumed IMF
slope.

Usual nucleosynthetic predictions integrated over the whole
stellar mass range and without account of black hole formation
generally lead to a ratio AY /AZ of the relative helium to metal
enrichment of about 1. The inclusion of stellar winds may increase
AY /AZ up to a maximum of about 2. These theoretical ratios
dramatically differ from the observed estimates in extragalactic

low metallicity HII regions by Pagel et al. (1992), who give
AY /AZ in the range of 3 to 6, with a preferred value between 4
and 5. However, stellar yields integrated over the mass spectrum
are able to reproduce the observed AY /AZ if there are black holes
formed above 20 — 25 M. Also, we emphasize that a value of
Mgy around 20 — 25 M, is able to solve the well known problem
of oxygen overproduction (cf. Wheeler et al. 1989).

Interestingly enough, a value of Mpy at 20 — 25 Mg corre-
sponds to a limiting neutron star mass of about 1.48 to 1.67 Mg
according to the calibration by Thielemann et al. (1992) or up to
about 2 My according to Woosley’s (1986). It is also emphasized
that at Z = 0.02, very large initial masses may probably not lead
to black holes, due to their too low remaining masses.

Key words: evolution of stars — evolution of galaxies — primordial
helium — WR stars — black holes

1. Introduction

Many recent developments have been made in the theory of the
chemical evolution of galaxies, as well as in the comparisons
with the observed abundances in metal deficient stars (for recent
works and reviews, see Gilmore et al. 1989; Matteucci 1987, 1989,
1991; Pagel 1987, 1989ab, 1992; Tayler, 1990; Truran 1984, 1988,
1991; Wheeler et al. 1989). The results of chemical evolution
depend very much on the history of star formation. Such is the
case, for example, for relations like the abundance ratio [Fe/H]
as a function of time, or like the ratio [O/Fe] as a function
of [O/H]. Such relations depend on the past IMF (initial mass
function) and SFR (star formation rate), on the presence of
bursts, on the interval of time between them (cf. Gilmore &
Wyse 1991; Matteucci & Brocato 1990). In this way, as shown
by Matteucci and Brocato, the curves of [O/Fe] as a function
of [O/H] are different for the elliptical galaxies, the galactic
bulge, the solar vicinity or the Magellanic Clouds. In addition
to specific assumptions on the SFR, the IMF, the infall rate,
etc. ..., the key effect in the interpretation of past chemical
abundances still rests on the fact that more massive stars have
smaller lifetimes. In the early phases of galactic evolution, only
massive stars contribute to the chemical enrichment due to their
short lifetimes. As time goes, smaller stellar masses come into
the game: firstly, only SNII contribute to the enrichment (mainly
in O, Ne—Ca elements and r—process elements), then appears the
production of the intermediate mass stars (with mainly C, N and
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s—process elements); they are followed by the contributions from
supernovae SNIa (mainly Fe injection). Thus, the ages at which
stars of a given mass release their nucleosynthetic production are
considered as the major and even as the only effect regarding the
changes of stellar yields as a function of time.

The aim here is to show that there are other stellar effects,
generally ignored, which strongly influence the stellar yields. The
first main point is that the nucleosynthetic production, particu-
larly in massive stars, changes very much with initial metallicity,
i.e. with time in the evolution of galaxies. Thus, the yields for the
early stages of galaxy evolution should not be taken as identical
to the yields obtained at solar composition. v

Metallicity generally influences stellar evolution mainly
through bound—free and line opacities. Thus the structural effects
of opacities make the evolution of low mass stars in globular clus-
ters different from that of solar type stars. For massive stars, the
main opacity source in the interior is electron scattering, which is
independent of metallicity. Therefore, metallicity has little direct
structural effects in massive stars. However, bound-free and line
opacities are important in the very outer layers of massive stars.
In this way, metallicity influences the outer opacities and therefore
the mass loss rates by stellar winds in massive stars (cf. Abbott
1982; Kudritzki et al. 1987, 1991). In turn, mass loss has a great
influence on stellar evolution and nucleosynthesis (cf. Chiosi &
Maeder 1986). Thus, in massive star evolution, metallicity mainly
comes into play through its effects on the mass loss rates. This
kind of effect has been incorporated in new grids of evolutionary
models from 1 to 120 M for Z = 0.001 and 0.020 (cf. Schaller
et al. 1992), computed with the new opacity tables by Rogers
& Iglesias (1992) and Kurucz (1991). These models lead to new
chemical yields, greatly depending on the initial metallicity, the
differences being large enough to require a re—examination of
some problems in chemical evolution.

Another major effect of great potential influence on the chem-
ical yields concerns the formation of black holes. We do not know
yet what is the range of initial stellar masses leading to black
holes. However, it is clear that if black holes form from stars
with initial masses above some value Mgy and swallow some of
the so—called onion skin layers present at the time of the pre—
supernova, this will greatly affect the resulting nucleosynthetic
yields. There are still many uncertainties about this problem
which is discussed in section 7 below, where several consequences
of various assumptions on black hole formation are also exam-
ined and compared to the observations.

The last observable stage in massive star evolution before
neutron star or black hole formation is the Wolf-Rayet (WR)
stage. Thus, the statistics of WR star numbers in galaxies of
different metallicities Z are an important test of the models
at various Z and of the values of the final stellar masses. In
this respect, the theoretical predictions of the number ratios
of WR/O-stars of WC/WR and WC/WN subtypes have been
made and compared to the observations in galaxies of the Local
Group (cf. Maeder 1991). The very good agreement gives support
to the adopted dependence of the mass loss rates on Z. The
Z—dependent models were able to account for the particular
distribution of the WC subtypes in galaxies (cf. Smith & Maeder
1991). Also, the behaviour of the extreme WO stars, which exhibit
the products of advanced 2C (a, y) %O reaction, compares quite
well with model predictions.

Section 2 presents the relevant model ingredients. Section 3
gives data on the final masses, on M, and My, i.e. the masses of
the helium and CO cores. In Sect.4 some basic equations about

the yields are clarified and the results on the nucleosynthetic con-
tributions from the stellar winds are shown. In Sect. 5 we present
the detailed procedure used in the derivation of stellar yields from
final ejecta (supernovae, planetary nebulae). The results on the
overall stellar yields are given in Sect. 6. In Sect. 7 we examine the
impact of black hole formation on the chemical yields in relation
with observations.

2. Brief note on model ingredients

Models have been computed (cf. Schaller et al. 1992) for initial
stellar masses of 1, 1.25,1.5,1.7,2,2.5,3,4,5,7,9, 12, 15, 20, 25, 40,
60, 85 and 120 Mg, and initial metallicity Z and helium content
Y, (Z,Y) = (0.001,0.243) and (0.020, 0.300). The evolution has
been followed up to the end of central C-burning for massive
stars, up to the end of the E~AGB phase for intermediate mass
stars and up to the He—flash for low mass stars. Let us mention
some particularly relevant points in the model ingredient of these
new sets, which represent a total of more than 80°000 individual
stellar models.

— New radiative opacities by Rogers & Iglesias (1992) have been
included for the available range of X, Y, Z. The changes
with respect to the Los Alamos 1977 opacities are quite
large: they typically amount to a factor of 3 at 300°000 K
for solar metallicity. Most outputs of stellar evolution are
significantly modified by these opacity changes. At low T,
ie. below 6000 K, radiative opacities by Kurucz (1991) also
including the main molecular lines have been accounted for.

— The opacities critically influence the determination of the he-
lium mass fraction Y in the Sun. With the low opacity data
by Cox & Stewart (1970), the Y value required to account for
the solar L was 0.25 (cf. Bahcall et al. 1982). With the slightly
larger opacities from the Los Alamos Opacities Program (cf.
Huebner et al. 1977), the He—content of the Sun was found
to be Y = 0.28 (cf. Lebreton & Maeder 1982). Now, the
larger opacities by Rogers & Iglesias (1992) again lead to an
increase in Y (since helium is more transparent than hydro-
gen). Test models made with Z = 0.0188, the metallicity of
the Sun (cf. Anders & Grevesse 1989), have been performed
and a value of ¥ = 0.29 — 0.30 has been found to match
the solar luminosity (cf. Guenther 1991) depending on the
equation of state used.

— Interestingly enough, if we consider the recent value of the
cosmological helium Yp = 0.228 (cf. Pagel et al. 1992), we see
that the present solar helium content implies a relatively high
ratio AY/AZ > 3 of helium—to-metal enrichment during
galactic evolution. This ratio is consistent with the recent
value found by Pagel et al. (cf. Sect.7.3 below).

— An updating of nuclear cross—sections has been made, in partic-
ular for 2C(a, y) 1O (cf. Caughlan et al. 1985; Descouvemont
1989). New rates of neutrino losses by Itoh et al. (1989) are
included.

— Substantial changes in the algorithms used for computing the
chemical changes have been brought (cf. Schaller et al. 1992).
Partial ionisation of the main heavy elements is treated ex-
plicitely. Also, the optically thick winds of WR stars are
treated in the framework of the so—called modified CAK
theory (cf. Castor et al. 1975; Kudritzki et al. 1989).

— Extensive comparisons between models and observations show
the need of only moderate overshooting from convective
cores. With the new opacities, an overshooting distance of
0.20 H, is well suited (cf. Schaller et al. 1992). A consequence
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of this necessary assumption is that our models have slightly
larger CO cores than other models (cf. Sect.3 below).

— Curves of equal mass loss rates M over the HR diagram have
been calibrated by de Jager et al. (1988) for Pop. I stars. They
have been used for models with Z = 0.02 by Schaller et al.
(1992); for stars with M > 20 M at Z = 0.020, a second set
(Tables 1A to 6A in Schaller et al.) has been computed with
M-rates increased by a factor of 2 in post-MS stages. This
second set better reproduces the minimum luminosity of WR
stars, the WR /O number ratio and the chemical abundances
of WR stars (cf. Schaerer & Maeder 1992). Thus we consider
it as the basic set of models for obtaining the yields at solar
composition. However, the tables in the present paper also
give, for comparison purposes, the data for the usual lower
mass loss rates at Z = 0.020. For different Z-values, the
mass loss rates by de Jager et al. (1988) are scaled according
to (M;/M,) = (Z/Z,)¢, where the index “0” refers to Z =
0.020. A factor ¢ = 0.5 has been taken, as indicated by stellar
wind models (cf. Kudritzki et al. 1987, 1991).

— For WR stars we have specifically taken into account the recent
results on the dependence of the mass loss rates M on the
actual mass M of these stars (cf. Langer 1989). This strong
M ~ M?’ dependence applies to the early WN stars (no
hydrogen left, nearly pure He-stars) and to the WC stars
(He, C, O stars). The same relation is taken whatever the
initial Z, since the main composition differences between the
WR subtypes do not result from initial metallicity, but from
the properties of the bare cores. The relation between M
and M for WR stars leads to much more consistent stellar
properties (cf. Langer 1989). The masses of these new WR
models are also in much better agreement with the results
from binaries (see also St. Louis et al. 1988), and the new
WR luminosities obtained enable us to solve the problem
brought about by the relatively low WR luminosities found
by Schmutz et al. (1989). Interestingly enough, a positive
relationship between M and M for WR stars also receives
support from the study of vibrational instability (cf. Maeder
1985). The consequence of Langer’s relation is the existence
of a huge mass loss rate at the entry into the WNE and WC
phases; then, as the actual WR masses rapidly decline, the
mass loss rates also decrease. The net result is that for most
of the WR lifetimes the actual WR masses are rather small.
In particular, the final stellar masses are expected to be very
small. This is especially the case for high Z models, because
due to the relatively high mass loss rates in the pre-WR
stages, the entry into the WR phase occurs relatively early in
evolution, so that the high WR mass loss rates have plenty
of time to strongly reduce the WR masses.

3. Final stellar masses, masses M, and M¢,

Here we present some global stellar properties relevant for the
chemical evolution of galaxies. Firstly, we show the values of
the final stellar masses, which determine the kind of supernova
explosions (cf. Nomoto et al. 1991) and the kind of remnants.
Fig. 1 illustrates the values of the final masses as a function
of initial masses and Z, detailed numerical data for massive
stars being provided in Table 1. Fig. 1 also shows the lines for
constant mass evolution, and for constant WR mass loss rates,
ie. M = 281075 M, yr~! as taken by Maeder & Meynet
(1987) and for the two cases considered by Schaller et al. (1992).
This figure beautifully shows, for the physical reasons discussed
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above, how small the final WR masses are for models with Z =
0.02, whether or not the high rates in post-MS phases are taken.
Fig. 1 well illustrates the fact that evaporation by stellar winds is
a dominant factor in massive star evolution at solar or higher Z
values.

Table 1. Final masses (solar unit)

M | Z=001 | .020 | .020 Lower M
120 81.12 2.35 7.62
85 61.78 3.49 8.98
60 46.82 2.96 7.83
40 38.34 3.57 8.12
25 24.51 | 11.30 15.58
20 19.38 | 13.95 16.52
15 14.85 | 13.59
12 11.92 | 11.52
9 8.96 8.60
7 6.98 6.80
5 4,99 492

Z=0.020

Mx2 b

1 I I 1 1 L I L L ) I 1
0 20 40 60 80 100 120

INITIAL MASS IN Mo

Fig. 1. The final stellar masses as a function of initial stellar masses and
metallicities. For massive stars, this is the mass in the pre-supernova
stage; for intermediate mass stars, the mass at the end of the E-AGB;
for low mass stars, the mass at the He—flash. At Z = 0.020, two cases are
shown with mass loss rates differing by a factor of 2 in post-MS stages

3.1. Masses M,

From the point of view of the chemical yields, the masses M,
of the helium cores are more significant than the final masses
and they have often been considered as the main parameter
determining the chemical yields (cf. Arnett 1978, 1991; Nomoto
& Hashimoto 1986; Nomoto et al. 1991). This is especially the
case when the authors only follow the evolution of helium cores.
They are thus using a relation M(M,) to transfer their results
for helium cores of mass M, to a scale of initial masses M. It
has been emphasized (cf. Maeder 1981) that this procedure may
be unsafe for several reasons. 1) Some new synthetized matter
may be dreged—up into deep external convective envelopes. 2)
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Mass loss in WR stages critically affects the M(M,)-relation. 3)
This procedure ignores the chemical yields from the winds. 4)
The mass M, may increase or decrease (depending on mass loss)
during the helium burning phase, so that the value of M, at the
beginning of the helium burning phase is not very relevant for
nucleosynthesis; thus it is better to consider the value of M, at
the end of the He-burning phase or of the C-burning phase.
This is done in Table 2. All this shows that great care has to be
taken in deriving chemical yields only from the computations of
helium cores.

Nevertheless, as M, is still often used, we show the relations
M(M,) for our models with Z = 0.001 and 0.020, and compare
them in Fig. 2 to the M(M,) relations derived from models by
Woosley & Weaver (1986) and by Nomoto & Hashimoto (1986;
cf. Nomoto et al.,, 1991). We notice the following points. — For
high mass stars, mass loss may lead to a drastical reduction of M,.
— For intermediate and low mass stars, M, is larger at lower Z.
This is due to the fact that at lower Z, central T are higher during
MS evolution and the convective cores are therefore larger. —
The comparisons of our M,—values with those by Woosley &
Weaver (1986) and by Nomoto & Hashimoto (1986) show that
our values in the range of 10 — 20 M, are slightly larger, by
about 0.02 and 0.05 dex respectively. This is due to the account
of a small overshooting in our models.

18
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12]0

log(M/M,)

Fig. 2. Relation between the mass M, of the He—core, at the end of the
C-burning phase, and the initial mass. The cases with Z = 0.001 and
0.02 are shown. The values by Woosley & Weaver (1986) and by Nomoto
& Hashimoto (1986) for solar composition are shown

3.2. Masses Mo and observational tests

The mass Mco of the CO cores formed at the end of the C-
burning phase (or at the end of the He—burning phase for stars
which do not ignite carbon) is even a much more significant mass
for the nucleosynthesis of heavy elements, since it is not subject to
further mass loss effects and it critically determines the amounts
of heavy elements produced. Table 2 gives the values of M¢o (cf.
also Fig. 3 and 4). Our values are compared in Fig. 3 with those
by Woosley & Weaver (1986) and by Thielemann et al. (1991; cf.
also Nomoto & Hashimoto 1986). We notice that a 15 M, star
in our models has the same M, as a star of about 15.8 My by
Woosley and Weaver or a 17.4 My by Thielemann et al. (1991).
Thus we see that our hypothesis of moderate overshooting has
rather limited consequences on the mass of the CO cores.

Table 2. Masses of the helium and CO cores (solar unit)

Mass M, Mco
Z = .001 | .020 .001 | .020
120 | 81.12 | 2.35 | 58.73 | 2.35
85 | 61.78 | 349 | 38.12 | 3.49
60 | 28.09 | 296 | 24.75 | 2.96
40 | 16.87 | 3.57 | 13.88 | 3.57
25 9.38 | 9.65 694 | 7.20
20 729 | 7.17 494 | 494
15 511 | 4.84 312 | 297
12 391 | 3.72 225 | 2.10
9 2.82 | 2.56 1.55 | 1.38
7 2.08 | 1.86 1.11 | 1.01
5 144 | 1.19 0.88 | 0.72

Owing to the importance of Mc¢o in Sect.5 below, let us
mention and perform some more observational tests. For massive
stars, bare CO cores are WC stars and extensive tests (cf. Maeder
1991) provide a good anchor for the models of massive stars.
For the intermediate mass stars, let us examine the initial-final
mass relation by Weidemann (cf. 1987, 1990). Firstly, let us recall
that Weidemann concludes that models with overshooting better
reproduce the observed relation between initial and final masses.
In Fig. 4, the “observed” initial-final mass data for white dwarfs
in galactic open clusters are presented (cf. Weidemann 1987).
On the theoretical side, white dwarfs may be considered as CO
cores, with various C/O ratios depending on the initial mass (cf.
d’Antona & Mazzitelli, 1990). According to these authors, the
low mass stars (M< 1 M) may lead to He—cores, while stars
with initial masses close to M,, (minimum mass for C-burning,
ie. about 7.5 M, in the present models at Z = 0.02) are likely to
be O — Ne — Mg white dwarfs, ie. stars revealing more advanced
stages of nuclear processing. Thus, it is reasonable to compare
the white dwarf masses with the theoretical Mo only in a limited
range of initial masses, say from about 2 to 7 My, the situation
being less safe at both ends of the interval. This comparison is
made in Fig. 4, where we have plotted the values of Mo at
the end of the E-AGB phase, M¢, being not expected to change
significantly in the late AGB phase, which is very short. The good
consistency shown in Fig. 4 gives support to the present models
and in particular to the sizes of the CO cores. Weidemann (1987)
has shown that for a given initial mass, the WD masses should

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992A%26A...264..105M

rIY02AGA T 763 TTO5M!

Mco
M. /

-25

-15 /
10| / i

log

051 _3

o WW 86

o T 9N
15 20 25 40 60 85 120
T ] [ |

0.5 10 15 20
log M
M

o

Fig. 3. Relation between the mass Mcop of the CO-core, at the end
of C-burning phase, and the initial mass for different metallicities. The
values by Woosley & Weaver (1986) and by Thielemann et al. (1991) are
also shown

be larger by about 0.1 M, in the LMC than in the Galaxy. We
also notice from Fig. 4 that this trend is in agreement with the
present metallicity dependence of M¢o at a given initial mass.

4. The chemical yields and the wind contributions
4.1. A critical remark on the basic equations

The astronomical community has generally adopted, with very
good reasons, the clear notations and valuable developments by
Tinsley (1980) about chemical evolution of galaxies. Like many
authors, we have used them (cf. Maeder 1981). However, a re—
inspection of the basic equations shows us that a correction
directly concerning the definition of the yields has to be brought
to equation 3.9 by Tinsley and the resulting ones. The total E,,,
of the heavy elements ejected by a star of initial mass m was
written

[(m — W —mp.p) Z(t — Tp) + MPw] (0]

which appears in the bracket term of equation (3.9) by Tinsley
(1980), where w,, is the remnant of initial mass m, p,,, the mass
fraction of a star of mass m converted to metals and ejected, and
Z(t — 1) the initial Z content (present time minus star lifetime).
Instead of Z, we may have any element i.

Indeed, this bracket term, i.e. the total E,, of the ejecta of a
star of initial mass m should just have been written

Emm=(m—wn)Z(t— 1) +mp.m (2

The first term is the ejected mass of the heavy elements ini-
tially present, the second term is the ejected mass of the newly
synthetized elements. If an element is destroyed by nuclear pro-
cessing, mp,, is negative. There is no reason in (1) to again
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Fig. 4. Values of the white dwarf masses in function of the initial masses
from Weidemann (1987). The relations between Mo and initial masses
are shown for Z = 0.001 and Z = 0.020. For reasons given in the text, the
interval to be considered is from 2 to about 7 M. The Sanduleak-Pesch
binary is not included. The two values of 24516 with their error bar are
shown

substract mp,,,. The proof is that if we make the sum of all
elements i ejected, one must find (m — w,,)

D Em=(m—wn) Y Xt =) +m Y Pin 3)

> Xi(t — ) =1 if all elements are counted, and Zpim =0
since there is overall mass conservation. Thus, one obtains

D Eim=m—w, @)

an expression which would not be found with equation (1).

As a consequence, many further equations of chemical evo-
lution should be modified. In particular, one has in the approxi-
mation of instantaneous recycling

dX;
Mgas 7{ = Yz(l - R)w (5)

rather than

Moo <y - R - X0 ©
where y; is the yield and R the returned fraction (see below). This
undesired term was written by Tinsley (1980; cf. eqn. 3.14), or
by myself (Maeder, 1981; eqn. 8). Then Chiosi (1986) developed
several expressions also containing this “unnecessary term”. For
heavy elements, the consequences of (6) are generally small (ex-
cept for galactic bulges); however, for helium the effect is large.
An important consequence of the present clarification is that the
ratio dY /dZ of the helium—to-metal enrichments is just the ratio
of the yields

ay y,
az =), @
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without any additional factor.

The stellar yield p,., according to eqn. 2 above, is just the
difference between what is ejected and what was initially present.
It is the sum of the wind and supernova contributions (cf. Maeder
1981).

Pem = Do + Do ®)
with

) T(m) .
mpymt = M(m,t) [Z,(t) — Zo] dt )

0

m(7)
mpSN = / [Z(m) — Zo] dm’ (10)
remnant

where M, Z,, Z (m'), Z,, © and m(t) are respectively the mass loss
rates, the mass fraction of element Z at the surface, the mass
fraction of element Z at the mass level m’ in the star, the initial
mass fraction of element Z, the age of the star and the remaining
mass at age 7. Instead of Z, one may also consider the yields for
any element i.

The net yields y; or yields are essential parameters for galactic
chemical evolution, because in many galactic models the observed
abundances depend on simple functions of y;. The net yield is
the mass of the new element i ejected by all stars per unit mass
of matter locked into stars

1 S

i=1-R I

The returned fraction R is the fraction of mass that has
formed stars and then been ejected.

mpim @(m)dm

mo (m)dm (1)

o tm—wom)]  g(m) dm
bt

@(m) =dN/dM is the IMF defined between the upper and
lower masses m, and m,.

R= 12)

mo(m) dm

4.2. The wind contribution to the yields

The wind contributions for He, C, N, O, Ne and Z (total of
heavy elements) have been integrated over the stellar lifetimes
with the above correct expressions. The amount of mass ejected
mp" is given in Table 3 for various elements i in terms of solar
mass. We notice the following:

— The stellar yields in helium from the winds are larger for
larger masses and Z, as expected, since strong stellar winds
take away a lot of new helium. This is particularly the case
for models at Z = 0.020 with the higher M-rates.

— For carbon, the same general trend is present for the same
reasons. It is interesting to see that carbon may also be taken
away before being destroyed; this occurs in WC stars at
Z = 0.020 which eject considerable amounts of carbon in
their winds. The comparison of both sets at Z = 0.020 is
interesting. The case of higher M-rates at 120 M, produces
less C (and O), since most of the mass has gone in the form
of He in the wind.

— At Z = 0.020, more oxygen is ejected in the wind of the models
of massive stars with the lower M-rates. This behaviour was
already found by Maeder (1990; cf. Smith & Maeder 1991):
if massive stars enter later the WC stage, more He has been
processed to carbon and oxygen and the wind ejecta of these
elements are therefore larger.

— The models at Z = 0.001 do not loose enough mass to enter
the WC stage and to eject carbon and oxygen. In this case,
as a result of the CNO cycles, part of the initial contents
in C and O are turned to nitrogen, which explains the small
negative yields in C and O. The same situation occurs for
models of lower masses at Z = 0.020.

— In all the present models, N is only created as a secondary
element. Thus, the wind contributions are larger at high Z.
Models with diffusion would likely be able to create some
primary nitrogen, and then the situation would be different
(in this context, see Matteucci 1986a).

— The case of Ne is very special. At high Z, the main neon
isotope is Ne—22, the daughter elements of CNO; very little
Ne-20 is made as the products of He-burning are revealed
at an early stage of processing. The models at Z = 0.001
do not eject neon since they do not enter the WC stage.
However, as shown by Maeder (1990, 1991), if models at low
Z may enter the WC stage, there is very little Ne—22 ejected,
but a lot of Ne—20, since the products of helium burning are
ejected at a very advanced stage of nuclear processing (see
Figs. 1 and 2 in Maeder 1991). Thus, the relative production
of 22Ne/?Ne is likely to increase by an enormous factor (say
10*) during the chemical evolution of galaxies and it would
be magnificient to be able to have radio observations of this
isotopic ratio through the Galaxy.

5. Derivation of the stellar yields

The range of stellar masses from 1 to 120 M, considered here
is large and a variety of situations occurs. This means that great
attention has to be paid in the proper derivation of stellar yields.
In this section we shall clearly specify the procedure which is
adopted here.

Let us first discuss the masses of the remnants which play
an important role in the values of the stellar yields since they
define the mass cut separating the ejecta from the part locked
into compact objects. In Sect.7 below we shall consider various
possibilities related to black hole formation, but here we consider
the case (case A) where all the onion skin layers of the pre—
supernova model are ejected, with the exception of the remnants
which we consider now. The residual baryon masses (which have
to be considered rather than the neutron star masses) have been
given for stars with initial masses between 10 and 25 M, at the
time of supernova explosions by Wilson et al. (1986; cf. also
Woosley 1986; Thielemann et al. 1992). It would be wrong to
adopt as such these residual baryon masses in function of the
initial masses, because our final stellar masses are very different
due to mass loss (cf. Sect.3). It is more meaningful to establish
a relation between the residual baryon masses and the mass
Mco of the CO cores, since whatever the previous history and
mass loss, it is likely that stars with a given Mo at the end
of the C-burning phase will leave the same kind of remnant.
Table 4 gives the masses of the remnants obtained in this way. If
different remnants are adopted (in the past many authors took
1.4 M, for any large enough masses), the chemical yields in heavy
elements must then be modified accordingly (Tables 5 — 6 provide
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Table 3. Contributions from the winds to the stellar yields (values
in units of the solar mass)
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Table 5. Stellar yields for models with Z = 0.001 (in solar mass
units)

Mass He C (0] N Ne Z

Z=0.001
120 7.526 | -0.005 | -0.013 | 0.018 0 0
85 2.529 | -0.002 | -0.005 | 0.007
60 0.725 | -0.001 | -0.002 | 0.003
40 0.001 0 0 0
25 0.001

Z=0.020
120 | 42.871 7745 | -0.128 | 0.661 | 1.114 9.392
85 | 17.049 | 13.125 3.371 | 0.308 | 0.869 | 17.751
60 | 13.787 6.890 1.032 | 0.249 | 0.508 8.688
40 6.507 4513 1.458 | 0.170 | 0.253 6.395
25 0.941 -022 | -0.035 | 0.057 0 0
20 0.079 -002 | -0.002 | 0.004
15 0.048 -001 | -0.002 | 0.003
12 0.014 -001 | -0.001 | 0.002
9 0.008 -001 | -0.000 | 0.001

Z=0.020

Tower M
120 | 19.651 | 19.796 8.375 | 0472 | 1.195 | 29.973
85 6.897 | 13.245 9.907 | 0.266 | 0.727 | 24.318
60 8.025 7.279 3.339 | 0.230 | 0.404 | 11.281
40 4.522 2.940 2.022 | 0.163 | 0.158 5.295
25 0.336 -.007 -010 | 0.017 0 0
20 0.025 -.001 -001 | 0.002

the necessary information if such changes are to be made). For
intermediate mass stars, we have taken as remnant masses the
mass Mc¢o of the CO cores. As discussed in Sect. 3, these masses
agree generally well with the white dwarf masses obtained by
Weidemann (1987 1990). Moreover, as shown by Table 4, there
is a good continuity between these remnant masses and those
derived from Woosley (1986) for higher masses. For stars which
experience the He-flash (i.e. M< 2 My, ), since the evolution has
not been followed beyond this point, we take as remnant masses
the WD masses given by Weidemann (1987), which thus ensures
reliable estimates of the amount of helium synthesized.

Table 4. Remnant masses (in solar unit)

M | Z=.001 | .020 | .020 Lower M
120 17.1 : | 1.48 2.82
85 114 : | 1.77 3.16
60 7.6 : | 1.64 2.88
40 43 :] 1.80 2.96
25 2.65 | 2.72 2.74
20 2.14 | 2.15 2.16
15 1.68 | 1.65 —
12 146 | 142 —
9 1.28 | 1.23 —
7 111 | 1.01 —
5 0.88 | 0.73 —

The derivation of the supernova yields in helium and heavy
elements Z brings no problem, since the evolution is followed far

Mass | He C (0] Z He C (0] Z
Final Ejecta (SN, PN) Wind and Final Ejecta
120 228 10.89 |3530(41.6 | 9.81 | 0.88| 353|416
85 |556 [0.72 [22.60]26.7 |/8.09 | 0.72| 22.6]|26.7
60 |523 [0.70 [1420|17.1 ||596 | 0.70| 142|171
40 [424 |0.55 | 6.80| 9.71| 424 | 0.55| 6.80|9.71
25 |3.52 |0403| 240| 445 3.52 |0403| 240|4.45
20 (211 |0.298 | 1.27| 293|211 |0.298 | 127|293
15 |1.65 {0.196| 046 | 1.53| 1.65 |0.196| 046 1.53
12 {135 |0.101| 0.15]| 083} 1.35 |{0.101| 0.15]|0.83
9 1098 |0.056(0.004| 0.270.98 |0.056|0.004|0.27
7 10.788 0.788
5 10452 0.452
4 10285 0.285
3 10.091 0.091
2.510.065 0.065
2 |0.059 0.059
1.7 10.026 0.026
1.5]0.022 0.022
1.2510.016 0.017
1 10.010 0.010

enough for these quantities to be accurately determined from the
distribution of chemicals in the models. The yields in Y and Z
are given in Tables 5 and 6 for the two metallicities considered
here.

For the stellar yields mpSY in carbon from supernovae, we
proceed as follows. The extensive pre-supernova models made
in Meynet’s thesis (1990) show that a part of the C—distribution
existing in the CO core at the end of C-burning is entirely
destroyed by further nuclear reactions, up to the supernova stage,
while another part of this C-distribution remains unmodified
during further evolution. Let us call f the fraction of Mco,
inside which carbon is destroyed during the late phases. From
the models by Meynet we see that f is a very smooth function.

Thus we consider that the SN ejecta in carbon consist of the
C—distribution in the star as it is at the end of the C-burning
phase, but we only count the layers which are external to the
mass f - Mco. In this way we are able to take into account the C—
destruction which occurs in the CO core after the end of central
C-burning. Moreover, we verify from the existing C—distributions
that the exact value of f is not critical because most of the left—
over carbon lies in the C—peak at the transition from He-rich to
O-rich layers and this is generally well outside the mass f - M¢g.
The yields mpSY in carbon are reliably obtained in this way and
are given in solar mass units in Tables 5 and 6 for metallicities
Z = 0.001 and 0.020.

For the yields mp§Y in oxygen, the procedure is even simpler.
The various pre-supernova models by Woosley & Weaver (1986),
Meynet (1990), Thielemann et al. (1991) and Arnett (1991) show
that there is a very well defined relation between the total amount
of 10 produced and the mass of the CO core. Here we are
using the relation by Arnett (1991), which is the most extended
one and is based on updated nuclear reaction rates. The yields
mpSN are given in solar mass units in Tables 5 and 6. The
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Table 6. Stellar yields for models with Z = 0.020 (in solar mass
units)

Mass | He C (@) V4 He C (@) V4
Final Ejecta (SN, PN) Wind and Final Ejecta
120 [-0.128(0.290|0.18 | 0.72|| 42.74| 8.04| 0.05|10.11
85 1-0.39210.350(0.59| 1.56| 16.66| 13.48| 3.96|19.31
60 |-0.26310.333|0.40| 1.16| 13.52| 7.22| 1.43| 9.85
40 |[-0.410(0.369(0.62| 1.61 6.10|  4.88| 2.08| 8.01
25 | 0.600]0.319|2.60| 4.48 1.54| 0.297| 2.57| 4.48
20 | 1.520(0.221|1.27] 2.73 1.60| 0.219| 1.27| 2.73
15 | 1.338(0.141{0.41| 1.32]|| 1.386| 0.140| 041 1.32
12 | 1.181(0.072|0.11{0.686|| 1.195| 0.071| 0.11|0.686
9 | 0.871]0.028{0.00|0.173| 0.879| 0.027| 0.00|0.173

7 | 0.684 0.638
5 | 0401 0.403
4 | 0.184 0.185
3 10072 0.074
2.5| 0.079 0.080
2 | 0.066 0.067
1.7] 0.019 0.020
1.5] 0.015 0.016
1.25| 0.012 0.013
1 | 0010 0.012
Case of lower M
120{-1.304|0.410{2.80| 4.56 || 18.347|20.206 | 11.18|34.53
85(-1.65410.393(3.65| 5.60| 5.243|13.638{13.56|29.92
60(-1.34410.462(2.95| 4.71| 6.681| 7.741| 6.29|15.99
40(-1.406|0.483(3.15| 491 3.116| 3.423| 5.17(10.20
251 1.330]0.266 {2.55| 4.50| 1.666| 0.259| 2.54| 4.50
20| 1.560(0.233(1.27| 2.82| 1.585| 0.232| 1.27| 2.82

physical reason for the reliability of the relation between the
amount of 10 produced and Mc, is that most of the CO cores
consist of oxygen, and that there is no significant oxygen outside
Mco. Therefore, the fraction of oxygen which is preserved in the
CO core depends in a one-to—one way on the mass Mco. This
procedure would not have been appropriate for carbon, because
most of the surviving carbon at the time of the supernova is at
the very edge and outside the CO core. Thus, there would be a
large scatter in the carbon production vs. Mo, depending very
much on previous evolution, particularly in case of extreme mass
loss. This would have made the carbon vs. Mo relation rather
uninteresting for our purpose and this is why we had to devise a
more reliable procedure in this case.

Tables 5 and 6 give the various stellar yields, in terms of
mp;m, the mass (in solar mass unit) of element i ejected by a
star of initial mass m. The initial masses from 1 to 120 M, and
metallicities Z = 0.001 and 0.020 are considered and the yields
in helium, heavy elements Z as a whole, carbon and oxygen are
given. The left part of the Tables provides the final ejecta, in
supernovae SN or planetary nebulae PN, while the right part
gives the sum of the wind and final ejecta.

6. Results on the stellar yields over the whole range of stellar
masses

An overall representation of the stellar yields is necessary to al-
low us to analyse their main properties as a function of initial
mass and Z. Figures 5 and 6 show the mass fractions p;, ejected
in the form of various elements for the models with Z = 0.001
and 0.020. The wind contributions are shown by hatched areas
to clearly distinguish them from the final ejecta, usually in super-
novae or planetary nebulae. The upper empty part of the diagram
corresponds to the original matter ejected without nuclear pro-
cessing in the stars. The lower part of the diagram represents the
mass fraction locked in the remnants, some indications on the
possible kinds of supernova events and remnants are given (see
Sect.7 below). The comparison of these figures is enlightening.
We may especially point out the following noticeable facts:

— For massive stars, the dominant effect is that of stellar winds,
which influence both the yield in the wind and in the super-
novae. At high Z, large amounts of He and C are ejected
before being further processed to heavy elements; this results
in large He and C stellar yields and in a drastic reduction of
the production of heavy elements, particularly of oxygen. At
Z = 0.001, the contributions of the winds are negligible. The
stellar yields consist mainly of the final ejecta. Fig. 5 shows
the huge yield in oxygen and the very small one in carbon,
which is typical of the classical constant mass evolution.

— For low and intermediate mass stars, the stellar yields in helium
are relatively smaller in higher Z models. The reason is the
much thinner He-rich shell in higher Z models; also, in these
models one has to substract a larger amount of initial helium.

On the whole, as shown by Figs. 5 and 6, the nucleosynthesis
of helium, carbon, oxygen, neon and heavy elements is a function
strongly depending on both mass and Z.

It is amazing to compare the present stellar yields as a func-
tion of initial masses to the results by Woosley & Weaver (1986)
and by Arnett (1991). This is made in Figs. 7 to 10 for helium,
carbon, oxygen and heavy elements Z. As expected, we notice
that in general there is a very good agreement between the re-
sults of our model at Z = 0.001 and the constant mass evolution
models by other authors (despite the difference of initial com-
positions). For helium (Fig. 7) the ejecta of the models at Z =
0.02 are much larger as mentioned above for massive stars which
enter the WR stage, otherwise their yields in helium are reduced
by mass loss (cf. Maeder 1981). For carbon (Fig. 8) the very high
wind of WC stars contributes to a large injection of >C into the
interstellar medium. We notice that the yields in 2C by Arnett
(1991) are larger than the corresponding ones by Woosley &
Weaver (1986) or ours; not enough information about Arnett’s
model is available to trace back this difference. For oxygen (Fig.
9) we notice the enormous reduction of our yields at Z = 0.020
compared to those of other models. As a matter of fact, such a
difference has great impact on the chemical evolution of galaxies.
For Z (cf. Fig. 10), the contributions of our models of massive
stars at Z = 0.020 are not as low as is the case for oxygen, the
balance being due to the large injection of carbon by the winds
of massive stars.

The stellar yields of Tables 5 and 6 have to be properly
weighted by the IMF (Initial Mass Function). There are various
recent studies and representations of the IMF; also, the possibil-
ities of bimodal star formation or of top-heavy IMF in case of
starbursts have been considered (cf. Scalo 1986, 1987). Figs. 11
and 12 show, for Z = 0.001 and 0.020, the product functions
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where dN/dM expresses the IMF, which is taken in the
examples below as a power law dN/dM = M~U+9 with x =
1.35, i.e. the classical standard Salpeter’s mass function. The data
of Tables 5 and 6 enable the reader to try, if useful, other cases
of IMFs. The net yields below are also calculated for an IMF
slope x = 1.7, which is preferable according to Scalo (1986). We
notice the following points:

Overall helium and Z productions:

— With the weighting of a standard IMF, the mode for helium
production is around 4-5 M, for all metallicities.

Fig. 5. Stellar yields or mass fractions ejected as
a function of the initial masses for metallicity
Z = 0.001. The quantities shown are the mass
fractions pj,. The wind contribution is indicated
by hatched areas. Some indications on the com-
position of the ejecta are given. The lower part
represents the mass fraction in the remnants

Fig. 6. Same as Fig. 5 for Z = 0.020

— The median masses for helium production are about 11 and
16 M for models at Z = 0.001 and 0.020 respectively (the
interval 1 to 120 Mg being considered).

— The helium curves in Fig.11 demonstrate that at low Z small
masses contribute more to the enrichment in helium, while
at high Z the contribution of large masses is relatively more

— The mode for the Z—production is at 17 My for Z = 0.001
and at 19 M, for Z = 0.020.

— The median masses are 42 and 34 M, for Z = 0.001 and
0.020. Thus we see that at low Z the difference of the median
masses for He and Z production is important.
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Fig. 7. Amount of helium produced (in units of solar mass) as a function
of the initial stellar masses and for two metallicities. The values by Arnett
(1991) are also indicated

7. The net yields as a function of Z and Mjpy in relation with
chemical evolution of galaxies

Let us now examine some of the main consequences of the present
stellar models and their nucleosynthesis for the chemical evolu-
tion of galaxies; nevertheless we do not enter the construction
of models for galactic chemical evolution, which are beyond the
scope of this paper.

7.1. The mass limit for black hole formation

The chemical yields are not independent of the conditions for
black hole formation. It is essential to know the lowest initial
mass limit Mpy (or alternatively the lowest M¢o) leading to
black hole formation. Particularly relevant for the yields is the
question of what fraction of the onion skin model is swallowed
by the black hole at the time of core collapse. If all is swallowed,
the yields of massive stars will only consist of the stellar winds
previously ejected. The various situations which may occur can
strongly change the estimated yields.

The birth of neutron stars has been studied by Burrows
& Lattimer (1986; see also Burrows 1987, 1988). Black hole
candidates such as Cygnus X-1 and A0620-00 possibly result
from stars with helium cores in the range of 10-15 M (cf.
Burrows 1992). According to this author, if after the bounce at
nuclear densities the core is too large (M > 2 M) to explode
by neutrinos or direct shock, the massive transient neutron star
experiences accretion for a few seconds before collapsing by
general relativistic instability within less than 1 ms (cf. also
Burrows 1987). The rest of the star is then accreted into the new
black hole through a transient massive disk, so that little mass
should be lost subsequently to the general relativistic collapse
and that no supernova should accompany this event.

The theoretical context is still very uncertain and we shall
consider, in view of the above possible scenario, several different
cases noted A, B, C, D, E. These cases encompass a wide range
of possibilities:

nl M(*c)

Arnett 91

10 20 30 40 50 60 70 80 90

{o}

Fig. 8. Amount of carbon produced. Same remarks as for Fig. 7. The
values by Arnett (1991) and Woosley & Weaver (1986) are also indicated

.

0 20 30 40 50 60 70 80 90
M/M,

Fig. 9. Amount of oxygen produced. Same remarks as for Fig.8
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Fig. 10. Amount of heavy elements produced. Same remarks as for Fig. 8
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Fig. 11. Products of the stellar yields in helium and heavy elements by
the IMF (slope x = 1.35) for models with initial metallicity Z = 0.001

A In this case we assume that in the presuvernova model all the
onion skin layers surrounding the remnant (cf. Sect.5) are
ejected. This is the assumption usually made in literaure (cf.
for example Arnett 1978, 1991; Maeder 1981; Woosley 1986).

B In this case we assume that the entire star remaining at the
time of core collapse is swallowed by the central object if
the mass of the CO core is larger than Mco = 8 M. This
corresponds to M, = 10.6 Mg and for Z = 0.001 (cf. Table 2)
to a lowest mass for black hole formation Mgy = 27.5 M.
For Z = 0.020 the limit M¢o = 8 My, is never reached (cf.
Fig. 3), thus this case is identical to case A.

115

8F STELLAR YIELDS x IMF ]
u Z=0.020 -

6}

4}

2}

Fig. 12. Same as Fig. 11 for Z = 0.020

C This case is the same as case B, except for a limit at Mco =
6 My and Mgy = 22.5 M, for any metallicity.

D Same as B, for M¢cp = 4 Mg and Mgy = 17.5 M.

E Same as B, for M¢cp = 2 Mg and My = 11.6 Mo,

We may roughly estimate the mass of the neutron stars
corresponding to the various cases above by using the table given
by Woosley (1986), based on calculations by Wilson. There is
certainly still a lot of uncertain physics in such a correspondence,
but it may help to fix ideas. From Woosley’s data, the masses
of the neutron stars corresponding to cases B, C, D, E would
be about 2.4 M, (extrapolated), 2 Mg, 1.6 Mg and 1.3 M. The
corresponding values from models by Thielemann et al. (1992)
appear to be somehow lower, in the range of 1.7 to 1.3 Mg
for models with delayed shock mechanism. The corresponding
values of the baryon masses are of course larger, typically by
about 0.2 M. In cases C and D, large enough initial masses at
Z = 0.020 may lead to Mo values lower than the adopted limits
(cf. Fig. 3). When this occurs, of course we do not assume black
hole formation and swallowing. This also means that very large
initial masses may again lead to the formation of neutron stars,
black holes only forming in an intermediate range of masses,
between 22 and 30 Mg for case C, and between 17 and 40 M,
for case D.

7.2. Values of the net yields in heavy elements and comparison with
observations

Table 7 gives the net yields in helium, heavy elements Z, oxygen,
carbon and the returned fraction R for Z = 0.001 and 0.020,
for the cases A, B, C, D, E defined above and for the IMF
slope x = 1.7 (cf. Scalo 1986) integrated between 1 and 120 M.
Table 8 gives some complementary data for another IMF slope
(Salpeter’s value x = 1.35) and for the case with lower mass loss
rates M for stars with M > 20 M, (cf. Sect.2). The returned
fraction R is, as expected, larger at larger Z, more mass being
ejected by stellar winds and the remnants being smaller. Also we
notice that R decreases when there are more black holes formed
(from A to E). Indeed (1-R) corresponds to the average fraction
locked into the remnants. A change from x = 1.7 to 1.35 gives
more weight to massive stars and thus increases R.
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As shown in Table 7, the net yield in helium is larger at
higher Z. This is due to the larger helium ejection by the wind
of massive stars at Z = 0.020, which is not compensated by the
slightly lower helium production by the intermediate mass stars.
‘We notice that the yield in helium is not very much reduced by a
decrease of the lowest mass My for black hole formation (from
A to E). This is quite normal, since most helium is ejected by
low and intermediate mass stars or by the winds of massive stars.
This effect has important consequences for the AY /AZ ratio.
The explanation for the changes with the IMF slope or with the
M-rate follows the same line of arguments.

The yields in oxygen and heavy elements Z strongly decrease
with the lowering of Mpy from 120 My to 11.6 M, (A to E), since
then more heavy elements are swallowed by black holes (cf. also
Schild & Maeder 1985). The decrease is however less important
at Z = 0.020, because in this case a large fraction of the heavy
elements is anyway ejected in the winds and escapes. As shown by
Table 7 for Z = 0.020, this is particularly the case for carbon, for
which the yields (from winds) are quite large and show no great
variations with Mpgy. This occurs also for the case with lower
M-—rates, since even in this case the winds are strong enough to
eject significant amounts of carbon. However, at Z = 0.001, the
carbon yields behave like those of the other heavy elements. The
main result of this discussion is that the yields yz, yo, yc are not
constant during galactic evolution as generally assumed, but are
highly variable with metallicity, increasing or decreasing in a way
which depends on the lowest limit My for black hole formation.

Table 7. Net yields y in helium, carbon, oxygen and heavy ele-
ments. Returned fraction R. IMF: x = 1.7.

Case He Z (0] C R
Z=0.001
A 0.1865 | 0.1053 | 0.06410 | 0.00820 | 0.7137
B 0.1400 | 0.0367 | 0.01352 | 0.00453 | 0.6636
C 0.1284 | 0.0275 | 0.00861 | 0.00363 | 0.6497
D 0.1143 | 0.0173 | 0.00414 | 0.00249 | 0.6294
E 0.0868 | 0.0042 | 0.00038 | 0.00076 | 0.5815
Z=0.020
A 0.2001 | 0.0928 | 0.02919 | 0.03328 | 0.7423
B idem idem idem idem idem
C 0.1927 | 0.0772 | 0.02109 | 0.03131 | 0.7350
D 0.1757 | 0.0570 | 0.01222 | 0.02810 | 0.7192
E 0.1444 | 0.0352 | 0.00598 | 0.02300 | 0.6863

It is interesting to compare our theoretical yields from stellar
nucleosynthesis to values derived from constraints coming from
chemical evolution of galaxies. Pagel (1987) has given estimates of
the yields yz in a variety of astrophysical sites: globular clusters
in the halo, globular clusters in the disk, the solar neighbourhood
and the galactic bulge. Pagel suggests that the highest value y;
= 1.8 Z, which he finds for the galactic bulge could represent
some kind of a “universal true yield”, and that the lower yields
found in other cases may be due to loss of enriched gas in galactic
winds. Edmunds (1989) has shown how significantly the apparent
yield could be modified by gas inflow or outflow. Alternative
possibilities considered by Pagel are that the differences in the
yields for different sites may result from variable IMF or that

Table 8. Complementary tables on the net yields for different
slopes x of the IMF and mass loss rates

Case He Z (] C R
7=0.001, x=1.35
A 0.2867 | 0.2604 | 0.17166 | 0.01765 | 0.7614
B 0.1539 | 0.0549 | 0.02126 | 0.00662 | 0.6470
C 0.1364 | 0.0383 | 0.01257 | 0.00497 | 0.6219
D 0.1121 ] 0.0222 | 0.00550 | 0.00316 | 0.5882
E 0.0775 { 0.0047 | 0.00044 | 0.00084 | 0.5182
7=0.020, x=1.35
A 0.3540 | 0.2278 | 0.09407 | 0.06872 | 0.7930
B idem | idem | idem idem | idem
C 0.3285 | 0.1854 | 0.08645 | 0.04863 | 0.7798
D 0.2812 | 0.1337 | 0.02784 | 0.07405 | 0.7529
E 0.2154 | 0.0833 | 0.00141 | 0.05761 | 0.7042
7=0.020, x=1.70
lower M
A 0.1801 | 0.1146 | 0.04890 | 0.03189 | 0.7408
B 0.178510.0996 | 0.03977 | 0.03018 | 0.7371
C 0.1693 | 0.0716 | 0.02439 | 0.02686 | 0.7221
D 0.1489 | 0.0564 | 0.01790 | 0.02444 | 0.7050
E 0.1181 { 0.0383 | 0.01244 | 0.02048 | 0.6674
% I 1 i 1 I / 1 i T
zZ- .26 .
NET YIELD IN Z
10 vs- Mgy 4
08 [ -
06 - T
04}
op %é//z/// /)
.00 - e
E D C B A
L 1 1 1 1
1 1 1 1 LN T T T
10 15 20 25 40 60 85 120
Mg,

Fig. 13. Values of the net yields in heavy elements as a function of
different values of Mpy. Cases A, B, C, D and E are indicated. Two
values of the slope x of the IMF are considered: x = 1.70 (dots) and x =
1.35 (triangles). The models for Z = 0.001 are represented here. Tables 7
and 8 give additional data. The range of observed values is indicated by
hatchings (see text)

the high yield for the galactic bulge may be due to inflow of
processed material, a possibility which he holds for less likely.
Other estimates of the yields have been made by other authors.
For example, Rana (1992) finds a value y; = 0.55 Z on the basis
of the metallicity distribution of stars in the solar neighbourhood,
in general agreement with Pagel.

On the basis of the previous discussion, we may consider
that the “observed yield” in heavy elements is likely but with
several uncertainties in the range yz; = 0.01 to 0.036. This range
is compared to theoretical curves in Fig. 13 (see also Tables 7
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and 8). From these comparisons, the first very clear conclusion is
that case A (all onion skin layers ejected for all masses) appears
to be excluded by a very wide margin, whether the slope x of the
IMF is 1.35 or 1.7 or whether models at Z = 0.001 or 0.020 with
different mass loss rates are considered. The other cases B to E
Mgy = 27.5 My to 11.6 M) clearly seem to lead to values
more compatible with the observed range, although the exact
choice would depend on Z and IMF slope x. This means that
black holes are likely to swallow what is left from the onion skin
models, after the escape of stellar winds, down to My around
at least 20 — 25 M,,. (Interesting enough, if we would have taken
remnant masses equal to 1.4 My, for all initial masses rather than
values based on Woosley’s data (cf. Sect. 5), we would have found
the net yields for case A even in larger disagreement with the
observations. This clearly supports the rejection of case A).

The comparison may also be based on the yields in oxygen.
The oxygen abundance is often the observed quantity, for example
in HII regions and blue compact galaxies (cf. Lequeux et al. 1979),
while Z is derived by assuming an O/Z ratio. Josey & Tayler
(1991) estimate the yield yo on the basis of the distribution of
the oxygen abundances in G-dwarfs by Pagel (1989a) and find
a value yo equal to 0.8 of the present oxygen abundance. If the
infalling gas has non—zero oxygen abundance, the yield could be
reduced to half of the above value. With a present Z = 0.02 —
0.03 and a ratio O/Z ~ 0.53 (cf. Anders & Grevesse 1989), we
thus have yo = 0.008 — 0.013 as the most probable range, with
a possibility to have it down to yo = 0.004. The comparison
is made in Fig. 14 (see also Tables 7 and 9). Again, whatever
metallicity and slope of the IMF are considered, case A with all
onion skin layers ejected, appears to be out of the range by a
sizeable margin. From Table 7, the range C-D, ie. with Mzy
around 20 M, appears to be the most likely one, whether model
Z = 0.001 or Z = 0.020 is considered.

% 1 T I I 1 ) ) I
ol 17 -
NET_YIELD IN %0
B VS. MBH 7
06 |- -
04 E
02 -
"
oz, GBEERAES
.00 |- .
E D C B A
1 1 1 L L
I I 1 I ] 1 1 1
10 15 20 25 40 60 8 120
MBH

Fig. 14. Same as Fig. 13 for the net yields in oxygen

Finally, we notice as a marginal remark that for models B-E
the metal yields are increasing with metallicity Z, in agreement
with the analysis by Peimbert & Serrano (1982). On the contrary,
for models A there would be no increase of the yields y, with
metallicity. However, this must not be taken as an argument for
cases B to E, since inflows or outflows may also alter the observed
yields, as shown by Pagel (1987) and Edmunds (1989).
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7.3. The AY /AZ ratio

The ratios (AY /AO) and (AY /AZ) of the relative helium to oxy-
gen or metal enrichments are parameters of major importance for
galactic chemical evolution and cosmology. These ratios critically
influence the estimate of the primordial helium originated from
big bang nucleosynthesis (for recent references, see Pagel 1987,
1989a, 1992; Pagel et al. 1992; Audouze 1987; Olive et al. 1990;
Steigmann et al. 1991). Helium is generally best determined from
extragalactic HII regions, which span a wide range of metallici-
ties and therefore allow the determination of the helium content
near zero metallicity. HII regions have been extensively analysed
in order to determine the abundance of primordial helium (e.g.
Peimbert & Torres Peimbert 1974; Lequeux et al. 1979; Kunth
& Sargent 1983; Kunth 1983; Pagel et al. 1986; Peimbert 1986;
Pagel 1989ab, 1992; Pagel et al. 1992).

Simple models of galactic chemical evolution (cf. Peimbert &
Torres Peimbert 1974) lead to a linear relation between Y and
Z, the helium and metal contents in a galaxy:

AY
Y=Y,,+(E)~Z

As a matter of fact, Z cannot be measured directly. The
observations of heavy elements rest on '°O, the most abundant
element, the abundance of which can rather reliably be deter-
mined in HII regions. Thus, correlations are generally made
between the observed Y and the (O/H) ratio for HII regions (or
with N/H, cf. Pagel et al. 1992). The primordial He/H ratio (or
Y, in mass fraction) is thus obtained by a linear extrapolation of
the Y vs. O/H plot to zero O/H. If the considered plot is Y vs.
Z, some estimates Z(1°0) of the metal content are usually made
on the basis of the observed abundances of oxygen and other
heavy elements.

The recent detailed analyses by Pagel et al. (1992) of low
metallicity extragalactic HII regions led them to conclude that
their preferred value for the AY /AZ ratio is in the range 4 to 5,
certainly above 3 and possibly up to 6. This confirms previous
values by Pagel et al. (1986) or by Peimbert (1986) who derived
AY /AZ ~ 3.5. This value is also relatively consistent with the
value of 3 found by Lequeux et al. (1979). Also, we have pointed
out in Sect. 2 above that present solar Y and Z contents favour a
AY /AZ ratio equal to or larger than 3. Kunth & Sargent (1983)
found a value around 1, but a possible explanation of their result
is given by Pagel et al. (1992). Thus, here we retain AY /AZ in
the range 3 — 6, with a preferred value between 4 and 5 at low
metallicity.

Table 9 shows the theoretical values of AY /AZ (as shown
in Sect.4 above, this is just the ratio of the respective yields in
simple models). For case A with no black holes, we find values in
the range of 1 to 2. Let us recall that Arnett’s models (1978) lead
to AY /AZ = 0.73. As well known, these values are too small with
respect to the observed ones. The hope was (cf. Maeder 1981)
that stellar winds with their very high yields in helium could lead
to sufficiently high AY /AZ. However from Table 9 we see that
this fails whatever metallicity or slope of the IMF considered.
The swallowing of the onion skin layers by black holes enhances
the AY /AZ ratio (cf. Schild & Maeder, 1985), since mostly heavy
elements are trapped into the remnants. Table 9 (cf. also Fig. 15)
shows that case C (with My at 22.5 M) leads to AY /AZ =
4.7 for low metallicity regions and x = 1.7, in best agreement
with observations. This gives a good support to a minimum mass
for black hole formation in the range of 20-25 M.
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Table 9. Relative enrichments AY /AZ of helium to heavy ele-
ments for different metallicities Z and slopes x of the IMF

Case x=1.70 x=1.35
Z = 0.001
A 1.77 1.10
B 3.81 2.80
C 4.67 3.56
D 6.61 5.05
E 20.67 16.49
Z = 0.020
A 2.16 1.55
B 2.16 1.55
C 2.50 1.77
D 3.08 2.10
E 4.10 2.59
T 1 Ll T 1 1 1 1
- AY
st AZ =
6
4 IET7HL,
Al \\ .
o E D C B A ]
1 L 1 L |l 1 |l L 1 1 T Il
10 15 20 25 40 60 8 120
Mgn

Fig. 15. Values of the ratio AY/AZ of the relative helium-to-metal
enrichments as a function of Mpgg. Cases A, B, C, D and E are indicated.
Models for Z = 0.001 with IMF slope x = 1.35 (triangles) and x = 1.70
(dots). The observed range (cf. Pagel et al. 1992) is indicated by hatchings,
the range 4 to 5 is the preferred one.

Shifting the IMF slope to x = 1.35 does not significantly
modify the conclusions. Interestingly enough, while for case A
an increase of the winds leads to higher AY /AZ ratios for the
reasons explained above, the opposite occurs for cases B to E,
where the AY /AZ ratios are slightly smaller at Z = 0.02 than
at Z = 0.001. This results from the fact that at Z = 0.02 the
heavy winds are carrying away a lot of heavy elements, and that
the amount of heavy elements swallowed by black holes is not
as large as in the case Z = 0.001. A value of AY/AZ =3 at Z
= 0.02 is obtained by a model in the range C-D (Mpy = 17.5
—22.5 Mg ). This can be brought into relation with the remark
by Pagel et al. (1992) that if a AY /AZ ratio of about 3 could
apply around solar metallicity, an increase of this ratio towards
low metallicity is quite possible. It is interesting to notice that
Table 9 reflects this trend well.

Thus, after a long period of disagreement between theoretical

and observed values, we can say that stellar nucleosynthesis is
able to reproduce the observed AY /AZ if there are black holes
formed for M¢o larger than 6 My, or for initial masses larger
than about 20-25 M,,.

7.4. The oxygen overproduction and the O/C ratio during galactic
evolution

Several authors (cf. Twarog & Wheeler 1982, 1987; Larson 1986;
Matteucci 1986b; Olive et al. 1987; Wheeler et al. 1989) have
shown that with the best current estimates of the yields, IMF
and SFR, the theory of galactic chemical evolution leads to a
large overproduction of oxygen with respect to the observed
abundance. The typical overproduction amounts to a factor 2.6
(cf. Matteucci 1986b). Some authors have proposed various
manipulations of the IMF, of the upper and lower mass limits,
etc. ... to solve the problem. However, as emphasized by Wheeler
et al. (1989), the problem of the overproduction of oxygen is ex-
acerbated if one simultaneously wants to account for the large
O/Fe abundance ratios in halo stars: even more severe “actions”
on the IMF and SFR are then required in the modellisations.
The situation is so critical that Twarog & Wheeler (1987) won-
der whether the current stellar nucleosynthesis theory is able to
provide reliable constraints on stellar evolution, IMF, SFR, or
models of galactic chemical evolution.

From Table 7 we notice that the classical oxygen yield with
no mass loss and no black hole swallowing is relatively high (case
A at Z = 0.001; yo = 0.064). This high oxygen yield is reduced
by both the increase of the mass loss and the lowering of the
minimum mass Mgy for black hole formation. Thus, models B-D
in Table 7 offer a satisfactory solution of the problem emphasized
by Twarog & Wheeler (1987). Other values of the IMF slope or
of the mass loss rates (cf. Table 8) do not change this conclusion.

The O/C ratio for stars in the Milky Way keeps about
constant with X(0)/X(C) ~ 2.3 down to [Fe/H] ~ -2.0 (cf.
Wheeler et al. 1989), which corresponds to Z < 0.001. We may
notice that model A at Z = 0.001 gives a much too large ratio,
ie. X(0)/X(C) = 7.8 or 9.7, depending on which IMF slope is
chosen, while model C gives a correct ratio in the range 2.4 or
2.5. As the mass loss rates increase, the integrated O/C ratio
slightly decreases. At Z = 0.02 for the case of lower M-rates, the
X(0)/X(C) ratios are 0.9 to 1.9, while for the larger M-rates it
is 0.7 to 1.8 (case C being always considered). This discussion is
only indicative because, as emphasized by Wheeler et al. (1989),
the carbon abundance is subject to many uncertainties and also
because complete models of galactic evolution are needed in this
context.

7.5. Supernovae SNIb and their number ratio to SNI1I

The present models have some implications on the relative num-
ber frequencies of supernovae originating from WR stars with
respect to supernovae SNII. Some correspondence between WR
stars and the precursors of SNIb has been made (cf. Wheeler &
Levreault, 1985; Ensman & Woosley,1988); however this corre-
spondence has remained rather controversial. The main difficulty
was that the final WR masses were generally too high to possibly
account for SNIb. As pointed out by several authors (cf. Wheeler
& Levreault 1985; Ensman & Woosley 1988; see also Nomoto
et al. 1991), the light curves of SNIb can only be explained by
precursors being low mass helium stars in the range of 3 — 7 Mg
depending on the author. As emphasized by Langer (1989; cf.
also Langer et al. 1991), if the mass loss rates of WR stars depend

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992A%26A...264..105M

'5 U

FTOO2ACA - - 764. T

on their actual masses, the resulting final WR masses are small
enough to be in the range required for explaining SNIb. The
present models confirm such small WR final masses in the range
of 3 to 8 My for models at Z = 0.02 and thus support the view
that WR stars may be progenitors of SNIb supernovae.

Figs. 1, 5 and 6 show that the number of stars which finish
their life as a low mass helium star is highly Z-dependent. At
Z = 0.02, the lowest mass limit for forming WR stars is about
25 My and most WR stars (except those originating from stars
close to the mass limit, cf. Fig. 1) finish their life as low mass
stars. This makes plenty of candidates for SNIb progenitors. At
Z = 0.001, the expectation for WR stars to originate from single
stars are so low (unless there is a so—called top-heavy IMF) that
there should be almost no SN from WR stars.

The discussion above suggests that the relative number of
SNIb with respect to other supernovae should increase with
metallicity for similar IMF. Also, we notice (cf. Figs. 5 and 6)
that the upper initial mass limit for SNII may decrease with
increasing Z, while the lowest mass limit apparently does not
change very much (cf. Matteucci & Tornambe, 1985). Thus, this
may contribute to make the SNIb/SNII number ratio a strongly
increasing function of metallicity, if SNIb mainly originate from
WR stars.

8. Conclusions

The main results of this work are given in the abstract and are
not repeated here. The final point is a word of caution. A model is
some tool which from initial assumptions and physical ingredients
predicts some logical consequences. We have used here recent
and reasonable model assumptions and examined their effects
on chemical evolution. Among important assumptions in this
work we may mention those about the mass loss rates, their
dependence on metallicity, and their dependence on the stellar
masses for WR stars. Undoubtedly, these assumptions are backed
up by several observational constraints and the trend of their
general nucleosynthetic consequences are reliable; however some
details of the parametrizations of mass loss effects may still be
improved in the future.

We can also make a few additional remarks:

— The fact that the yields in heavy elements and oxygen vary
with metallicity and are generally low, due to the possible
swallowing up by black holes, may lead to a revision of
past estimates of the SFR, of the IMF slope or of lower
mass cuts in the IMF, which were based on the previous
theoretical yields. In particular, the present yields may lead
to an increase in the estimates of past star formation rates.

— The predicted number of black holes remains relatively small
for usual IMF. If we consider that black holes form from
stars with an initial mass in the range 20 to 120 M, (at Z
= 0.001), and neutron stars from the range 8 to 20 My, this
makes a number ratio of black holes to neutron stars equal
to 25% or 37% for a slope x of the IMF equal to x = 1.7 or
1.35 respectively. However, if there had been top—heavy IMF
in the past, for example in starburst galaxies, the number of
black holes formed in earlier epochs could be higher. For Z =
0.02, we recall that black holes may probably only originate
from a limited intermediate range of initial stellar masses (cf.
§7.1), since very large initial masses end up with small final
masses and may thus lead to neutron stars.

— We may also notice that our preferred case, i.e. case C with Mpy
= 22.5 M, corresponds to a mass of the oxygen core M¢o =
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6 M (see also Fig. 3). This in turn corresponds to some value
of the limiting neutron star mass. If we adopt the relation
presented by Woosley (1986) based on calculations by Wilson,
the corresponding limiting neutron star mass would be about
1.96 M. The study of neutron star masses by Thielemann et
al. (1992) suggests that stars with initial masses in the range
of 20 to 25 M, lead to neutron stars with masses in the range
of 1.48 to 1.67 M, in case of delayed explosion. Thus, we
emphasize that a value of Mgy in the range of 20-25 Mg
implies that neutron stars may form with masses up to about
1.5 (in the scale by Thieleman et al.) or 2 M, (in the scale by
Woosley), a value which is consistent with current estimates
of the maximum mass of neutron stars (cf. Burrows 1987).
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