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ABSTRACT
Observations suggest that the interstellar medium (ISM) might have been highly en-
riched in carbon at very early times. We explore nucleosynthesis in massive carbon-
enhanced metal-poor (CEMP) stars of 12–40 M� formed from such an ISM with
[Fe] ≤ −2. We find substantial production of elements heavier than Fe, mostly up
to Sr, by the weak s-process in stars with initial abundances of [CNO] & −1.5. Even
heavier elements, up to Ba, can be produced for [CNO] & −0.5. The efficiency of this
s-process is sensitive to the initial enhancement of C (or more generally, CNO) and
mass of the star, with the yield increasing approximately linearly with the initial Fe
abundance. The s-process in CEMP stars of & 20 M� with [CNO] & −1.5 can be an
important source for heavy elements in the Early Galaxy.

Key words: stars: massive – stars: Population II – stars: carbon – stars: abundances
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1 INTRODUCTION

Chemical abundances of low-mass stars typically represent
the composition of the interstellar medium (ISM) from
which they formed. Thus, surface abundances of very metal-
poor (VMP) stars of . 0.8 M� and with [Fe/H] = log(Fe/H)−
log(Fe/H)� . −2 can provide a direct window on the com-
position of the ISM within ∼ 1 Gyr of the Big Bang. With
a large number of observed VMP stars, it has now become
clear that there exists a distinct class of carbon-enhanced
metal-poor (CEMP) stars with high enhancement of C over
Fe relative to the Sun. The nominal criterion for this clas-
sification is [C/Fe] ≥ +0.7 (Aoki et al. 2007). CEMP stars
that do not show any enhancement in neutron-capture el-
ements ([Ba/Fe] ≤ 0), the so-called CEMP-no stars (Beers
& Christlieb 2005), constitute ∼ 20 %, 40 %, and 80 % of
all VMP stars with [Fe/H] ≤ −2, −3, and −4, are widely
thought to have formed from an ISM polluted by only the
first or very early core-collapse supernovae (CCSNe) asso-
ciated with massive VMP stars. Current models for nucle-
osynthesis and explosion of massive VMP stars can explain
the abundances observed in CEMP-no stars reasonably well.
These models involve either CCSNe of low to medium ex-
plosion energy that preferentially eject C and other light
elements relative to the Fe group (Umeda & Nomoto 2005;
Nomoto et al. 2005; Heger & Woosley 2010; Tominaga et al.
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2014) or winds enriched in CNO from fast-rotating massive
stars (Meynet et al. 2006). In either case, the very early ISM
became enhanced in C over Fe relative to the Sun. Low-
mass stars of . 0.8 M� formed from such an ISM would
be observed as CEMP-no stars today. In contrast, massive
CEMP stars of > 10 M� formed from the same ISM would
have exploded as CCSNe within ∼ 10 Myr of their birth.
These massive CEMP stars, however, can have interesting
nucleosynthesis due to their C enhancement, thereby poten-
tially providing an important source for chemical enrichment
of the early Galaxy.

In this Letter we study the pre-CCSN nucleosynthesis of
massive CEMP stars. We show that they can produce heavy
elements with mass numbers up to A ∼ 90–140 by the slow
neutron-capture process (s-process) and serve as an effective
source for these elements in the early Galaxy. Whereas a
similar s-process has been shown to operate in fast-rotating
massive VMP stars without C enhancement (Pignatari et al.
2008; Frischknecht et al. 2012, 2016), our study differs in
that we focus on non-rotating massive CEMP stars and our
results are independent of the uncertain rotation-induced
mixing processes. The effects of initial composition on the s-
process in massive stars were investigated by Prantzos et al.
(1990), Baraffe et al. (1992), and Raiteri et al. (1992). In
the VMP regime of interest in this work, those earlier stud-
ies considered the moderate enhancement of O/Fe. Whereas
the effects are similar, the enhancement of C/Fe discussed in
this work is more extreme and has a more immediate con-
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nection to the formation of the first stars and the earliest
phase of chemical enrichment as suggested by a wide range
of recent observations. Further, the revised neutron-capture
rate for 16O, the major neutron poison at low metallicities,
is ∼ 10–100 times higher than those adopted in the earlier
studies. Therefore, our work not only has new cosmologi-
cal context and implications but also provides a necessary
reexamination of the earlier results with updated nuclear
physics.

2 METHODS

We study the nucleosynthesis in non-rotating CEMP stars
of 12–40 M� using the 1D hydrodynamical code Kepler
(Weaver et al. 1978; Rauscher et al. 2003). The results from
Big Bang nucleosynthesis are adopted for the initial abun-
dances of H to Li. Scaled solar abundances (Asplund et al.
2009) are assumed for all stable isotopes I from 9Be to 70Zn
such that [I] ≡ log(XI/XI,�) = [Fe], except that 12C, 14N, and
16O are enhanced. Here XI denotes the number of I atoms
per unit mass in a star. For stars with H content similar to
the Sun, [I] ≈ [I/H]. Because the 22Ne providing the neu-
tron source for the s-process is produced by burning the ini-
tial CNO, what matters is the total initial CNO abundance.
Whereas we take [C] = [N] = [O] = [CNO], the same total
CNO abundance with different relative abundances will give
identical results. We consider [CNO] = −2 to 0 and [Fe] = −5
to −2 but keeping [C/Fe] ≥ 1.

We follow the nucleosynthesis from the birth of a
star until its death in a CCSN using a large adap-
tive post-processing network with the same reaction rates
as in Rauscher et al. (2002). In particular, we use the
rate of Jaeger et al. (2001) for 22Ne(α, n)25Mg and the
rates of Caughlan & Fowler (1988) for 17O(α, n)20Ne and
17O(α, γ)21Ne. As discussed below, these reactions are im-
portant for the s-process. To include effects of the explosion
on the yields of pre-CCSN nucleosynthesis, we model the
explosion by driving a piston from the base of the O shell.
The velocity of the piston is adjusted to produce the de-
sired explosion energy, which is taken to be 0.3 B, 0.6 B, and
1.2 B (1 B = 1051 ergs) for 12 M�, 15 M�, and 20–40 M� mod-
els, respectively, in order to match recent CCSN simulations
(Bruenn et al. 2013; Melson et al. 2015). We note that explo-
sive burning due to the CCSN shock has only minor effects
on elements heavier than Ge. The post-CCSN yields of these
elements are essentially the yields of the s-process during the
pre-CCSN evolution.

3 RESULTS

It is well known that the weak s-process occurs during the
pre-CCSN evolution of massive stars (Peters 1968; Couch
et al. 1974; Lamb et al. 1977; Raiteri et al. 1991; Pignatari
et al. 2010). The initial 12C and 16O in a star are first con-
verted to 14N during core H burning. Then all of the 14N
is converted to 22Ne via 14N(α, γ)18F(e+νe)18O(α, γ)22Ne at
the start of core He burning. By the time the He core be-
comes convective, almost all of the initial CNO have been
effectively converted to 22Ne, which can provide a neutron

source through 22Ne(α, n)25Mg during the subsequent evo-
lution. The efficiency of the s-process, however, depends on
the neutron density, which is determined by the competi-
tion between production by the neutron source and capture
by neutron poisons. For a normal star, the effects of neu-
tron poisons render the weak s-process inefficient unless the
initial metallicity of the star is [Fe] & −1. In contrast, as pre-
sented below, the enhanced initial abundances of CNO fa-
cilitate an efficient s-process in a CEMP star with [Fe] . −2
and [C/Fe] & 1.

The reaction 22Ne(α, n)25Mg is sensitive to temperature
and is activated only when the 4He mass fraction drops to
. 0.1 during the late stage of core He burning. The tem-
perature is higher for stars of higher masses. For exam-
ple, when the central 4He mass fraction drops to 0.01, the
central temperature is ∼ 2.4 × 108 K and ∼ 2.8 × 108 K for
12 M� and 25 M� models, respectively. This seemingly mi-
nor temperature difference corresponds to a difference in the
22Ne(α, n)25Mg rate by a factor of ∼ 50. Consequently, in
more massive stars, a larger fraction of 22Ne is burned to
produce neutrons, which leads to a more efficient s-process
during the late stage of core He burning.

Regardless of its mass, the star runs out of 4He be-
fore 22Ne is consumed. In fact, most of the 22Ne survives at
the end of core He burning in stars of . 15 M� and a con-
siderable fraction survives in those of higher masses. The
remaining 22Ne can be used for further neutron production
when α-particles are provided through 12C(12C, α)20Ne dur-
ing the subsequent evolution. The resulting s-process acts
on the previous s-process products from core He burning.
This additional process operates during shell C burning as-
sociated with core O burning and during shell He burning
when the temperature at the base of the He shell increases
above ∼ 2.5 × 108 K as the star contracts during core C and
O burning. Only a small fraction of the processed material,
however, can be ejected during the CCSN, whereas most of
it becomes part of the Fe core that collapses into a neutron
star or black hole. We find that the s-process mainly occurs
during shell He burning for stars of . 15 M� and during core
He burning for those of higher masses.

3.1 Dependence on [CNO], stellar mass, and [Fe]

There is very little s-processing for [CNO] ≤ −2. As [CNO]
increases from −2 to 0, the efficiency of the s-process in-
creases dramatically (see Fig. 1 and Table 1). For example,
for 25 M� models with [Fe] = −3, the Sr yield increases by
a factor of ∼ 600 (4 × 104) when [CNO] increases from −2
to −1.5 (−1). For [CNO] > −1, the 22Ne abundance becomes
so high that a significant amount of 25,26Mg is produced
by 22Ne(α, n)25Mg and 22Ne(α, γ)26Mg. Whereas these sec-
ondary neutron poisons become important, their effects are
more than compensated by the increased neutron produc-
tion due to the high 22Ne abundance. Consequently, the Sr
yield further increases by a factor of ∼ 100 when [CNO] in-
creases from −1 to 0 (see Fig. 1 and Table 1).

Because 22Ne(α, n)25Mg is very sensitive to temperature,
neutron production is more efficient in more massive stars
that burn He at higher temperature. In addition, a more
massive star has a larger He core, which allows more material
to undergo s-processing. The above two effects cause the
efficiency of the s-process to increase with the stellar mass.

MNRAS 000, 1–6 (2018)
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Figure 1. Post-CCSN number yields of heavy elements for 25 M�
models with a fixed [Fe] = −3 but varying values of [CNO] from

−2 to 0.

For example, for models with [Fe] = −3 and [CNO] = −1, the
Sr yield of a 12 M� star is ∼ 800 times lower than that of a
25 M� star, which in turn is ∼ 10 times lower than that of a
35 M� star (see Fig. 2 and Table 1).

As can be seen from the above discussion, the initial
[CNO] and the mass of a CEMP star are the two key factors
governing neutron production for its s-process. As discussed
below, the main neutron poisons are the primary 16O pro-
duced by He burning and the secondary 25,26Mg produced
by 22Ne burning. Because neither the neutron source nor the
main poisons depend on the initial [Fe], this parameter has
little impact on the efficiency of the s-process. Its role in this
process is almost solely to provide the seeds for neutron cap-
ture. Table 2 shows the yields of heavy elements for 25 M�
models with a fixed [CNO] = −1 but varying [Fe]. These
yields scale almost linearly with the number abundance as
[Fe] increases from −5 to −3. The increases in the yields of
Sr, Y, and Zr from [Fe] = −3 to −2 still follow this linear
scaling within a factor of ∼ 2.

3.2 Neutron poisons

Although the s-process in massive CEMP stars is similar to
the well-known weak s-process at higher metallicities, there
are some important differences, the most crucial of which
has to do with neutron poisons. As mentioned above, the s-
process in CEMP stars occurs mainly during shell He burn-
ing for stars of M . 15 M� and during the late stage of core
He burning for those of higher masses. The main neutron
poisons during these phases are the primary 16O produced
by He burning and the secondary 25,26Mg produced by 22Ne
burning. The primary nature of the former comes from the
independence of the initial metallicity for its production,
whereas the secondary nature of the latter is due to the de-
pendence on the initial CNO abundances for the supply of
22Ne. Because of this difference, 16O is the dominant poison
for stars with initial abundances of [CNO] . −1 and 25,26Mg
take over for [CNO] > −1.

The above discussion largely holds for normal massive
stars as well. Without any CNO enhancement, however, the
initial abundances of CNO for these stars are commensurate
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Figure 2. (a) Post-CCSN number yields of heavy elements for
models with fixed [Fe] = −3 and [CNO] = −1 but varying masses

of 12–40 M�. (b) Same as (a), but for models with [CNO] = 0.

with those of other metals, some of which, such as 20Ne,
24Mg, and 28Si, are also neutron poisons. The end result is
that the weak s-process becomes efficient in normal stars
only when their initial metallicities are [Fe] & −1. The dom-
inant neutron poisons in this case are 25,26Mg.

In our models, when the s-process occurs, the primary
16O is the predominant isotope with a mass fraction of & 0.8,
which makes 16O the dominant poison for stars with initial
abundances of [CNO] . −1. For stars with [CNO] > −1,
however, 25,26Mg become the dominant poisons because the
neutron-capture cross section for 16O is much smaller than
those for 25,26Mg. In addition, the effectiveness of 16O as
a neutron poison is greatly reduced at He-burning temper-
atures due to neutron regeneration through 17O(α, n)20Ne
following 16O(n, γ)17O. Specifically, for the neutron density
achieved during the s-process, the rate of 16O(n, γ)17O is or-
ders of magnitude slower than that of 17O(α, n)20Ne. The
latter is also a factor of κ ∼ 13–15 higher than the rate of
17O(α, γ)21Ne at temperatures of ∼ (2.5–3) × 108 K relevant
for the s-process. As a result, the effective rate of neutron
capture by 16O is reduced by a factor of ∼ κ.

The value of κ ∼ 13–15 relevant for the s-process cor-
responds to the default rates (Caughlan & Fowler 1988) for
17O(α, n)20Ne and 17O(α, γ)21Ne in our study. Descouvemont
(1993) gave a κ three orders of magnitude larger. Such a large

MNRAS 000, 1–6 (2018)
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Table 1. Post-CCSN yields (in M�) of Sr, Y, Zr, Ba, and Pb. Models are labelled as (mass/ M�, [Fe], [CNO]) and X(Y) ≡ X × 10Y . The

last column gives the number of neutrons captured per available 56Fe seed, an approximate measure of the s-process efficiency used only

in §3.2 for comparison with earlier studies.

Model Sr Y Zr Ba Pb [Sr/Y] [Sr/Zr] [Sr/Ba] nc
(40, −3, −2.0) 3.00(−11) 1.09(−12) 4.05(−13) 0.00 0.00 0.74 1.53 – 1.69
(40, −3, −1.5) 4.81( −9) 3.97(−10) 1.71(−10) 0.00 0.00 0.38 1.11 – 4.29
(40, −3, −1.0) 2.91( −7) 3.79( −8) 2.80( −8) 5.16(−12) 0.00 0.18 0.68 4.45 10.49
(40, −3, −0.5) 2.89( −6) 6.53( −7) 9.81( −7) 1.44( −8) 1.35(−12) −0.06 0.13 1.80 22.64
(40, −3, 0.0) 4.31( −6) 1.39( −6) 3.61( −6) 5.94( −7) 1.63( −9) −0.22 −0.26 0.36 37.90
(35, −3, −2.0) 9.30(−12) 2.22(−13) 6.85(−14) 0.00 0.00 0.92 1.79 – 1.52
(35, −3, −1.5) 2.66( −9) 1.50(−10) 7.42(−11) 0.00 0.00 0.54 1.21 – 3.88
(35, −3, −1.0) 1.51( −7) 1.43( −8) 1.26( −8) 1.34(−12) 0.00 0.32 0.74 4.55 9.29
(35, −3, −0.5) 2.04( −6) 3.49( −7) 6.46( −7) 6.21( −9) 3.00(−13) 0.06 0.16 2.01 21.48
(35, −3, 0.0) 3.69( −6) 8.75( −7) 3.01( −6) 3.35( −7) 5.36(−10) −0.08 −0.25 0.54 35.54
(30, −3, −2, 0) 2.21(−12) 4.94(−14) 1.50(−14) 0.00 0.00 0.95 1.83 – 1.32
(30, −3, −1.5) 1.01( −9) 4.89(−11) 1.91(−11) 0.00 0.00 0.61 1.38 – 3.31
(30, −3, −1, 0) 6.87( −8) 5.89( −9) 4.89( −9) 2.35(−13) 0.00 0.36 0.81 4.96 8.34
(30, −3, −0.5) 1.29( −6) 1.83( −7) 3.50( −7) 2.20( −9) 4.67(−14) 0.14 0.23 2.26 18.81
(30, −3, 0.0) 2.65( −6) 4.73( −7) 1.93( −6) 1.34( −7) 1.46(−10) 0.04 −0.20 0.79 30.98
(25, −3, −2.0) 4.17(−13) 9.01(−15) 3.30(−15) 0.00 0.00 0.96 1.76 – 1.06
(25, −3, −1.5) 2.49(−10) 9.77(−12) 3.01(−12) 0.00 0.00 0.70 1.58 – 2.66
(25, −3, −1.2) 3.53( −9) 2.35(−10) 1.27(−10) 2.41(−18) 0.00 0.47 1.10 8.66 4.63
(25, −3, −1.0) 1.57( −8) 1.25( −9) 8.79(−10) 7.61(−15) 0.00 0.40 0.91 5.81 6.44
(25, −3, −0.5) 5.15( −7) 6.68( −8) 9.87( −8) 2.19(−10) 5.79(−16) 0.18 0.38 2.87 15.59
(25, −3, −0.2) 1.21( −6) 2.09( −7) 4.67( −7) 6.65( −9) 6.40(−13) 0.06 0.08 1.76 22.17
(25, −3, 0.0) 1.58( −6) 3.13( −7) 8.78( −7) 3.10( −8) 1.28(−11) 0.00 −0.09 1.20 26.41
(20, −3, −2.0) 2.58(−13) 2.43(−14) 8.29(−14) 0.00 0.00 0.32 0.15 – 0.75
(20, −3, −1.5) 3.72(−11) 4.19(−12) 1.13(−11) 0.00 0.00 0.24 0.18 – 1.88
(20, −3, −1.0) 1.99( −9) 2.97(−10) 5.84(−10) 2.26(−17) 0.00 0.12 0.19 7.44 4.52
(20, −3, −0.5) 8.83( −8) 1.15( −8) 2.21( −8) 7.11(−12) 1.55(−17) 0.18 0.26 3.59 10.77
(20, −3, 0.0) 3.38( −7) 9.07( −8) 1.62( −7) 1.64( −9) 7.64(−13) −0.13 −0.02 1.81 18.57
(15, −3, −2.0) 2.24(−14) 1.31(−16) 1.32(−16) 0.00 0.00 1.53 1.89 – 0.45
(15, −3, −1.5) 4.23(−13) 9.22(−15) 1.76(−13) 0.00 0.00 0.96 0.04 – 1.03
(15, −3, −1.0) 7.72(−11) 5.34(−12) 3.07(−11) 1.91(−19) 0.00 0.46 0.06 8.10 2.53
(15, −3, −0.5) 3.63( −9) 5.18(−10) 9.31(−10) 1.89(−13) 0.00 0.14 0.25 3.78 5.82
(15, −3, 0.0) 3.88( −8) 6.60( −9) 7.35( −9) 2.19(−11) 1.59(−16) 0.06 0.38 2.74 11.42
(12, −3, −2.0) 6.14(−15) 3.43(−17) 2.63(−17) 0.00 0.00 1.55 2.02 – 0.33
(12, −3, −1.5) 5.46(−14) 7.01(−16) 1.42(−16) 0.00 0.00 1.19 2.24 – 0.73
(12, −3, −1.0) 1.91(−11) 1.17(−12) 5.15(−13) 0.00 0.00 0.51 1.23 – 1.76
(12, −3, −0.5) 1.12( −9) 1.58(−10) 1.46(−10) 4.10(−14) 0.00 0.15 0.55 3.93 4.37
(12, −3, 0.0) 1.41( −8) 3.02( −9) 4.65( −9) 8.81(−11) 5.37(−14) −0.04 0.14 1.70 9.30

Table 2. Post-CCSN yields (in M�) of Sr, Y, Zr, Ba, and Pb for 25 M� models with [CNO] = −1 but varying values of [Fe] = −5 to −2.

Notations are the same as for Table 1.

Model Sr Y Zr Ba Pb [Sr/Y] [Sr/Zr] [Sr/Ba] nc
(25, −5, −1) 2.16(−10) 1.77(−11) 1.31(−11) 1.59(−16) 0.00 0.38 0.88 5.63 6.84
(25, −4, −1) 1.96( −9) 1.59(−10) 1.15(−10) 1.59(−15) 0.00 0.39 0.89 5.59 6.73
(25, −3, −1) 1.57( −8) 1.25( −9) 8.79(−10) 7.61(−15) 0.00 0.40 0.91 5.81 6.64
(25, −2, −1) 9.50( −8) 7.11( −9) 4.76( −9) 1.23(−14) 0.00 0.42 0.95 6.38 5.86

κ would drastically increase the efficiency of the s-process in
stars with initial abundances of [CNO] . −1, for which 16O is
the dominant neutron poison. Recent measurements by Best
et al. (2011, 2013), however, gave a κ within ∼ 10% of our
default value. We note that recent studies of the s-process
in fast-rotating “spinstars” by Frischknecht et al. (2016) and
Choplin et al. (2017) explored the effects of a lower rate for
17O(α, γ)21Ne citing unpublished measurements. To explore
such a possibility as well, we reduce the rate of 17O(α, γ)21Ne
from its default value by a factor of 3 and 10, respectively,
for 25 M� models with [Fe] = −3 and varying [CNO]. As ex-
pected, the reduced rate has a strong effect on the s-process
for models with [CNO] . −1, but has a rather small impact
for [CNO] = 0, in which case 25,26Mg are the dominant neu-

tron poisons (see Table 3). For example, when the rate is
reduced by a factor of 3, the Sr yield increases by a factor
of 100, 13, and 1.3 for models with [CNO] = −2, −1, and 0,
respectively. The reduced rate has an even stronger effect
on the s-process flow beyond 88Sr: when the rate is reduced
by a factor of 10, the Zr yield increases ∼ 5 × 103 and ∼ 102

times for models with [CNO] = −2 and −1, respectively.

The role of 16O as a poison also depends on the
16O(n, γ)17O rate. The effect of this rate can be estimated
by comparing the number of neutrons captured per available
56Fe seed, nc = ΣA>56[YA − YA(0)](A − 56)/Y56(0), where YA(0)
and YA are the initial and final abundances, respectively, at
mass number A. Using a rate ∼ 10 times lower than the up-
dated value (Bao et al. 2000) adopted here, Baraffe et al.

MNRAS 000, 1–6 (2018)
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Table 3. Post-CCSN yields (in M�) of Sr, Y, Zr, Ba, and Pb for 25 M� models with [Fe] = −3 and varying values of [CNO] = −2 to 0

assuming different rates for 17O(α, γ)21Ne. Notations are the same as for Table 1.

Model 17O(α, γ)21Ne Sr Y Zr Ba Pb [Sr/Y] [Sr/Zr] [Sr/Ba] nc
(25, −3, −2) CF88 4.17(−13) 9.01(−15) 3.30(−15) 0.00 0.00 0.96 1.76 – 1.06
(25, −3, −2) CF88/3 4.18(−11) 1.21(−12) 3.18(−13) 3.14(−16) 0.00 0.83 1.78 5.29 2.06
(25, −3, −2) CF88/10 8.39(−10) 4.24(−11) 1.58(−11) 2.88(−24) 0.00 0.59 1.38 13.96 3.55
(25, −3, −1) CF88 1.57( −8) 1.25( −9) 8.79(−10) 7.61(−15) 0.00 0.40 0.91 5.81 6.64
(25, −3, −1) CF88/3 2.11( −7) 2.31( −8) 2.26( −8) 1.04(−11) 0.00 0.26 0.64 3.80 11.44
(25, −3, −1) CF88/10 6.95( −7) 9.77( −8) 1.22( −7) 3.44(−10) 1.89(−15) 0.15 0.42 2.80 16.35
(25, −3, 0) CF88 1.58( −6) 3.13( −7) 8.78( −7) 3.10( −8) 1.28(−11) 0.00 −0.09 1.20 26.41
(25, −3, 0) CF88/3 2.09( −6) 4.70( −7) 1.54( −6) 1.60( −7) 2.49(−10) −0.06 −0.21 0.61 32.56
(25, −3, 0) CF88/10 2.16( −6) 4.93( −7) 1.79( −6) 2.86( −7) 8.50(−10) −0.06 −0.26 0.37 36.65

(1992) found nc ∼ 12 for a 30 M� model with [Fe] ∼ −2 and
[CNO] ∼ −1.5. Using a rate ∼ 100 times lower than the up-
dated value, Raiteri et al. (1992) found nc ∼ 8 for a 25 M�
model with [Fe] ∼ −2.3 and [CNO] ∼ −1.4. Ignoring neutron
capture on 16O, Prantzos et al. (1990) found nc ∼ 8–18 for
∼ 12–40 M� models with [Fe] ∼ −2 and [CNO] ∼ −1.5, in
sharp contrast to nc ∼ 1–4 for similar models in Table 1.

3.3 Production of elements beyond Sr

The s-process flow slows down greatly when it encounters
88Sr with the magic neutron number N = 50, which usually
marks the effective end point for the weak s-process. This
feature can be clearly seen from Fig. 1, which shows steeply
decreasing yields beyond Sr with negligible Ba production
for models with [CNO] . −1. For the most C-rich models
with [CNO] = 0, however, substantial s-process flow proceeds
beyond 88Sr for stars of & 20 M� with comparable yields of
Sr and Zr (see Table 1). For stars of & 30 M�, the s-process is
even able to produce substantial amounts of Ba with [Sr/Ba]
as low as ∼ 0.3. As can be seen from Table 3, decreasing the
17O(α, γ)21Ne rate also results in considerable increase in the
yields beyond Sr, especially for models with [CNO] . −1.

4 DISCUSSION AND CONCLUSIONS

We have studied pre-CCSN nucleosynthesis in CEMP stars
of 12–40 M� with initial abundances of [Fe] ≤ −2 and
[CNO] = −2 to 0. We find that the enhanced initial CNO
abundances of such a star enable a weak s-process whose
efficiency is determined by the [CNO] and the mass of the
star and whose yields scale approximately linearly with the
(Fe/H) of the star. The s-process is especially efficient in
stars of & 20 M� with [CNO] & −1.5, producing mainly el-
ements up to Zr (A ∼ 90) with [Sr/Zr] ∼ −0.3 to 1.6. For
the most C-rich ([CNO] = 0) stars studied here, compa-
rable amounts of Sr and Zr ([Sr/Zr] ∼ −0.2) are produced
in stars of & 30 M�, along with substantial amounts of Ba
([Sr/Ba] ∼ 0.3–0.8). Whereas the default 17O(α, γ)21Ne rate
of Caughlan & Fowler (1988) used for our main results is
in agreement with the published measurement of Best et al.
(2011), reducing this rate can dramatically increase the weak
s-process yields. Unlike the main s-process in low to inter-
mediate mass stars, the weak s-process in massive stars pro-
duces negligible amounts of Pb (see Tables 1–3).

As noted in the introduction, the s-process in massive
CEMP stars is very similar to that in spinstars, which are
fast-rotating massive VMP stars with normal initial CNO

abundances (Pignatari et al. 2008; Frischknecht et al. 2016).
The main difference between these two s-process models is in
the production of the 22Ne that provides the neutron source.
In CEMP stars the 22Ne is produced by burning the initial
CNO, whereas in spinstars it is made by burning the primary
14N whose production is facilitated by rotation-induced mix-
ing. It is difficult to assess the frequency of occurrences for
spinstars in the early Galaxy. In contrast, observations show
that CEMP-no stars constitute ∼ 20% of the low-mass VMP
stars (Yong et al. 2013; Placco et al. 2014). As CEMP-no
stars are thought to reflect the composition of the ISM pol-
luted by the first or very early massive stars, formation of
massive CEMP stars from the same ISM must also be rel-
atively common. In a recent compilation of 125 CEMP-no
stars by Yoon et al. (2016), 24 (∼ 19%) have [C/H] > −1.5
with corrections for depletion during evolution (Placco et al.
2014). Furthermore, 12 (∼ 10%) such stars have [C/H] > −1
and 5 (4%) have [C/H] > −0.5. If this distribution of [C/H]
extends to massive CEMP stars, a significant fraction of
them would have had an efficient s-process, and therefore,
made important contributions of heavy elements to the early
Galaxy.

A recent study by Hansen et al. (2016) found that
among the low-mass CEMP stars enhanced in heavy ele-
ments of the s-process origin, the so-called CEMP-s stars
(Beers & Christlieb 2005), ∼ 10–30% could be single stars.
The surface abundances of these stars would reflect the com-
position of their birth ISM instead of pollution by binary
companions as for the rest of the CEMP-s stars. The ori-
gin of the heavy elements in single CEMP-s stars was in-
vestigated by Banerjee et al. (2017). The C abundances of
[C/H] ∼ −0.5 in some of these stars (Spite et al. 2013) re-
inforce the indication from CEMP-no stars that some early
ISM was highly enriched in C. Massive CEMP stars formed
from such ISM would produce significant amounts of Ba by
the s-process discussed here and contribute Ba and associ-
ated heavy elements to stars of the subsequent generation.

The ejecta from a typical CCSN would be mixed with
∼ 103–104 M� of ISM. Massive CEMP stars of & 25 M� with
initial abundances of [CNO] = −1 and [Fe] = −3 would en-
rich the ISM with log ε(Sr) ∼ −1.6 to 0.6, which is in agree-
ment with the range observed in many VMP stars with
[Fe/H] & −3. Scaling the Sr yield with Fe, we obtain the
enrichment by similar CEMP stars but with [Fe] = −4 to
be log ε(Sr) ∼ −2.6 to −0.4, which is in agreement with the
typical Sr abundances of VMP stars with −4 . [Fe/H] . −3
(Suda et al. 2008). Likewise, CEMP stars of & 25 M� with
initial abundances of [CNO] = 0 and [Fe] = −3 would pro-
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vide −1.5 . log ε(Ba) . 0.8 along with 0.4 . log ε(Sr) . 1.8,
and these results can be scaled to estimate the enrichment
by similar stars but with different [Fe]. In conclusion, the
s-process in massive CEMP stars has rather interesting im-
plications for chemical evolution of the Early Galaxy.
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