
 

Can a black hole–neutron star merger explain GW170817, AT2017gfo,
and GRB170817A?

Michael W. Coughlin
1
and Tim Dietrich

2

1
Division of Physics, Math, and Astronomy, California Institute of Technology,

Pasadena, California 91125, USA
2
Nikhef, Science Park 105, 1098 XG Amsterdam, Netherlands

(Received 17 January 2019; published 12 August 2019)

The discovery of the compact binary coalescence in both gravitational waves and electromagnetic

radiation marks a breakthrough in the field of multimessenger astronomy and has improved our knowledge

in a number of research areas. However, an open question is the exact origin of the observables and if one

can confirm reliably that GW170817 and its electromagnetic counterparts resulted from a binary neutron

star merger. To answer the question if the observation of GW170817, GRB170817A, and AT2017gfo could

be explained by the merger of a neutron star with a black hole, we perform a joint multimessenger analysis

of the gravitational waves, the short gamma-ray burst, and the kilonova. Assuming a black hole–neutron

star system, we derive multimessenger constraints for the tidal deformability of the neutron star of Λ > 425

and for the mass ratio of q < 2.03 at 90% confidence, with peaks in the likelihood near Λ ¼ 830 and

q ¼ 1.0. Overall, we find that a black hole–neutron star merger could explain the observed signatures;

however, our analysis shows that a binary neutron star origin of GW170817 seems more plausible.

DOI: 10.1103/PhysRevD.100.043011

I. INTRODUCTION

The increasing number of compact binary coalescence

detections [1] by LIGO [2] and Virgo [3] in their first and

second observing runs also increases the hope of detecting

black hole–neutron star (BHNS) systems [4] in the near

future. BHNS systems have the potential for a joint

multimessenger detection of electromagnetic (EM) and

gravitational wave (GW) signals [5]. This joint observation

would have implications for a number of fields, e.g.,

cosmology, due to reduced distance uncertainties relative

to binary neutron star (BNS) detections [6,7], or nuclear

physics, due to constraints on the equation of state (EOS) of

matter at supranuclear densities [8].

To date, the only multimessenger observation combining

GWand EM signatures was GW170817 [9]. Its electromag-

netic counterparts consisted of a short-duration gamma-ray

burst (SGRB), GRB170817A [10], its nonthermal afterglow,

and a thermal emission (“kilonova”) at optical, near-infrared,

and ultraviolet wavelengths, AT2017gfo [11–17].

While the exact nature of the progenitor system for

GW170817 is not fully determined, the discovery of a

kilonova indicates that the merger involved at least one

neutron start (NS). Constraints on the nature of the compact

objects from GWs can only be drawn under the assumption

that the individual spins have been small (dimensionless

spin below 0.05) [18], for which then tidal effects suggest

that at least one of the compact objects had finite size.

In addition, GW measurements lead to the conclusion

that the second compact object had to be of comparable

mass [18]. Thus, it is possible that this object, while most

likely a NS, could have been a “light” black hole (BH) [19]

formed from a prior BNS merger or from primordial

fluctuations in the early Universe [20]. Even more exotic,

but also possible, is that GW170817 originated from the

merger of a neutron star with an exotic compact object (e.g.,

Refs. [21,22]).

In anticipation of future BHNS detections, there have

been a number of studies about the EM and GW signatures

arising from a BHNS coalescence. The modeling of the GW

signal relies on advances in the field of post-Newtonian

theory [23,24], numerical relativity (e.g., [25–33]), the

effective-one-body formalism (e.g., [34–37]), and phenom-

enological waveform modeling (e.g., [38–42]). Modeling of

the kilonova signature relies on full-radiative transfer

simulations (e.g., [43–46]) or simplified semianalytical

descriptions of the observational signatures (e.g., [47–50]).

Of central importance for the GW and EM signatures

is the final fate of the NS during the merger process.

Depending on the mass ratio, the BH’s spin, and the EOS,

the NS either is torn apart by the tidal forces or plunges

directly into the BH [51]. In the case of a tidally disrupted

NS, material is directly accreted onto the BH, matter

forming a disk surrounding the BH [52,53], and material

ejected from the system [48]. It is this unbound material

that yields the processes that power the kilonova [47,48].

In this work, we will study the GW and EM signatures

related to GW170817 to understand the origin of the binary.

Most of the previous analyses assumed a BNS progenitor
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(e.g., Refs. [54–65]). Recently, Hinderer et al. [19] per-

formed a first joint GW and EM analysis of GW170817 as

applied to BNS and BHNS mergers with similar masses,

using bolometric light curves to perform the comparison.

They succeed in ruling out a BHNSmerger with mass ratios

near to 1 and find generally that only 40% of the GW

posterior is compatible with the kilonova observation. In

this paper, we will perform a similar analysis as Ref. [19]

but combining information from three separate sources:

GW170817, GRB170817A, and AT2017gfo to perform a

multimessenger Bayesian parameter analysis of a potential

BHNS merger (see [66] for a BNS analysis). We will derive

joint constraints on the binary mass ratio q and the tidal

deformability Λ of the NS. Finally, we show that our

multimessenger constraints lead to a higher chance that

GW170817 was produced by a BNS and not a BHNS

merger in line with the findings of [19].

II. ANALYZING GW170817 AS A BHNS MERGER

Although the GW signal allows estimates of the masses

(m1;2), spins (χ1;2 ¼ jS1;2j=ðm
2
1;2Þ [in geometric units]), and

tidal deformabilities (Λ1;2) of the compact objects, the

individual quantities are assigned with large uncertainties.

This is caused by the fact that the GW phase evolution is

determined mostly by a small number of special combi-

nations of the individual parameter. Among these param-

eters, are the chirp mass

M ¼ M

�

ð1þ qÞ2

q

�

−3=5

; ð1Þ

the effective spin parameter

χeffPN ¼
m1

M
χz1 þ

m2

M
χz2 −

38

113

m1m2

M2
ðχz1 þ χz2Þ; ð2Þ

and the tidal deformability

Λ̃ ¼
16

13

Λ2 þ Λ1q
5 þ 12Λ1q

4 þ 12Λ2q

ð1þ qÞ5
; ð3Þ

which are the main measures with respect to masses, spins,

and tides. We note that in the case of a BHNS origin of

GW170817, Λ̃ depends only on q and Λ2 (assuming that

the more massive component is a BH).

We summarize our main findings with respect to the GW

analysis in Fig. 1 in which we show the mass ratio (top) and

the tidal deformability of the secondary compact object

(bottom panel). We start by presenting results of the first

GW transient catalog [1] in which no assumption on the

type of the compact binary has been made; i.e., the analysis

is generic and allows one to interpret the system as a BNS,

BHNS, or even a binary black hole merger. For our

purpose, we make use of the high-spin prior results

available at [67] since there is the chance that a high

spinning BH was present in the system prior to merger;

cf. orange dashed line in Fig. 1.

To focus on a potential BHNS origin, we perform a

Bayesian analysis of the system using the bilby infra-

structure [68] employing the IMRPHENOMD_NRTIDAL

[69] approximant. To ensure that we are describing a

BHNS system, we set the tidal deformability of the primary

binary component to zero, i.e., Λ1 ¼ 0 [70]. To our knowl-

edge, this is the first Bayesian analysis of GW170817

which assumes a BHNS origin of the system. Note that

although IMRPHENOMD_NRTIDAL was originally devel-

oped for BNS systems, a recent comparison with state-

of-the-art numerical relativity waveforms indicates that for

the observed frequencies, the waveform approximant is

also capable of describing BHNS systems [33]. In our

analysis, we make use of the following prior choices:

M ∈ ð0.87; 1.74ÞM⊙, q ∈ ð0.125; 1.0ÞM⊙, Λ2 ≤ 7500,

χz1 ≤ 0.95, and χz2 ≤ 0.05. We sample in flat priors over

M, q, Λ2, χz1 and χz2. We also use a distance prior of

40.4� 3.4 [71] and find that once Λ1 ¼ 0 is incorporated,

the constraint on the mass ratio and also on the tidal

FIG. 1. Probability density function obtained from the GW

analysis for the mass ratio (top panel) and the tidal deform-

ability of the secondary object (bottom panel). In addition to

showing the GWTC-1 posterior, denoted as GWGWTC−1, we show

the posterior for an analysis of GW170817 under the assumption

that Λ1 ¼ 0, denoted as GWBHNS. In addition, we restrict

GWBHNS further to incorporate the viewing angle constraint

obtained from GRB170817A (GW{
BHNS) and a minimum NS

mass ofM ¼ 0.89 M⊙ (GW
Mmin

BHNS). The final posterior is obtained

by a combination of all information (GW
{þMmin

BHNS ).
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deformability of the secondary object are less tight than

before (although this could also be related to differences in

the waveform models used in these analyses); cf. dashed

blue line in Fig. 1.

We further want to restrict our analysis to incorporate

additional knowledge from themultimessenger observation,

namely the detection ofGRB170817Aand its afterglow, and

therefore remove all samples with viewing angles incon-

sistent with the GRB analysis of [72]. In more detail,

Ref. [72] finds a viewing angle of 22� 6, where the error

refers to the 1σ uncertainty. We increase this to a 2σ error,

i.e., to 22� 12 degrees, to obtain amore conservative bound

on our final results; see the solid orange line in Fig. 1.

Furthermore, we also include information about the

formation scenario of NSs and request a minimum NS

mass of about 0.89 M⊙. The particular value of 0.89 M⊙ is

chosen as the minimum mass in the sample of Ref. [73] and

seems to be a conservative lower bound based on more

recent computations (e.g., [74]). We find that restricting the

minimum mass of the NS leads to a less significant

constraint than the restriction of the inclination angle.

Employing both the inclination angle and the minimum

mass constraint leads to the dashed black line in Fig. 1 and

our final GW result.

Overall, this procedure results in constraints (90% upper

bounds) of q ≤ 1.59 and Λ2 ≤ 3564. We also show for this

final result the posteriors for m1 and m2 in Fig. 2.

III. AT2017GFO ANDGRB170817A ARISING FROM

A BHNS MERGER?

We now jointly analyze the EM data from AT2017gfo

and GRB170817A under the assumption that they were

produced from a BHNS merger.

A. The kilonova AT2017gfo

We first fit the observational data of AT2017gfo

[11,58,75] with the two-component radiative transfer

model of Kasen et al. [45]. These kilonova models are

parameterized by the ejecta mass mej, the lanthanide mass

fraction Xlan (related to the initial electron fraction), and the

ejecta velocity vej of each component. We combined these

models with a Gaussian process regression framework [58]

to obtain information about the ejecta from the light curves.

We note that the analysis is subject to possible systematic

errors arising from approximations such as the spherical

geometry of the ejecta and the noninclusion of mixing

between the two ejecta components [44].

The use of two components is motivated by the different

processes contributing to the kilonova. Broadly, these are

known as dynamical ejecta, generated in the merger process

by tidal torques, and disk wind ejecta, which result from

neutrino energy, magnetic fields, viscous evolution and/or

nuclear recombination (e.g., [76–82]). We associate the

first component with dynamical ejecta and the second with

the disk wind.

For the dynamical ejecta, we use the fits of Kawaguchi

et al. [48] to tie the binary parameters to those of the ejecta.

Kawaguchi et al. [48] show that the ejecta mass and

velocity can be approximated by

Mej

MNS;�

¼ Max

�

a1q
n1
1 − 2C

C
− a2q

n2R̂ISCOðχBHÞ

þ a3

�

1 −
MNS

M�
NS

�

þ a4; 0

�

; ð4Þ

vej ¼ b1qþ b2; ð5Þ

where a1, a2, a3, a4, n1, n2, b1, and b2 are

fitting parameters; see Ref. [48] for details. It uses the

normalized innermost stable circular orbit (ISCO) radius

R̂ISCO ¼ RISCO=MBH, where for q→ ∞, the ISCO radius

becomes

R̂ISCO ¼ 3þ Z2 − sgnðχBHÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð3 − Z1Þð3þ Z1 þ 2Z2Þ
p

;

ð6Þ

where

Z1 ¼ 1þ ð1 − χ2BHÞ
1=3½ð1þ χBHÞ

1=3 þ ð1 − χBHÞ
1=3� ð7Þ

and

Z2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3χ2BH þ Z2
1

q

: ð8Þ

The chirp mass [Eq. (1)]M ¼ 1.186 M⊙ measured by the

GW inference allows us to relate the mass ratio directly to

the mass of the NS, MNS. Furthermore, also for our EM

FIG. 2. m1 and m2 under the assumption of a BHNS merger.

CAN A BLACK HOLE-NEUTRON STAR MERGER EXPLAIN … PHYS. REV. D 100, 043011 (2019)

043011-3



analysis, we make use of the minimum NS mass of

0.89 M⊙.

We note that the phenomenological relation of [48] is

calibrated to numerical relativity simulations with mass

ratio q ≥ 3 and will be used in this work outside its

calibration region. However, by construction, the relation

is bound and shows no artificial behavior for smaller mass

ratios. Nevertheless, we point out that due to the usage of

Eqs. (4) and (5) outside its calibration region we might be

affected by systematic uncertainties, which are unable to

quantify at the current stage. To improve the phenomeno-

logical relations a much larger set of numerical relativity

simulations is needed, which currently is not available

within the numerical relativity community.

To connect the gravitational and baryonic mass to the

compactness, we employ the quasiuniversal relation pre-

sented in Ref. [83]:

M�

M
¼ 1þ aCn; ð9Þ

with a ¼ 0.8858 and n ¼ 1.2082.

Following Coughlin et al. [66], we assume that

the dynamical ejecta is proportional to the total first

component:

mej;1 ¼
1

α
mdyn; vej;1 ¼ vdyn; ð10Þ

where we sample over a flat prior in α, which encodes

this fraction. We sample directly in Λ2 and compute the

compactness of the NS by C ¼ 0.371 − 0.0391 logðΛ2Þþ
0.001056 logðΛ2Þ

2.

We now turn to the second ejecta component. The

baryon mass remaining outside the resulting BH after

merger, known as the debris disk mass mdisk, determines

the mass available for the counterparts. Reference [53]

provides a prediction of the disk mass as a function of the

NS’s compactness C, the dimensionless BH spin χBH, and

the mass ratio q:

M̂disk
model ¼

�

Max

�

α
1 − 2C

η1=3
− βR̂ISCO

C

η
þ γ; 0

��

δ

; ð11Þ

with α ¼ 0.406, β ¼ 0.139, γ ¼ 0.255, δ ¼ 1.761 and

η ¼
m1m2

ðm1 þm2Þ
2

ð12Þ

being the symmetric mass ratio. Equation (11) uses

numerical relativity data covering regions of the parameter

space including comparable masses and high BH spins:

q ∈ ½1; 7�, χBH ∈ ½−0.5; 0.97�, and C ∈ ½0.13; 0.182�;
cf. [28,84–87]. The covered parameter space in C corre-

sponds toΛ2 ∈ ½304; 2469� if we employ the quasiuniversal

relation mentioned above. We point out that as for the

dynamical ejecta description, part of our analysis covers

regions outside the calibration region of Eq. (11).

Furthermore, based on the limited number of numerical

relativity simulations, systematic biases of the relations

connecting estimated ejecta and disk masses with binary

properties are relatively uncertain. Part of this uncertainty is

incorporated due to the large modeling uncertainty of 1

magnitude errors, but more simulations and additional

work is needed for a better quantitative assessment of

the modeling uncertainties.

Similar to the analysis for the first component, we

assume for the second ejecta component

mej;2 ¼ ζmdisk; ð13Þ

i.e., only a fraction of the disk is ejected. We restrict ζ to lie

within ζ ∈ ½0; 0.5� as for the analysis in [66].

Fitting the observational data of AT2017gfo [11,58,75]

yields posteriors for mej;1, vej;1, Xlan;1, mej;2, vej;2, and Xlan;2

(please see Figs. 5 and 6 of Ref. [66]).

Based on Eqs. (10) and (13), we use a kernel density

estimator to compare the predictions with the fits from

the two-component kilonova data, yielding constraints

on q, Λ2, α, ζ, and χBH. These can be identified in Fig. 3

(please see Fig. 6 of Ref. [66] for a similar plot in the BNS

case). We find that equal mass ratio systems are relatively

unlikely. The 50th percentile lies at q ¼ 1.85. Considering

the tidal deformability, we find that smaller values of

FIG. 3. Posterior distributions for our analysis of AT2017gfo.

We present posteriors for the mass ratio q, the tidal deformability

of the NS Λ2, the fraction of the first ejecta component related to

dynamical ejecta α, the fraction of the disk mass ejected as the

second component ejecta ζ, and the BH spin parameter χBH.
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Λ2 < 1000 are unlikely based on our analysis and that the

posterior seems to rail against the prior boundary of

Λ2 ¼ 5000, which we impose to be consistent with the

upper boundary used by the LIGO and Virgo analysis in

[18]. In fact, allowing for even larger values of Λ2 leads to a

posterior distribution peaking around 5000, which we

note lies above the calibration region of the NR fits.

As might be expected for BHNS mergers, which generally

have larger predictions for dynamical ejecta, α peaks near

the top end of the prior at α ¼ 1, with less support at lower

values. χBH has most of its support at positive values,

peaking near χBH ¼ 0.25, which arises from negative values

resulting in smaller values of the dynamical ejecta.

Similarly, ζ peaks at lower values near ζ ¼ 0.1 with less

support at the top end of the prior, indicating a smaller

contribution from the disk.

B. The gamma-ray burst GRB170817A

In the next step, we use the results obtained from

the analysis of AT2017gfo and combine it with energy

constraints obtained from the observation of GRB170817A

[72]. To do so, we assume that the GRB is powered by

the accretion of matter from the debris disk onto the

BH [88–91]. Tying this into the kilonova analysis means

that the energy is proportional to the disk mass minus

the part of the baryonic mass which gets ejected by

winds, i.e.,

Ejet ¼ εðmdisk −mej;2Þ ¼ εmdiskð1 − ζÞ: ð14Þ

In the BNS analysis [66], we used three different fits to the

GRB afterglow: van Eerten et al. [72], Wu and MacFadyen

[92], andWang et al. [93]. We showed that our analysis was

robust against potential systematic uncertainties by check-

ing the consistency between the three different GRB

analyses. For this reason, we will here only adopt the

model of van Eerten et al. [72]. Reference [72] used a

Gaussian structured form of the jet and constrained the

energy in the jet to be log10½Ejet=erg� ¼ 50.30þ0.84
−0.57 .

We make use of the posteriors of ζ, Λ2, q, and χ from

the kilonova analysis as priors for the GRB analysis. The

analysis proceeds by comparing the estimated energy from

[72] to the energy estimated in Eq. (14). Final posteriors

are shown in Fig. 4 (please see Fig. 7 of Ref. [66] for a

similar plot in the BNS case). As compared to the

kilonova posteriors, the analysis more strongly disfavors

higher mass ratios, which generally leads to smaller

disk masses inconsistent with the second component.

Similarly, higher values for the effective spin are preferred,

which leads to larger disk masses, although a negative

spin is not ruled out. The posteriors for ζ and Λ2 are not

changed significantly compared to the kilonova-based

results.

IV. DISCUSSION

A. A combined multimessenger astronomy constraint

We now combine the GW and EM observations of

GW170817 to make joint constraints on a potential

BHNS binary. We directly take the posterior distributions

for q and Λ2 obtained from the GW analysis in Fig. 1.

Binning these results yields the posterior distribution of q
and Λ2 for a BHNS progenitor of GW170817.

Figure 5 shows the q − Λ2 posterior for the GW (blue)

and EM (green) analysis. We can now construct a joint

distribution for Λ2 and q by multiplying the probability

distributions for

PMMAðΛ; qÞ ¼ PGWðΛ2; qÞ × PEMðΛ2; qÞ × PrðΛ2ÞPrðqÞ;

ð15Þ

where the contributions from the priors are encoded by

PrðΛ2Þ
2PrðqÞ2 (and we are implicitly setting the prior on

the data to be 1). We remind the reader that these priors are

flat over the bounds considered. We show the joint

constraints on the binary parameters and EOS in Fig. 6.

In general, the combined samples of both analyses are

consistent with almost equal mass systems with large

values of Λ2. More quantitatively, this analysis results in

a constraints on the tidal deformability of the NS ofΛ>425

and on the mass ratio of q < 2.03 at 90% confidence, with

peaks in the likelihood near Λ ¼ 830 and q ¼ 1.0.

FIG. 4. Posterior distributions for the GRB analysis showing

constraints on the mass ratio q, the tidal deformability of the NS

Λ2, the fraction of the disk mass ejected as the second component

ejecta ζ, the effective spin parameter χBH, and the fraction of the

disk rest mass converted to trigger the SGRB ϵ.
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B. Comparison of BHNS and BNS

To contrast with our BHNS analysis, we present a

possible scenario in which GW170817 and its EM counter-

parts arose from the merger of two NSs. In the following,

we point out differences between the BHNS and the BNS

analysis. See also the detailed explanation in Ref. [66]

about the BNS analysis.

For the GW analysis, instead of restricting the tidal

deformability of the more massive object to be zero

and sampling in directly in Λ2, we employ the posterior

samples provided in [94]. For the kilonova analysis

of a BNS system, we assume that the first component

ejecta (dynamical ejecta) can be described by the phe-

nomenological fit presented in [66] [Eq. (2)] and based

on [95] and that the second ejecta component (disk wind

ejecta) is described by Eq. (1) of [66] and based on [96].

Equation (1) of [66] is also employed for the description

of the debris disk mass used as a central engine for the

SGRB.

Note that the difference between the BNS analysis

presented here and in Coughlin et al. [66] is that we do

not sample in Λ̃ but inΛ2 with a prior ofΛ2 ∈ ½0; 5000�. We

do this to allow a direct comparison between the BNS and

BHNS scenario and to reduce possible systematic biases.

Furthermore, we assume a maximum NS mass of M ≈

2.17 M⊙ as proposed in [63].

C. Probability of a BNS or BHNS merger

We want to finish by testing the consistency between the

probability distributions for the GW and the EM analyses

(Fig. 5). To do so, we assume the parameter estimation

analyses are independent from one another and compute a

Bayesian evidence for each analysis. To compare the two, we

FIG. 5. On the left is the Λ2 − q posterior distribution for the GW (blue) and EM (green) analysis. The EM posterior refers to the

results obtained from the analysis of GRB170817A using the results of AT2017gfo as input priors. On the right is the same assuming

that GW170817/AT2017gfo/GRB170817A arose from the merger of two neutron stars.

FIG. 6. On the left are the joint constraints on the mass ratio q and tidal deformability of the NS Λ2 under the assumption of a BHNS

merger. The analysis favors almost equal mass binaries and NS tidal deformabilities of Λ2 ≈ 1000, i.e., a NS radius of R ≈ 14 km. On

the right are the same under the assumption of a BNS merger. Note that both panels employ different axis ranges.
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compute a Bayes factor, which is the ratio between evidences

for both analyses. Formally,

K ¼
PBNS

PBHNS

¼

R

Λ2

R

qPGW−BNSðΛ2; qÞ×PEM−BNSðΛ2; qÞ
R

Λ2

R

qPGW−BHNSðΛ2; qÞ×PEM−BHNSðΛ2; qÞ
;

ð16Þ

where, because the priors are the same, they divide out in this

analysis. We find that the Bayes factor for the BNS vs the

BHNS case is 3.0. Thus, it seemsmore likely that the origin of

GW170817, AT2017gfo, and GRB170817A was a BNS

merger [97].

D. Summary

We have used a combined analysis of GW170817,

GRB170817A, and AT2017gfo to constrain the possibility

of the GWand EM signals arising from a BHNS merger. To

connect the EM signature to the binary properties, we have

employed phenomenological relations connecting the

dynamical ejecta mass and the disk mass to the properties

of the binary system. Under the assumption that, in

particular, the relation of [48] can be employed outside

its calibration region and that GW178017 and its EM

counterparts are caused by a BHNSmerger, we find that the

system would have a mass ratio of q < 2.03 with a

noncompact NS of Λ > 425. We compared the BHNS

scenario with a BNS scenario and find that the EM and GW

posteriors have a Bayes factor of 3.0, indicating a BNS

system is more likely compared to a BHNS system;

cf. also [19].

As both GW and EM models improve in the coming

years, these types of analyses will be useful to further

classify the origin of observed multimessenger structures.

In particular, improvements in the light curve modeling,

such as incorporating viewing angle effects, will be

required. In addition, GW measurements of a postmerger

signal or tidal disruption will place further constraints on

the progenitor properties.
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