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Short gamma-ray bursts are believed to be produced by both binary neutron star (BNS) and neutron star-
black hole (NSBH) mergers. We use current estimates for the BNS and NSBH merger rates to calculate the
fraction of observable short gamma-ray bursts produced through each channel. This allows us to constrain
merger rates of a BNS to RBNS ¼ 384

þ431

−213 Gpc−3 yr−1 (90% credible interval), a 16% decrease in the rate
uncertainties from the second Laser Interferometer Gravitational Wave Observatory (LIGO)-Virgo
Gravitational-Wave Transient Catalog. Assuming a top-hat emission profile with a large Lorentz factor,
we constrain the average opening angle of gamma-ray burst jets produced in BNS mergers to ≈15°. We also
measure the fraction of BNS and NSBH mergers that produce an observable short gamma-ray burst to be

0.02þ0.02
−0.01 and 0.01� 0.01, respectively, and find that≳40% of BNS mergers launch jets (90% confidence).

We forecast constraints for future gravitational-wave detections given different modeling assumptions,
including the possibility that BNS and NSBH jets are different. With 24 BNS and 55 NSBH observations,
expected within six months of the LIGO-Virgo-Kamioka Gravitational Wave Detector network operating at
design sensitivity, it will be possible to constrain the fraction of BNS and NSBH mergers that launch jets
with 10% precision. Within a year of observations, we can determine whether the jets launched in NSBH
mergers have a different structure than those launched in BNS mergers and rule out whether ≳80% of
binary neutron star mergers launch jets. We discuss the implications of future constraints on understanding
the physics of short gamma-ray bursts and binary evolution.

DOI: 10.1103/PhysRevD.105.083004

I. INTRODUCTION

Short gamma-ray bursts have long been thought to be
associated with the merger of two compact objects [1–3].
This was spectacularly confirmed with the coincident gravi-
tational-wave and electromagnetic observations of binary
neutron star (BNS) merger GW170817/GRB170817A [4,5].
However, BNSmergers are probably not the only progenitors
of short gamma-ray bursts with neutron star-black hole

(NSBH) mergers likely contributing to the total rate
(e.g., [3,6,7]). Observations of the host galaxy properties
and galaxy offsets of short gamma-ray bursts already
provide tantalizing hints towards this dual population
[8–10]. However, the relative fraction produced by each
progenitor type is unknown.
The total rate density of short gamma-ray bursts

observed in the Universe can be written as

RSGRB ¼ fs;BNSηBNSRBNS þ fs;NSBHηNSBHRNSBH: ð1Þ

HereRBNS and RNSBH are the BNS and NSBH merger rate
densities, respectively, fs;BNS is the fraction of binary
neutron star mergers that successfully launch a jet, and
ηBNS is the “beaming fraction” of the jets launched in BNS
mergers that are detectable at Earth. Similarly, fs;NSBH is the
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fraction of NSBH mergers that disrupt sufficient matter to
produce a short gamma-ray burst jet, and ηNSBH is the
beaming fraction of the jets launched in NSBH mergers.
Each of these terms is dependent on properties of the
population of binaries such as the distribution of progenitor
masses and spins, the nuclear equation of state, and physics
dictating jet formation, propagation, and structure. We
discuss the physics of each term in detail in Sec. II. We
note that in our definition, RSGRB does not include, for
example, magnetar flares that are often mistaken for short
gamma-ray bursts (e.g., [11]). In principle, this can be taken
into account by adding another term to Eq. (1), however,
excluding it implicitly assumes we can distinguish magnetar
flares from gamma-ray bursts produced by compact binary
mergers.
Equation (1) relates three rate densities in the local

Universe. In reality, all three evolve with redshift.
Measurements of the BNS and NSBH rate densities are
made through gravitational-wave observations in the local
Universe with z ≪ 1 (e.g., [12]), implying the redshift
dependence can be safely ignored or assumed to be
negligible. In contrast, the rate density of short gamma-
ray bursts is constrained using observations of short gamma-
ray bursts with redshift measurements [13] or modeling of
the short gamma-ray burst luminosity function [14,15].
Either method introduces a systematic uncertainty up to a
factor of 2–3 on constraints on the short gamma-ray burst
rate density in the local Universe [13,14,16]. We ignore this
systematic uncertainty in this paper but discuss its implica-
tions in Sec. V.
The LIGO-Virgo collaborations recently presented [17]

the first confident observations of gravitational waves
from two NSBH coalescences: GW200105_162426 and
GW200115_042309—throughout this work we refer to
these as GW200105 and GW200115, respectively. Based
on the properties of both binaries, Abbott et al. [17]
calculated the expected dynamical ejecta and mass lost in
disk winds, marginalizing over the uncertainty in the
neutron star equation of state, to determine the disruption
probability (e.g., [18,19]) of both events. They found that
no mass was ejected for either binary at > 99.9%
probability. That is neither of these two binaries should
have produced a short gamma-ray burst or kilonova [17],
which is consistent with the lack of observed electromag-
netic counterpart [20–22].
GW200105 and GW200115 provide us with the oppor-

tunity to update our understanding of the astrophysical
properties of NSBH systems, including constraints on the
merger rate, formation channels of NSBHs, and cosmology
(e.g., [23–26]). If we assume that GW200105 and
GW200115 are representative of the NSBH population,
then their merger rate is constrained to 45

þ75

−33 Gpc−3 yr−1,
and if we account for a broader NSBH population, then the
merger rate is constrained to 130þ112

−69 Gpc−3 yr−1 [17]. These
merger rates suggest that GW200105 and GW200115 are

likely to have formed in isolated binaries or young clusters
(e.g., [26–30]). Independently, observations of BNS coa-
lescences with aLIGO and Virgo have constrained the rate of
BNS mergers in the local Universe to 320

þ490

−240 Gpc−3 yr−1

[31].1 Observations with gamma-ray observatories have
constrained the observed rate of short gamma-ray bursts
(i.e., only those beamed towards Earth) in the local Universe
to 8

þ5

−3 Gpc−3 yr−1 (e.g., [13,14]).
In this paper, we use these inferred local rates to

investigate what constraints can be placed on the fraction
of BNS and NSBH mergers that produce short gamma-ray
bursts. We explore the physics that dictates these fractions
and forecast constraints that can be obtained in the next
few years from gravitational-wave observations as the
network sensitivity of detectors improves. We explore the
implications of such constraints on short gamma-ray burst
physics and neutron star binary astrophysics.
The paper is laid out as follows. In Sec. II we expand on

Eq. (1) explicitly detailing the different dependencies and
physics of each term. We also calculate each term using
different assumptions about the launching and propagation
of gamma-ray burst jets, population synthesis outputs, and
the nuclear equation of state. In Sec. III Awe evaluate Eq. (1)
with minimal assumptions to calculate constraints on the
fraction of BNS and NSBH mergers that produce short
gamma-ray bursts given current rate estimates. In Sec. III B
we explore the assumption that there is no universal jet
opening angle, but rather a distribution, and test whether this
can bias our results. In Sec. IV, we discuss the implications
future constraints on each term will have on fundamental
questions in binary evolution and gamma-ray burst astro-
physics. We summarize our results and provide concluding
thoughts in Sec. V.

II. PHYSICS OF EACH TERM

Equation (1) connects the BNS and NSBHmerger rate to
the observed rate of short gamma-ray bursts. Each term is
rich in phenomenology and is connected to binary and
gamma-ray burst physics. In this Section, we provide
details on each of these terms, their explicit dependence
on fundamental parameters, and calculate these terms based
on different assumptions.

A. Jet-launching fractions

Numerical simulations suggest only BNS mergers, whose
remnants promptly collapse into a black hole or produce a
hypermassive neutron star (see [33] for a review on BNS
postmerger remnants) can launch jets that power short

1As this paper was being prepared, LIGO-Virgo
published updated BNS and NSBH rate density estimates:
13 − 1900 Gpc−3 yr−1 and 7.4 − 320 Gpc−3 yr−1 (90% credibil-
ity), respectively [32]. The increase in uncertainty comes from
a more thorough investigation of systematics related to the
unknown BNS mass distribution.
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gamma-ray bursts (e.g., [34–36]). This constraint implies
that any binary resulting in a remnant of mass ≲1.2MTOV

does not produce a short gamma-ray burst. Here, MTOV is
the maximum nonrotating neutron star mass known as the
Tolman-Oppenheimer-Volkoff mass: a property of the
unknown nuclear equation of state. Explicitly, this implies
that fs;BNS can be expressed as

fs;BNS¼
Z

dm1

Z

dm2pBNSðm1;m2jMTOVÞπðm1;m2Þ: ð2Þ

Here pBNS is the probability of a successful jet launch,
πðm1; m2Þ is the astrophysical distribution of primary and
secondary mass.
This relatively straightforward functional dependence

has two caveats. First, x-ray plateaus of short gamma-ray
bursts suggest that many gamma-ray bursts are powered
by neutron star central engines (e.g., [37,38]), implying
the 1.2 ×MTOV constraint may be incorrect. Second,
whether a jet is successful in producing prompt
gamma-ray emission depends on the Lorentz factor of
the jet and its threshold for producing prompt gamma-ray
emission, both of which are unknown [39,40]. Therefore,
even when jets are successfully launched, they may not all
produce prompt gamma-ray emission. We return to these
two caveats in Secs. IV and V.
The question of whether a NSBH merger produces a

short gamma-ray burst depends on whether enough matter
is disrupted to create an accretion disk of sufficient mass
around the remnant black hole. The mass in the disk must
be large enough to feed a relativistic jet and power it long
enough so that it can break through the merger ejecta (e.g.,
[41]). In general, there are two outcomes of a NSBHmerger
that depend primarily on the progenitor binary’s mass ratio
and the black hole spin: (1) the neutron star plunges into
the black hole without being tidally disrupted, or (2) the
neutron star is disrupted. To good approximation, disrup-
tion occurs when the disruption radius rdisrupt is greater than
the black hole’s innermost stable circular orbit (ISCO)
rISCO, i.e., rdisrupt ≥ rISCO.
The disruption radius can be approximated by (e.g.,

[42,43]),

rdisrupt ¼ kRNS

�

MBH

MNS

�

1=3

: ð3Þ

We assume k ¼ 1, consistent with results found in the
literature [42,43].
If the black hole spin is aligned with the orbital angular

momentum, the ISCO radius can be approximated in
terms of the black hole’s mass MBH and dimensionless
spin χBH as

rISCO ¼ fðχBHÞ
GMBH

c2
: ð4Þ

Here, 6 ≤ fðχBHÞ ≤ 9 for a corotating orbit, and 1 ≤

fðχBHÞ ≤ 6 for a counterrotating orbit [44]. From
Eqs. (3) and (4), we see that disruption is favored for
low mass ratios q ¼ MNS=MBH and high corotating black
hole spins. The disruption fraction fs;NSBH can be calcu-
lated if we know the population distribution of NSBH
progenitor masses and spins, as well as the nuclear
equation of state that relates the neutron star progenitor
mass to its radius. In other words, this disruption fraction
can be written functionally as

fs;NSBH ¼
Z

dmNS

Z

dmBH

Z

dχBHpNSBH

× πðmNS; mBH; χBHÞ; ð5Þ

where

pNSBH ¼ Θ

�

RNS

�

MBH

MNS

�

1=3

− fðχBHÞ
GMBH

c2

�

ð6Þ

is the probability of a successful jet launch in an NSBH
merger (i.e., a Heaviside step function that evaluates to
0 when rdisrupt > rISCO), and πðmNS; mBH; χBHÞ is the
astrophysical distribution of neutron star and black hole
masses and black hole spins of the components that
participate in NSBH mergers.
We calculate fs;BNS and fs;NSBH using the above

prescription and a suite of results from Broekgaarden
et al. [29] that implements different population-synthesis
prescriptions for the binary evolution physics—see that
paper, in particular, their Tables 1 and 2, for a description
of each of the models. From these various models, we take
the mass distribution of neutron stars and black holes that
participate in NSBH and BNS mergers and the orbital
period before the second binary component explodes as a
supernova, the latter informing the spin distribution of
black holes that participate in NSBH mergers [29,45]. We
also marginalize over the unknown equation of state. In
particular, we use piecewise polytropic equations of state,
with polytropic indices uniformly distributed between 1.1
and 4.5, and neutron star central pressure between 1032.6

and 1033.6 dyne=cm2 (see Ref. [46] for an explanation and
implementation of these parameter choices), and the
additional constraint that MTOV is between 2.2 and
2.4 M⊙ consistent with combined constraints from multi-
messenger observations of GW170817, GW190425, and
NICER observations [47]. We also assume 0.05 M⊙ ejecta
in every BNS merger, consistent with observations of
AT2017gfo (e.g., [48]). For fs;NSBH we also explore the
affect of an additional constraint; that the disk mass from
an NSBH merger must be above 0.075 M⊙ to ensure the
jet can successfully break through the ejecta as hypoth-
esised in, e.g., Zappa et al. [49]. We calculate fs;NSBH
enforcing this constraint using relations for the ejecta and
disk mass in Bhattacharya et al. [50]. We find that the
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discrepancy from the additional constraint of a minimum
disk mass creates a change in fs;NSBH smaller than due to
the unknown equation of state, and we therefore ignore
this additional constraint in subsequent sections. The
results where only disruption is necessary for fs;NSBH
are shown in Fig. 1.
Figure 1 shows the jet-launching fractions fs;NSBH

(orange) of NSBH mergers, respectively, for a diverse
set of COMPAS simulations [29] with various modifications,
in particular, the rapid supernovae model (rapid SNe), fixed
supernovae kick (fixed SNe kick), no pulsational pair
instability supernovae, fixed common envelope efficiency,
unstable case BB mass transfer, and fixed mass transfer
efficiency. For a full description of these simulations we
refer the Reader to [29]. In general, the different models
predict that anywhere between ≈0.5–10% of NSBH merg-
ers disrupt sufficient matter to launch a jet accounting for
the unknown equation of state. The smallest disruption
values are found for the rapid supernova model [52], which
enforces a mass gap between neutron stars and black holes
(cf. [53,54]). This mass gap combined with the relative lack
of highly spinning black holes in our model [29,45,55]
makes it much more difficult to tidally disrupt the neutron
star leading to lower values of fs;NSBH.
We also calculate the BNS jet-launching fraction fs;BNS

(blue) given the constraint that the remnant mass Mrem ≳

1.2MTOV for the same set of COMPAS simulations and two
phenomenological distributions based on observations of
neutron stars in our Galaxy using radio and gravitational
waves [38,51,56]. In particular, we use the mass distri-
butions from Sarin et al. [38] with a mixing fraction of

GW170817-like and GW190425-like mergers of 50%,
and the mass distribution inferred from the population of
double neutron stars seen in radio and gravitational waves
by Galaudage et al. [51].
Most models predict fs;BNS between 20–60% apart from

the COMPAS models with fixed mass transfer efficiency and
rapid supernovae [52], which predict fs;BNS ¼ 5.1þ0.2

−0.2% and
fs;BNS ¼ 4.9þ2.1

−1.3%, respectively. That is, in these models,
only 5% of BNS mergers launch a jet. The former model
fixes the mass transfer efficiency to 0.5, which leads to
significantly lower quantities of heavy double neutron star
systems, while the latter as mentioned above enforces a mass
gap between neutron stars and black holes. In both models,
mergers are more likely to form long-lived neutron star
remnants, which within the jet-launching model we use
(motivated by numerical results (e.g., [35,36]) are unable to
produce short gamma-ray bursts. Such a low success rate is
unlikely to be correct (e.g., [57,58]), which may hint at either
of these models being incorrect or that the assumption of
requiring a black hole to launch a jet capable of producing a
short gamma-ray burst is flawed. We return to this point in
Secs. IVA and V. Apart from these two models, all models
predict a similar fs;BNS between 20–60%. However, even a
value of 60% is potentially problematic in light of constraints
from GW170817, which suggests that most BNS mergers
should produce short a gamma-ray bursts (e.g., [58]).
Binary population-synthesis models typically predict a

significant number of BNSs with higher masses than those
seen in the Galactic population [59–61]. This discrepancy
may be due to selection effects that prevent heavier
neutron stars (as in GW190425 [62]) from being observ-
able in radio (e.g., [51,63]) or may hint at a systematic
issue with population-synthesis results with regards to
determining neutron star masses [61]. Our constraint that
immediate formation of a black hole is required to launch
a jet (i.e., Mrem ≲ 1.2 ×MTOV) implies that population-
synthesis results predict a higher fs;BNS than one predicted
by the distribution of BNSs just in our Galaxy. For
example, taking the distributions derived in Kiziltan et al.

[64] and Farrow et al. [65], we find fs;BNS ¼ 0.01þ0.03
−0.01 and

fs;BNS ¼ 0.02þ0.03
−0.01 , respectively; such low values are

unlikely to be correct. It is worth noting that these
distributions were derived before the observation of
GW190425 and are inconsistent with the masses inferred
in that BNS.

B. Beaming fractions

The two terms fs;BNS and fs;NSBH dictate the fractions of
BNS and NSBH mergers that can produce a short gamma-
ray burst. A significant (but unknown) fraction of these jets
are pointed away from Earth and are therefore not observable
or are too dim to be detected by current gamma-ray
detectors. We denote the observable fractions of short

FIG. 1. Violin plot of the jet-launching fractions fs;BNS (blue)
and fs;NSBH (orange) for different COMPAS simulations from
Broekgaarden et al. [29] built with varying binary evolution
physics. For BNS mergers, we also show fs;BNS for mass
distributions from Sarin et al. [38] with a mixing fraction of
GW170817-like and GW190425-like mergers of 50%, and the
mass distribution inferred from the population of double neutron
stars seen in radio and gravitational waves by Galaudage et al.

[51]. The posterior widths represent the uncertainty due to the
unknown nuclear equation of state. Note that we plot the NSBH
fraction without the constraint for a minimum disk mass, which
would reduce these fractions, although the change would be
smaller than that due to the equation of state.
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gamma-ray bursts from BNS and NSBH mergers as ηBNS
and ηNSBH, respectively.
Historically, the beaming fraction fb has been estimated

through the relation fb ¼ 1 − cosðθjÞ [66], where θj is the
opening angle of the gamma-ray burst jet.2 This implicitly
assumes that the jet structure is top hat with a large Lorentz
factor, such that all gamma-ray bursts observed within the
opening angle θj are observable, and those outside are not.

Constraints on the beaming fraction range from ∼10−3 −

0.015 (e.g., [67]), which implicitly assumes that short
gamma-ray bursts produced by BNS and NSBH mergers
have the same opening angles so that ηBNS ¼ ηNSBH.
In general, we do not expect the beaming fractions of

BNS and NSBH jets to be the same given the different jet-
launching environment. The beaming fraction is a function
of the initial jet structure, jet-launching mechanism, and the
propagation of the jet through the surrounding ejecta.
Typically, BNS mergers have more ejecta than NSBH
mergers along the poles (e.g., [41,68]), which is the region
where jets are launched. Numerical simulations already
show that propagation through ejecta helps collimate
gamma-ray burst jets [7,69]. We therefore believe that
gamma-ray burst jets launched in NSBH mergers are likely
to be less collimated than ones launched in BNS mergers.
Similarly, depending on binary properties, some NSBH
mergers are unable to form a disk of sufficient mass to
power a jet long enough to make its way out of the merger
ejecta (e.g., [49]), which will likely lead to a cocoonlike
outflow. It is worth noting that the lower amount of overall
mass in the polar region may alleviate this concern [68,70].
The above arguments implicitly assume gamma-ray

emission is not produced outside the ultrarelativistic core,
something we now know to be incorrect following obser-
vations of GRB170817A [71]. These observations also
suggest that other gamma-ray bursts may be viewed from
outside the opening angle of the jet, a suggestion that has
led to reclassification of some faint short gamma-ray bursts
such as GRB150101B as ones viewed off axis [72]. The
presence of off-axis gamma-ray bursts makes it difficult to
parametrize the beaming fraction as simply being related to
the opening angle of the jet. To further complicate matters,
there is no robust model for calculating the flux of the
prompt emission that can robustly predict the vast range of
gamma-ray burst energies. In light of GRB170817A, one
recent approach to estimate the flux of the prompt emission
is to compute the peak flux at a given observer viewing
angle using the same structured jet profile used to describe
the afterglow for a given gamma-ray detector bandpass and
threshold (e.g., [73,74]). For our purposes, we use this
aforementioned prescription, accompanied by a choice of
jet structure, to compute the flux for an isotropic

distribution of observers and calculate the fraction of short
gamma-ray bursts that are observable with the Fermi

telescope.
To understand the beaming fractions of BNS ηBNS and

NSBH ηNSBH, we use two different viewing-angle dependent
energy distributions for the jet structures: a Gaussian and a
power-law structured jet, respectively, given by

EðθÞ ¼ E0 exp

�

−
θ2

2θ2core

�

; ð7Þ

EðθÞ ¼ E0

�

1þ θ2

bθ2core

�

−b=2

: ð8Þ

Here E0 is the on-axis isotropic equivalent energy, θ is the
angle from the jet axis, θcore is the half opening angle of the
ultrarelativistic core of the jet, and b is the power-law slope.
Often these models are parametrized with an additional
angle θwing, beyond which the energy is zero, implying no
gamma rays can be produced beyond this angle. This angle
is typically taken to be some integer multiple of θcore (e.g.,
[75]). The parameters of the Gaussian and power-law jet
structured models are different for BNSs and NSBHs as we
expect BNS jets to be more collimated, as described
in Sec. II.
In Fig. 2 we plot the beaming fractions ηBNS and ηNSBH for

a realistic population of BNSs and NSBHs out to 330 and
590 Mpc (corresponding to the horizon distances for aLIGO
operating at design sensitivity [12], where the NSBH horizon
distance assumes 1.4 M⊙ þ 10 M⊙ systems) and viewing
angles that are uniform in cosð{Þ. The red violins correspond
to the Gaussian structured jet, while the blue violins
correspond to the power-law structured jet. The priors for

FIG. 2. The beaming fractions ηBNS and ηNSBH for a realistic
population of NSBH and BNS mergers occurring within their
respective horizon distance of aLIGO at design sensitivity, with
the viewing angle distributed uniformly in cosð{Þ. The blue
violins correspond to the beaming fraction predicted using the
power-law jet model, while the red violins correspond to the
fraction predicted using the Gaussian jet structure. The distribu-
tion represents the uncertainty on these fractions due to the
unknown gamma-ray burst jet structure parameters.

2This is sometimes defined as fb ¼ ð1 − cos θjÞ−1, however,
we use the original definition as presented in Ref. [66].
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the BNS jets are motivated by fits to the afterglow of
GRB170817A [76] and expectations of structured jets
produced in NSBH mergers [7].
Figure 2 shows two main trends: (1) power-law struc-

tured jets tend to have higher beaming fractions than
Gaussian jets, and (2) NSBH jets have higher beaming
fractions than BNS jets. The former is due to the energy
distribution of power-law jets as opposed to Gaussian jets,
with power-law jets having more energy at higher angles
away from the jet axis than Gaussian. The latter is a
realization of our prior assumption that NSBH jets are less
collimated. It is worth noting that the range of beaming
fractions predicted by either a Gaussian or power-law
structured jet is broad for both BNS and NSBH jets and
is an encapsulation of both our uncertainty in the jet-
structure parameters and their priors and the unknown
prompt emission generation mechanism. This uncertainty
will improve with future multimessenger events like
GW170817 [58,77,78]. In general, we find that ηBNS ≲
0.1 and ηNSBH ≲ 0.3 for the less collimated power-law jet
model at 90%.
In the following sections, we use these models to estimate

constraints on each of these terms given current short
gamma-ray burst, BNS and NSBH merger-rate measure-
ments. We also forecast each of these rates assuming future
gravitational-wave and electromagnetic observations.

III. RESULTS

A. Top-hat jets

As described in Sec. II, each term in Eq. (1) is a function
of several physical parameters. These parameters can be
informed through gamma-ray burst modeling and popula-
tion synthesis studies, as well as inferences on the observed
population. As a first attempt, we consider constraints
imposed by a model with minimal assumptions and directly
comparable to historical measurements. Our minimal work-
ing model assumes the beaming fraction of both BNSs and
NSBHs is the same (ηBNS ¼ ηNSBH) and is parametrized
only by the jet opening angle, i.e., that all gamma-ray bursts
are observable as long as they are observed within some
opening angle θj. To wit,

RSGRB ¼ ð1 − cos θjÞðfs;BNSRBNS þ fs;NSBHRNSBHÞ: ð9Þ

We place priors directly on fs;BNS and fs;NSBH, which
uses two pieces of information. First, that we expect a
large majority of BNS mergers to produce short gamma-
ray bursts (e.g., [57,58]) and second, that the two
bona fide NSBH mergers detected with gravitational
waves should not have produced short gamma-ray bursts
(e.g., [17]). These two statements can be translated into
priors as

πðfs;BNSÞ ¼ Uniform½0.1; 1�; ð10Þ

πðfs;NSBHÞ ¼ ð1 − pÞ2: ð11Þ

Equation (10) is a uniform distribution motivated by
observations of GW170817 [58]. Equation (11) is a
binomial probability distribution for zero successes from
two independent trials, where p is the success probability
for each trial. We also enforce that fs;BNS ≳ fs;NSBH due
to theoretical motivations outlined in Sec. II.
We evaluate Eq. (9) using the above priors and rate

measurements RBNS ¼ 320
þ490

−240 Gpc−3 yr−1 [31], RNSBH ¼
130

þ112

−69 Gpc−3 yr−1 [17], and RSGRB ¼ 8
þ5

−3 Gpc−3 yr−1

(e.g., [13,14]). With the assumption that both NSBH and
BNS merger jets have the same opening angle, measure-
ments of the merger and short gamma-ray burst rates place
strong constraints on the opening angle of the jet and the
BNS merger rate. We show this two-dimensional margin-
alized posterior distribution in Fig. 3. We find that the
opening angle of gamma-ray burst jets is constrained to
θj ¼ 15°þ4°

−5° (90% credible interval), consistent with other
values in the literature (e.g., [67,79]). Note that we place a
hard cutoff at θj ¼ 20° as larger opening angles would be
inconsistent with constraints on short gamma-ray burst
energetics [66,80]. Similarly, the BNS merger rate is
constrained to RBNS ¼ 375

þ436

−211 Gpc−3 yr−1, which is
approximately 15% more informative than the second
gravitational-wave catalog merger rate estimate [31]. We

FIG. 3. Current constraints on the fiducial model [Eq. (9)]. The
values quoted above are the median and 1σ credible intervals. The
green curves represent the prior, while the blue shaded regions
represent 1 − 3σ credible intervals. The posterior distributions of
the other parameters in the model are equivalent to their priors.
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measure fs;BNS ¼ 0.69þ0.27
−0.37 (90% credible interval) and that

fs;BNS ≳ 0.3 with 95% confidence, ruling out population
synthesis models with rapid supernovae and fixed mass
transfer efficiency (see Fig. 1). Within these assumptions,
the NSBH merger rate and jet launching fraction are not
constrained from the prior. We also find an anticorrelation
between θj and RBNS, which agrees with physical intuition:
small jet opening angles must be compensated by a larger
BNS merger rate to explain the measured short gamma-ray
burst rate.
We now relax the assumption that jets launched in NSBH

mergers have the same opening angle as those in BNS
mergers; as described in Sec. II, we expect the former to be
less collimated than the latter. We again evaluate Eq. (9)
using current rate measurements, but now assume θj is
different for NSBHs and BNSs, parametrizing both as
uniform distributions between 1 − 20°, motivated by esti-
mates of the beaming fraction of short gamma-ray bursts
and their overall energetics (e.g., [67,80]). The other priors
are the same as used above. We also enforce θj;NSBH ≳

θj;BNS due to theoretical motivations outlined in Sec. II. The
posterior distribution on a subset of model parameters are
shown in Fig. 4.
Under this model with fewer assumptions, we measure

BNS and NSBH opening angles to θj;BNS ¼ 14.8°þ4.0°
−5.1° and

θj;NSBH ¼ 15.3°þ4.0°
−5.1° , respectively. These opening angles are

effectively the same and may suggest that within the model,

where the beaming fractions are given by 1 − cos θj, there is
no significant difference between BNS and NSBH jets. This
may imply that there is a maximum angle away from the
jet axis at which prompt gamma-ray radiation cannot be
produced, and that this is the same for both BNS and
NSBH jets or that the difference is smaller than we can
currently probe.
The analysis presented hitherto also provides updated

rate measurements that are slightly improved over current
estimates in the literature. We measure the BNS merger rate
as RBNS ¼ 384

þ431

−213 Gpc−3 yr−1 and the NSBH merger rate
as RNSBH ¼ 132

þ109

−70 Gpc−3 yr−1 (90% credible interval),
which are approximately 16% and 3% more informative
than the BNS and NSBH merger rates from the second
gravitational-wave catalog [31], respectively.

B. Distribution of opening angles

The previous section used the fb ¼ 1 − cos θj relation as
an estimate of the beaming fraction to allow direct
comparison with historical measurements. However, in
reality, we do not expect this relation to be correct for
two reasons. (1) It is unlikely all gamma-ray bursts have
the same jet opening angle, and (2) prompt gamma-ray
radiation can be produced outside the ultrarelativistic core
as has been argued for GRB170817A [71]. Here we address
the impact of ignoring these two issues on our analysis.
As described in Sec. II, interaction with the ejecta around

the polar region helps collimate jets [7,69]. We do not
expect every BNS merger or NSBH merger to eject the
same amount of matter, so one cannot reasonably expect
there to be a universal opening angle θj across multiple
BNS mergers, let alone between BNS and NSBH mergers.
Moreover, both the propagation of a jet and the overall jet
structure are strongly connected to the initial jet structure
and energetics [81]. Both of these are sensitive to binary
parameters such as the masses, spins, nuclear equation of
state, etc., although it is worth noting that no robust
physical relationship exists in the literature linking these
variables.
To investigate the effect of assuming a universal jet

opening angle on our results above, we perform a more
realistic simulation. In particular, we rewrite Eq. (9) as

RSGRB ¼
Z

dθjð1 − cos θjÞ

× ðfs;BNSRBNS þ fs;NSBHRNSBHÞπðθjÞ; ð12Þ

where πðθjÞ is the astrophysical distribution of jet opening
angles, relaxing the assumption implicit in Eq. (9) of a
universal opening angle. We simulate the short gamma-ray
burst rate using Eq. (12) with RBNS ¼ 320 Gpc−3 yr−1,
RNSBH ¼ 130 Gpc−3 yr−1, fs;BNS ¼ 0.3, fs;NSBH ¼ 0.02,
and θj drawn from a normal distribution with mean
μ ¼ 15° and σ ¼ 4°. We then perform our analysis by

FIG. 4. Current constraints on the fiducial model [Eq. (9)] but
with θj allowed to be different for BNS and NSBH mergers. The
values quoted above are the median and 1σ credible interval. The
green curves represent the prior, while the blue shaded regions
represent 1 − 3σ credible intervals.
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estimating the average opening angle θj;avg with uniform
priors on fs;BNS, fs;NSBH, and θj;avg between 0.01–0.2, 0.1–1,
and 1 − 30°, respectively. We use the measured merger rates
from the second gravitational-wave transient catalog as our
priors for RBNS and RNSBH.
In Fig. 5, we show the one- and two-dimensional posterior

distributions of all parameters obtained by fitting the
simulated data. The orange lines refer to the injected values,
while the green curves represent the prior. All parameters are
recovered correctly, with the injected parameter within the
1σ credible interval, suggesting that given our current range
of uncertainty on the rate of NSBH and BNS mergers and
short gamma-ray bursts, ignoring the distribution of θj does
not bias our results. However, we find that the uncertainty on
θj;avg is larger by ≈40% compared to analysis where a single
universal jet opening angle is assumed, implying that the
uncertainties on θj derived in Sec. III A are underestimated
by at least 40%.

C. Structured jets

In the previous section, we implicitly assumed a “top-hat”
jet structure, i.e., that there is a maximum opening angle θj
outside of which we observe no gamma-ray emission. As
discussed in Sec. II, we know from observations of

GRB170817A, that this is incorrect and that the jet is likely
structured.
In this section, we link the rates of short gamma-ray

bursts and neutron star binaries together using Eq. (1) with
priors on ηBNS and ηNSBH informed by the Gaussian
structured jet model, i.e., the beaming fractions shown in
Fig. 2 in red. We use the same priors for all other
parameters as in Sec. III A and enforce ηNSBH ≳ ηNSBH
due to the theoretical reasons outlined in Sec. II.
With current measurements, our constraints with a

structured-jet model are similar to the ones obtained with
a top-hat model in Sec. III A. In particular, we measure
fs;BNS ¼ 0.69þ0.28

−0.37 and RBNS ¼ 360
þ407

−238 Gpc−3 yr−1 with
RNSBH and fs;NSBH practically indistinguishable from the
prior. This suggests that given current measurements, and
the priors used on fs;BNS and fs;NSBH, this framework
can not probe the difference between a top-hat jet and
a Gaussian jet structure. The analysis does provide an
improved constraint on the beaming fraction of ηBNS ¼
0.03þ0.05

−0.02 and ηNSBH ¼ 0.08þ0.07
−0.05 for BNS and NSBH jets,

approximately 60% more informative than the prior.
However, with structured-jet models the beaming frac-
tions themselves are not particularly enlightening, and one
would instead want constraints on the parameters, such as
the distribution of on-axis isotropic equivalent energy E0,
or the half-opening angle of the ultrarelativistic core θcore,
that determine the beaming fraction. These constraints
require Bayesian hierarchical inference, a development we
leave to future work. We note that given current mea-
surements, the constraints on these parameters will not be
particularly informative but could become a powerful
complementary way to probe the jet structure in the future.

IV. WHAT MAY THE FUTURE BRING?

In the previous section, we put priors on fs;BNS and
fs;NSBH without incorporating additional binary physics or
the nuclear equation of state. We also made the simple
historically motivated assumption that the beaming fraction
is solely dependent on θj, i.e., we assumed a top-hat jet
structure where every gamma-ray burst viewed within some
opening angle is observable. As described in Sec. II, each
of these terms depends on several other parameters that are
functions of binary and gamma-ray burst physics. The jet-
launching fractions fs;BNS and fs;NSBH depend on the mass
distribution of neutron stars that participate in NSBH and
BNS mergers, the mass distribution of black holes that
participate in NSBH mergers, and their spin distribution.
These fractions then also depend on the nuclear equation of
state, which dictates the maximum allowed neutron star
mass MTOV and the distribution of neutron star radii RNS.
These dependencies allow us to forecast what we can learn
about binary and gamma-ray burst physics as we observe
more events.

FIG. 5. Posterior distribution of all parameters in Eq. (9) using
simulated data where the jet opening angle is normally distributed
rather than taking on a single value. The values quoted above are
the median and 1σ credible intervals. The green curves represent
the prior, while the blue shaded regions represent 1–3σ credible
intervals. The orange lines represent the values used to simulate
the data.
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Current generation gravitational-wave observatories are
being upgraded for their fourth observing run [12]. These
upgrades are expected to bring an increase in sensitivity of
a factor 1.5 over the third observing run corresponding to
an increase in the observed rate by a factor of approx-
imately 3.5. Taking the median rate posterior for BNS and
NSBH mergers from LIGO/Virgo observations [17,31],
two years of observation at this assumed sensitivity implies
a median expectation value of 18 BNS and 39 NSBH
mergers. On average, the Neil Gehrels Swift Observatory
[82] observes approximately six to eight short gamma-ray
bursts per year. Our median expectation for the number of
short gamma-ray bursts over this two-year period is there-
fore 12 to 16. The uncertainty on rates decreases roughly as
1=

ffiffiffiffi

N
p

, where N is the number of observations. We can use
the above relation to forecast how the merger rate, and
therefore the terms in Eq. (1), will become better con-
strained in the coming years.
The set of models introduced hitherto are extensive. To

answer the most pertinent questions, we reduce this set of
models, choosing to focus on a limited subset. In particular,
we use only the Gaussian structured-jet models [Eq. (7)] for
both BNSs and NSBHs and focus only on population-
synthesis models for fixed supernovae kick and fixed
common-envelope efficiency. In the following subsections,
we use the jet-launching and beaming fractions motivated
by these models to answer the following questions: (A)
how many observations are required to know whether all
BNS mergers launch jets (i.e., rule out fs;BNS ¼ 1), (B) how
many observations are required to say whether the beaming
fraction (i.e., the jet structure) of BNSs and NSBHs are the
same (i.e., is ηNSBH ≠ ηBNS), and (C) how many observa-
tions are required to determine the difference between
different population-synthesis models and therefore learn
about binary evolution. In each subsection we perform
these calculations and discuss the physical implications
of such results. We note that for all following analysis,
we simulate data with RBNS ¼ 320 Gpc−3 yr−1, RNSBH ¼
130 Gpc−3 yr−1 corresponding to the median merger rate
estimates from the second gravitational-wave transient
catalog [31].

A. Do all BNSs launch jets?

Constraining the fraction of BNSs that successfully
launch a jet (fs;BNS) has several important implications.
As mentioned in Sec. II, numerical simulations suggest a
gamma-ray burst jet is only produced when the remnant
mass of a BNS merger is ≳1.2 ×MTOV. Depending on the
BNS mass distribution, this could imply that a significant
fraction of BNS mergers do not produce short gamma-ray
bursts, which must be represented in the respective rates.
However, x-ray afterglow observations of several short
gamma-ray bursts have features that are difficult to explain
without requiring a neutron star engine (e.g., [37,38]).
These x-ray observations indicate that ≳30% of short

gamma-ray bursts produce long-lived neutron stars.
Placing the constraint that a jet is only launched if
Mrem ≳ 1.2 ×MTOV, our different suite of models com-
bined predicts a BNS jet-launching fraction fs;BNS ¼
0.30þ0.31

−0.24 (90% credible interval). This fraction is lower
than expectations in light of GW170817 [57,58]. For
example, Beniamini et al. [58] predicted fs;BNS ≈ 0.6–1
using the short gamma-ray burst luminosity function [14]
and various structured jet models, hinting at a potential
inconsistency.
Here, we explore how many observations of BNS and

NSBH mergers are necessary to determine whether a black
hole central engine is necessary to launch a jet, i.e., how
long to confidently determine fs;BNS ≠ 1? We create
simulated data following Eq. (1) with ηBNS ¼ 0.02 and
ηNSBH ¼ 0.04 for BNS and NSBH beaming fractions,
respectively, and fs;BNS ¼ 0.3 and fs;NSBH ¼ 0.02 for the
jet-launching fractions of BNS and NSBH mergers. We
estimate the constraints for a varying number of observa-
tions, simulating new constraints on the merger rates using
the current distribution and decreasing the uncertainty with
1=

ffiffiffiffi

N
p

, where N is the number of observations. We use
broad uninformative priors on the jet-launching fractions
and priors informed by the Gaussian jet structure for the
beaming fraction. We also enforce the constraint that
fs;BNS ≳ fs;NSBH and ηBNS ≳ ηNSBH.
Within a single year of observations at design sensitivity,

we expect 48 and 111 BNS and NSBHmergers allowing us
to confirm if most BNS mergers can successfully launch a
jet, i.e., rule out fs;BNS ≳ 0.8with 90% confidence. We note
that this may not necessarily solve the problem in our
understanding of whether short gamma-ray bursts can be
produced by mergers producing long-lived neutron stars, as
the missing fraction could be gamma-ray burst jets that
have low Lorentz factors, such that they can not produce
prompt gamma-ray emission. However, by this time we
may likely have a good understanding of the BNS mass
distribution [83], such that we could isolate this fraction of
“failed” gamma-ray bursts (e.g., [40]) from the fraction of
remnants with mass Mrem ≲ 1.2 ×MTOV, providing an
answer to one of the most fundamental questions in
gamma-ray burst physics.

B. Are all jet structures the same?

The afterglow observations of GRB170817A confirmed
that gamma-ray burst jets are structured, but the exact jet
structure is unclear. However, more pertinent to our dis-
cussion is whether the jet structures of gamma-ray bursts
launched in NSBH and BNS mergers are different, and
ultimately, whether they have the same beaming fraction,
i.e., whether ηNSBH ¼ ηBNS. As described in Sec. II, we
expect the structures and therefore beaming fractions to be
different. This is borne out from numerical simulations,
which suggest that gamma-ray burst jet structure is a shaped
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largely by the jet’s interaction with the ejecta [69,81] and the
expectation that the amount and location of ejecta in BNS
and NSBH mergers are different [68].
We use the same procedure and parameters as outlined

above to estimate when we will be able to rule out both
beaming fractions being equal. However, unlike previ-
ously, we use priors motivated by the fixed supernovae
kick population synthesis model on the jet-launching
fraction and broad uninformative priors on ηBNS and
ηNSBH. We again enforce the constraint that fs;BNS ≳

fs;NSBH and ηBNS ≳ ηNSBH.
Within six months of observation at design sensitivity,

we can confirm if the beaming fraction of short gamma-ray
bursts launched in NSBHs and BNSs are different and in
what way. In particular, with six months of observation for
this simulation, we can constrain ηBNS ¼ 0.02þ0.02

−0.02 and
ηNSBH ¼ 0.16þ0.11

−0.12 (90% credible interval).
These constraints will help shape our understanding of

how gamma-ray burst jets get their structure and could be
further decomposed into constraints on the population of
parameters corresponding to the Gaussian and power-law
structured jets. This increase in understanding will be
critical for estimating the Hubble constant with coincident
gravitational-wave and electromagnetic observations in the
absence of very long baseline interferometry [23,84,85].

C. Constraining binary evolution and Gamma Ray

Burst physics

All the models investigated in this work predict jet-
launching fractions fs;BNS ≲ 0.6 and fs;NSBH ≲ 0.1. The
former is enforced due to the constraint that a gamma-ray
burst jet is not produced unless the remnant mass is greater
than 1.2 ×MTOV. The latter is dependent on two critical
factors. (1) Whether there is a mass gap between neutron
stars and black holes, and (2) the spins of black holes that
participate in NSBH mergers.
Recently, Fragione [86] estimated the fraction of NSBH

mergers that tidally disrupt the neutron star for several
different equations of states and for different black hole spin
models. One model in their work, which estimates black hole
spins using single star models from the Geneva stellar
evolution code [87,88], predicts the disruption fraction
fs;NSBH ≳ 0.5 for all different configurations. The large
fs;NSBH is attributed to the rapidly rotating black holes
produced by the Geneva code, a byproduct of inefficient
angular momentum transfer in the massive stars. Such a high
disruption fraction, and large black hole spins, appear to be
inconsistent with the gravitational-wave data [17] and the
lack of observed electromagnetic radiation from GW200105
and GW200115 (e.g., [20–22]).We note that this may just be
a selection effect, as LIGO preferentially sees more massive
systems that are less likely to produce electromagnetic
radiation.
To investigate whether such high disruption fractions

can be ruled out with the data, we simulate data with

fs;BNS ¼ 0.1, and fs;NSBH ¼ 0.8 with all other parameters
kept the same as above. We again use uninformative priors
on the jet launching fractions, while the beaming fractions
are informed by the Gaussian structured jet model.
Within two years of observation at design sensitivity,

we can rule out fs;NSBH ≲ 0.5 with 95% confidence. If
fs;NSBH ≳ 0.5 then this has important implications for
binary evolution, as it could either rule out a mass gap
between neutron stars and black holes, or imply that the
spins of black holes in NSBHs are typically much larger
than predicted by the tidal spin up model [45]. The former
would provide insights on the formation of neutron stars
and black holes in supernovae, whilst the latter probes the
efficiency of angular momentum transport in massive stars
and the role of tides in binary evolution.
Neutron star-black hole mergers are often invoked to

explain peculiar observations of some short gamma-ray
bursts such as the extended prompt emission or internal
plateaus (e.g., [10,89]). However, as noted above, both
these features are more typically attributed to the spin-down
of a nascent neutron star (e.g., [37]), an engine that can not
be born in a NSBH merger. The fraction of short gamma-
ray bursts that exhibit such features is ≈30% higher than
any of our predictions.
With parameters informed by the suite of population-

synthesis results described earlier and the Gaussian struc-
tured jet, we will be able to measure fs;BNS and fs;NSBH with
10% precision within six months of observation at design
sensitivity. This precision may allow us to determine if the
contaminated sample of short gamma-ray bursts with
internal plateaus and extended emission are consistent with
the disruption fraction of NSBH mergers. This would
provide evidence for mechanisms such as fall-back accre-
tion onto the black hole for explaining these peculiar
observations (e.g., [89]).
Under the constraint thatMrem ≲ 1.2MTOV, all population

synthesis models analyzed in this work predict fs;BNS ≲ 0.5.
Models motivated by Galactic and extragalactic observations
of double neutron stars (e.g., [38,51]) predict slightly higher
values of fs;BNS ≲ 0.6.
As described in Sec. IVA, we can rule out if fs;BNS ≳ 0.8

with 90% confidence within a year of observations. Such a
high value of fs;BNS is inconsistent with any of our model
predictions and may suggest that either there are signifi-
cantly more higher mass mergers than those predicted by
population synthesis and current observations of gravita-
tional-wave mergers, or that the assumption that Mrem ≳

1.2MTOV is required to produce a gamma-ray burst jet is
flawed. Both hypotheses have profound implications on our
understanding of binary evolution and gamma-ray burst jet
launching.

V. CONCLUSION

The measurements of rate densities from gravitational-
wave observations of BNS and NSBH mergers give us an
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opportunity to link the observations of short gamma-ray
bursts to the mergers that made them through Eq. (1). This
equation is dependent on several terms, each of which is
rich in binary and gamma-ray burst physics, as described
in Sec. II.
We estimate these relevant terms using a suite of pop-

ulation synthesis results and different gamma-ray burst jet
structures. In particular, all population synthesis simulations
predict between 20%–60% and 0.5%–10% of BNS and
NSBH mergers, respectively, can successfully launch a jet.
Given current constraints on the merger rate and assuming
the beaming fraction of gamma-ray bursts can be estimated
by fb ¼ 1 − cosðθjÞ, i.e., that gamma-ray burst jets have a
top-hat structure, we measure the opening angle of short
gamma-ray bursts to be ≈15°, consistent with previous
estimates. Given current measurements, the choice of jet
structure does not change our results, with our constraints
assuming a Gaussian structured jet model being identical to
the analysis with the top-hat structure.
We also measure the fraction of binary neutron star

mergers that can launch a jet to be fs;BNS ¼ 0.69þ0.27
−0.37

(90% credible interval) and find that fs;BNS ≳ 0.3 with
95% confidence, ruling out population synthesis models
with rapid supernovae and fixed mass transfer efficiency. We
provide an updated measurement of the BNS and NSBH
merger rates of RBNS ¼ 384

þ431

−213 Gpc−3 yr−1 and RNSBH ¼
132

þ109

−70 Gpc−3 yr−1 (90% credible interval), respectively,
which are approximately 16% and 3%more informative than
the BNS and NSBH merger rates from the second gravita-
tional-wave catalog [31].
We then perform a series of calculations projecting

constraints and questions that can be answered as gravita-
tional-wave observatories observe more events and decrease
uncertainties on the observed merger rates. We highlight
how these improved constraints allow us to probe several key
questions in binary evolution and gamma-ray physics. In
Sec. IV, we show that within 6–12 months of observations of
the LIGO-Virgo-Kamioka Gravitational Wave Detector net-
work operating at design sensitivity, we can constrain the
fraction of BNS and NSBH mergers that launch a jet to
∼10%, providing insights into questions such as the nature
of the gamma-ray burst central engine, neutron star binary
mass distributions, and if BNS and NSBH mergers have
different gamma-ray burst structures.
The best constraints derived from Eq. (1) are on “combi-

nations” of parameters. In particular, parameters correspond-
ing to jet-launching and beaming fractions are degenerate
with each other. Similarly, it is currently difficult to disen-
tangle the contributions to gamma ray bursts from BNSs
versus NSBHs. However, we can use two arguments from
first principles to help constrain our priors. (1) BNS mergers
are more likely to launch a jet than NSBH mergers,
enforcing a constraint that fs;BNS ≳ fs;NSBH seen across
all population-synthesis models considered here (Fig. 1).
(2) gamma-ray burst jets launched in BNS mergers are likely

more collimated than those launched in NSBH mergers, i.e.,
ηBNS ≲ ηNSBH. Given our current uncertainties on binary and
gamma-ray burst physics, improvements to measurements of
the rate density alone will be insufficient to measure all the
terms in Eq. (1) beyond a certain number of observations, as
we will become limited by systematic error due to uncertain
binary and gamma-ray burst physics.
Fortunately, each of the terms in Eq. (1) can be constrained

with independent observations offering an opportunity to
break degeneracies. For example, the NSBH and BNS
merger rates will improve in the near future as we observe
more mergers as the second generation gravitational-wave
detectors reach design sensitivity [12]. These observations
will enable population analyses that improve our under-
standing of the mass and spin distribution of black holes
and masses of neutron stars that participate in such mergers
(e.g., [31]). Meanwhile multimessenger observations of
events such as GW170817 (e.g., [90]), or x-ray observations
of neutron stars in our Galaxy (e.g., [91]), will independently
provide tighter constraints on the nuclear equation of state.
Both types of observations will dramatically decrease our
uncertainty on the jet-launching fractions.
Independently, studies into short gamma-ray burst after-

glows—especially ones that are observed off axis (e.g.,
[72,92])—will improve our understanding of gamma-ray
burst jet structure and therefore the beaming fractions of
gamma-ray bursts. This is especially true for gamma-ray
bursts that we observe in coincidence with gravitational-
wave events [77,78,93]. Such observations will also improve
our understanding of the prompt emission generation
mechanism (e.g., [94]) and potentially the central engine
(e.g., [33]), both of which serve to decrease our uncertainty
in beaming and jet-launching fraction.
Currently, the sensitivity of gravitational-wave detectors

limits us to the local Universe, where measurements of the
short gamma-ray burst and the NSBH and BNS merger rates
do not significantly change with redshift. However, third
generation gravitational-wave detectors will be able to probe
the NSBH and BNS merger rates out to distances where
these rates change considerably. Then it will become
necessary to rewrite Eq. (1) with redshift dependence.
This eliminates the systematic uncertainty that arises from
estimating the rate density of short gamma-ray bursts in the
local Universe using a luminosity function [14]. However,
one may then need to consider the redshift evolution of the
parameters that dictate each term, which will complicate
things significantly.
Given the rapid advances in the growing field of

gravitational-wave astronomy and expected accumulation
of observations of neutron star binary mergers, the limiting
factor to our analysis is going to be determining the beaming
fractions of these mergers. Kilonovae offer an opportunity to
perform similar analyses to those presented here but without
needing to consider the effects of beaming as they emit
radiation quasispherically. Current constraints on the rate of
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kilonovae are too weak to be useful [95,96], but with surveys
with the upcoming Vera C. Rubin Observatory and further
operation of the Zwicky Transient Facility, among other
facilities, the rates will undoubtedly become significantly
better. This may open up an avenue for applying the
framework presented here to both kilonovae and short
gamma-ray bursts together.
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