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Abstract

Stellar nucleosynthesis yield is a vital factor of galactic chemical evolution model. With different yields, various evolu-

tionary behavior of elements can be predicted, hence different scenarios of galactic chemical evolution can be shown. Investigators calculat-
ed different yields adopting different parameters of stellar evolution and nucleosynthesis. The corresponding parameters and the resulting

yields of elements are compared for low-, intermediate-mass stars and massive stars, so that these analyses can provide valuable information

and guidance to stellar nucleosynthesis and galactic chemical evolution studies.
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Nucleosynthesis yields of stars are vital to ex-
ploring the chemical evolution history of galaxies. A-
mong the three main ingredients required to follow
the galactic chemical evolution ( GCE), only one,
namely the stellar nucleosynthesis yields, can be ob-
tained from the firsthand calculation at present, while
the other two, initial mass function (IMF) and star
formation rate (SFR), can only be evaluated by em-
pirical methods. However, different yields can be ob-
tained with different parameters in stellar evolution
and nucleosynthesis calculations, hence different GCE
scenarios can be exhibited. Thus, it is necessary to
compare and analyze these different yields and the re-
lated parameters, so that some useful information and
guidance to the stellar nucleosynthesis and GCE stud-
ies can be provided. Moreover, it is very necessary to
distinguish the stars according to their different mass-
es for the different evolution and synthesize various
elements. For example, the massive single stars with
M >8M g produce and eject the main parts of oxygen
and a element into interstellar medium (ISM); the
low- and intermediate-mass single stars are the main
sources of nitrogen and slow neutron-capture process
(s-process) elements; while the binary stars synthe-
size most part of Fe element through type la superno-
va (SN Ia) explosion. In this paper, we analyze and
compare the nucleosynthesis mechanism and yields of
low-, intermediate-mass stars (LIMS) and massive
stars.

The stars with M <0.9M g do contribute mate-
rials to the ISM in our galaxy at present due to their
long lifetimes ( >15 Gyrs). Some investigators calcu-
lated the yields for the stars with mass M >
0.9M@[1"10].
for yield: (i) total yield, Y;(M), represents the to-
tal mass ejected by a star of mass M in the form of
isotope ¢ (obviously Y;(M)>0), including the part
obtained from ISM when it formed, defined by
Y?(M ), and the part produced by itself during evo-
lution, defined by y;(M), (ii) net yield, y;(M), is
the mass of the isotope i newly created by the star.
Some investigators offered either total yield

Y (M)!6# or net yield y,(M)!'™>7), while others
(10]

Generally, there are two definitions

worked out both the total and the net yields n
general, numerical GCE models need the quantities
Y;(M), while analytical models require the net yield
y; (M), folded with a stellar IMF. In numerical
GCE models, the net yield can be transferred into to-
tal yield using the equation Y, (M) = Y?(M ) +
y;(M)=(M = M) Y;:(to) + Mpiy, where ¢g is
the age of our galaxy at which a star with mass M
formed, M., the remnant mass of the star. p;y is
defined as the mass fraction of a star with mass M that
has been newly synthesized as species i and then ejected.

1 Nucleosynthesis yields of low- and inter-
mediate-mass single stars

The stars with main sequence mass
0.9Ma<M<8Mg (or 0.9IMg<M<6Mg when
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strong overshooting is considered) can produce C, N,
O and s-process elements. When the stars evolve into
AGB stages, the third dredge-up process can dredge
up the synthesized s-process elements and *C isotopes
from the He-intershell and bring them onto the sur-
face of stars. Before the third dredge-up, the surface
compositions of stars have been changed by the first
and second dredge-up processes (the latter only occurs
in intermediate mass stars). Also, mass loss, metal-
licity and hot bottom burning (HBB) process strongly
affect evolution and AGB
stars! 1113,

nucleosynthesis  of

Table 1 summarizes the main parameters adopt-
ed in the three groups of AGB stars nucleosynthesis

calculationst %!

, where the upper mass limit of in-
termediate mass stars, M,,, adopted by Ref. [4], is
SMa, not the usual value of 8M g, due to the strong

overshooting adopted. With respect to the prescrip-

Table 1 Summary of the main parameters adopted in the synthetic TP-AGB models

tions of M.~ L and M.— T, relations from Ref.
(1], the notable improvement has been made in
Refs. [4] and [5], in which the effect of metallicity
is included, and A is the efficiency of the third
dredge-up process, M ?in the critical core mass for the
beginning of the third dredge-up process. In fact, the
Reimers prescription with q<1[1] cannot produce the
“super-wind” mass-loss rates measured in stars close
to the AGB-tip luminosities, while the mass loss rates
used by Refs. [4] and [5] can. Moreover, the over-
luminosity of AGB stars with HBB can trigger high
mass-loss rate, thus favoring the onset of the super-
wind regime with consequent reduction in the TP-
AGB lifetime. Mypgg is the core mass at which HBB is

assumed to operate.

Fig. 1 shows the corresponding net yields of
2C, N and 'O of Refs. [1,4,5]. In Ref. [1],

[1.4,5]

Ref.[1]

Ref. [4] Ref. [5]

M, 8Mo
Z=0.004, 0.020
No Z-dependence

Metallicities
M, - L relation

M- T, relation No Z-dependence

SMo 8Mo
Z=0.004, 0.008, 0.020 Z=0.001~0.02
Z -dependence Z-dependence

Z-dependence Z-dependence

Mass loss Reimers! ), 7=1/3,2/3 See Ref.[13] Reimers! 2}, =S5

The third dredge-up:

A 0.3~0.5, function of M, 0.65 for Z=10.004; 0.75
0.55 for Z=0.008

M 'c“'" 0.60 Mg From envelope integrations 0.58 Mg
Function of M and Z

HEBB:

Overluminosity No Yes No

Nuclear network

0.00, 1.50, 2.00

Nucleosynthesis

a value

Parameterized approx.

MHBB:O.SM@

Nuclear network

1.68, 2.00, 2.50

a=1.5, 7=1/3 are adopted for intermediate mass
stars, and 0.0, 1/3 for low mass stars; while in Ref.
[4], a=2.0. The ordinate axis labels, “y” (in unit
of Mg), refers to net yields of different mass stars.
The results show that the calculated value of C yields
of low mass and low metallicity (Z = 0.004) stars
given by Ref.[4] is the hightes. One of the main rea-
sons is that the core mass at the first thermal pulse is
larger at low metallicities!*!!; therefore, the amount
of material dredged-up from the core to the envelope
is substantially larger in initially low-Z AGB stars.
Another reason is that mass loss is less efficient at
lower Z, which corresponds to a longer TP-AGB life-
time, a greater number of third dredge-up events,
and then a higher C yield. However, the decrease in

C yields of intermediate mass stars may be caused by
HBB process occurring at the base of the convective
envelope due to the high temperature[l]. Thus the
surface abundances of *C and N are enhanced at the

160[L11]  The intermediate mass

expense of 2C and
stars with lower metallicity produce more nitrogen
because HBB process is more efficient at lower Z, and
the corresponding lower mass loss causes a longer du-
ration of HBB. Using different parameters of stellar
evolution and nucleosynthesis, Ref. [1] provided the
higher N yields than that in Refs. [4] and [5], and
the C yields in Ref. [5] are the lowest among the
three groups. The positive net yields of O element of
low mass stars is thank to the dredge-up events dur-
ing the TP-AGB phase, whereas it becomes negative
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at higher mass because of HBB. And the increasing
positive trend with decreasing metallicities essentially
reflects the longer duration of the TP-AGB phase. In
addition, the yields given in Refs. [2, 3] are similar
to those of Ref. [4]; the latter used the updated pa-

rameters and gave yields of the lower metallicity stars
(Z=0.004), which is very important for the study
of contributions of AGB stars to elements in early
Galactic ages.
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Fig. 1. Yields of '*C, N and 'O isotopes of LIMS given in Refs. [1, 4, 5] as a function of the initial stellar mass. (a), (d) and (g) are taken

from Ref. [1]; (b), (e) and (h) from Ref. [4]; (c), (f) and (i) from Ref. [5].

2 Nucleosynthesis yields of massive single
stars

Stars with main sequence mass 8Mg < M <
11Mg(or 6 Mg < M <8M when strong overshoot-
ing is considered) generally develop a degenerate
ONeMg core after C-burning, and eventually explode

elements. Here we choose C, N, O and Fe elements
as typical representatives to compare the different sets

of nucleosynthesis yields.
2.1 Massive stars without stellar wind mass loss

Calculations of the nucleosynthesis of SN I ex-

as “electron capture” supernova, expelling a very
small quantity of heavy elements!%10]
conditions are very complex, and only Ref. [10]

gives the nucleosynthesis of 6 M o and 7M g stars.

Stars with main sequence mass M >11M ¢ pro-

. The explosion

plosion were carried out by many investigators. Here
we compared the results of Woosley'®! (model B) and
Nomoto'®), which have been widely used in GCE
models. Table 2 shows the main parameters used by
those authors. Among these parameters, the impor-
tant one is *C(a, 7)'*0 reaction rate. The higher
the rate, the greater the extent to which carbon is

duce Fe core at the end of the evolution by hydrostatic
Si-burning, and end their lifetime by the Fe core su-
pernova explosion, which is known as SN [ explo-
sion generally. SN [ explosion produces significant
amounts of heavy elements, especially O and other a

(15] adopted in

converted into oxygen. The higher rate
Ref. [8] causes apparent low 2 C yields. Another
difference is that Nomoto et al.® adopted the He

core evolution instead of entire stars. Thus, they used
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Table 2 Main parameters of the SN Il nucleosynthesis
in Ref. [6] (model B) and Ref. [8]

Ref. [6]

Ref. [8]

Initial mass (11~40)M¢o

13~70M ¢

Metallicities 2 =0,10"4, 0.01, 0.1, 1Zo Z=Zg

1.7 X values of Ref. [14]

12, 16,
Cla» 7970 074 x values of Ref. [15]

values of Ref. [15]
2.3 X values of Ref. [14]

Exnlosi 1.2x10%] 1.0x10%]
LOS10]
XPIOSON Ea1.5%1.2X10% Jfor E A 1.5 X 10% ] for
eneray M>30 Mo M>25Me
i Ledoux criterion, Schwarzschild criterion,
Convection . . A
Modification for semi-convec- Convective shells have greater
tion extension
Explosion Piston situated at the Y, dis- .
. L. Deposition of energy
mechanism  continuity
. Nucleosynthesis caused by the Neutrinos process not includ-
Neutrinos .
flood of neutrinos ed
Stella
€ r Entire stars Helium cores
evolution

a relation M (M, ) to transfer
core of mass M, to a scale
It can be understood that the
certain element is given by the

the results of helium
of initial mass M.
total ejected mass of a
yield from the evolu-
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tion of He core (M, ) plus the original element abun-

dance in the envelope part with mass (M — M, ).
More details can be found in Ref. [8].

Fig. 2 shows the yields of 2C, N, *0 and
6Fe isotopes given in Refs. [6] and [8]. Only the
yields of the stars with (13~40) Mg in Ref. [8] are
shown here. The ordinate axis labels “Y” (in unit of
M) refer to the total yields of different mass stars.
Fig. 2(a) shows that C yields given in Ref. [8] are
lower than those of Ref. [6], which is mainly caused
by adopting the higher >C(a, 7)'®O reaction rate. N
yields of low metallicity stars are very low. And a
large amount of oxygen is produced by SN II explo-
sion, and O yields are higher for the higher mass
stars. The Fe yields in Ref. [6] are extremely high,
especially for M =30M g, so it is suitable to reduce
the Fe yields by a factor of 21610
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Yields of 2C, “N, 0 and %Fe isotopes of SN I explosion's#.

1) Liang, Y. C. et al. Sources of carbon and the evolution of the abundance of CNO elements with different stellar nucleosynthesis yields. A&A

(in press).
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2.2 Massive stars with stellar wind mass loss

Some authors considered the wind mass loss dur-
ing the stellar evolution, especially for Wolf-Rayet
(W-R) stage of the massive stars. In general, stars
with initial mass M >40M g can evolve through W-R
stage[m. Statistics showed that stars with M >
30M g can evolve through W-R stages in Large Mag-
ellanic Cloud, the mass limit is about SOM g in Small
Magellanic Cloud, and the value is about 35Mg in
the solar vicinity. W-R stars are easily detectable due
to their intrinsic brightness and the profound effects
on the interstellar environment. Both Refs. [7] and
[10] considered radiative-driven stellar wind in calcu-
lation of the evolution and nucleosynthesis of massive
stars. The synthesized C, N, O elements, C in par-
ticular, are ejected into ISM during stellar wind mass
loss. The main parameters adopted by Refs. [7] and
[10] are presented in Table 3, where Hp is the local
pressure scale height. Padova group has precisely cal-
culated the stellar evolution of 0. 6Mg < M <
120M stars with different metallicities!!®’. Core
overshoot is 0.25Hp for stars with 1. 0Mg <M< 1.
SMg, and 0.5Hp for stars with above. For the en-
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Fig. 3.

velope overshoot, they adopted 0. 7Hp for all the
mass range considered.

Table 3 Main parameters of stellar evolution and
[7,10]

nucleosynthesis
Ref. [7] Ref. [10]
Initial mass 1~120Me 9~120Mp

(Z,Y)=1(0.001,0.243), Z=0.0004, 0.004,

Metallicities (0.020,0.300) 0.008, 0.02, 0.05
Wind mass M~ M?2-5 M~M?2$

loss rate M~205 M~ 205

12C(a, 7180 rate See Ref. [15] See Ref. [14]
Radiative opacities See Ref. [18] See Ref. [19]
Neutrino loss See Ref. [20] See Ref. [21]
Overshooting Moderate: 0.20Hp See text

Fig. 3 displays the wind and total net yields of
massive stars from Ref. [7] (w refers to wind and t
refers to total). Fig. 4 shows the corresponding
yields in Ref. [10], where the contributions of stellar
wind (w) are net yields; total yields (t). Figs. 3 and
4 show that metallicities sufficiently influence the C
yields of W-R stars. The C contribution from stellar
wind of stars with Z = 0. 02 is clearly higher than
those of the stars with Z=0.001. For massive stars,
metallicity generally influences their evolution through
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Stellar wind and total yields of massive stars from Ref. [7].
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Fig. 4. Stellar wind and total yields given in Ref. [10]. (a), (b) and (¢) for “w”; (d), (e), (f) and (g) for “v".

bound-free and line opacities, which are important in
the very outer layers. In this way, metallicity influ-
ences the outer opacities and then the mass loss rates
by stellar wind in massive stars'”"1%). However, the C
yields of stars with higher metallicity, such as Z=0.
05, decrease again, since a higher mass loss rate is
able to take more helium away before it turned to car-
bon, and with an increasing metallicity an increasing
fraction of the original carbon is turned to *N in the
CNO circle!'® . Thus, N yields increase with the in-
creases of mass and metallicity. However, Ref. [7]
only gives N yields of stellar wind but leares the total
N yields, and Fe yields untouched. Fe element is only
produced through SN II explosion, and more Fe ele-
ment is produced by the higher metallicity stars. O
element is produced mainly by SN 1l explosion. In
general, the higher the mass is, the higher the O
yield will be. Comparing the results of Refs. [7] and
[10], we find that Ref. [7] gives the higher C yields
though the higher > C(a, 7)* O rate is adopted,
which means that the stellar wind mass loss of mas-
sive stars will influence the nucleosynthesis of C ele-
ment strongly.

For a massive star, mass loss is a very important
process, which affects the evolution and nucleosyn-

thesis of the star. Many investigators adopted the
yields given by Ref. [7] in their GCE models, and
predicted very significant results, especially for the
sources of carbon. The yields given by Ref. [10]
have been used in GCE models widely; however, the
corresponding yields of LLIMS should be chosen from the
similar nucleosynthesis conditions, as in Refs. [2~4].

3 Binary stars through type Ia supernova ex-
plosion

There are spectroscopic and photometric indica-
tions that SN Ia explosion originates from white
dwarfs that are composed of C—O core with strongly
degenerate electrons and have accreted sufficient mass
from a companion to trigger an explosion. When the
mass of the white dwarf becomes larger than a critical
value due to accreting ejecta from the companion, fuel
ignition under highly degenerate conditions causes the
(2] In nucleosynthesis calculation, the
mass of companion star of the accreting white dwarf
(or the accretion rate that determines the carbon igni-
tion density) is one of the major uncertainties in-
volved in SN la explosion. Another major uncertainty

explosion

is the flame speed after ignition. Considering these

uncertainties, Nomoto’s roup[9] calculated some sets
g
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of nucleosynthesis yields, with the models C6, C8,
w6, W7, W70, W8, WDD1, WDD2 and WDD3,
among which the results of W7 model are used widely
[16) " The main product of SN Ia

explosion is Fe element, with an amount of

in GCE calculations

0.613Mo!). Generally, the maximum main se-
quence mass of the binary system leading to SN Ia ex-
plosion is 16 M g (or 12M ¢ with strong overshooting
considered), and the corresponding minimum mass is
3IM @[16]. SN Ia produces heavy elements on a long
time scale in the late phase of the galactic evolution
since the long lifetime of the progenitor.

In summary, stellar nucleosynthesis yield is a vi-
tal parameter in GCE model, and different yields can
provide different GCE scenarios. For yields of LIMS,

[2~5]

the new results are used in GCE calculations at

present rather than the old results in Ref. [1] which

(23] 1n addtion, it is

can not fit some observations
suitable to choose the results of Refs. [2]~[4] to be
yields of LIMS and those of Ref. [10] for massive
stars because they adopted similar parameters (Pado-
va group). Moreover, Ref. [4] gives the yields of
the stars with lower metallicity, which is Z=0.004,
and it is important for exploring the contributions of
AGB stars to elements in the early stage of our
galaxy. The metallicity-dependent yields of massive
stars given by Ref. [6] are important for studying
the evolution of elements. In particular, the yields of
zero metallicity stars are of significante for studying
the first generation stars. The authors of Refs. [7]
and [10] considered the stellar wind mass loss of
massive stars in nucleosynthesis calculations, which is

very important to Wolf-Rayet stars, hence to carbon.
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