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On the Viability for s-process nucleosynthesis in low metallicity massive binaries
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ABSTRACT

The s-process is responsible for the synthesis of roughly half of the elements heavier than *°Fe. The primary
astrophysical site of the s-process is asymptotic giant branch (AGB) stars. However, observations of metal-poor
ultra-faint dwarf galaxies show an s-process enrichment on timescales too short to be explained by AGB stars.
Rapid rotation in low metallicity massive stars has been shown to allow for an enhanced weak s-process capable
of producing nuclei up to mass number A ~ 90. Rotationally induced mixing during core He-burning leads
to an enhancement of 2>Ne which serves as the neutron source for the s-process through ??Ne(a,n)?°Mg. This
channel operates in rapidly rotating massive stars which are, however, rare. A much more natural, and common,
source of rapid rotation is binary interaction. Case B mass transfer will result in a sufficient spin up of the core to
produce an s-process. We use the open source stellar evolutionary code MESA to produce a grid of binary stellar
models. We show that these models produce 22Ne comparable to the rapidly rotating single star evolutionary
models, making them a viable astrophysical site for the s-process. This site is potentially much more common
than rapidly rotating massive single stars and likely has numerous consequences for galactic chemical evolution.

1. INTRODUCTION

The slow neutron capture process, or s-process, is respon-
sible for roughly half of the elements heavier than *Fe (Bur-
bidge et al. 1957; Seeger et al. 1965; Képpeler et al. 2011).
Through sequences of (n,7y) neutron captures and S-decays
heavy elements may be formed. The s-process occurs in en-
vironments with a sufficient neutron flux and population of
seed nuclei, typically 5SFe. It is distinct from the rapid neu-
tron capture process in that the timescale for neutron capture
is slower than the timescale for 3-decay leading to a nucle-
osynthesis path close to the valley of stability. It is further
divided into the weak and main s-process, with the weak
process being responsible being responsible for nuclei up to
mass number A ~ 90. The weak s-process is believed to
primarily occur in massive stars (Z 10 Mg) (Prantzos et al.
1990; Pignatari et al. 2010) which will end their lives with
a core-collapse event (Bethe 1990; Mezzacappa 2001, 2005,
2023; Mezzacappa et al. 2020; Janka 2012; Janka et al. 2016;
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Burrows 2013; Burrows & Vartanyan 2021; Hix et al. 2014;
Miiller et al. 2016; Miiller 2020; Couch 2017; Pejcha 2020).
The main s-process occurs in low mass, asymptotic giant
branch stars (Iben 1983; Kappeler et al. 1989; Képpeler et al.
2011; Bisterzo et al. 2015, and references therein).

The weak s-process occurs during the He-core burning
phase of of stellar evolution. During this stage, *N produced
in the H-burning shell may be engulfed into the He-burning
core. Here, the mixed '“N may produce 2?Ne through
a mix of a-captures and B-decays *N(a,7)'®F(e™,v.)
180(a,y)??Ne. This 22Ne in turn sets the stage for the weak
s-process: the 2>Ne(a,n)?°Mg reaction provides the neutron
source necessary for subsequent neutron captures. This is
the classical picture of the weak s-process: production of
1N in the H-burning shell provides the means for 22Ne to be
formed in the He-burning core, which in turn acts as a neu-
tron source. This picture, however, is sensitive to the stellar
rotational profile, as rotationally induced mixing between the
He-burning core and H-burning shell can enhance N pro-
duction and, consequently, enhance 2?Ne production and the
strength of the neutron source. This enhancement is most
prominent at low metallicities (e.g., Frischknecht et al. 2016)
where the combined effects of compactness and reduced an-
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gular momentum loss through winds results in more rapidly
rotating stellar profiles and enhanced rotational mixing.

Observations of low metallicity environments, such as
ultra-faint dwarf galaxies (e.g., Tarumi et al. 2021) neces-
sitate the existence of a prompt s-process source, taken to
be the weak s-process. The weak s-process is typically ex-
plained through rapidly rotating, massive, low metallicity
single stars. The rapid rotation at low metallicity provides
the rotationally induced mixing to support a robust 2Ne pro-
duction. However, such rapid rotation rates for single stars is
uncommon.

An alternative, historically overlooked potential produc-
tion site that naturally supplies the needed rotation is binary
evolution. During mass transfer, the accretor star spins up to
near or even critical rotation. At low metallicity, where little
angular momentum can be carried away through winds, this
results in a significant spin up of the core. For Case B mass
transfer, where the accretor is still on its main sequence, this
could result in a rapidly rotating core during central helium
burning, fueling rotational mixing and supporting a weak s-
process.

In this work, we pursue a proof of concept calculation ex-
ploring the prospects for s-process nucleosynthesis in mas-
sive binary accretors. Taking a low metallicity, massive bi-
nary as our example, we demonstrate that rotational mixing
induced after mass transfer provides the necessary environ-
ment for s-process nucleosynthesis. In Section 2 we describe
the stellar evolutionary models used in this work. In Sec-
tion 3 we describe the nucleosynthetic properties of the mod-
els. Finally, in Section 4 we summarize the results and lay
out future plans.

2. STELLAR EVOLUTIONARY MODELS

We follow the coupled evolution of a pair of massive stars
in a binary system using MESA (version 15140 Paxton et al.
2011, 2013, 2015, 2018, 2019) for systems which experi-
ence mass transfer after the donor’s main sequence (so-called
case B mass transfer). Evolution with MESA is followed
through mass transfer until central “He depletion in the accre-
tor. Unless otherwise noted, we follow the numerical setup
described in (Renzo et al. 2023). We take solar metallicity
to be Z = 0.019. We summarize here some key parameter
choices, and explore variations of some in Section 3.1.

We use the Ledoux criterion for convective stability with a
mixing length parameter of 1.5. Semiconvection and ther-
mohaline mixing are included. Rotation is treated in the
commonly used shellular approximation and we assume tidal
synchronization with rigid body rotational at the beginning of
our simulations. We treat mixing due to meridonial currents
diffusively. We include also secular and dynamical shear in-
stabilities. Transport of angular momentum is treated follow-
ing the Spruit-Tayler dynamo following Heger et al. (2000).
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Figure 1. Mass of synthesized N in the He burning region (top)
and angular velocity in the He burning region (bottom) at He deple-
tion for our grid of models.

The shellular approximation for rotation breaks down as ro-
tation approaches critical rates. To keep rotation sub-critical,
we enhance the wind mass loss rate, and hence angular mo-
mentum transport away from the star, when the rotation rate
is with 95% of critical.

Stellar winds are implemented following Vink et al. (2001)
for hot regions (T > 11000K). Cool regions (T < 10000K)
follow de Jager et al. (1988) with linear interpolation between
these regions.

For simplicity, we assume that the binary is detached fol-
lowing the mass transfer episode. We follow the evolution of
the accretor as an isolated star until it reaches central *He de-
pletion. By detaching the binary we greatly reduce the com-
putational complexity by losing potential, but not expected,
mass transfer episodes. We also neglect post RLOF tides and
interactions with the donor’s supernova ejecta.

3. RESULTS
3.1. Single Stars

We begin by exploring a grid of low metallicity, single star
evolutionary models. We seek to to find the parameters that
best reproduce Chieffi & Limongi (2013) and use these val-
ues to guide the later binary stellar evolutionary models. Fol-
lowing Chieffi & Limongi (2013), we take Z = 0.001345.
These models are initialized with 300 km s~! rotation rates.
We vary am D.mix_factor and am_nu_factor (hence-
forth fp and f4ps) which scale chemical mixing and angu-
lar momentum transport, respectively. In the grid of mod-
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Figure 2. Mass fractions for the 17M¢ single star model.

els we take faps = {0.0,0.01,0.05,0.1,1.0} and fp =
{0.003333,0.03333,0.07}. fanr = 0.0 corresponds to per-
fect angular momentum conservation and serves as a limit-
ing case. Much larger values of fp tended to overly mix
the stellar structure and resulted in chemically homogeneous
evolution, so 0.07 serves as our upper bound. Furthermore,
we take am_gradmu_factor, f,, to be 0.03. f, = 0.03
and fp = 0.07 correspond to the values of f,, and f. re-
ported in Chieffi & Limongi (2013) using the FRANEC code
for their diffusive angular momentum transport scheme. In
Figure 1 we show the mass of synthesized *N (top) and an-
gular velocity (bottom) in the He burning region for the grid
of models. Overall, we see the expected behavior: increasing
the mixing efficiency tends to increase production of N,
although the behavior isn’t monotonic. Similarly, increas-
ing the angular momentum transport efficiency further spins
down the core and inhibits rotational mixing. Given these
results, in the following we take fp = 0.03333 and fapn =
1.0 — the default values — as they allow for nearly maximal
masses of synthesized 1*N. While some values give slightly
larger masses, the differences are small enough to be within
numerical noise.

For the sake of comparison with later binary stellar evo-
lution models, we follow the single star evolution of a low
metallicity (Z = 0.0019), rapidly rotating (initial surface ro-
tation of 300 km s~ 1), 17M model to central *He depletion.
In Figure 2 we show the relevant compositional profiles pro-
files for the single star comparison model.

3.2. Binary Stars

Motivated by the results of the previous section, we
run a selection of binary models. We follow the evo-
Iution through the mass transfer episode, detach the bi-
nary, and follow the evolution of the accretor until cen-
tral “He depletion. We select models with parameters
My, Ms, P, Z) = (20,17,100,25/10), (18,15,100,Z,/10),
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Figure 3. HR diagram of the binary system. The evolution of the
donor star until RLOF detachment is shown in grey, dashed lines.
The accretor is shown in solid lines colored by the fraction of critical
rotation until core helium depletion through RLOF (marked by a
pink outline). Thin dotted lines mark tracks of constant radii of R =
100, 200, 300, 500, 1000 R .

(20,17,100,Z5/100). These initial masses and orbital periods
are chosen to ensure Case B mass transfer and for numeri-
cal convergence. The low metallicities are chosen to sample
the low metallicity environments typical of, e.g., ultra-faint
dwarf galaxies where early s-process enrichment is observed.
In Figure 3 we show an example Hertzsprung-Russell (HR)
diagram, in this case for the (20,17,100,Z/10) model. The
HR track for the accretor is shown in solid lines colored by
rotation rate scaled to critical rotation. The evolution of the
donor, until detachment, is shown in grey, dashed lines. The
HR track during the mass transfer episode is outlined in pink.

In Figures 4 and 5 we show relevant mass fractions up to
22Ne (top) and rotational and diffusion profiles (bottom) for
the two tenth of solar metallicity models (20,17,100,Z,/10)
and (18,15,100,Z/10). In both cases we see the develop-
ment of a population of 22Ne within the core. We estimate the
mass of 22Ne produced that might possibly be ejected, taking
this as a proxy for the possible robustness of the s-process.
This proxy is necessary in the absence of an extensive nuclear
reaction network capable of following the s-process. We es-
timate the mass of 2?Ne outside 1.4M,), taking this value as
a naive estimate of the neutron star mass to be formed after
core-collapse, assuming anything outside of this mass to be
ejected as future s-process enriched material. For the 17Mg
and 15M, accretors we see the production of 0.009M, and
0.007M, of 22Ne, respectively. For comparison, the rapidly
rotating 17M, single star model of Section 3.1 (Figure 2)
produces approximately 0.009M, of 22Ne, identical to the
binary accretor of the same zero-age main sequence (ZAMS)
mass. We conclude that, at this metallicity and for a selec-
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Figure 4. Mass fractions and diffusion coefficients for model
(20,17,100,Z/10). Top: Compositional profiles for the 'H (black),
‘He (orange), 1N (blue; scaled up by a factor of 10), 2¢ (pur-
ple), 190 (teal), and ?2Ne (red; scaled up by a factor of 10) mass
fractions. Bottom: Rotational profile (left axis; pink) and diffusion
coefficients, separated into rotational (blue) and non-rotational (yel-
low) components (right axis).

tion of binary parameters at least, that binary accretors are an
equivalently efficient producer of s-process nuclei.

Next, we turn to the lowest metallicity model,
(20,17,100,Z,/100). At present we have only one model
for Z = Z»/100 due to numerical difficulties associated with
the excessively high rotation rates and, equivalently, low
mass loss rates. In Figure 6 we show the compositional pro-
files (top) and rotational and diffusion profiles (bottom). In
contrast to the tenth-of-solar metallicity models, this model
struggles to produce a a population of 22Ne in its core. In-
deed, at an order of magnitude lower metallicity we see ap-
proximately an order of magnitude reduction in synthesized
22Ne, producing about 0.0009M.

4. DISCUSSION AND CONCLUSIONS

In this exploratory work we have explored the prospects
for weak s-process nucleosynthesis, typically attributed to
rapidly rotating massive stars, in massive binary accretors.
We carefully select binary stellar evolutionary models, with
corresponding single star stellar evolutionary models, to
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Figure 5. The same as Figure 4 but for model (18,15,100,Z5/10)

probe s-process nucleosynthesis in low metallicity environ-
ments. Taking the mass of synthesized 22Ne as a proxy for
potential s-process nucleosynthesis, we have demonstrated
that binary accretors are a viable source of s-process nucle-
osynthesis.

We begin by computing a grid of single star stellar evolu-
tionary models, computed with MESA , to explore the sensi-
tivity of mixing between the helium core and hydrogen shell
during core helium burning to angular momentum transport.
Using the mass of synthesized N during core helium burn-
ing as an indicator of mixing, we find comparable results to
previous works (e.g., Chieffi & Limongi 2013).

Using the results of this mixing parameter study as a start-
ing point, we compute a selection of binary stellar evolution-
ary models which undergo a mass transfer episode during
the accretor’s main sequence (so-called Case B mass trans-
fer). To adequately probe prospects in low metallicity en-
vironments, we compute both Z = 0.0019 and Z = 0.00019
models — approximately one tenth and one hundredth of
solar. We assume initial orbital periods of 100 days and
tidal synchronization and compute models with (M1, Ms) =
(20M,17Mg) and (18M, 15M) at one tenth of solar and
the latter at one hundredth of solar. In both tenth-of-solar
binary evolutionary models, the accretor is shown to experi-
ence an enhancement of 2>Ne comparable to rapidly rotating
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Figure 6. The same as Figure 5 but for model (18,15,100,Z:/100)

single stars. The lower metallicity model fails to produce an
appreciable mass of synthesized 22Ne.

The preliminary results here show that massive binary ac-
cretors are a viable, and as of yet unexplored, site for the
weak s-process. Further work will be necessary to determine
the universality of this site. Building off of these preliminary
results, we will expand our set of binary stellar evolution-
ary models to be a grid that sufficiently samples donor mass,
accretor mass, orbital period, and metallicity, including ex-
tensions to solar metallicity. Such a grid will allow us to
determine where, and to what extent, this new nucleosynthe-
sis site operates. Furthermore, in the current work we took
the presence 22Ne as a tracer for s-process potential. Future
work will include larger reaction networks, and potentially
artificially driven core-collapse supernovae, to determine the
exact s-process yields from these models. These yields used
in union with population synthesis results will allow us to
place constraints on the role which massive binary accretors
play in galactic chemical evolution.

BLB is supported by the National Science Foundation Gradu-
ate Research Fellowship Program under grant number DGE-
1848739. This work was supported in part by Michigan State
University through computational resources provided by the
Institute for Cyber-Enabled Research.

Software:  NumPy (Harris et al. 2020), SciPy (Jones
et al. 2001), MESA (version 15140 Paxton et al. 2011, 2013,
2015, 2018, 2019)
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