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A direct detection of black hole formation in neutron star mergers would provide invaluable information about
matter in neutron star cores and finite temperature effects on the nuclear equation of state. We study black hole
formation in neutron star mergers using a set of 196 numerical relativity simulations consisting of long-lived and
black hole-forming remnants. The postmerger gravitational-wave spectrum of a long-lived remnant has greatly
reduced power at a frequency f greater than fpeak, for f ≳ 4 kHz, with fpeak ∈ [2.5, 4] kHz. On the other hand,
black-hole-forming remnants exhibit excess power in the same large f region and manifest exponential damping
in the time domain characteristic of a quasi-normal mode. We demonstrate that the gravitational-wave signal
from a collapsed remnant is indeed a quasi-normal ringing. We report on the opportunity for direct detections of
black hole formation with next-generation gravitational-wave detectors such as Cosmic Explorer and Einstein
Telescope and set forth the tantalizing prospect of such observations up to a distance of 100 Mpc.

Introduction. In neutron star (NS) mergers, neutron-rich
matter is compressed to densities in excess of several times
nuclear saturation and heated to temperatures of tens of MeV
[1]. The physics of matter in these conditions is very poorly
understood, due to the non-perturbative nature of the strong in-
teraction at the densities relevant for NSs [2–4]. Experimental
results from heavy-ion collisions (HICs) constrain the prop-
erties of symmetric matter up to ∼3 times nuclear saturation
density [5], with constraints on the symmetry energy [6] com-
ing from HICs [7, 8], for densities ranging from well below
up to two times saturation density, and from parity-violating
electron studies on nuclei [9]. Radio and X-ray observations of
NSs [10–14], gravitational wave (GW) and multi-messenger
measurements of the tidal deformability of NSs in GW170817
[15–25] provide strong bounds on the pressure of cold, beta-
equilibrated NS matter at several times saturation density. Ad-
ditional constraints have been derived from the observation
of cooling curves for newborn NSs [26–29]. However, none
of these methods can access the conditions realized in the
aftermath of NS mergers.

Numerical relativity (NR) simulations reveal that the post-
merger dynamics of binary NSs is very sensitive to the equation
of state (EOS) of dense matter [30]. The degree of incompress-
ibility of nuclear matter [31], finite-temperature corrections to
the pressure [32–37], the possible appearance of new particles,
such as hyperons [38, 39] or non-standard-model ones [40],
or of pion/kaon condensates [41], or QCD phase transitions
[42–50], all have a direct impact on the postmerger. In par-
ticular, the physics of dense matter determines whether and
when the remnant collapses to a black hole (BH). Hence the

information about BH formation can potentially be used to
constrain the EOS of strongly-interacting matter. Typically the
postmerger signal lays at frequencies beyond the maximum
sensitivity region of current GW detectors LIGO, Virgo, KA-
GRA, prompting further improvements [51]. Its detection is
a key science goal [52, 53] for next-generation observatories,
such as the Einstein Telescope (ET) [54], the Cosmic Explorer
(CE) [55], and NEMO [56].

Most work thus far has focused on the physics that can be
extracted from the GW signal of a postmerger remnant prior
to its collapse to a BH. Such signals are not well understood
[30, 57]. However, there is consensus in the literature that the
postmerger GW spectrum has broad features, or peaks. The
dominant feature is called f2, or fpeak, and is directly related
to the angular velocity of the remnant [58–62]. The location
of these peaks, as well as their amplitudes, can constrain the
EOS of NSs and possibly reveal the presence of QCD phase
transitions [63–65]. A parallel line of investigation has focused
on the immediate outcome of the merger, studying the impli-
cations of “prompt” BH formation (or lack thereof) for dense
matter [31, 59, 60, 66–74]. Zhang et al. [75] considered the de-
tectability of the ringdown signal produced by the remnant BH,
as it relaxes to a Kerr BH, but employed an analytical ansatz
for the signal, so its applicability to NS mergers is unclear.
Finally, some authors have also attempted to develop methods
to measure the lifetime of the remnant by identifying the ter-
mination of the postmerger GW signal [76, 77]. Since the GW
signal decays on a timescale of ∼10−20 ms [78], it may be that
this method gives a lower bound on the lifetime of the remnant
rather than yield a detection of BH formation. It is the latter,

ar
X

iv
:2

30
6.

06
17

7v
1 

 [
gr

-q
c]

  9
 J

un
 2

02
3



2

103 2×103 3×103 4×103 6×103

f [Hz]

10−26

10−25

10−24

10−23

10−22
√

f|h̃
(

f)
|[H

z−
1/

2 ]

I M H

Long-lived
Delayed
Prompt

CE-40 km
ET-D

FIG. 1. Typical strain profiles for three binary neutron star mergers
that forms distinctive remnants. The systems are placed at a distance
of 100 Mpc. The sensitivity curves of two proposed next-generation
observatories [55, 80] are shown with solid and dashed black curves.
The tinted backgrounds, orange and violet, denoted by “M” and “H”,
indicate the frequency bands used to define ρM and ρH , respectively,
as per Eq. () while the green background denoted by “I” represents the
inspiral. The long-lived and delayed collapse remnants shows the un-
mistakable f-mode peak. This feature is absent in the prompt collapse
merger which instead has a prominent peak near the fundamental
quasi-normal mode of the remnant BH. The delayed collapse case
also has excess power at these frequencies, though not as elevated as
the prompt collapse case.

though, that would provide a particularly discriminating probe
of the EoS, as in, e.g., Ref. [38, 39, 42].

In this Letter, we use data from 196 NR simulations to show
that BH formation can be revealed by direct observation of
the GWs generated by the perturbed BH at birth. Such signal
extends to frequencies up to 10 kHz, well above the sensitivity
window of current generation observatories. However, it would
be detectable with a signal-to-noise ratio SNR > 3 at distances
ranging from 15 Mpc to 250 Mpc with a median distance of
∼70 Mpc for the binaries considered here with the proposed
CE observatory. Even a single measurement of the delay time
to BH formation for a binary NS system would provide strong
constraints on the properties of extreme matter. Our work
motivates the development of new technology for improved
GW sensitivity in the multi-kHz band, as discussed in this
context by [75] and more broadly [54–56, 79], that we consider
further below.

Simulations. We consider a total of 196 binary NS merger
simulations corresponding to 152 unique binary configurations
performed with the WhiskyTHC code [81–83]. Of the unique
configurations, 50 produced long-lived remnants that did not
collapse to BH within the simulation time, 26 produced rem-
nants that collapsed to BH within the simulation time, and
76 underwent prompt BH formation. Additionally, we use 14
long-lived, 8 delayed collapse, and 22 prompt collapse rem-
nant simulations at lower resolutions to estimate the errors in
our results. The simulations considered here include publicly

available data [84], as well as simulations presented in [31, 72].
Our data spans 17 EOSs, including piecewise poly-

tropic models, zero-temperature beta-equilibrated, and finite-
temperature composition-dependent microphysical EOSs.
Some of the simulations also included neutrinos [85, 86]
and turbulent viscosity [87, 88]. The range of total gravita-
tional mass for the long-lived remnants, delayed collapses,
and prompt collapses are [2.4, 3.0] M⊙, [2.7, 3.3] M⊙, and
[2.8, 3.8] M⊙, respectively. The corresponding mass ratio
ranges are [0.6, 1.0], [0.7, 1.0], and [0.6, 1.0], respectively. A
figure illustrating all the considered binary configurations is
included in the Supplementary Material.

Results. Fig. 1 shows the frequency domain strain of three
typical BNS systems with total gravitational mass of approx-
imately 3 M⊙ depicting the signal from a long-lived, delayed
collapse, and prompt collapse remnant. Both the long-lived
remnant and the delayed collapse system have a characteris-
tic fpeak at ≈ 2.5 kHz. The similarity of their post-merger
power spectrum in this band ( fM ∈ [2048, 4096] Hz makes it
difficult to determine if a system collapses to form a BH. How-
ever, the prompt collapse merger does not contain this spectral
feature, and it can easily be distinguished in this canonical
example. On the contrary, the delayed and prompt collapse
remnants have excess signal power at higher frequencies of
fH ∈ [4096, 8192] Hz, while the long-lived remnant has none
in this band, making it possible to decisively identify BH for-
mation. In fact, the fundamental quasi-normal mode (QNM)
frequency for the prompt collapse merger calculated using
the remnant quantities at ≈ 6.9 kHz correlates well with the
high frequency spectral feature seen in this case. We remark
that such signal is expected to be present even if the remnant
collapses with significant delay from merger [89, 90].

To demonstrate that the signal from a collapsed remnant is
indeed consistent with a ringing BH, the post-merger signal
for the prompt collapse case is modeled using a QNM and
illustrated in Fig. 2. The inset shows the h22 mode from the
NR simulation with its peak taken as the reference for the time
coordinate. The post-merger signal is then fit using nonlinear
least squares to the model hQNM = C exp(iω(t − tstart)) where
C is the complex amplitude, ω is the complex QNM frequency,
and tstart is the start time for the model. For varying start
times, the complex amplitude and frequency are fit to NR
data, and the fidelity of the fit is quantified using the inner-
product M = 1 −

∫ 2.2
tstart

ĥ∗NRĥQNMdt, where ĥXis a normalised

waveform given by ĥX = hX/
√∫ 2.2

tstart
h∗XhXdt. The best-fit model

that minimizes M(tstart) is shown with solid lines in Fig. 2.
The percentage difference in the best-fit oscillation frequency
and damping frequency compared to the fundamental QNM
frequency calculated from the remnant mass and spin is 13.5%
and 11%, respectively. These values are typical among the set
of 20 equal mass binaries for which this analysis is possible:
the minimum, maximum, and median errors are 7.3%, 17.4%,
and 14.4%, respectively, for the oscillation frequency and 1.3%,
23.5%, and 7.9% for the damping frequency. Our analysis
confirms that the signal from the collapsed remnant is truly a
BH ringdown.

In order to gauge how useful the difference in the SNR in
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FIG. 2. The time domain gravitational polarizations for the (l,m) =
(2, 2) mode, h22, of the prompt collapse BNS merger shown in Fig. 1
with the peak of the h22 taken as the reference for the time coordinate.
The inset shows the complete waveform including the inspiral and the
ringdown while the main part of the figure illustrates the ringdown
signal. The dashed lines in this part is the NR data while the solid
lines portray the the best-fit QNM model. The vertical line shows the
start time for the QNM model which is defined as the time at which
the mismatch between the NR data and the QNM model is minimum.

the intermediate ( fM) and upper ( fH) frequency bands is to
distinguish long-lived systems from those that collapse to a
black hole (delayed and prompt collapse), we compute the
SNR in the two bands for all the systems in our catalog. The
systems are optimally located and oriented with respect to the
detector and placed at a distance of 100 Mpc. The square of
the SNR is given by

ρ2 = 4
∫ fhigh

flow

|h̃( f )|2

S n( f )
d f

where S n( f ) is the noise power spectral density and h̃( f ) is the
frequency domain strain.

The ratio of the SNRs in the fH and fM bands (ρH and ρM ,
respectively) are shown in Fig. 3 as a function of the mass
ratio of the system for two proposed next-generation detectors
— Cosmic Explorer [55] and Einstein Telescope [54] with tri-
angular configuration. For systems where a lower resolution
is available, the figure depicts the highest resolution with a
marker and the lower resolution as a one-sided errorbar with
the endpoint representing the lower resolution. It is observed
that ∼ 80% (∼ 90%) of long-lived remnants have a value of
ρH/ρM smaller than 0.05 while it is greater than that for ∼ 99%
(∼ 95%) of BH forming remnants with a CE (ET) detector. The
robustness of the distinguishability characteristic introduced
here, ρH/ρM , is also tested by varying the separating frequency
of 4096 Hz between 3800 Hz and 4200 Hz. This does not
change the qualitative features seen in Fig. 3.

We envisage the following detection scenarios for a
GW170817-like event in a future detector. In Scenario 1,
there would be a direct detection (defined by some detection

characteristic; typically ρ > ρthr, for some threshold SNR, ρthr)
of a signal in the fH band which would conclusively reveal BH
formation. In this case, one would calculate the fidelity of the
signal by calculating the Bayes factor for the signal modeled
using a damped sinusoid against (Gaussian) noise. In Sce-
nario 2, the SNR in the fH band would not cross the detection
threshold ρthr but rather one would be able to place an upper
limit on ρH due to its non-detection. In this case, one could
set an upper limit on ρH/ρM and assign a probability for BH
formation [68]. If accurate postmerger waveform models are
available, one could also calculate the Bayes factor between
a long-lived remnant model that models the spectral features
in the fM band to a BH formation model that would include a
ringdown.

Detection prospects. BNS mergers are expected to be
scarce in the local Universe with a median rate of 2 − 3 yr−1

within a radius of 100 Mpc, and a GW170817-like event hap-
pening once every 10 years [91]. However, the uncertainty in
the rates are large, and they can be as much as 5 times more
(or 10 times less) frequent [92]. As such, maximizing the
science potential of every nearby BNS merger is imperative,
making the development of enabling technology vital. Indeed
a robust R&D program for such work is already in place, with
the planned evolution of aLIGO to A+ [51] and then on to the
proposed LIGO-Voyager project [93]. Such developments are
typically cast in terms of the detection rate of localized GWs
and their associated source depth, but particular improvements
can grossly enable detection in the 1-10 kHz band, driving new
scientific opportunities [52, 94–96]. In this f region reducing
the effects of quantum noise is key, and given implemented and
anticipated technical improvements [51, 93, 97], increasing the
optical power in the interferometer arms, which is limited by
the test mass material and its coatings at a given laser wave-
length [98], could yield improved sensitivities [93]. We note
that laser interferometers could also be particularly designed to
achieve maximal sensitivity in the crucial f > fpeak range, as
in [75, 99]. These plans should ultimately be able to supply the
experimental sensitivity to discriminate between the possible
scenarios for f > fpeak shown in Fig. 1.

There are also non-interferometer experiments under devel-
opment with a sensitivity window in the 1− 10 kHz range [79],
offering the prospect of GW detection in this range on a more
rapid time scale and at substantially lower cost. We now turn to
a brief overview of such possibilities. Generally these employ
the conversion of gravitational to a mechanical or electromag-
netic signal. Possibilities include (i) superconducting cavi-
ties [100–110], (ii) resonant mass detectors [111–119], (iii)
optically levitated sensors [120, 121], (iv) atomic interferome-
ters, either ground-based [122] or in space [123, 124], or (v)
atomic clocks in space [125–127]. In the atomic experiments
the sensitivity window is about 1 mHz to 10 Hz, but extracting
information in the few kHz regime should be possible [128].

In pumped superconducting cavities, an incoming GW can
deform the cavity walls and induce a transition from the pump
mode to a signal mode. This idea was developed in [100–
105] and a prototype, known as MAGO, was built [106–109],
though it was never put into operation. Recently MAGO-like
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FIG. 3. The ratios of the SNRs in the fH and fM frequency bands, ρH/ρM , as a function of the mass ratios of the binaries. The long-lived
remnants are shown in green (•) while the BH forming cases are plotted in red (△). The results for the 40 km Cosmic Explorer detector are
shown in the left panel, while the right panel shows that for the Einstein Telescope.

detectors have regained interest [110]. Since the expected sig-
nal from the post merger phase is relatively broad, i.e., on
the order of a kHz, the detector has to be used in its broad-
band mode, with an expected strain sensitivity on the order
of 10−18-10−19

√
Hz−1 in the 6-8 kHz regime [110]. In the

case of resonant mass detectors [111, 112] an incoming GW
deforms the walls of the detector, and the deformation is then
converted to an electromagnetic signal by several transduc-
ers [113]. Examples such as the Schenberg spherical resonant
mass antenna [114], the MiniGrail experiment [115] or the
AURIGA experiment [116, 117] are focused on the frequency
regime below 4 kHz, though higher frequency studies yield
an estimated sensitivity of about 4 × 10−23

√
Hz−1 [118] and

10−22
√

Hz−1 [119] at 5 kHz and 6 kHz respectively. It has been
shown theoretically [118] that a bandwidth of the order of a
1 kHz can be achieved with a single sphere, with the use of
multiple spheres enabling still broader sensitivity [119], or the
ability to probe either the fM or fH regions shown in Fig. 1, or
both. In the case of optically-levitated sensors the estimated
strain sensitivity is 3 × 10−22

√
Hz−1 at 10 kHz [120, 121]. By

using a larger levitated mass the sensitivity could potentially be
increased even further [121]. The sensitivity of atomic clocks
at 10 kHz was estimated for a specific experimental scenario
in [128] as 10−17

√
Hz−1. Future technological developments

could well increase the sensitivity of non-interferometer meth-
ods, but for now interferometers such as CE and ET seem to
have at least one order of magnitude better sensitivity in the
1 − 10 kHz regime.

Discussion. We have shown that it might be possible to
use the presence/absence of a high-frequency signal in the
[4096, 8192] Hz-band to confidently confirm/exclude BH for-
mation for binary mergers with sufficiently high ρM ≳ 10,
yielding ρH ≳ 1 for BH forming binaries. This corresponds

to distances ranging from 40 Mpc to 100 Mpc for 90% of the
systems considered. Combined with the measurement of the
binary parameters from the inspiral signal, the knowledge of
the fate of the binary would strongly constrain the physics of
matter at extreme densities. Knowing if and when a BH is
formed in a NS merger would also impact our understanding
of the central engine of short gamma-ray bursts.

Considerable theoretical and practical challenges need to be
addressed to enable the type of measurements and inference we
are proposing. On the experimental side, future development of
new techniques to improve the sensitivity of GW observatories
at high-frequency, or the development of new high-frequency
optimized detectors might be required to extend the detection
horizon of the BH ringdown in NS mergers. On the theory side,
substantial advances in NR is required to produce reliable and
accurate BH formation time predictions for different binary
parameters and EOSs. We believe that this work strongly
motivates research in these directions.
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FIG. 4. Total mass and mass ratio for the simulations considered in
this study. Each simulation is classified according to the merger out-
come: prompt or delayed BH formation, or no BH formation within
simulation time (long-lived remnants). Note that many simulation
share the same total mass and mass ratio, but differ in the choice of
EOS, so there are fewer than 152 points.
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