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ABSTRACT

The origin of the heavy elements in the Universe is not fully determined. Neutron star-black
hole (NSBH) and binary neutron star (BNS) mergers may both produce heavy elements via rapid
neutron-capture (r-process). We use the recent detection of gravitational waves from NSBHs, improved
measurements of the neutron star equation-of-state, and the most modern numerical simulations of
ejected material from binary collisions to measure the relative contribution of NSBHs and BNSs to
the production of heavy elements. As the amount of r-process ejecta depends on the mass and spin
distribution of the compact objects, as well as on the equation-of-state of the neutron stars, we consider
various models for these quantities, informed by gravitational-wave and pulsar data. We find that in
most scenarios, BNSs have produced more r-process elements than NSBHs over the past 2.5 billion
years. If black holes have preferentially small spins, BNSs can produce at least twice of the amount
of r-process elements than NSBHs. If black hole spins are small and there is a dearth of low mass
(< 5Mg) black holes within NSBH binaries, BNSs can account for the near totality of the r-process
elements from binaries. For NSBH to produce large fraction of r-process elements, black holes in

NSBHs must have small masses and large aligned spins, which is disfavored by current data.

1. INTRODUCTION

Neutron star-black hole (NSBH) and binary neu-
tron star (BNS) mergers are among possible astrophys-
ical formation sites of heavy elements through rapid
neutron-capture (r-process) nucleosynthesis
[1974). The tidal disruption of a neutron star

NS) by its black hole (BH) companion, and the sub-
sequent ejection of neutron-rich material into the inter-
stellar medium was originally proposed by
\Schramm| (1974} [1976)). Their predictions have largely
been confirmed by modern numerical simulations: as
long as the BH is of sufficiently low mass for tidal dis-
ruption to occur, ~ (0.01—0.1) Mg of neutron-rich mate-
rial can be ejected during a NSBH merger (Foucart et al.
2013; Kyutoku et al.|2015)). BNS mergers typically do not
lead to as much mass ejection (< 0.01Mg;
et al| (2013); Dietrich & Ujevic (2017))), unless their mass
ratios are highly unequal (possibly < 0.03M, for systems
with NS masses 2 1.1Mg; Dietrich et al.| (2017)); Kiuchi|
). On the other hand, disrupting NSBH sys-
tems and most BNS systems can both produce compact
remnants surrounded by massive accretion disks, with
a significant fraction of these disks expected to become
unbound within a few seconds of the merger (Fernandez
& Metzger|[2013; [Siegel & Metzger|[2017; [Christie et al.
2019). Roughly ~ 0.01M, of mass can be ejected during
the post-merger evolution.
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The relative importance of BNSs, NSBHs, and other
potential sources of r-process elements (e.g. collap-
sars; [Surman et al| (2000)); [Siegel et al.| (2019))), whose
potential as sources of r-process elements is still un-
der debate (Miller et al.|[2020; [Fujibayashi et al.[2020)),
and magnetorotational core-collapse supernovae( Win-
teler et al, (2012)); Mosta et al.| (2018); [Yong et al.
(2021]), which however cannot easily produce the heavier
r-process elements) remains highly uncertain. To deter-
mine the relative contribution of BNSs and NSBHs to the
production of r-process elements one needs to quantify a)
how much r-process material is ejected by each system
as a function of its parameters and b) the merger rate of
BNS and NSBH as a function of the system’s parame-
ters. Predictions might be compared to measurements of
r-process abundances on Earth (Paul et al.[2001; [Wall-
ner et al/[2021)), in the solar system (Meyer|[1993} [Coté
et al.|2021)), and in stars other than the Sun (Roederer &
Lawler|[2012; [Ji et al|[2016}; [Frebel 2019} [Holmbeck et al.
2020)).

The observation of a kilonova following the first gravi-
tational wave (GW) detection of a BNS, GW170817 (Ab-|
[bott et al.|[2017; [Abbott et al|2017} [Coulter et al][2017)),
1s consistent with the models for an emission powered by
radioactive decays of heavy elements produced through
r-process nucleosynthesis (see e.g. for a
review) with < 0.056Mg of ejected matter. Significant
uncertainties exist arising from the details of the nuclear
physics processes, as well as the composition and complex
3D geometry of the outflows. The observations of ancient
dwarf galaxies also favor r-process enrichment from rare
events, such as BNSs, producing copious amounts of r-
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process material (Ji et al.[2016)). It thus seems very likely
that some r-process nuclei are produced in BNSs. Indeed,
using the astrophysical rate of BNS mergers inferred from
the GW observations, one can estimate the BNS contri-
bution to the production of r-process elements (Metzger
et al.|2010; |Abbott et al.|2017). On the other hand, the
recent discovery of two NSBHs by the LIGO-Virgo-Kagra
(LVK) collaboration, GW200105 and GW200115 (Ab-
bott et al.|2021al), has provided the first direct evidence
of this type of systems. The merger rate and intrinsic
properties inferred from these new sources enable novel
constraints on the relative contribution to the production
of r-process elements from BNSs and NSBHs.

2. METHODS

The amount of mass ejecta from binary mergers, and
thus the r-process yield, depends on the mass and
spin distribution of compact objects, as well as on the
equation-of-state (EoS) of NSs. As none of these are ex-
actly known, we consider several possible models, which
are consistent with GW and pulsar measurements. For
each model, we generate populations of BNSs and NS-
BHs, use fits to numerical simulations to assess the
amount of mass ejecta from each binary, and calculate
the total contribution from BNSs and NSBHs. Each step
of the analysis is described in turn here below.

2.1. Simulated populations

We consider several distributions of mass and spin for
BNSs and NSBHs. For the NSs (in both BNSs and NS-
BHs) we use the mass distribution of [Farr & Chatziioan-
nou (2020), in which the observed Galactic NS masses
were modelled as a bimodal distribution (See also |Als-
ing et al| (2018))). We further restrict the NS mass
to the range 1My < myns < mrov, where mroy is
the EoS dependent maximum mass of a cold and non-
rotating NS. Recent work has also shown that a mix-
ture of two Gaussians fits well the NSs detected in LVK
data (Landry & Read|2021). For the BHs, we consider
three different mass distributions: a) uniform-in-log in
the mass range [5,40]Mg, b) uniform-in-log in the mass
range [mrov,40|Mg, and c) the Power Law +Peak with
GW190814 mass distribution from |Abbott et al.| (2021c).
The models a) and b) consider a generic BH mass func-
tion with and without the observational mass gap be-
tween NSs and BHs (Kreidberg et al.[2012]). The scenario
c¢) adopts the primary BH mass distribution of LVK bi-
nary black hole mergers (BBHs) assuming the secondary
component mass of GW190814 is a BH (Abbott et al.
2021c). Not only does this model excludes the existence
of a mass gap (Kreidberg et al.|2012), but it also allows
for more BHs with masses in the range ~ 2 — 3M4, po-
tentially generated by BNS mergers (Lu et al.|[2021} [Liu
& Lai|[2021)).

We treat the NS as non-spinning. For the BH spins,
we consider two possibilities: a) dimensionless spin mag-
nitudes uniformly distributed in the range [0,0.95] and
aligned with the binary total angular momentum; b) spin
magnitudes and tilt angles that follow the primary BH
spin distribution reported by the LVK in [Abbott et al.
(2021¢).

In Table [I| we list all six mass and spin models. For
each model, we generated 100,000 simulated BNSs and

NSBHs and calculate the ejected mass as described be-
low.

2.2. Estimation of ejected mass

BNSs and NSBHs eject mass via the tidal disruption
of NSs, the disk outflows in the post-merger remnant
phase, and, for BNSs, during the collision of the two
NSs. The post-merger outflows themselves can be fur-
ther subdivided into early outflows from spiral arms in
the remnant (Nedora et al.2021)), magnetically-driven
winds (Siegel & Metzger| [2017; |Christie et al.||2019),
neutrino-driven winds (Just et al.|[2015)), and thermal
outflows in the advection-dominated disk formed late
in the evolution of the remnant (Fernandez & Metzger
2013)). Each outflow component may have different com-
position, temperature, and velocity, impacting both the
outcome of r-process nucleosynthesis (Wanajo et al.|2014;
Lippuner & Roberts|2015) and the properties of the as-
sociated kilonova (Kasen et al[2013). While a reliable
model of all of the outflow components is not currently
available, analytical fits to numerical simulations of BNSs
and NSBHs exist. These provide estimates for the total
amount of mass of the dynamical ejecta (mass ejected
during the first few milliseconds following the merger)
and of post-merger disks, as well as for the fraction of
the disk that will be unbound after the merger. As we
focus on the total mass of matter unbound by merger
events, these estimates will be sufficient for our purpose.

We model the total mass of ejecta from a given binary
as:

Mej = QdynMdyn + flossmdisk (1)

where mayn represents the mass of the dynamical ejecta,
maisk the mass of the disk formed in the post-merger
phase, and floss the fraction of mass ejected from the
disk. We also introduce a scaling factor ogyn that will
be varied to account for uncertainties in the knowledge
of Mdyn-

In order to estimate mgyn and mgisk, we use analytical
fits to numerical simulations. For BNSs, we use Equa-
tion 6 of |Kriiger & Foucart| (2020) for the dynamical
ejecta and Equation 4 of |Kriiger & Foucart| (2020)) for
the disk. For NSBHs, we use Equation 9 of |Kruger &
Foucart| (2020) for the dynamical ejecta and Equation 4
of |[Foucart et al.| (2018) for the disk H When the bary-
onic mass of NSs is needed in these formulae, we estimate
it from the gravitational mass of the NS using Equation
33 of |Lattimer & Prakash| (2001]).

The analytical formulae for NSBH binaries are valid for
the range of EoS used in this study, as long as the aligned
component of the dimensionless BH spin is xgg < 0.9.
In these cases, we expect ~ (10— 20)% accuracy (Kriger
& Foucart| 2020; Foucart et al.||2018). On the other
hand, there are no simulations for very large mass ratios
(Mpu/Mns 2 8) or very compact stars. However, this is
not a serious limitation since it’s known that the NS is
not disrupted in these cases (except for extreme BH spin
magnitudes). The analytical formulae we use correctly
predict a lack of mass ejection for large mass ratios. For

1 We note that the original formula for the disk only takes into
account the BH spin magnitude (not its orientation) due to the
spin-aligned numerical results. Therefore, we replace the spin mag-
nitude with the component of the spin along the orbital angular
momentum when dealing with tilted BH spins



Label my [x1] Tilt M NsBH/Mej, Total
Gap+aligned spin Uniform in log, [5,40[Mg Uniform in [0,0.95] | Aligned 30%
Gap+BBH-1like spin Uniform in log, [5,40]Mg BBH-like BBH-like 1%

No gap+aligned spin Uniform in log, [mTov,40]Mg | Uniform in [0,0.95] | Aligned 49%
No gap+aligned spin Uniform in log, [mTov, 40| Mg BBH-like BBH-like 11%
BBH-like mass+aligned spin BBH-like Uniform in [0,0.95] | Aligned %
BBH-1like mass+spin BBH-like BBH-like BBH-like 35%

TABLE

1

SUMMARY OF BH MASS AND SPIN MODELS EXPLORED IN THIS PAPER. FOR THE NSs IN BOTH BNSs AND NSBHS, WE USE A BIMODAL
DISTRIBUTION FITTED TO THE GALACTIC NS POPULATION (ALSING ET AL.2018} [FARR & CHATZIIOANNOU||2020)). THE LABEL BBH-LIKE

REPRESENTS THE PRIMARY BH DISTRIBUTION INFERRED FROM THE LVK BINARY BLACK HOLE MERGER (B

OBSERVATIONS
[ET AL][2021¢), INcLUDING GW190814. WE STRESS THAT THIS MODEL PREDICTS MORE BHS WITH MASSES IN THE RANCE ~ 2 — 3Mg AND
SMALL SPIN-ALIGNED MAGNITUDES. THE LAST COLUMN REPORTS THE HIGHEST POSSIBLE NSBH MASS EJECTA FRACTION GIVEN THE 90%
UPPER LIMIT OF THE NSBH/BNS ASTROPHYSICAL RATE RATIO.

BNS mergers, uncertainties are typically larger. Even in
the regions of parameter space where numerical simula-
tions are available, (30 — 50)% errors in the fitting for-
mulae are to be expected (Kruger & Foucart|2020). As
a result, we choose a range of aqyn that covers the ex-
pected uncertainty in maqyn, i.e. aqynBns € [0.5,1.5] for
BNSs and aqyn,nseu € [0.8,1.2] for NSBHs. Addition-
ally, not enough simulations are available for asymmetric
BNSs (m1/mg 2 1.3) to reliably predict the amount of
mass ejection in that regime. No numerical simulation
involving NSs of mass > 1.1Mg has found dynamical
mass ejection > 0.03My, while extrapolation of the fit-
ting formulae towards asymmetric binaries would lead
to much more ejecta (2 0.06Mg). To avoid issues with
a small number of asymmetric binaries (< 15% in our
simulations) creating unphysically large amounts of r-
process elements, we impose a cap Mcap = 0.03M on
the dynamical ejecta for BNSs.

We vary floss to account for the uncertainty in the
physics of post-merger remnant and in the value of mg;sk.
Recent studies of BH-disk systems indicate that (5—20)%
of the mass of the disk will be ejected in magnetically-
driven winds (Siegel et al.|[2019; |Christie et al.|[2019),
a comparable amount will be ejected through thermal
outflows on longer timescales (Ferndndez et al.||2020),
and additional mass ejection is expected during the cir-
cularization of the accretion disk (Kiuchi et al.[2015]).
In NS-disk systems, additional mass ejection is possible
due to spiral-arm instabilities in the disk
, and most of the disk may be unbound in the pres-
ence of a long-lived NS remnant (Metzger & Ferndndez]
|2014; [Fahlman & Fernandez||2018). Therefore we expect
higher fiossBng 1f a long-lived NS-disk system is formed
after the BNS merger instead of a promptly collapsed
BH-disk system (Metzger & Ferndndez |[2014). On the
other hand, even if the BNS collapses into a BH shortly
after the merger, the resulting BH-disk systems would
have lower mass than the systems formed from NSBH
mergers and are expected to yield higher fioss (Ferndndez]
ﬂ 2020). Accordingly, we take fioss nsu € [0.15,0.60
or BH systerns (which always form BH-disk systems)
fioss.BNs € [0.15,1.0] for BNS systems (which may form
BH-disk or NS- dlsk systems depending on when/if the
remnant collapses to a BH), and we assume fioss,BNS >

floss,NSBH-

2.3. Choice of neutron star equation-of-state

The amount of ejecta is highly dependent on the com-
pactness of NSs (Cns = GM/Rc?, where M and R are
the NS mass and radius, respectively), which is an EoS
dependent characteristic. The EoS also affects some of
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Fig. 1.— Neutron star EoS provided by the Xtreme Astrophysics
Group) (Ozel et al.[2016}; [Bogdanov et al.[2016};|Ozel & Freire|2016)
with mass-radius relations consistent with the combined measure-
ment presented in [Raaijmakers et al. (2020).

our models setting the minimum mass of the BH mass
function (Table [I]).

EoS measurements based on pulsars (Cromartie et al.
2020; Riley et al|[2019; Miller et al|[2019) and on GW
observations of BNSs (Abbott et al[[2018a) have been
recently combined to yield joint constrains (Miller et al.
2019 [Raaijmakers et al|[2020; [Miller et al|[2021; Riley
et al.|[2021; Raaijmakers et al[|2021). In order to ex-
plore the effect of the choice of EoS, we choose the EoSs
yielding mass-radius relations consistent with the 95%
confidence interval of the mass-radius posterior found in
@Umakers et al.| (2020) FI among the EoSs provided by

the Xtreme Astrophysics Group (Ozel et al.|[2016; Bog-|

danov et al.[2016;|Ozel & Freire[2016). The selected EoSs
are plotted in Figure[I]

2.4. Estimation of astrophysical rates

The merger rate estimates published by the LVK (Ab-
[bott et al|[2021cla) assume a model for the mass and
spin distribution of compact objects. Since we want to
impose different astrophysical models, we don’t use the
published numbers directly, but instead perform hierar-
chical Bayesian inference, with the various models de-
tailed in Table [I} Specifically, we aim at estimating the
posterior probability density of the merger rate R for
each population. For a population model parametrized
by a scale parameter R (which determines the overall

2 Note that [Raaijmakers et al.| (2020) presented two different
model-dependent mass-radius posteriors. To be conservative, we
pick all EoSs that are consistent with either of the posteriors.
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volumetric merger rate of sources) and shape parame-
ters A (which determines the distribution of sources’ pa-
rameters), this can be written as (Loredo & Lamb|2002}
Mandel et al.[2019; |Vitale et al.|[2020):

. NS Ntr Ntr
P(RIA. {d)) o n(R)e i (a(;)) IrdAR)
=1

(2)

Where Nf is the number of sources detectable dur-
ing the observing period, and N' is the number of
triggers that were actually detected. Both these quan-
tities depend on R. «(A) is the fraction of events
that are detectable for a given value of shape parame-
ters, also known as the selection function. We gener-
ate samples from this posterior distribution using the
gwpopulation (Talbot et al.|2019) software, and a Jef-
frey prior — m(R) oc R™' — on the rate R.

The LVK have not released all the data that would
be required to calculate the selection function «(A) in
a way that is identical to what’s done for the LVK pa-
pers|’l Therefore, we rely on a standard procedure in the
literature and assess the detection efficiency by using the
optimal signal-to-noise ratio (SNR) p. More specifically,
we assume that a binary merger event with true param-

eters  is detectable if its sky and orientation averaged
SNR is higher than 8 in a single LIGO detector (Dominik
et al.[|2013). To account for the diverse sensitivity of the
GW detectors in their first three observing runs, we av-
erage the detection efficiency of the 3 observing runs as
described in Sec 5.2 of [Vitale et al.| (2020). To calcu-
late the SNR we use the LIGO-Livingston power spec-
tral density at the time of GW150914 (for the first ob-
serving run), GW170817 (for the second observing run)
and GW190425 (for the third observing run), as released
by [Abbott et al.|(2021b]). We do not include spins when
calculating the SNR, which has been shown to only im-
pact the detectabilty by less than a few percent (Ng et al.
2018)). Finally, we assume that sources are distributed
uniformly in comoving volume, and with isotropic sky
positions and orientations. All mass models use the same
distribution for the NS in the binary, as described at the
beginning of Methods section. The mass spectrum of the
BHs is described for each model in Table [l We stress
that the shape parameters of our models are thus entirely
fixed: the only unknown parameter of each population
is its overall merger rate R. To infer the rate of BNSs
we only use GW170817 and GW190425, whereas when
calculating the rate of NSBH we only use GW200105 and
GW200115.

3. RESULTS

We estimate the amount of ejecta for the 100,000 simu-
lated BNSs and NSBHs in each scenario listed in Table
add up the ejecta and scale the sum by the rate ratio of
NSBH and BNS, (Rnspu/Rpns), to obtain their rela-
tive ejecta ratio (Mej nsBH/MejBns). We then estimate
the fraction of NSBH ejecta as Mej nsBH/Mej,Total =
Mej nsBu/ (Mej Bns + Mej nsBr). Since these estimations

3 Specifically, the LVK did not release results of simulation cam-
paigns that assess the efficiency of search algorithms in the first
observing run for BNS, and in any observing runs for NSBH.
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F1c. 3.— The NSBH ejecta fraction for different EoS shown in
Figure m when the BNS and NSBH astrophysical rates are equiv-
alent. We assume the BBH-like mass+spin model, agyn BNS =
Adyn,NSBH = 1, floss,BNS = 0.8, and floss,NSBH = 0.4 in this ex-
ample.

are subject to different sources of uncertainty, we discuss
them separately below.

First we show how aqyn and fioss (Eq. affects the
results. We use the BBH-1ike mass+spin model and the
ap3 NS EoS. Figure [2] shows that smaller agyn,pns and
larger aqyn nsBa lead to a larger NSBH fraction as ex-
pected. On the other hand, we find that the impact
of fioss,BNS and fioss,NnsBu on the NSBH ejecta fraction
varies between different NS EoS and the mass and spin
models.

Next, we show the effect of varying the NS EoS. We
use the BBH-1ike mass+spin model and fix aqyn,Bns =
Odyn,NSBH = 1, floss,BNs = 0.8, and fioss,nspu = 0.4.
Figure [3] shows the NSBH ejecta fraction for different
EoS shown in Figure [I] In general, stiffer EoS leads to
more ejecta for both BNSs and NSBHs. Their impact on
the NSBH ejecta fraction depends on the relative ratio
between the dynamical ejecta and disk, which vary with
Odyn; fioss, and the mass and spin models.

In order to determine the overall uncertainty of the
ejecta fraction, we combine different sources of error.
Since there is no available study on the correlation be-
tween the sources of error we discuss above, we conser-
vatively assume they are independent. For each mass
and spin model listed in Table we iterate through
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of the NSBH and BNS astrophysical rate ratio. The six mass and
spin models are summarized in Table[I] We iterate through differ-
ent combinations of NS EoS, aqyn,BNS; Qdyn,NSBH; floss,BNS, and
floss,NsBH, and then use the combinations that lead to the largest
NSBH ejecta fractions to set the upper bounds in this figure. We
also mark the intersection between the upper bound and the 90%
upper limit of rate ratio for each models. This intersection rep-
resents the upper limit on the NSBH contribution to the binary
merger production of r-process elements. We summarize the upper
limit in Table [

different combinations of NS EoS, aqyn BNS, Qdyn,NSBH,
floss,BNs, and fioss NsBH. We then use the combination
that leads to the largest NSBH ejecta fraction to set the
upper bound of our estimations. In Figure [l we show the
upper bound of the fraction of NSBH ejecta as a function
of the rate ratio for each scenario.

We use the LVK observations of BNSs and NSBHs to
estimate the astrophysical rate ratio between these two
classes of sources. In Figure [4 we mark the 90% upper
limit of the rate ratio for each scenario. The intersec-
tion between the upper bound of NSBH ejecta fraction
and the 90% upper limit of the rate ratio is our con-
straint on the fraction of NSBH ejecta. Most of the mass
ejected from BNSs and NSBHs is expected to become
r-process elements, with a small fraction of iron-peak
elements that are more likely to be produced in BNSs
than NSBHs if the ejecta is less neutron-rich (electron
fraction Y, 2 0.3 — 0.4, see e.g. [Korobkin et al. (2012));
Wanajo et al.|(2014); Lippuner & Roberts| (2015)); |Wol-
laeger et al.| (2021)). We thus take the upper limit on the
ejected mass fraction to be a good estimate of the limit
on NSBH’s contribution to the production of r-process
elements. The constraints for different scenarios are sum-
marized in the last column of Table [

NSBHs result in more mass ejected when the mass of
BHs is small (< 5Mg) or the aligned component of BH
spins is large. We find that NSBHs can account for up
to 77% of the r-process-element production. The high-
est fraction is obtained if there is an excess of 2-3Mg
BHs with spins aligned with orbital angular momen-
tum and uniformly distributed (i.e. for the BBH-like
mass+aligned spin model) merging in NSBHs at a high
rate. Smaller BH spin magnitudes or larger tilt angles
both reduce the aligned component of the spins, leading
to less NSBH ejecta. In these cases, the NSBH ejecta
fraction decreases to 35% or less (the No gap+BBH-like
spin and BBH-like mass+spin models). These mod-
els are also more consistent with the NSBHs observed
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by LVK so far (Abbott et al|[2021a)). If not only BH
spins are small, but there also is a dearth of low-mass
(< 5Mg) BHs in NSBHs, then BNSs produce virtually
all of the r-process elements from compact binary merg-
ers. We therefore do not explore models with even larger
BH mass gap or smaller BH spins since they would lead
to even less NSBH ejecta.

4. DISCUSSION

In this paper we have combined GW detections and
pulsar observations to place constraints on the relative
contribution of BNSs and NSBHs to the production of
r-process elements. NSBHs contribution can be as high
as 77%, if BHs in NSBHs can have low mass (2-3Mg)
and large spins aligned with the orbital angular momen-
tum. However, this low-mass and high-spin BHs sce-
nario seems disfavoured by GW observations of NSBHs.
If most black holes have masses in excess of ~ 5 Mg
and/or small spins, BNS will contribute the nearly en-
tirety of r-process elements from compact binary merg-
ers. Different EoS and ejecta models can lower the upper
limits by up to 30%, which is smaller than the differences
arising from different mass and spin models.

The relative contribution of BNSs and NSBHs to the
production of heavy elements depends thus significantly
on the distribution of black holes masses and spins in
binaries. These will be better measured by upcom-
ing LVK observations (Abbott et al.[[2018b), leading to
more precise estimates of the ejecta ratio. In addition,
current LVK observations of BNSs and NSBHs are lo-
cal (z < 0.2), thus our inference constrains the binary
merger production of the r-process elements over the past
2.5 billion years. Future GW detections at higher red-
shifts will enable measuring the evolution of BNS and
NSBH astrophysical rates and therefore their redshift-
dependent contribution to the production of heavy ele-
ments.

Although our analysis yields an estimate of the BNS
ejecta fraction (= 1 — MejnsBH/Mej Total), We do not
present a lower limit on the BNS ejecta since other astro-
physical channels could still produce some of the heavy
elements. The constraints we have obtained are mainly
limited by the number of available numerical simulations.
Whenever different options existed, we have conserva-
tively take those that yielded the largest error bars. A
more extensive coverage of the physical parameter space
by numerical simulations of BNS and NSBH mergers will
thus reduce the uncertainty in the estimation of the mass
ejecta.

This work demonstrates the potential of combining
electromagnetic and gravitational-wave observations of
compact objects. It also underlines the need for more
extensive numerical simulations of the mass ejecta from
compact objects. As advanced gravitational-wave detec-
tors will measure with more precision the mass and spin
distribution of compact objects, whilst gravitational-
wave and pulsar observations will yield improved con-
straints on the NS EoS, we will be able to significantly
refine the constraints presented here in the months and
years to come.
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