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ABSTRACT

We perform a comparative analysis of nucleosynthesis yields from binary neutron star (BNS) mergers, black hole-neutron star
(BHNS) mergers, and core-collapse supernovae (CCSNe) with the goal of determining which are the most dominant sources
of r-process enrichment observed in stars. We find that BNS and BHNS binaries may eject similar mass distributions of robust
r-process nuclei post-merger (up to third peak and actinides, A ~ 200—240), after accounting for the volumetric event rates.
Magnetorotational (MR) CCSNe likely undergo a weak r-process (up to A ~ 140) and contribute to the production of light
element primary process (LEPP) nuclei, whereas typical thermal, neutrino-driven CCSNe only synthesize up to first r-process
peak nuclei (A ~ 80—90). We also find that the upper limit to the rate of MR CCSNe is < 1 per cent the rate of typical thermal
CCSNe; if the rate was higher, then weak r-process nuclei would be overproduced. Although the largest uncertainty is from the
volumetric event rate, the prospects are encouraging for confirming these rates in the next few years with upcoming surveys.
Using a simple model to estimate the resulting kilonova light curve from mergers and our set of fiducial merger parameters, we
predict that ~7 BNS and ~2 BHNS events will be detectable per year by the Vera C. Rubin Observatory (LSST), with prior

gravitational wave (GW) triggers.
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1 INTRODUCTION

Answering the open question of where the elements of the periodic
table are sourced from is a fundamental undertaking in astro-
physics and it has seen significant progress in recent years. The
production sites for the heaviest of elements like europium, gold,
and uranium are not yet fully characterized. These heavy nuclei,
created through the rapid neutron-capture process (or r-process),
require extremely dense, hot, and neutron-rich environments to be
synthesized (Burbidge et al. 1957), so compact object mergers and
core-collapse supernovae (CCSNe) are attractive candidates a priori
and are supported in literature (see e.g. Kasen et al. 2017; Bartos &
Marka 2019; Siegel et al. 2019; Yong et al. 2021; Bhattacharya et al.
2022; Ekanger et al. 2022 for recent works, and Thielemann et al.
2017; Horowitz et al. 2019; Kajino et al. 2019; Cowan et al. 2021;
Arcones & Thielemann 2023 for reviews). In recent years, many
have studied these candidates theoretically as promising sites of
heavy element nucleosynthesis, especially through the combination
of numerical methods (see Table 1 in Section 2 for arepresentative list
of references) and nuclear reaction networks like WinNet (Winteler
2014), PRISM (Mumpower et al. 2017), and SkyNet (Lippuner &
Roberts 2017).

* E-mail: enickl @vt.edu

In parallel, another method used to understand this question
involves considering the abundance evolution over time for all
elements, known as galactic chemical evolution (GCE; see e.g. Coté
et al. 2017, 2018; Hotokezaka, Beniamini & Piran 2018; Kobayashi,
Karakas & Lugaro 2020). GCE studies combine galaxy evolution,
population syntheses of transients like mergers and supernovae, and
nucleosynthesis models to explain the sources of the periodic table
(Coté et al. 2019; Kobayashi et al. 2023). Considering a holistic view
of the sources of all the elements, that can fold in nucleosynthesis
results, is an important, and independent, theoretical approach for
understanding the sources of the r-process elements. It is also
important to look for observational signatures of the r-process having
occurred.

In concert with theory, astronomers can observe evidence of the
robust r-process. Close to home, abundances of very heavy nuclei
up to and including actinides have been measured (e.g. Arnould,
Goriely & Takahashi 2007; Asplund, Amarsi & Grevesse 2021). The
solar abundance distribution reveals a characteristic pattern of three
peaks at mass numbers A ~82, 130, and 196. This pattern is also seen
in metal-poor stars (e.g. Honda et al. 2006; Sneden, Cowan & Gallino
2008; Roederer et al. 2022a). However, the situation is more nuanced
in the case of metal-poor stars. Many of these stars might have only
been enriched with heavy elements once or a few times (Holmbeck
et al. 2022), and can exhibit some variance in the abundance of some
intermediate-mass elements which suggests multiple source classes
(see e.g. Hansen et al. 2012; Aoki et al. 2017; Cain et al. 2018; Spite
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Table 1. Range of typical values (and chosen fiducial values, in parentheses) of binary merger and core-collapse system parameters found in simulations.
In general, the parameter ranges here are not uniformly distributed. ‘Dyn’ refers to dynamical ejecta for the BNS and BHNS mergers, ‘wind’ refers to
viscous and neutrino-driven winds from BNS and BHNS mergers, ‘MR’ refers to magnetorotational, and ‘therm’ refers to typical thermal CCSNe. Mg;
is the ejecta mass for each scenario, rg is the initial radius (roughly corresponds to where the outflow begins) used to calculate the initial density for
SkyNet, 0¢; is the polar angle within which the material is ejected, and ‘Refs’ refers to the simulation references listed below the table. The mass ejected
for BNS and BHNS dynamical/wind ejecta are calculated using the Eqgs. (1) - (9), assuming ALF2 NS EOS. BHNS average ejecta mass is integrated over
distributions of Mgy and xpgH.

Scenario S (kg nuc™1) Texp (MS) Ye Me; (1072 M) ro (km) Oej (°) References
BNS (dyn) 5-40 (10) 10-20 (10) 0.01-0.3 (0.15) 0.02-5 (0.5) 0-500 (500) 10-60 (30) 1
BNS (wind) 20 (20) 30 (30) 0.2-0.4 (0.35) 0.1-5 (0.2) ~500 (500) ~180 (180)

BHNS (dyn) 0.5-10 (10) 1-10 (10) 0.05-0.1 (0.1) 0.02-10 (2) ~500 (500) ~30 (30) 2
BHNS (wind) 10-100 (10) 10-100 (30) 0.1-0.5 (0.3) 0.7-8 (7) 200~1000 (500) 65-180 (180)

CCSN (MR) 5-90 (20) 1-60 (10) 0.15-0.6 (0.35) 0.3-300 (5) 10-50 (30) 20-45 (30) 3
CCSN (therm)  50-250 (100) 10-500 (50) 0.4-0.6 (0.45) 0.07-200 (0.07) 10-50 (30) 180 (180) 4

References — 'BNS merger sources: Korobkin et al. (2012), Just et al. (2015), Lippuner & Roberts (2015), Bovard et al. (2017), Radice et al. (2018), Zhu
et al. (2021a), Chen, Hu & Liang (2022), Combi & Siegel (2023), de Haas et al. (2022), Fujibayashi et al. (2023), Kiuchi et al. (2022), Kullmann et al.
(2022b), and Rosswog & Korobkin (2022).

2BHNS merger sources: Korobkin et al. (2012), Just et al. (2015), Roberts et al. (2017), Bhattacharya, Kumar & Smoot (2019), Fujibayashi et al. (2020),
Kyutoku, Shibata & Taniguchi (2021), and Hayashi et al. (2022).

3Magnetorotational CCSN sources: Winteler et al. (2012), Vlasov, Metzger & Thompson (2014), Nishimura, Takiwaki & Thielemann (2015), Vlasov et
al. (2017), Halevi & Mosta (2018), Reichert et al. (2021), Bhattacharya et al. (2022), Desai, Siegel & Metzger (2022), Ekanger et al. (2022), and Reichert
et al. (2023).

4Thermal CCSN sources: Takahashi, Witti & Janka (1994), Qian & Woosley (1996), Goriely & Janka (2016), Bliss et al. (2018), Witt et al. (2021), Psaltis
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et al. 2018). Comparing stellar abundance data to nucleosynthesis
results is an important task not just to confirm the validity of physical
models and nucleosynthesis networks, but also to observe patterns
in these observations (see e.g. Wu et al. 2015; Reichert et al. 2021;
Roederer et al. 2022b).

Alongside the measurement of stellar abundances, kilonovae —
whose luminosity is derived from the decay products of unstable
heavy nuclei synthesized through r-process (e.g. Li & Paczynski
1998; Metzger et al. 2010) — are also detectable in ultraviolet,
optical, and infrared. In 2017, the association of gravitational wave
(GW) event GW170817 (Abbott et al. 2017a) with a delayed short
gamma-ray burst (GRB) (Goldstein et al. 2017; Savchenko et al.
2017; Abbott et al. 2017¢) and an electromagnetic signal AT2017gfo
(Coulter et al. 2017; Soares-Santos et al. 2017; Valenti et al. 2017,
Abbott et al. 2017b) confirmed binary neutron star (BNS) mergers as
sites of r-process nucleosynthesis. Despite this being the only such
event detected, compact object mergers, especially BNS mergers,
are likely to be one of the main sources of r-process elements
(Hotokezaka, Piran & Paul 2015; Beniamini, Hotokezaka & Piran
2016; Tarumi, Hotokezaka & Beniamini 2021). Kilonovae from other
compact object mergers such as black hole-neutron star (BHNS)
mergers have not been observed yet, so the jury is still out on whether
there are additional r-process nucleosynthesis sites and the relative
contribution these make to the observed stellar abundances (see also
Ji, Drout & Hansen 2019).

To that end, we analyze and compare the nucleosynthesis yields of
several astrophysical sites to help determine the relative contributions
of r-process enrichment, with an emphasis on BHNS mergers which
have not been as well-studied compared to BNS mergers. Fig. 1
shows how we model compact object mergers with two components
— the wind and dynamical ejecta — and differentiate them from
CCSNe. The landscape for astrophysical phenomena associated with
CCSNe, like protomagnetar outflows (Duncan & Thompson 1992;
Usov 1992; Metzger et al. 2011; Vlasov et al. 2014; Vlasov et al.
2017; Bhattacharya et al. 2022; Ekanger et al. 2022), long-duration
GRBs (Wheeler et al. 2000; Thompson, Chang & Quataert 2004),

and collapsar accretion discs (MacFadyen & Woosley 1999; Pruet,
Thompson & Hoffman 2004; Kohri, Narayan & Piran 2005; Siegel
et al. 2019), is broad. We focus on the typical thermal CCSNe
for which winds are driven by neutrinos and magnetorotational
(MR) CCSNe where winds are driven by the protoneutron star’s
magnetic field and rotation rate. This latter case of MR CCSNe are
intriguing as potential sites for heavy element nucleosynthesis in
theory as well as in simulations (see the references in Table 1), but
the observational evidence is somewhat limited at present (see e.g.
Yong et al. 2021). Fig. 1 also shows the initial parameters required
to estimate the nucleosynthesis yields (in the left-hand panel, the
parameters are listed in the order of BNS/BHNS, see also Table 1
in Section 2). We find that the relative contribution of BNS and
BHNS mergers are similar, and they both synthesize third r-process
peak nuclei and actinides. Their volumetric event rates, however,
are poorly constrained. We also find that typical thermal CCSNe
synthesize first peak and LEPP nuclei, while MR CCSNe likely
synthesize up to second r-process peak nuclei. Finally, we show that
the detection prospects for kilonova resulting from compact object
mergers, associated with prior GW triggers, is promising in the next
few years. This will also shed light on the dynamics and rates of
compact mergers.

This paper is organized as follows. In Section 2, we describe the
methods used, including using analytical fits to numerical relativ-
ity simulation results to estimate mass ejected in compact object
mergers, a description of the nuclear reaction network used in this
study, and how we parametrize the properties of these astrophysical
systems. In Section 3, we discuss the nucleosynthesis results from
each of our merger and core-collapse scenarios, and compare them
with the measured stellar abundances of heavy nuclei from the Sun
and a metal-poor star. In Section 4, we use a simple model to estimate
the kilonova emission expected from the decay of unstable r-process
nuclei and prospects for detecting more kilonovae within the next few
years with LSST. In Section 5, we discuss the relative importance of
uncertainties for this paper and assumptions involved in our models.
Finally, we summarize our results and conclude in Section 6.
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Wind ejecta:
Y, ~ 0.35/0.3
§~20/10 kg nuc™?!

GRB jet, cocoon,
accretion disk
unmodeled

Thermal:
Yo ~ 0.45
§~100 kg nuc™?!

Texp ~ 30 ms

Dynamical ejecta:
Ye ~0.15/0.1

S ~10kgnuc™?!
Texp ~ 10 ms

1y ~ 500 km

Texp ~ 50 ms

MR:
Y, ~ 0.35
S ~20kgnuc™?!
Texp ~ 10 ms

Figure 1. Schematic diagram of the outflows arising from transients explored in this paper. We also show the fiducial parameters relevant for nucleosynthesis
for each scenario we consider. The physical parameters are described in Sections 2.1 and 2.2 with a full description of their ranges and relevant sources are
listed in Table 1. Left-hand panel: compact object mergers including BNS and BHNS. The blue component is the isotropic wind ejecta and the red component is
the anisotropic dynamical ejecta. Grey components are unmodelled in our study but relevant for understanding the dynamics of these environments. Right-hand
panel: CCSNe including typical thermal, spherical outflows (in green) and MR, jetted outflows (in blue).

2 METHODS

Here, we describe the methods used to estimate the abundance of
heavy elements synthesized in BNS mergers, BHNS mergers, and
CCSNe. We rely on several recent numerical simulations for each
of these scenarios to guide our estimates for the mass ejected (post-
merger or core collapse), entropy, expansion time-scale, and electron
fraction which are all inputs to the nuclear reaction network used to
compute nucleosynthesis yields.

2.1 Estimating mass ejected

We estimate the mass ejected in the two merger scenarios from
analytical expressions inferred from recent numerical simulations.
For the BNS scenario, we want to estimate the dynamical ejecta and
viscous/neutrino-driven wind (also known as secular) mass. BNS
dynamical ejecta mass is estimated from (Kriiger & Foucart 2020)

M(]?yNnS a My\"
W: a'i‘b ﬁl +cCy | M+ (1 < 2), (D
0}

where a = —9.3335,b =114.17, ¢ = —337.56,and n = 1.5465. C; =
GM;/(R;c?) is the compactness of an NS with gravitational mass M;
and radius R;. Negative values obtained from equation (1) represent
zero dynamical mass ejected post-BNS merger.

The BNS wind ejecta mass is estimated as a fraction of the remnant
disc mass MENS ~ MENS& . (Kriiger & Foucart 2020), where

wind
MEY = Mymax (5 x 107, (fC1 + )"). 2)

Here, f= —8.1324, g = 1.482, and h = 1.7784, and the subscript ‘1’
denotes the less massive of the two neutron stars. We consider & yjnq &
0.23 after adding the contributions from neutrino-driven and viscous
ejecta from Radice et al. (2018): ~0.03 & 0.015 for neutrino-driven
component and ~0.2 & 0.1 for the viscous ejecta. BNS wind ejecta
is assumed to be approximately isotropic.

The mass of the BHNS dynamical ejecta is estimated as (Kriiger &
Foucart 2020)

MBHNS 1-2C R
=@ Q" 0" 3)
NS NS BH
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where a; = 0.007116, a, = 0.001436, a4 = —0.02762, n; = 0.8636,
and n, = 1.6840. M§S is the NS baryonic mass, and Q = Mpy/Mxs is
the binary mass ratio. Risco is given by (Bardeen, Press & Teukolsky
1972)

R

B0 — 34+ 7, —signGen)V G — Z)B + Z1 + 27Z,), @)
MBH
where
Zi =1+ = x2" [+ xew)? + (1 — xaw)'] (5)
and

Zy =\/3xgn + Zi, ©)

where x gy is the dimensionless spin parameter of the BH. Depending
on the initial BH and NS parameters, BHNS mergers may or may not
have any dynamical mass ejected. If the tidal forces from the BH on
the NS surface are not strong enough (i.e. Ryp ~ Rns(Mpn/Mys)'? <
Risco where Rrp is the tidal disruption radius), the NS remains intact
as it reaches the innermost stable circular orbit radius, Risco, and
plunges directly into the BH. This generally happens if the NS is
very compact and/or the BH has a high mass, Mgy, and low spin
magnitude, x gy. However, if the tidal forces are strong enough, part
of the disrupted NS material forms an accretion disc around the BH
and the rest becomes (unbound) dynamical ejecta. In equation (3),
negative values again represent zero dynamical mass ejected post-
BHNS merger.

The accretion disc surrounding the BH may give rise to matter
outflows in addition to the dynamical ejecta. This BHNS wind ejecta
is estimated from

Myni® _, | B o
M(IES(NS — sl 1 + el50-3°

where £€; ~ 0.04—0.32 and &, ~ 0.14—0.44 (Raaijmakers et al.
2021). For our analysis, we choose the central values &; = 0.18
and &, = 0.29 for these parameters. Unlike the dynamical ejecta,
winds originating from the remnant accretion disc are spherically
symmetric, as is also the case with disc winds from BNS merger
remnants.
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The BHNS disc mass is given by

MBHNS _ jyBHNS _ M‘lj?.yl:NS’ )
where
1 —2Cns Risco Cns ’
BHNS _ y/b _ NS
Mrem - MNS {max (O{ n1/3 :B MBH n + Y, 0 (9)

is the remnant mass outside the BH ¢ ~ 10 ms after merger. Here,
a = 0406, B = 0.139, y = 0.255, § = 1.761, and n = Q/(1 +
Q)? are fit parameters obtained from numerical relativity simulations
(Foucart, Hinderer & Nissanke 2018). It should be noted that the
mass and velocity (see equation 12) estimates from these analytical
fits are limited to the range of parameters: Q = 1-7, xgg =
—0.5—-0.97, and Cns = 0.13—0.18. We use the ALF2 (Alford et al.
2005) equation of state (EOS), which is consistent with the recent
NICER and GW measurements (see e.g. fig. 11 from Kyutoku et al.
2021). A discussion of how the NS EOS affects the kilonova light
curves and detection rates is presented in Appendix A.

For both thermal and MR CCSNe, we look to simulations for
reasonable values of mass ejected in the absence of fitting formulae.
The mass ejected in CCSN outflows can also vary by several
orders of magnitude (see Table 1, and references listed within). In
thermal CCSN outflows, we assume M,; ~ 7 x 1074 Mg, so as not to
overproduce r-process nuclei (Takahashi et al. 1994; Goriely & Janka
2016). In MR CCSN outflows, we assume a representative value of
Mg ~ 5 x 107> Mg, which lies within the range of total mass ejected
(see Table 1 references).

2.2 Nuclear reaction network and thermodynamic parameters

We use the nuclear reaction network SkyNet (Lippuner & Roberts
2017) to calculate the nucleosynthesis yields in our astrophysical
sites of interest. In general, SkyNet requires the matter density (p),
temperature (7), and electron fraction (Y.) as functions of time to
calculate abundances of nuclei synthesized. We estimate the density
evolution as (e.g. Lippuner & Roberts 2015)

IOOeit/Teva 1< 3Texp
pt) = 10)
00 (

EL S R
et , 1= Texp-

where 7.y, is the expansion time-scale of the outflow. Although
Texp 15 defined differently in many works, generally it is the
characteristic time-scale that signifies how fast the density of the
outflow decreases (see e.g. Lippuner & Roberts 2015). This density
evolution is motivated even for MR CCSNe with jetted outflows.
Recently, Bhattacharya et al. (2023) showed that magnetized jets
remain uncollimated during their evolution, since they generally
have a higher jet pressure and deposit more energy on to the
cocoon, compared to hydrodynamical jets, before they break out.
This is especially true for larger and less dense progenitors like
red supergiants since they have longer breakout times compared to
Wolf-Rayet stars.

We estimate the initial outflow density from each component as
po = M /(2mrg fOGEj sin@df), where ry is the radius at which the
initial temperature is calculated and approximately where nucleosyn-
thesis starts and 6. is the opening angle of the outflow. We estimate
the initial temperature by using nuclear statistical equilibrium (NSE),
given the initial density, entropy, and electron fraction. We then let
the network evolve via the self-heating mode, where the temperature
evolution is self-consistent and considers heating from the nuclear
reactions. For our forward reaction rates, we use the REACLIB
reaction database of Cybert et al. (2010) and use detailed balance
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to calculate inverse reactions so that it is consistent with NSE. We
use 7836 species up to Z = 112 and A = 337. Lastly, we evolve
SkyNet until 10° s such that the majority of unstable nuclei have
decayed.

The initial conditions required to fully characterize the nucle-
osynthesis (entropy S, expansion time-scale T, electron fraction
Y., mass ejected M,;, initial radius ry, and opening angle ;) can
be inferred from recent simulations of these systems and related
literature. In Table 1, we show reasonable ranges for the parameters
of interest based on the references listed within. We also show the
most ‘typical’ values within these ranges, in parentheses, which we
use for analysis in the rest of this paper unless stated otherwise. These
represent the most probable values based on simulations. In reality,
outflows from merger and CCSNe scenarios are complex regions
where the thermodynamic and nuclear properties vary, with location
in the outflow and as a function of time. Our choices here, however,
serve to capture the average nucleosynthesis that one could expect to
see from each scenario.

In the BNS and BHNS cases, the mass ejected is estimated using
equations (1)—(9). To calculate the typical mass ejected in the BNS
case, we assume that both NSs have mass 1.3 M and radius 11.68 km
(corresponding to Cns = 0.165 for ALF2 EOS). If the BNS mass
ratio is lower than 1 (in Kriiger & Foucart 2020 the lower limit for
fitting formula is ~0.775), the dynamical and wind mass ejected
could vary by a factor of ~10 (see Appendix B). We assume a
BNS mass ratio of 1 for simplicity. In the BHNS case, we assume
again that the NS has a mass of 1.3 M, and radius 11.68 km (see
Kyutoku et al. 2021 for EOS consistency with data and Appendix A
for how EOS affects detection prospects). The BH spin and mass
also have an effect on the amount of mass ejected. We assume
a Gaussian-like Mgy distribution as in Zhu et al. (2021b) (their
equation 6) which peaks around Mgy ~ 8 M. We assume that x gy is
distributed uniformly between 0 and 0.97. As the BH mass is not well
constrained observationally, we adopt this mass distribution based on
population synthesis studies. The BH spin is even less constrained, so
the uniform distribution we assume is the simplest case to consider.
A more detailed discussion on this is presented in Section 5. For the
typical mass ejected in the BHNS scenario, we calculate the average
mass ejected after performing a weighted integral over the Mgy and
xBu distributions (see also Appendix B for variation in BHNS mass
ejected).

Lastly, CCSNe may eject more mass at smaller radii compared
to the dynamical and wind ejecta from merger scenarios, so the
initial densities calculated are too high for the SkyNet EOS to work
properly. To overcome this, we begin SkyNet network calculations
with an initial density of 10° g cm™>. Assuming equation (10), it
takes the expanding ejecta material less than ~ 1s to attain this
density value in the neutrino-driven and MR scenarios. Further, the
temperature is still above the ~ 7 GK NSE threshold, so this approach
should yield reasonable results.

3 NUCLEOSYNTHESIS RESULTS

In this section, we describe the results from nuclear reaction network
calculations in three subsections: results from the merger scenarios,
results from the core-collapse scenarios, and finally how these results
can explain the observed stellar abundance patterns.

3.1 Merger scenarios

In Fig. 2, we show the distribution of ejecta mass as a function
of nuclei mass number from our nucleosynthesis analysis. In the
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Figure 2. We show the distributions of mass ejected as a function of nuclei mass number for all our typical scenarios. In both panels, we represent the BNS
scenario with red, BHNS with black, MR CCSNe with blue, and thermal, neutrino-driven, CCSNe with green. Note that the mass number axes are different
between the panels. Left-hand panel: dynamical ejecta mass (in solar masses) per event for BN'S and BHNS mergers. BHNS mergers may not produce dynamical
ejecta if Risco > Rrp. For the BNS case, we show the upper and lower limits in M.; shaded in red, based on the Mns parameter space: upper limit corresponds
to (Mns, 1, Mns,2) = (1.2Mg, 1.7Mg) and lower limit is for Mns,1 = Mns,2 = 1.5 Mg. For the BHNS case, we also show the upper and lower limits shaded
in grey, based on the My — xpn parameter space. The upper limit is for a 12-Mg BH with x gy = 0.97 and the lower limit is for an 4-Mg BH with x gy = 0.3.
Right-hand panel: mass ejected in wind per event as a function of mass number for BNS and BHNS ejecta, MR CCSNe, and neutrino-driven CCSNe. Shaded
areas reflect the limits based on the same parameter ranges as in the left-hand panel.

left-hand panel, we show the distribution for the dynamical ejecta
of our merger scenarios: BNS in red and BHNS in black. In the
right-hand panel, we show the distribution of the wind ejecta for the
merger scenarios along with the results from the CCSNe calculations
(MR in blue and neutrino-driven in green). In shaded bands, we
show how the distribution changes if we vary the initial BH and
NS parameters. In both figure panels, the red-shaded bands show
estimates for the upper (for Mxs 1 = 1.2Mg and Myns» = 1.7Mg)
and lower (for Mns,1 = Mns2 = 1.5 M) limits for the ejected mass.
The difference is particularly striking for BNS wind ejecta; in this
case, the total mass ejected is particularly low for two 1.5-Mg NSs,
but the maximum mass of nuclei synthesized is still similar. Also
shown in both figure panels for BHNS (in grey shading) is an
estimation of the upper (for Mgy = 12Mg and xpy = 0.97) and
lower (for Mgy = 4 Mg and ygu = 0.3) limits of the ejecta material.
Note that for some BH mass and spin combinations there is no mass
ejected, so the lower limit in these panels is approximately the least
amount of mass ejected one could expect, given that there is some
mass unbound from the system.

The dynamical ejecta material is neutron-rich (Y. = 0.15/0.1 for
BNS/BHNS) enough to be able to undergo a robust r-process: less
than the suggested threshold of Y. ~ 0.25 (Kasen, Fernandez &
Metzger 2015; Lippuner & Roberts 2015), while also having a
low entropy and expansion time-scale. Although a low S and 7.y,
generally leads to the synthesis of heavier nuclei, this relationship is
not always monotonic, see fig. 4 of Lippuner & Roberts (2015). In
both BNS and BHNS mergers, the dynamical ejecta synthesizes up to
and beyond the third r-process peak elements up to the actinides. The
BNS case produces about as much first r-process peak nuclei as the
BHNS case and underproduces intermediate nuclei, but otherwise the
distributions share common features. The main difference between
these two scenarios comes from the overall amount of mass ejected.

The BNS wind ejecta undergoes the ‘weak r-process’ whereby
nuclei are synthesized around the first r-process peak and up to A
~ 130. Lower Y, values are required, however, to synthesize second
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r-process peak nuclei in a relative overabundance. In BHNS wind
ejecta, where the winds are slightly more neutron rich (¥, ~ 0.3), the
second-peak nuclei can be synthesized more readily.

Changing the initial BHNS parameters does not change the abun-
dance pattern for dynamical ejecta much, as nuclei up to actinides are
always synthesized. However, there are cases with high BH masses
and low spins, where the BHNS merger does not successfully produce
dynamical ejecta mass. It also affects the amount of mass ejected:
between the (4 Mg, xpu = 0.3) and (12Mg, xpu = 0.97) cases,
there is a factor of ~10 difference in total ejecta mass and a factor
of ~10 in abundance for the most massive nuclei synthesized in the
dynamical ejecta.

3.2 Core-collapse scenarios

The MR CCSN and the BNS wind ejecta cases are quite similar
in terms of r-process nuclei synthesized. As these are only moder-
ately neutron-rich outflows (still more neutron-rich than the typical
neutrino-driven core collapse), nuclei are synthesized in excess near
the first r-process peak and beyond, up to mass numbers around A ~
130. MR CCSNe may be a relatively frequent and important site of
weak r-process.

Since the thermal, neutrino-driven CCSN is only slightly neutron-
rich, iron-like nuclei are synthesized but the distribution also peaks
around nuclei with Z ~38—40. In this slightly neutron-rich environ-
ment, subsequent alpha particle captures along the valley of stable
nuclei — up to and past Fe — lead to an overabundance of nuclei with
magic number N = 50 (Sr, Y, and Zr). This produces the double-peak
structure in green from the right-hand panel of Fig. 2 at iron and these
N = 50, or LEPP nuclei (Arcones & Montes 2011). LEPP elements
can also be created under proton-rich conditions (see Arcones &
Montes 2011) and also through the slow neutron-capture process
(the s-process, see e.g. Travaglio et al. 2004), all of which need to be
considered for understanding GCE.
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Figure 3. Comparing solar abundance data (orange) from Asplund et al.
(2021) and metal-poor star HD222925 (purple) (Roederer et al. 2022a) for
trans-iron elements to our event-rate-weighted sum of nucleosynthesis yields
(in green). Yields from our analysis and the HD222925 abundance data are
rescaled to match the solar lanthanide (dysprosium, Z = 66) abundances.
Generally, we find the agreement to be good. Intermediate elements are
formed by stellar nucleosynthesis and s-process elements (at peaks of Z
~38—40, 56—60, 82—83, shown in the grey bands), and these are not
synthesized in our analysis.

3.3 Stellar abundance comparisons

Stars like the Sun and metal-poor stars have been enriched over
time by r-process events. The abundance data from these stars are
useful to compare against our own nucleosynthesis yields. For solar
abundances, we use the recent results from Asplund et al. (2021), and
for metal-poor stars, we include results from the recently measured
HD222925 (Roederer et al. 2022a). This particularly well-measured
metal-poor star has abundance data for almost as many nuclei as the
Sun and with similarly low error bars. The abundance distribution
of this metal-poor star also matches well with the distributions of
other metal-poor stars between the first and second r-process peak
and around the third peak, with some exceptions (Roederer et al.
2022b).

To weight the relative contribution of the sites considered here
to the enhanced abundances found in the Sun and HD222925, we
multiply the elemental abundances from Fig. 2 by the volumetric
event rates of each scenario. Although the rates, especially of the
merger scenarios, are very uncertain, the best rates come from GW
analyses. The BNS volumetric event rates through GW analyses are
3201390 Gpe=2 yr~! (10—1700 Gpe =3 yr~!) for GWTC-2 (GWTC-
3) (The LIGO Scientific Collaboration et al. 2021; Abbott et al.
2021a). The BHNS volumetric event rates are 7.8—140 Gpc™ yr~!
for GWTC-3 (Abbott et al. 2021a). From Abbott et al. (2021b),
the corresponding rate is 45f;§ Gpc 3 yr~! for two GW BHNS
observations or 130152 Gpc =3 yr~! under broader assumptions for
the BHNS masses. From Taylor et al. (2014), the local CCSN rate is
approximately 1.06 x 10° Gpc™ yr—!.

In Fig. 3, we show the result comparing the relative contributions
to the elemental abundances for each scenario that we consider.
The event-rate-weighted sum is shown in green assuming a BNS
volumetric event rate of 320 Gpc—3 yr~!, a BHNS volumetric event
rate of 45 Gpc~3 yr~!, and that MR CCSNe occur at around 1 per cent
of the typical neutrino-driven CCSNe rate (Nishimura et al. 2015;
Kashiyama et al. 2016; Vlasov et al. 2017; Halevi & Mosta 2018).
If MR CCSNe are associated with superluminous SNe, their rate
is approximately 1 per cent of normal CCSNe (Gomez et al. 2022),
whereas if MR CCSNe give rise to magnetar remnants, this number
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could be as high as 2 10per cent (Lewin & van der Klis 2006;
Beniamini et al. 2019). For a fair comparison, we rescale the relative
abundances for the Sun (in orange) and HD222925 (in purple) to
the lanthanide (specifically dysprosium, as in Holmbeck et al. 2022)
abundances of our event-rate-weighted sum.

Overall, the solar and metal-poor abundances agree well across
the distribution of elements with some exceptions (elements lighter
than ~iron and the s-process peak elements should not be considered
in this comparison since we do not model synthesis of those nuclei).
For one, the relative abundance of nuclei between Z ~ 30—35 are
underproduced in HD222925 compared to the Sun and our results.
Interestingly, we see an overproduction of Z ~ 36—40 nuclei coming
primarily from both neutrino-driven and MR CCSNe. This may
suggest that MR CCSNe occur less frequently than the estimated
1 per cent of typical CCSN rate. It could also mean that MR CCSNe
are more neutron rich. However, the current rate and ejecta mass
estimates would suggest that these systems produce significantly
more r-process material than the typical merger scenarios if MR
CCSNe were more neutron rich. There is also a slight overproduction
of Z ~ 44—48 elements from the MR CCSN and merger wind
scenarios. The production of lanthanides is a particularly good match
between all three abundance distributions. Finally, our analysis yields
some overproduction of third r-process peak elements and a robust
comparison to the actinide abundances is prevented by a lack of data
for those nuclei.

From this nucleosynthesis analysis, we see that BHNS and BNS
mergers contribute almost equally to the production of robust r-
process products (i.e. lanthanides, third peak, and actinide produc-
tion). The uncertainties in the rates of binary mergers and MR
CCSNe are very large, so it is also useful to consider the prospects
for observing mergers through joint GW and kilonova detections.
Through multiple analysis channels, we can learn more about
the merger scenarios and their relative contributions to r-process
enrichment.

4 PROSPECTS FOR KILONOVA
OBSERVABILITY

Given the multimessenger detection of GW170817 including GRB
170817A and kilonova AT2017gfo (see e.g. Pian et al. 2017; Abbott
et al. 2017b), BNS mergers are confirmed as sites of r-process
nucleosynthesis. Although it is more challenging to validate BHNS
mergers as sites of robust r-process nucleosynthesis due to their non-
detection of associated kilonova emission (see Zhu et al. 2020, 2021b;
Chen, Vitale & Foucart 2021; Fragione 2021), the prospects are
encouraging in the near future with the advent of advanced surveys.
We generate simple kilonova estimates with a one-zone emission
model by solving the following for Ly (kilonova luminosity)

dE®)
dr

where E is the energy of the shell of ejecta mass M., Lyg = E(t)/Tayn
is the adiabatic energy-loss rate (Tqyn = Rej/v.j is the dynamical
time-scale, where R.; is the radius of the ejecta and v; is the ejecta
velocity, Rej(t = 0) = 70), finerm is the thermalization efficiency of
the r-process heating rate into the kilonova luminosity, and Lyecay is
the luminosity from the decay products of r-process nucleosynthesis.
Here, Lgccay = Mjédecay and the specific heating rate, €gecay, is given
directly from the SkyNet calculations.

The estimated Lgn for each scenario requires knowledge of the
mass ejected, velocity of the ejecta, and opacity, «, of the heavy nuclei
synthesized. The mass ejected is calculated as discussed earlier in

= —Lgn(t) — La(t) + flherm(t)Ldecay([)s (11)
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Figure 4. Bolometric light curves for BNS and BHNS kilonovae, assuming a simple, one-zone emission model for the ejecta. In both panels, green curves are
the Iuminosities from the decay of unstable nuclei multiplied by the thermalization fraction. In blue is the luminosity due to the lower opacity disc winds, in
red is the luminosity due to the higher opacity dynamical ejecta, and in black is the sum of both these components. In the right-hand panel for BHNS case, the

orange curve represents the luminosity if k ~ 20 cm? g~! (as reported in Tanaka et al. 2020) instead of ~60 cm? g~

! which we extrapolate from the exponential

fit. Event rates are calculated by converting the bolometric luminosity into an r-band luminosity and assumes that the emission radiates as a blackbody. In both
panels, we also show, in dashed lines, the luminosity required to detect at least one event per year given the magnitude listed and limiting distance. Bolded is
the estimated r-band magnitude for LSST and the listed Dy, is the distance at which these events would occur in order to have one event per year; see equation
(14) for details. In our fiducial BHNS kilonova light curve, the resulting luminosity is both brighter and longer than the corresponding BNS luminosity.

Section 2. For a binary mass ratio Q, the velocity of the BNS/BHNS
dynamical ejecta can be estimated as (Raaijmakers et al. 2021)

vej = 0.01490 + 0.1493. (12)

The BHNS wind ejecta velocity is estimated to be ~ 0.15¢ (Q = 6.2
for the average BH mass in our distribution and a 1.3-M NS), and
the BNS wind ejecta velocity is estimated to be ~ 0.07 ¢ (average
of the neutrino-driven wind velocity, ~ 0.08 ¢, and viscous-driven
wind velocity, ~ 0.06 ¢, see Radice et al. 2018).

For «, we use the results from Tanaka et al. (2020) for Y, ~
0.15 — 0.4 (x for Y. = 0.1 is likely underestimated due to a lack
of atomic data for the actinides). For the typical BHNS dynamical
ejecta and the thermal CCSNe cases, we estimate « in this Y. range
by fitting an exponential function to the available opacity data to get
k =211.98exp(—12.33 Y,) cm? g_'.

In general, the thermalization fraction, fipem, i a time-dependent
quantity that describes the fraction of energy that is absorbed by the
ejecta from radioactive processes that includes fission fragments,
o particles, B particles, and y-rays. We assume that the total
thermalization efficiency can be approximately described by (Barnes
et al. 2016)

In(1 + 2yt%)

finerm = 0.36 [exp(—xt) + ————2 |,

13
X (13)

where x, y, and z are fit coefficients. The fit coefficients are given in
Table 1 of Barnes et al. (2016); we choose the fit coefficients based
on the ejecta mass/velocity for the ‘Random’ column, that agree best
with their M.;/v.; models for each merger scenario (see also Rosswog
et al. 2017).

In Fig. 4, we show the kilonova light curves for the BNS (left-
hand panel) and BHNS (right-hand panel) merger scenarios. In
green, we show the luminosity of the radioactive decay products.
In blue, we show the luminosity from the wind ejecta, in red we
show the luminosity from the dynamical ejecta, and in black we
show the sum of blue and red components. In the left-hand panel,
we see that the results are qualitatively consistent with other BNS
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studies. In the first ~5 d after merger, there is a peak corresponding
to higher Y, (lower x) wind ejecta followed by a lower and broader
peak corresponding to lower Y. (higher x) dynamical ejecta. This
is expected as the early blue kilonova component is followed by
the red component at late times for AT2017gfo (see e.g. Pian et al.
2017).

The bolometric luminosity for AT2017gfo is generally systemati-
cally higher than our simple one-zone model estimate (see e.g. Smartt
et al. 2017; Arcavi 2018; Waxman et al. 2018; Tanaka et al. 2020 for
some comparisons). This is largely due to the inferred opacities, but
there are also notable differences in inferred Y., v.j, heating rates, and
M.; (where M.; is a factor of ~10 higher). Further, AT2017gfo may
be consistent with an additional luminosity source from the cooling
of ejecta that has been heated either by winds, the jet or the cocoon
(Arcavi 2018). Lastly, this may also be explained by the simplicity
of our model, although Tanaka et al. (2018) note that their simpler
model is similar to their more realistic models if the thermalization
efficiencies are accounted for. In our BNS model, the red component
of the kilonova does not contribute significantly to the luminosity
until around 15 d after the merger.

Successful BHNS mergers, as shown in the right-hand panel
of Fig. 4, also show a higher Y. (lower «) component at early
times, followed by a lower Y. (higher ) component. However,
the time-scales here are longer as compared to the BNS scenario.
The red component does not contribute significantly to the kilonova
luminosity until around 20d after the merger, but it is brighter and
longer than the corresponding component for BNS mergers. We also
plot, in orange, Lkn, ayn for & ~ 20 cm? g_1 (as reported in Tanaka
et al. 2020) for Y. = 0.1, however, this value may not be accurate
due to the incomplete atomic data for actinides (the lower « case
would lead to an even brighter, but shorter, kilonova). This results in
an altogether brighter and longer kilonova light curve for a typical,
successful, BHNS merger. While the BNS light curve drops by an
order of magnitude after roughly 20 d, the BHNS light curve drops
by an order of magnitude after 50 or more days. In part, this is
due to the increased opacity for very neutron rich outflows, but
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primarily comes from the prolonged heating rate in BHNS mergers.
This makes BHNS kilonovae an intriguing source with different
cadence requirements compared to BNS kilonovae. Whereas BNS
kilonovae require a cadence of < 1-2d (Zhu et al. 2022, 2023),
BHNS kilonovae should require a cadence of < 1—3d for multiple
observing epochs (Zhu et al. 2021b).

We estimate the detection rates of these kilonova transients.
In particular, we are interested in the number of kilonova events
detectable by the LSST of the Vera C. Rubin Observatory (see
LSST Science Collaboration et al. 2009; Ivezi¢ et al. 2019), which
is proposed to have system first light in July 2024. The prospect of
GW detection during the LIGO/Virgo/KAGRA O4 observation run
(proposed to begin in May 2023 and run for 18 months) is also useful.
In LIGO O4 run, the limiting distance, Dy, gw for the detection
of BNS/BHNS mergers is predicted to be 160—190/300—330 Mpc
(Abbott et al. 2018). The magnitude-limited distance for Rubin
observatory is estimated from

Ly \ 2
Diimxn = (ﬁ) ) (14)
lim

where L, peax is the maximum kilonova luminosity (in erg s™' Hz™")
at frequency v of the observing band, and Fy, = (3631 Jy x
10~™im/23) js the limiting flux density corresponding to a limiting
magnitude my,. Assuming that the luminosity radiates as a black-
body, L, is given by

2mhv3 1
L j—

vy =

2
¢ explhvks ) — 1 P00 (4
where Typ, and Ry, are the temperature and radius of the pho-
tosphere, respectively. This blackbody assumption is reasonable,
especially within the first ~ 5—10d, where the luminosity peaks
(Smartt et al. 2017; Arcavi 2018; Waxman et al. 2018). We follow
Villar et al. (2017) to model Ty, and Ry, (their equation 4 and 5)
and use the best-fitting values of the temperature floor, 7¢, from their
two-component model. We use the blue 7, value for our wind ejecta
and red T, value for our dynamical ejecta. Since these are best-fitting
values based on GW170817, these temperatures are reasonable for
BNS mergers but we also assume them for BHNS mergers. This
temperature floor occurs near the recombination temperature of the
lanthanides (Barnes & Kasen 2013); since both BNS and BHNS
mergers similarly undergo a robust r-process (including the synthesis
of lanthanides) this assumption may be reasonable.

Assuming an r-band (v ~ 600nm) So limiting magnitude of
24.7 with 30-s exposure time (LSST Science Collaboration et al.
2009), Diimkn ~ 170Mpc for BNS mergers and ~ 210 Mpc for
BHNS mergers. Since Djim kn < Diim, cw, GWSs can be used as a
trigger preceding kilonova detection. We then estimate the kilonova
detection rate as

. 4,
NKN = ?Dfim,KNR’ (16)
where R is the volumetric event rate for BNS/BHNS mergers.
Adopting the most probable volumetric event rate values with the
maximal luminosities from Fig. 4, we estimate that ~7 BNS mergers
and ~2 BHNS mergers will be detectable per year by LSST—almost
all of which can, in principle, be triggered by GW detections if there is
an observational overlap. In Fig. 4, we also plot several dashed curves
for both BN'S and BHNS mergers. These lines represent the minimum
bolometric luminosity required for at least one detection per year,
assuming the magnitude listed (using equation 14). A magnitude
of 24.7 is bolded to represent the r-band limiting magnitude for
LSST and these calculations assume that Dy, xn ~ 90 Mpc for BNS
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mergers and ~ 175 Mpc for BHNS mergers. The BNS and BHNS
kilonova event rates are similar to those predicted in Zhu et al. (2023)
and Gupta et al. (2023), respectively, where similar volumetric rate,
EOS, and LSST observation assumptions are made (and both include
more in-depth studies on the prospects for GW detection as a trigger
for target-of-opportunity multimessenger searches).

5 DISCUSSION

The abundance distribution of nuclei synthesized in the dynamical
and wind ejecta of BHNS and BNS mergers are very similar.
Given their typical mass ejected (~0.7 x 1072My for BNS and
~9 x 1072Mg, for BHNS) and the most likely values of the local
volumetric event rates used in this study (320 Gpc=3 yr~! for BNS
and 45 Gpc~3 yr~! for BHNS), this suggests that these two merger
scenarios contribute similar amounts to the observed abundance of
third r-process peak nuclei and heavier nuclei. However, as these rate
measurements are uncertain by around 100 per cent (or more under
broader assumptions, see Abbott et al. 2021b), better measurements
could lead to different conclusions about which merger scenario
dominantly enriches stars with robust r-process nuclei.

Further, this analysis assumes that the relative rates between BNS
and BHNS mergers are similar to what they are locally. Some studies
suggest that these merger rates depend on redshift and metallicity
such that in low-metallicity environments, the BHNS merger rate
is actually higher than the BNS merger rate. This would alter the
evolution history of enrichment of stars with heavy nuclei, and also,
in principle, change the distribution of BH masses and spins (see
Kobayashi et al. 2023, and sources therein). To check the robustness
of the local rate assumption, we look at the redshift evolution of
BHNS mergers within a redshift of ~0.05 (corresponding to the
proposed LIGO O4 BNS sensitivity range and LSST’s magnitude-
limited distance of ~ 200 Mpc) for the three models in Zhu et al.
(2021b). The log-normal delay model results in, at most, a ~20 per
cent increase in the rate up to a redshift of 0.05, so there could be
a modest increase in the event rate of BHNS mergers. Additionally,
knowing the delay-time distributions for compact object mergers
is integral for understanding relative contributions from different
r-process sites but also if mergers can explain the heavy element
enrichment early on in the evolution of some galaxies. This tension
is recently discussed in, for example, Simon et al. (2023) but
population synthesis models (e.g. Dominik et al. 2012; Mennekens &
Vanbeveren 2016; Santoliquido et al. 2022) and some observational
constraints (Kim, Kalogera & Lorimer 2010; Beniamini & Piran
2019; Simon et al. 2023) do allow for mergers to happen on time-
scales of the order ~ 100 Myr or less. Because these rates are
uncertain, model dependent, and short delay-time distributions are
possible, we assume volumetric event rates found by LIGO studies
to compare against stellar abundance distributions in Fig. 3 and
calculate detection rates.

Whether there are heavy elements ejected and synthesized in
BHNS mergers also depends on whether or not there is a successful
outflow, so understanding the BH mass and spin distribution is
important. For the BH mass distribution, we choose the functional
form from Zhu et al. (2021b), which is based on the population
synthesis models of Giacobbo & Mapelli (2018). The inferred BH
masses from two observed BHNS mergers fall within the range of
this assumed distribution and seem to be consistent with current
population synthesis models (Abbott et al. 2021b). For the BH spin,
we assume that it is distributed uniformly between 0 and 0.97. The
distribution of BH spins could be quasi-bimodal: low-spin values if
BHNS systems evolve similar to BBH systems (Abbott et al. 2019),
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or high-spin values if some X-ray binaries evolve into BHNS systems
(see Zhu et al. 2021b, and sources therein), but this could be subject
to observational biases. Further, the BHNS mergers observed may
be consistent with intermediate spin values (Abbott et al. 2021b), so
for simplicity, we assume the uniform distribution. For the assumed
BH mass and spin distributions in this work, the fraction of BHNS
systems that successfully unbind mass is about ~ 80 per cent. If we
assume the bimodal BH spin distribution from Zhu et al. (2021b),
that fraction decreases to about ~ 61 per cent. Correspondingly, the
number of detectable BHNS kilonovae may decrease by around 20
per cent if the spins are naturally bimodal. Our fractions for BHNS
systems that eject mass successfully (including in Appendix A)
roughly agree with the more optimistic estimates in the literature,
which puts this number anywhere between < 1 and 70 per cent (see
Broekgaarden et al. 2021; Fragione 2021; Roman-Garza et al. 2021;
Biscoveanu, Landry & Vitale 2022; Drozda et al. 2022).

Successful observation of kilonovae also depends on the geometry
of the ejecta (Kawaguchi et al. 2016) and the viewing angle. Since
the dynamical ejecta is anisotropic, the relative angle at which the
kilonova is observed results in some variation in the luminosity (a
factor of ~2—3 difference in Zhu et al. 2020 for BNS mergers).
However, the brightest component of the kilonova comes from the
wind ejecta in our models which is more isotropic, so the viewing
angle effect is relatively minor in terms of luminosity. Additionally, a
recent analysis of GW170817/AT2017gfo proposed that the kilonova
emission was likely to be highly spherical (Sneppen et al. 2023).
Viewing angle also has implications for the ability to distinguish
between kilonovae and off-axis GRB afterglows, which may peak
in luminosity at similar times. Zhu et al. (2022) found that the light
curves are dominated by kilonovae only at large viewing angles
for BNS mergers, so more robust techniques, like observing in
multiple wavelengths, will be required for distinguishing between
kilonovae and GRB afterglows. The dynamical ejecta of compact
binary mergers may also give rise to a kilonova afterglow (see
the analytical models of Bhattacharya et al. 2019; Kathirgamaraju,
Giannios & Beniamini 2019; Sadeh, Guttman & Waxman 2022;
Nedora et al. 2023b and the numerical models of Combi & Siegel
2023; Nedora, Dietrich & Shibata 2023a). There is increasing
observational evidence of a kilonova afterglow associated with
GW170817/AT2017gfo (see Nedora et al. 2021; Hajela et al. 2022),
which peaks ~3.5 yr after the initial merger.

We assume the NS EOS to be ALF2, which is consistent with
current observations, but there are additional EOS (both stiffer and
softer, see e.g. fig. 11 of Kyutoku et al. 2021), which can play a
role in determining the amount of mass ejected (see e.g. Radice
et al. 2018, for a quantitative discussion of this in the context of
BNS mergers), and also, whether or not BHNS mergers successfully
unbind mass from the NS. Although this would certainly play a role
in the dynamics of CCSNe as well, our parametrized study does not
directly depend on the EOS for supernovae. In Appendix A, we show
the resulting light curves from varying the EOS and its effect on the
event rates. The bolometric light curves around the peak luminosity
are similar (with the exception of the APR4 EOS curve in BNS
mergers), so the resulting variation in event rates is small and the
uncertainty in event rates is dominated by the volumetric occurrence
rates.

The initial thermodynamic and outflow conditions are chosen as
‘typical’ values out of a range of parameter space that is primarily
motivated by simulations. Y, plays the largest role in determining the
final abundance distribution. However, the distribution of electron
fractions for each scenario is somewhat unclear. The Y. distributions
for the BHNS wind is broad, which could imply BHNS outflows
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do not synthesize as much abundance in lighter nuclei compared
to their BNS counterparts. The distribution for MR CCSNe is
also particularly broad and might imply that MR CCSNe should
also contribute to the production of robust r-process nuclei (A ~
200—240). Additionally, the electron fraction varies in different parts
of all of these outflows, as seen in GRMHD simulations; we take the
values of Y, that are reasonable and likely to give us some r-process
nuclei but there will be lighter mass contributions as well. These
systems should also have a distribution in ejected velocity which
can affect the shape of the kilonova light curve. For instance, if the
mass elements follow a distribution that is skewed toward slower
velocities as in fig. 32 of Radice et al. (2018), we expect the kilonova
light curve to peak later and evolve slower. Our two-component
(dynamical and wind ejecta) model, in part, represents the variation
in electron fraction and ejecta velocities for the purposes of this study.
Finally, the abundance distributions of nuclei synthesized, shown in
Fig. 2, generally agree with the abundance distributions found in
simulations (see the references in Table 1), even in the MR CCSNe
case where more complex density profiles may arise.

There are a number of secondary uncertainties that can contribute
to the detectability of mergers as well. This includes the fit equa-
tions to numerical relativistic simulations. The equations for ejecta
mass that we use provide reasonable fits to the simulation results,
especially when compared to other fitting formulae (Henkel et al.
2022), provided the BH and NS initial conditions used are within the
range of acceptable parameters. Uncertainties in nuclear processes,
such as beta decay rates, can have a notable impact on the heating
rate, and thus, the brightness of the kilonova (Kullmann et al. 2022a;
Lund et al. 2023). Finally, the opacity of r-process ejecta is fairly
uncertain. For example, the ¥ assumed in Waxman et al. (2018) is
much lower than what is assumed in this work and supported by
atomic structure and radiative transfer simulations as in Tanaka et al.
(2020) (see also the opacities used in Raaijmakers et al. 2021; Lund
et al. 2023). Here, we choose to adopt the models of Tanaka et al.
(2020), which are averaged across r-process nuclei and determined in
the context of kilonova emission. These are valid at high temperatures
and early times when the peak kilonova luminosity is achieved,
and are therefore reasonable when calculating the rate of detectable
events.

Our estimated kilonova rates detectable with LSST are dependent
directly on the peak luminosity of each merger scenario. In Fig. 5,
we show our fiducial values of the peak bolometric luminosity, Lycak,
and time when peak luminosity is attained, f,..x as data points.
The bubbles approximately correspond to the uncertainty in each
scenario, found by varying the initial BH and NS mass, the BH spin
parameters, and NS EOS from Fig. 1 and Table 1. In blue/green we
show the peak luminosity (Lpea) and time of peak luminosity (fpeak)
range for the BNS/BHNS wind ejecta and in orange/red we show the
range for BNS/BHNS dynamical ejecta. For BNS mergers, we find
the upper limit by evaluating the mass ejected for Mys,;1 = 1.2 Mg
and Mns» = 1.7Mg and the lower limit by evaluating the mass
ejected for Mys, 12 = 1.5Mg. For BHNS mergers, our upper limit
for wind ejecta is given by a4-Mg BH with x gy = 0.97 and the upper
limit for dynamical ejecta is given by a 12-Mg BH with x gy = 0.97.
The lower limit is for a 8-Mg BH with xgy = 0.4. It can be seen
that the bubbles do not overlap, and therefore, the BHNS mergers
tend to be consistently brighter and peak later than BNS mergers.
In the dashed, grey bubbles, we show the range in Lpca and fpeax
after varying the NS EOS (see Appendix A). The EOS variation is
in general lesser than the colored bubbles. This is especially true
for the BHNS wind and BNS dynamical ejecta. If our fiducial Y.
values were different for each of our model components, we would
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Figure 5. The data points represent the kilonova peak luminosity and time of
peak luminosity (LN, peak/fKN, peak) Values from our fiducial model parame-
ters. Blue/green represents BNS/BHNS wind ejecta and orange/red represent
BNS/BHNS dynamical ejecta. The correspondingly coloured bubbles show
the range of values when varying initial BH and NS parameters. For BHNS,
our upper wind/dynamical ejecta limit is given by (Mpu, xga) = (4 Mg,
0.97)/(12 Mg, 0.97) and the lower limit for wind and dynamical ejecta is given
by (MgH, xBH) = (8 Mg, 0.4). For BNS mergers, we find the upper limit
by evaluating the mass ejected for Mns,1 = 1.2Mg and Mns2 = 1.7Mg
and the lower limit by evaluating the mass ejected for Mns 12 = 1.5Mg.
In dashed grey, we show the ranges in LkN, peak and kN, peak by varying the
EOS (see Appendix A). The ‘Decreasing Y.’ arrow qualitatively shows how
the luminosities change as a function of Y.: with decreasing Y., opacities
increase leading to a dimmer and more delayed kilonova.

see shifts of the bubbles as well, i.e. if our wind components were
more neutron rich, they would synthesize heavier nuclei, give rise
to higher opacities, and produce a dimmer and more delayed signal.
This variation in brightness and timing, shown qualitatively with
the dashed arrow in Fig. 5, is substantial (~ 10*—10** erg s~' for
Lo and ~ 5—20d for feq1), s0 estimating Y, more accurately is
especially important for distinguishing different ejecta components.

6 SUMMARY

We performed a comparative nucleosynthesis analysis for the out-
flows of BNS and BHNS mergers as well as MR and thermal CCSNe.
We conclude that nuclei abundance distributions are overall similar
between these two merger scenarios. Based on the current, but poorly
constrained event rates, BNS and BHNS mergers may both contribute
significantly to the amount of r-process enrichment in stars including
our Sun and metal-poor stars. When comparing our nucleosynthesis
yields to stellar abundances, there is an overproduction of LEPP
nuclei (Z ~ 36—40) with the inclusion of MR CCSNe. This could
suggest that MR CCSNe tend to occur less frequently than 1 per cent
of the typical CCSN rate or that they are even more neutron-rich than
what is considered here. Compared to compact object mergers like
BNS and BHNS that synthesize mass numbers up to A ~ 200—240,
MR CCSNe typically only synthesize up to A ~ 140 and thermal
CCSNe typically only synthesize up to A ~ 80—90. MR CCSNe
could synthesize higher mass numbers, though, if their outflows are
more neutron-rich than considered here.

We also estimated the kilonova light curves resulting from the
decay of unstable r-process nuclei for the merger scenarios and finally
conclude that the prospects for determining which merger scenario
contributes more to stellar r-process enrichment are encouraging
for the next few years. This is especially true if both LIGO (04
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observation run) and LSST are collecting data at the same time. The
LSST magnitude-limited-distance is also similar to the projected
distance sensitivity for LIGO. In the r-band, LSST should be able to
see ~7 BNS and ~2 BHNS events per year, which will be extremely
important to better understand a variety of open astrophysics ques-
tions. Further, observatories like LSST could observe the first BHNS
kilonova event, which is characterized by a brighter and longer light
curve compared to its BNS counterpart.
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APPENDIX A: DETECTABILITY DEPENDENCE
ON NS EOS

In this section, we quantify and discuss the effect that varying the EOS
has on the BNS and BHNS merger observables. We perform the same
calculations as before but with EOS-dependent compactness values
for equations (1)—(3) and (9). This yields different values for the
mass ejected in typical BNS/BHNS mergers and the corresponding
thermalization fraction, equation (13).

The resulting light curves can be seen in Fig. A1, where the solid-
black line is the total kilonova luminosity for the ALF2 EOS (same as
the black lines in Fig. 4), the black-dashed line is for the softer APR4
EOS (Akmal & Pandharipande 1997), and the dotted-black line is
for the stiffer H4 EOS (Lackey, Nayyar & Owen 2006). The soft
APR4 EOS plays the biggest role in BNS mergers (left-hand panel),
where the initial luminosity is very low. If the NS compactness in
BNS mergers is too high, as in the APR4 EOS, no accretion disc may
form. Compactness values above 0.182 in Kriiger & Foucart (2020)
result in little to no accretion disc being formed. Very little wind mass
ejected leads to a very short and dim component, followed by a longer
component from the dynamical ejecta. In the BHNS case (right-hand
panel), the EOS primarily serves to lengthen (for stiff H4) or shorten
(for soft APR4) the light curve in time, without changing the peak
luminosity appreciably. This yields the following projected BNS
rates at LSST (see Section 4): 3.1, 7.1, and 8.2 detections per year
for the APR4, ALF2, and H4 EOS, respectively. The corresponding
BHNS yields are 1.8, 1.8, and 1.9 detections per year for the APR4,
ALF2, and H4 EOS, respectively. Finally, the EOS plays a large role
in the fraction of BHNS mergers that successfully eject mass. This
fraction is 52, 81, and 98 per cent for the APR4, ALF2, and H4 EOS,
respectively.
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Figure Al. Bolometric light curves for the BNS and BHNS kilonovae, varying the NS EOS. In both panels, the solid black line represents our fiducial ALF2
EOS, dashed black is the softer APR4 EOS, and dotted is the stiffer H4 EOS. The EOS makes a larger impact on the BNS merger kilonova light curve compared
to BHNS mergers, as seen in the left-hand panel. Because the APR4 EOS is softer, the BNS wind does not eject as much mass with our fiducial parameters, and
the resulting early time light curve is not very luminous. Besides this special case, the effect of the EOS is primarily to lengthen (for softer EOS) or shorten (for
stiffer EOS) the duration of the signal. This effect is more apparent in the case of the BHNS kilonova shown in the right-hand panel.
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APPENDIX B: MASS EJECTED VARIATION IN
MERGERS

Here, we show the variation in mass ejected for the BNS and BHNS
merger scenarios. In the analysis presented in the main text, we
assume the most probable initial parameters based on distributions
theoretically found in nature. Depending on the initial NS and BH
parameters, however, both the dynamical mass and wind mass ejected
can vary by up to a factor of ~10.

In Fig. B1, we show the BNS dynamical mass ejected for APR4
EOS (left-hand panel), ALF2 EOS (our fiducial EOS, middle panel),
and H4 EOS (right-hand panel) as a function of only the NS mass
(the spin does not play a role). Since the NSs are indistinguishable
except for their mass, the dynamical mass ejected is symmetric about
a mass ratio Q = 1. The most dynamical mass ejection occurs when
the system has the largest mass ratio and the least occurs when

N. Ekanger, M. Bhattacharya and S. Horiuchi

the mass ratio is 1. In general, for a stiffer EOS, more mass gets
ejected. The BNS wind mass ejected depends only on the mass (and
corresponding compactness) of the lighter NS, but monotonically
decreases with increasing NS mass (see equation 2).

The relationship between mass ejected and initial compact ob-
ject parameters differs in the BHNS case as well. In Fig. B2,
we show the dynamical (left-hand panel) and wind (right-hand
panel) mass ejected as a function of Mgy and xpy, assuming a
1.3-My NS. The least amount of mass ejection (and, in some
cases, zero) occurs for high-mass, low-spin BHs. The mass ejected-
BH parameter relationship is not monotonic for BHNS dynamical
mass, however, and high-mass, high-spin black holes eject the
most mass. This relationship is monotonic for BHNS wind mass
where the low-mass, high-spin parameters eject the most wind
mass. Like in BNS mergers, the mass ejected is higher for a stiffer
NS EOS.
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Figure B1. Plots of the BNS mass ejected, depending on initial NS masses and EOS. For each, there is a symmetry about Q = 1 because the NSs are
indistinguishable. Dynamical mass ejected as a function of constituent NS masses is shown for the APR4 EOS (left-hand panel), ALF2 EOS (middle panel) and

H4 EOS (right-hand panel).
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Figure B2. Contour plots of the BHNS mass ejected for the ALF2 NS EOS, depending on initial Mgy and xpp, assuming a 1.3-Mg NS. Left-hand panel:
dynamical mass ejected for BHNS mergers. The relationship between BH mass/spin and mass ejected is not monotonic here. Right-hand panel: wind mass
ejected for BHNS mergers. The relationship between BH mass/spin and mass ejected is monotonic in this case.
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