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We study the properties of remnants formed in prompt-collapse binary neutron star mergers. We consider
nonspinning neutron star binaries over a range of total masses and mass ratios across a set of 22 equations
of state, totaling 107 numerical relativity simulations. We report the final mass and spin of the systems
(including the accretion disk and ejecta) to be constrained in a narrow range—0.98≲Mf=M ≲ 0.99 for the
mass and 0.85≲ af ≲ 0.95 for the dimensionless spin—regardless of the binary configuration and matter
effects. This sets them apart from binary black hole merger remnants. We assess the detectability of the
postmerger signal in a future 40 km Cosmic Explorer observatory and find that the signal-to-noise ratio in
the postmerger of an optimally located and oriented binary at a distance of 100 Mpc can range from < 1 to
8, depending on the binary configuration and equation of state, with a majority of them greater than 4 in the
set of simulations that we consider. We also consider the distinguishability between prompt-collapse binary
neutron star and binary black hole mergers with the same masses and spins. We find that Cosmic Explorer
will be able to distinguish such systems primarily via the measurement of tidal effects in the late inspiral.

Neutron star binaries with reduced tidal deformability Λ̃ as small as ∼3.5 can be identified up to a

distance of 100 Mpc, while neutron star binaries with Λ̃ ∼ 22 can be identified to distances greater than
250 Mpc. This is larger than the distance up to which the postmerger will be visible. Finally, we discuss the
possible implications of our findings for the equation of state of neutron stars from the gravitational wave
event GW230529.

DOI: 10.1103/2yng-9l9s

I. INTRODUCTION

The observations of gravitational waves (GWs) from
compact binary mergers [1,2] have informed us of the
astrophysical population of such sources, allowed for
precision tests of strong-field gravity [3,4], provided an
independent measurement of the expansionary history of
the Universe [5,6], and offered a tantalizing prospect
of inferring the neutron star (NS) equation of state
(EoS) [7]. With improving sensitivities of ground-based
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detectors [8–10] and the ongoing planning for future
observatories [11–13], the precision with which we can
measure source properties [14–16] and infer the nature of
gravity in the strong-field regime and on large scales will
improve many fold. Specifically, the proposed next-gen-
eration of ground-based gravitational wave detectors, such
as Cosmic Explorer (CE) [11] and Einstein Telescope [17],
can observe OðfewM⊙Þ compact binary mergers up to a
redshift of z ∼ 1 [14] and measure the radius of NS at a
precision of a few tens to 100 m [16,18–23].
This population of sources can be comprised of binary

neutron stars (BNSs), binary black holes (BBHs), or
neutron star - black holes. It is imperative that one has
an unbiased inference of the source class and its character-
istics. For instance, LIGO-Virgo-KAGRA (LVK) observa-
tions alone cannot rule out the possibility that GW170817
[24], the first BNS merger observed by LVK Collaboration,
and GW190425 [25] are low-mass BBH mergers [7]. In the
case of GW170817, it was the subsequent detection of short
gamma ray burst and kilonova [26] that conclusively
classified the event as an NS merger. The absence of an
electromagnetic (EM) counterpart for GW190425 means
that the event is classified as a BNS merger only because of
its component masses [25]. However, under the assumption
that the event was a BNS merger, there is a 96%–97%
probability that the remnant promptly collapsed to a black
hole (BH) [25]. An accurate source classification is of
immense value for both astrophysical and fundamental
physics inferences. First, one of the most important
observables of interest in nuclear physics is the maximum
mass of NSs, because it depends on the EoS at extreme
densities and reveals the potential for NS cores to host
hyperons or quarks [27]. Second, one of the widely used
methods to test the nature of strong gravity and the
dynamics of black hole binaries is the inspiral-merger-
ringdown consistency test [28,29]. Therefore, an incorrect
identification of a BNS merger as a BBHmerger can lead to
a false violation of general relativity [30].
The outcome of a BNS merger can be one of the

following: a stable differentially rotating NS, an unstable
short-lived NS undergoing a delayed collapse due to the
inability of the differential rotation to support the remnant
mass on a secular timescale, or a prompt collapse to a BH
on a dynamical timescale. The radiated energy and angular
momentum of the system depend on the nature of the
formed remnant. Long-lived NS remnants are efficient
emitters of GWs, while, in a prompt collapse, the rem-
nant—including the disk and ejecta—is expected to retain
most of the mass and angular momentum of the system,
even though the peak luminosity is greater in the latter case
[31]. The delineation of a prompt collapse and a remnant
NS is given by the threshold mass Mthres, which is defined
as the minimum total mass of a binary that leads to a
prompt collapse [32] and depends weakly on its mass ratio
for close to equal mass systems [32,33].

Prompt-collapse mergers have been widely studied with
a focus on understanding the properties of the threshold
mass [31–42] and its detectability [36], since its deter-
mination can inform the maximum mass and compactness
supported by the EoS of NSs. This is because it is
currently unknown whether core-collapse supernovae,
expected to be the primary formation mechanism of NS
in binaries, can produce NSs across the entire mass range
supported by a given EoS, since most galactic NSs lie
between 1.3 and 1.4M⊙ [43]. However, the properties of
the remnants, their astrophysical significance, and the
detectability of a generic prompt collapse from GW
observations with future detectors have only recently
started getting attention [41,42,44–46].
In the absence of an EM counterpart, BNS mergers are

distinguished from BBH mergers by the presence of tidal
interactions between the NSs. However, heavier NSs are
more compact and have smaller tidal deformabilities.
Therefore, even if such heavy NSs are produced astrophysi-
cally and form binaries, it is currently unknown whether
future detectors can measure their tidal deformabilities with
sufficient accuracy to confidently classify them as a BNS
merger. Consequently, it is currently not known what the
maximum NS mass is that can be confidently measured
using GW observations. These heavy binaries would also
promptly collapse to a BH.
In this paper, we use data from 107 nonspinning BNS

merger simulations, spanning 22 EoS and a wide range of
masses andmass ratios, to investigate the properties of aGW
signal from prompt-collapse BNS mergers. We find that the
predicted remnant mass and spin (including the disk) are
significantly greater than those produced by a corresponding
BBH merger. Subsequently, we explore the detectability of
the ringdown. We find that for a majority of systems, the
ringdown can be observed up to a distance of 100 Mpc in a
future observatory. Furthermore, we show the contrast
in the signal power during the ringdown phase of prompt
collapse and its BBH equivalent, as observed in a 40 km
Cosmic Explorer detector, the former being more silent.
Additionally, we ask and take the first steps toward answer-
ing the following dual question: what is the smallest tidal
deformability that can be distinguished from zero using the
inspiral phase of the system? Is it possible to distinguish
between BNS and BBH mergers in the event that their
inspiral signals are consistentwith each other?We find that a
future CE detector can distinguish virtually all BNS and
BBH mergers up to a distance of 100 Mpc from the inspiral
and amajority of these systems from their ringdowns too. At
larger distances, the postmerger becomes very weak while
the tidal deformabilities can still be well measured, depend-
ing on the stiffness of the EoS. Finally, we discuss the
astrophysical consequences of identifying a prompt collapse
with the progenitor of GW230529’s primary component.
The rest of the paper is organized as follows. In Sec. II,

we describe numerical relativity data used in this study.
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We report our results in Sec. III, where the remnant mass
and spin of prompt-collapse remnants are compared to
those of the corresponding BBH mergers. We evaluate their
detectability and distinguishability compared to BBH
merger ringdowns. We conclude in Sec. IV with a dis-
cussion of astrophysical implications and future work.

II. NUMERICAL RELATIVITY DATA

We consider 22 EoSs spanning a wide range in the
corresponding nonrotating NS maximum masses and typical
radii. In particular, we employ 15 finite-temperature EoSs:
BHBΛϕ [47], BLh [48,49], DD2qG [50], HS (DD2)
[51,52], LS220 [53], SFHo [54], SRO (SLy) [55,56], and
nine variants of the SRO EoS with different values of the
empirical nuclear parameters [56,57]. We also consider 6
zero-temperature β-equilibrated EoSs: ALF2 [58], H3 and
H4 [59–61], the Big Apple EoS (BA from now on) [62], and
the GRW1 and GRW2 EoSs [40]. The zero-temperature
EoSs are supplemented with thermal effects using an
adiabatic index, Γth ¼ 1.7, following, e.g., Refs. [32,63–65].
GRW1 and GRW2 are completely phenomenological

EoSs, while the other models are nuclear theory based.
Three EoSs include hyperons in addition to nucleons:
BHBΛϕ, H3, and H4. Three EoSs include a QCD phase
transition to deconfined quarks: ALF2, BLQ, and DD2qG.
We consider a total of 107 numerical relativity simu-

lations. The distribution of the total mass at infinite
separation, M, and the mass ratio, q, considered in this
study are shown in Fig. 1. These simulations have already
been presented in Refs. [33,40], to which we refer for
further details and to Ref. [66] for an up-to-date description
of the simulation code capabilities. In brief, all simulations
were initialized using quasicircular, irrotational binary
initial data with the pseudospectral code Lorene [67] and
evolved with the WhiskyTHC code [68–71]. The latter is built

on top of the Einstein Toolkit [72] and makes use of the Carpet

adaptive mesh refinement framework [73,74], which imple-
ments the Berger-Oliger scheme with refluxing [75,76]. As
in these previous works, we classify as a prompt collapse
those binaries for which the lapse function decreases
monotonically below 0.2 until BH formation (no bounce).

III. RESULTS

A. Radiated energy and angular momentum

Energy and angular momentum are radiated during a
compact binary merger in the form of gravitational waves,
with the total radiated energy and angular momentum
denoted by Erad and Jrad. The former is calculated from
the Bondi News tensor, while the latter also uses the strain
as input [77]. In practice, the Bondi News tensor is
calculated by differentiating the strain. Zappa et al. [31]
showed that the angular momentum of the merged remnant
is uniquely determined by the total radiated energy. It was
reported that this relationship holds regardless of the binary
parameters, the EoS employed, or the microphysics incor-
porated in the simulations during the postmerger phase.
In Fig. 2, we plot the reduced radiated energy as a

function of the reduced remnant angular momentum for the
set of simulations used in this study. We also depict the
quadratic fit given in Zappa et al. [31] for these quantities,
with the bottom panel showing the residuals. We found that
the coefficients of the fit reported in Zappa et al. [31] do not
have sufficient significant digits required to reproduce the
curve, and also contain a typographic error. The correct fit
is given by [ [78] ],

FIG. 1. The total mass of the binary at infinite separation and
mass ratio of the 107 simulations used in this study.

FIG. 2. Reduced total radiated energy versus reduced angular
momentum of the remnant. The fit given in Zappa et al. [31] is
overlayed in the top panel. The bottom panel shows the relative
difference with respect to the fit, and the gray band shows the
median of the absolute relative difference. The outlier denoted
with a red square is the 1.7M⊙ − 1.7M⊙ system with the BA EoS
(see the text for further discussion).
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erad ¼ c2j2rem þ c1jrem þ c0; ð3:1Þ

where erad¼Erad=ðMηÞ and jrem¼Jf=ðM2ηÞ, η is the sym-
metric mass ratio, and Jf is the angular momentum of the
remnant. The coefficients of the fit are c2 ¼ 0.05334342,
c1 ¼ −0.43994502, and c0 ¼ 0.94665103. We find a
median relative difference of ∼3.3% and a maximum of
∼15%. The observed agreement is nontrivial because very
few simulations in the regime of jrem explored in this paper—
less than 10%—were originally present in Zappa et al. [31],
and none of them resulted in a prompt collapse.
The binary with the largest deviation—residing at 3σ in

the residual distribution and marked by a red square—in
Fig. 2 is the 1.7M⊙ − 1.7M⊙ binary with the BA EoS. This
is a high-mass system that produces a short-lived (∼2 ms)
remnant, which collapses to a BH without a bounce (so it is
classified as a system that promptly collapses even though
BH formation is not “immediate”). The BA EoS is derived
from a relativistic mean-field theory with parameters
tweaked to produce an extremely large NS maximum mass
while remaining consistent with current astronomical and
laboratory constraints [62]. The 1.7M⊙ − 1.7M⊙ binary is
just above the threshold mass of Mthr ≃ 3.38M⊙ for this
EoS [40]. The proximity to the threshold mass and the
extreme properties of the BA EoS are likely the reason why
this binary is an outlier in Fig. 2 and in subsequent figures,
where it is marked with a red square.
The existence of such a relation for BNS mergers is

significant because it shows that the angular momentum of
the remnant is primarily governed by the gravitational
dynamics and is insensitive to the details of the hydro-
dynamics of these systems. Since the systems considered
here are prompt collapses, the postmerger timescale is at
most a few milliseconds, following which the remnant
settles down into an isolated Kerr BH. As noted in
Ref. [31], this relation can be used to calculate the final
spin of the remnant BH, especially with next-generation
detectors, which can measure the total radiated energy.
Next-generation detectors may also be able to detect the
quasinormal mode ringing of the remnant BH and measure
the quasinormal mode frequency, providing an independent
estimate of the final mass and spin. However, one needs to
be cognizant that for unequal mass mergers, significant
mass and angular momentum are contained in the accretion
disk around the remnant BH [41,44,45,79] and need to be
taken into account. A cross-validation of both measure-
ments would be a crucial check of the dynamics near the
merger when the gravitational radiation is maximum.

B. Remnant mass and spin

A Kerr black hole is formed from the prompt collapse of
a quasicircular binary neutron star merger. For equal mass
mergers, there is negligible accretion of matter around the
collapsed BH. However, for unequal mass mergers, sig-
nificant mass and angular momentum are contained in the

accretion disk around the remnant BH [41,44,45,79]. The
final massMf and dimensionless spin af of the remnant are
estimated by (including the mass and angular momentum in
the ejecta/disk)

Mf ¼ Madm − Erad; ð3:2Þ

af ¼
Jadm − Jrad

M2
f

; ð3:3Þ

where Madm and Jadm are the Arnowitt–Deser–Misner
(ADM) mass and angular momentum of the system at
the beginning of the simulations. Note that the ADM mass
differs from the total mass in that it also contains the energy
of the gravitational field. For a binary system, the gravi-
tational field energy includes the binding energy and the
energy in gravitational waves. Figure 3 shows with unfilled
markers the mass (left panel) and dimensionless spin (right
panel) of the remnant (including the disk) for the set of
binary configurations and EoSs considered in this study. It
also shows in open circles the remnant properties for
nonspinning BBHs having the same total mass and mass
ratio as the BNS systems under consideration. The remnant
mass and dimensionless spin in the case of BBH systems
are calculated using the fitting formulas for initially non-
spinning BBH given in Berti et al. [80]. The mass
asymmetry of a system is depicted using a color gradient,
with lighter shades of green representing more asymmetric
binaries.
It is immediately clear that the remnant mass and

dimensionless spin of promptly collapsing systems are
larger than the corresponding BBH systems, signifying that
less energy and angular momentum are radiated during the
merger in the former compared to the latter. For a BBH
merger, 3–4% of the total initial mass of the binary is
radiated away in the form of gravitational waves, while for
a BNS system that promptly collapses, only 1–2% of the
initial total mass is radiated. Note that this is contrary to
the case of a BNS merger forming a NS remnant, where the
radiated energy is comparable to, though always less than,
an equivalent BBH merger [81]. Moreover, for a BBH
merger, the total mass of the system is a scaling factor, and
the scaled final mass is a function of only the mass ratio,
with a more asymmetric system radiating less energy. For a
BNS merger, the total mass is not just a scaling factor, as is
clear by the spread in Mf=M in Fig. 3. However, for a
prompt collapse, this spread is very narrow and less than
1%. Due to this spread, there is no clear dependence on the
mass ratio, even though the overall trend is that asymmetric
systems radiate less for most cases.
The dimensionless final spin of an equal mass, initially

nonspinning BBH system is ≈0.69, with the final spin
decreasing for more asymmetric systems (see the right
panel of Fig. 3). Again, the final spin depends only on the
mass ratio of the system and not on the initial total mass.
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For the systems that promptly collapse, the smallest value
of the dimensionless spin we find is af ∼ 0.85, with the
largest value reaching af ∼ 0.95. Moreover, there is a
spread in the values of the dimensionless final spin, which
depends on the total mass of the system and the EoS.
However, as in the case of the scaled final mass, the spread
is narrow. Furthermore, one can qualitatively see that more
asymmetric systems have lower final spin.
Motivated by the observation that the remnant mass and

spin of prompt-collapse mergers (including the disk) differ
from the equivalent BBH system, one can ask which BBH
configurations produce analogous remnants. To probe this,
we consider the catalog of publicly available noneccentric
SXS simulations [82,83] of BBHs up to an inverse mass
ratio of 3, since a BNS system is not expected to be more
asymmetric. This gives us a set of 1937 BBH simulations
containing nonspinning systems, aligned spin systems, and
precessing systems. We plot them in the remnant mass–spin
parameter space together with all the prompt-collapse
mergers used in this study in Fig. 4. Astonishingly, we
find that the two classes of sources lie in entirely disjointed
areas of the parameter space. There is a tight negative
correlation between the remnant mass and spin for BBH
systems where the production of highly spinning remnants
necessitates the loss of a large amount of energy through
gravitational radiation. This is directly opposite to the trend
seen in Fig. 2, where a smaller radiated energy means a
larger remnant angular momentum. In fact, we find that the
smallest scaled angular momentum (Jf=M2 ¼ M2

faf=M
2)

of a prompt-collapse BNS remnant is greater than the
largest value across all the BBH simulations considered
(see the Appendix).
We calculated the mass (mdisk) and the angular momen-

tum (Jdisk) contained in the disk outside the apparent

FIG. 3. Dimensionless final mass (left) and final spin (right) as a function of the total mass of the binary. Unfilled markers show the
final mass and spin if the system were a binary black hole. The color gradient shows the asymmetry of the system, with lighter shades
representing more asymmetric binaries. Note that the color bar is not uniform since simulations are only available at these fixed mass
ratio values. The outlier denoted with a red square is the 1.7M⊙ − 1.7M⊙ with the BA EoS (see the main text for further discussion).

FIG. 4. The remnant mass and spin of BBH mergers versus
BNS prompt collapses. There are 1937 BBH mergers in this
figure corresponding to all the publicly available SXS simulations
with q ≤ 3 for which such information is available. The outlier
denoted with a red square is the 1.7M⊙ − 1.7M⊙ with the BA
EoS (see the main text for further discussion).
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horizon for a subset of 22 unequal mass simulations [79].
For these cases, the mass and dimensionless spin of the
remnant BH can be estimated by

MBH
f ¼ Madm − Erad −mdisk; ð3:4Þ

aBHf ¼ Jadm − Jrad − Jdisk
M2

f

: ð3:5Þ

We contrast the remnant properties of such systems with
those of the remnant BHs in Fig. 5. We observe that there is
a significant spread in the properties of the final BHs, even
though the remnants are tightly clustered. Indeed, the most
asymmetric ones lie within the cluster of the BBH merger
remnants. Nevertheless, it is worth remembering that the
spacetime around the remnant BH is different from the
BBH case due to the presence of an accretion disk. Note
that some of the accreting matter will fall back into the BH
on timescales of OðsÞ while the disk properties are
extracted on timescales of OðmsÞ. Therefore, at large
timescales, the BH properties will be somewhere in
between those of the remnants and corresponding BHs
depicted in Fig. 5.

C. Implications of GW230529 on NS EoS

GW230529 [84] is the merger of a compact object
with mass 3.6M⊙ and an NS of mass 1.4M⊙. The nature
of the primary component is uncertain. It could be either the
heaviestNSor the lightestBHobserved todate.The formation
channel for such an object is unclear as well. One of the
possibilities is that it formed from a previous generation BNS
merger [85]. Interestingly, it is spinningwith a spinmagnitude

of 0.44þ0.40
−0.37 , and this allows us to make statements about the

EoS of NS based on the discussion above.
Recall that Mthr, the minimum total mass of a binary

undergoing prompt collapse, is proportional to the maxi-
mum mass of a cold, nonrotating NS, i.e.,Mthr ¼ kthrMmax,
kthr ∈ ½1.2; 1.6� [40]. From Fig. 5, we can calculate the
maximum total mass of the first-generation BNSmergers—
accounting for the energy released by the binary inspiral
and merger—to be < 3.6=0.935 ≈ 3.85M⊙. Note that we
also assume that the accretion disk does not fall back into
the BH following the first-generation merger. This gives the
maximum threshold mass, Mthr ≲ 3.85M⊙. If this first-
generation merger underwent prompt collapse, that would
imply Mmax ≲ 3.85=1.2 ≈ 3.21M⊙. On the other hand, if
the binary progenitor of the primary in GW230529 did not
undergo prompt collapse, that would constrain the mini-
mum maximum mass to be Mmax ≳ 3.85=1.6 ≈ 2.41M⊙.
This latter scenario would be favored for small spins of the
primary component of GW230529, in light of the results
discussed in this work. This highlights the potential to use
precise spin measurements to constrain the NS EoS.

D. Detectability of the postmerger

It is instructive to calculate the expected signal-to-noise
ratio (SNR) in the postmerger for the systems in our
simulations. To this effect, we consider a 40 km Cosmic
Explorer detector as a reference and place binaries at a
distance of 100 Mpc. We expect to observe 2–3 BNS
mergers from within a volume of radius 100 Mpc per year
[14] based on the median rate of BNS mergers from the
second Gravitational Wave Transient Catalog [86]. We
assume that a binary is optimally located and oriented with
respect to the detector. The postmerger SNRs for such
systems are then calculated using the formula

ρ2 ¼ 4

Z
fhi

flo

jh̃ðfÞj2
ShðfÞ

df; ð3:6Þ

where h̃ðfÞ ¼ Fþhþ þ F×h×, Fþ and F× are the antenna
pattern functions of the detector, and hþ and h× are the two
gravitational wave polarizations that we obtain from
numerical relativity simulations. In practice, for an optimal
location in the sky with respect to the detector, we choose
Fþ ¼ 1, and F× ¼ 0. ShðfÞ is the noise power spectral
density of the detector.
The postmerger SNR is very sensitive to the choice of the

lower-frequency cutoff since it lies at the heart of the
sensitive band of the detector. We find that the merger
frequency calculated directly from the NR data1 varied
significantly from those predicted by the NR fits in
Gonzalez et al. [66] and Dietrich et al. [87]. The fits

FIG. 5. The dimensionless mass and spin of the remnant,
including the disk (filled circles), and only the remnant BH
(open circles) for the subset of 22 simulations for which we
extract the accretion disk properties. The arrows depict the link
between the remnant (including the disk) and the BH. We also
show the remnant mass and spin of BBH mergers (open squares)
for reference.

1The merger frequency is defined as the instantaneous fre-
quency corresponding to the peak amplitude of the l ¼ 2, m ¼ 2
mode of the strain.
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themselves varied considerably across a wide swath of the
parameter space. Therefore, we make the choice to define
the postmerger from a fixed flo ¼ 2048 Hz. The high-
frequency cutoff is taken to be fhi ¼ 7000 Hz.
In the left panel of Fig. 6, we show the postmerger SNRs

for the binaries we consider. We find that most of them have
SNRs greater than 4. These are also equal mass or nearly
equal mass binaries. Given that these are very short signals
with extremely loud inspirals, even an SNR of 4 detection
of such a signal will have a very small false alarm rate and
allow for reliable parameter estimation. For instance,
GW150914 had a ringdown SNR of ∼4.8 (∼8.5) starting
6.5 ms (3 ms) after merger and a base-10-log Bayes factor
log10 B of ∼3.5 (∼14) for a damped sinusoid model of the
ringdown against Gaussian noise [88]. The comparatively
asymmetric binaries, as distinguished by their lighter
shades in the figure, have SNRs between 0.9 and 4.
However, we also find a select few (almost) equal mass
binaries with a tiny postmerger SNR. These binaries “shut
off” immediately after their merger, and there is no
discernible postmerger radiation from them, hence why
they have such small SNRs.
In addition to the postmerger SNR, we calculate the SNR

in the inspiral for all binaries, where we take the starting
lower frequency to be flo;insp ¼ 5 Hz and the high-fre-
quency cutoff to be fhi;insp ¼ 2048 Hz. We do not consider
tidal effects in the amplitude of the inspiral waveform and,
as a result, the SNR in the inspiral for an optimally located
face-on system is given by

ρ2 ¼ 5

6π4=3
M5=3

c

D2
L

Z
fhi;insp

flo;insp

f−7=3

ShðfÞ
df; ð3:7Þ

whereMc ¼ ðm1m2Þ3=5=ðm1 þm2Þ1=5 is the chirp mass of
the binary.
We show the ratio of the SNR in the postmerger to the

inspiral in the central panel of Fig. 6. We find that for a
majority of the systems considered, the postmerger has
∼0.5–1% of the inspiral SNR, and for a select few, it is
much lower at ≲0.1%.
Finally, we compare the postmerger SNR of the prompt-

collapse BNS merger to the equivalent BBH mergers. The
SNR is calculated in the same frequency range of [2048,
7000] Hz as for the BNS postmerger for an equivalent
comparison. The BBH waveform model is chosen to be
IMRPhenomD [22,89], which is a nonprecessing waveform
model containing only the ðl; jmjÞ ¼ ð2; 2Þ mode.
We show the ratio of the SNRs in the prompt-collapse

ringdown to the BBH ringdown in the right panel of Fig. 6.
We find that the SNR for BNS is always smaller than the
corresponding BBH system. For a majority of the systems,
the BNS postmerger SNR is 40%–80% of the BBH
equivalent. However, for relatively asymmetric binaries,
this can be even lower and, in some cases, contains only
10% of the SNR of their BBH counterparts. Unsurprisingly,
for systems with a negligible postmerger signal, the frac-
tional SNR is only a few percent. The smaller SNR for
systems that promptly collapse is expected from the
previous section, where it is shown that these systems
are poorer GW emitters than BBHs. The lack of power in
the ringdown signal can be smoking gun evidence for a
BNS system leading to a prompt collapse [46]. We note that
the long-wavelength approximation for the detector
response assumed in our calculations needs to be relaxed
in future studies. The approximation is valid for up to about
a frequency of 1000 Hz and, therefore, for the inspiral.

FIG. 6. Left: the SNR in the postmerger signal for the systems considered in this study, placed at a distance of 100 Mpc and optimally
oriented for a 40 km Cosmic Explorer detector. Center: the SNR in the postmerger as a fraction of the inspiral SNR. Right: the SNR in
the postmerger as a fraction of an equivalent BBH postmerger. As discussed in the main text, we separate the inspiral and postmerger
signals using the cutoff frequency of 2048 Hz. The color gradient shows the asymmetry of the system, with lighter shades representing
more asymmetric binaries. Note that the color bar is not uniform since simulations are only available at these fixed mass ratio values. The
binary denoted with a red square is the 1.7M⊙ − 1.7M⊙ with the BA EoS (see the main text for further discussion).
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However, at higher frequencies, the antenna pattern func-
tions become frequency dependent, and hence an optimal
orientation is signal dependent. Furthermore, Ref. [79]
finds that the SNR computed using the long-wavelength
approximation could be overestimated by a factor of ≈4 for
the types of signals considered here.
Across the three panels, we find that the locations of the

binaries are approximately constant, while the scale on the
y-axis varies. This is because there is minimal variability in
the BNS inspiral SNR or the BBH postmerger SNR across
the different binary configurations.

E. Distinguishing BNS versus BBH from postmerger

In this section, we consider the distinguishability
of a BNS and BBH merger using their postmerger signal
if their inspiral is consistent with each other. To answer this,
we first try to find the minimum tidal deformability
parameter Λ̃ for which Λ̃ ¼ 0 is excluded at a high
confidence. We carry out an injection analysis with a set
of high-mass, nonspinning, BNS signals modeled using the
IMRPhenomPv2_NRTidalv2 [22,90,91] waveform model assum-
ing a single 40 km Cosmic Explorer detector. We choose
the sky location and orientation of the binaries as that of
GW170817 and the redshifted masses to be (2.0M⊙,
1.9M⊙). We vary only the tidal deformabilities and the
distance to the sources across the set. Our set of injected
binaries can be divided into two nonmutually exclusive
subsets. Set 1 contains four injections at DL ¼ 100 Mpc
with varying Λ̃ ¼ f44.67; 22.34; 10.94; 5.47; 3.47g. Set 2
contains three simulations with fixed Λ̃ ¼ 22.34 at vary-
ing luminosity distances of DL ¼ f100; 250; 500g Mpc.
We note that these values for the tidal deformability do not
correspond to any named EoS but were rather chosen by
hand. We stress that this is inconsequential as long as the
choices are in the ballpark of the EoS uncertainty. We use

the publicly available GW simulation package BILBY

[92,93] to inject and recover the signal in zero noise.
We assume the binary’s position in the sky is known since
we are primarily interested in the tidal parameters,
which are minimally correlated with the extrinsic param-
eters, such as the sky position. We sample over all the
other parameters of a nonspinning binary using the
PyMultiNest [94] sampler and impose standard priors on
all parameters, notably a uniform prior on the tidal
deformability parameter Λ̃.
The 1D marginalized posteriors on Λ̃ from parameter

estimation across the two subsets of injections are shown
in Fig. 7. The simulations corresponding to the binaries
in Set 1 are shown in the left panel, while those
corresponding to the binaries in Set 2 are depicted in
the right panel. We find that a compact binary merger at
DL ¼ 100 Mpc can be confidently classified as a BNS
merger using its Λ̃ measurement for a value as small as
Λ̃ ∼ 5 and even Λ̃ ≈ 3.5 can exclude 0 at > 70% con-
fidence. Only a single EoS (SRO1) among the set of EoSs
we have considered attains a Λ value smaller than 4 for an
NS mass of ∼2.3M⊙. An equal mass binary with a
component mass of 2.3M⊙ would have a larger SNR
than other masses considered in this analysis, so it would
probably exclude 0 at an even higher confidence level.
Therefore, up to a distance of DL ¼ 100 Mpc, the
inspiral signal can distinguish virtually all BNS mergers
from BBH mergers.
Next, we look at how the Λ̃ errors vary with distance.

From the right panel of Fig. 7, we find that a Λ̃ ≈ 22 can be
measured to exclude the value 0 at a distance of
DL ¼ 250 Mpc. For larger distances, the Λ̃ posterior will
exclude 0 at smaller confidence levels, as can be seen from
the histogram of the same source placed atDL ¼ 500 Mpc,
and it will be difficult to conclusively identify such events

FIG. 7. The probability density functions on the reduced tidal deformability parameter, Λ̃, with a 40 km Cosmic Explorer detector for a
binary with redshifted masses (2.0M⊙, 1.9M⊙). Left: the sources are kept at a fixed distanceDL ¼ 100 Mpc but the tidal deformabilities
are varied. Right: the reduced tidal deformability is kept constant at Λ̃ ¼ 22.34 but the distance to the source is varied.
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as NS mergers. Moreover, at distances of 250 Mpc and
500 Mpc, the SNRs in the prompt-collapse ringdowns will
be smaller by factors of 2.5 and 5, as compared to the values
shown in Fig. 6. Neither BNS nor BBH ringdown will be
clearly observable at such distances, and hence a simple
comparison of signal power in the ringdown cannot differ-
entiate these systems. In such a scenario, accurate wave-
form templates describing the full signal are required to
extract maximum information from the data and possibly
distinguish them.

IV. CONCLUSION AND DISCUSSION

The gravitational wave spectrum following a BNS
merger that does not collapse has a rich phenomenology
that is very sensitive to the EoS used. Although there is a
broad consensus on certain features of the postmerger
spectrum, such a signal is not well modeled for faithful
parameter estimation and reconstruction. On the other
hand, prompt-collapse BNS mergers contain complemen-
tary and largely EoS-agnostic information and can deter-
mine NS features, such as the maximum mass supported
by the NS EoS and the properties of the accretion disk
around the remnant BH. To that end, we analyze 107
prompt-collapse mergers across a set of EoSs, total mass,
and mass ratios.
We calculate the total energy radiated in gravitational

waves and observe that it is very closely related to the
angular momentum of the remnant. We verify that this
relationship closely follows the relation proposed in Zappa
et al. [31] and discuss its implications.
We find that BNS prompt collapses are poor GW

emitters compared to their BBH equivalent. We report
that the spread in the scaled final mass and the dimen-
sionless final spin across all the simulations considered is
very narrow. This is possibly due to the minimal role
played by the EoS in determining the dynamics
of the very short prompt-collapse timescale. We also
observe that the final mass and spin of the remnant are
larger than the product of an equivalent BBH merger with
the same initial configuration. In fact, the remnants are
highly spinning with dimensionless spins between
0.85 < af < 0.95. While for unequal mass systems, a
portion of the mass and angular momentum is contained
in the accretion disk surrounding the remnant BH, equal
mass mergers have minimal matter accretion. Such
systems can be of great astrophysical interest since it
is otherwise difficult to produce highly spinning
black holes. One can produce highly spinning BH
remnants in a BBH merger, but then one also has to
start with relatively high spins for the progenitors, with
the two values approaching each other the larger they
become [95,96]. An interesting avenue to explore is
whether extremely high remnant spins can be achieved
using BNS mergers. This offers the exciting possibility of

studying superradiance resonance cavities outside rap-
idly rotating BHs [97]. Preliminary investigations sug-
gest that the additional angular momentum from
progenitor spins is predominantly transferred to the
accretion disk [98–103]. We intend to explore this in
the future.
We calculate the postmerger SNR of prompt-collapse

BNS mergers in the frequency band [2048, 7000] Hz and
compare them to the signal strength of an equivalent
BBH postmerger. We report that the majority of the
systems considered have postmerger SNRs 40%–80%
relative to a BBH postmerger, with some as low as a few
percent. We find that a majority of these systems would
be observable up to a distance of 100 Mpc with a future
40 km CE.
We examine the distinguishability of massive BNS

mergers with small tidal deformabilities that could result
in prompt collapse from BBH systems. We find that
reduced tidal deformabilities as small as Λ̃ ≈ 3.5 can be
measured to exclude 0 up to a distance of 100 Mpc and
Λ̃ ≈ 22 to distances ∼250 Mpc.
Finally, we discuss the NS EoS implications of associ-

ating a prompt collapse with the progenitor of GW230529’s
primary component. We find that the maximummass of NS
is bound from above to ≲3.21M⊙ if the primary is highly
spinning, while it is constrained from below to ≳2.41M⊙ if
it is not. These have implications on the maximum mass of
a NS [40].
Our work lays out the extremely interesting NS and GW

physics in the 4 kHz–10 kHz region, which is often not the
focus of technology and is only narrowly accessible to
currently proposed GW detectors.
A limitation of our study is that we use the long-

wavelength approximation for the detector response for
both SNR calculations and parameter estimation. We plan
to relax this assumption in the future. Another limitation of
the study presented here is that only NR simulations with
irrotational initial data are considered, although astrophysi-
cal BNSs are expected to be slowly spinning. We plan to
extend the study to spinning BNSs and determine the
maximal remnant BH spin that can be produced in a BNS
merger. It would also be interesting to understand the
distribution of remnant properties for various configura-
tions of black hole–neutron star binaries. We leave that to
the future as well.
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APPENDIX: REMNANT MASS-SPIN

Figure 8 shows the angular momentum of the remnant
scaled by the total mass of the binary for prompt collapses
and BBH mergers up to a mass ratio of 3 (see Sec. III B for
more details). It is observed that the angular momentum of
the prompt-collapse remnant per unit total mass is always
greater than what is possible to achieve with BBH. Note
that the BBH systems contain aligned spin and precessing
binaries too.
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