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Gravitational waves emanating from binary neutron star inspirals, alongside electromagnetic transients resulting from
the aftermath of the GW170817 merger, have been successfully detected. However, the intricate post-merger dynamics that
bridge these two sets of observables remain enigmatic. This includes if, and when, the post-merger remnant star collapses to
a black hole, and what are the necessary conditions to power a short gamma-ray burst, and other observed electromagnetic
counterparts. Our focus is on the detection of gravitational wave (GW) emissions from hyper-massive neutron stars (NSs)
formed through binary neutron star (BNS) mergers. Utilizing several kilohertz GW detectors, we simulate BNS mergers
within the detection limits of LIGO-Virgo-KARGA O4. Our objective is to ascertain the fraction of simulated sources
that may emit detectable post-merger GW signals. For kilohertz detectors equipped with a new cavity design, we estimate
that approximately 1.1%–32% of sources would emit a detectable post-merger GW signal. This fraction is contingent on
the mass converted into gravitational wave energy, ranging from 0.01Msun to 0.1Msun. Furthermore, by evaluating other
well-regarded proposed kilohertz GW detectors, we anticipate that the fraction can increase to as much as 2.1%–61% under
optimal performance conditions.

Keywords: neutron star mergers, gravitational waves

PACS: 04.30.–w, 04.80.Nn, 97.60.Jd DOI: 10.1088/1674-1056/ad5320

1. Introduction

On 17 August 2017, the LIGO and Virgo detectors de-
tected a gravitational wave signal, GW170817, emanating
from a binary neutron star system. This unprecedented ob-
servational campaign motivated a series of investigations into
the implications for astrophysics, dense nuclear matter, grav-
ity, and cosmology,[1] such as the resonant scattering of grav-
itational waves with electromagnetic waves,[2] the estimation
of far-field wavefront error of tilt-to-length distortion coupling
in space-based gravitational wave detection,[3] and applica-
tions of the Newtonian approximate model to LIGO gravita-
tional wave data processing.[4] Around 1.7 s after the merger,
Fermi’s Gamma-ray Burst Monitor detected a gamma-ray
burst, GRB170817A,[5] and began electromagnetic follow-up
observations.[6]

The gravitational wave (GW) emission following the
merger of a binary neutron star (BNS) system depends on the
type of central remnant. According to theory, there are four
potential evolutionary paths for the central remnant:[7–16] (1)
immediate collapse into a black hole (BH); (2) formation of
a differentially rotating hyper-massive neutron star (HMNS),
which collapses into a BH within seconds; (3) formation of a
differentially rotating HMNS that transitions into a rigidly ro-
tating super-massive neutron star (SMNS) after the differential
rotation disappears (it then collapses into a BH once the SMNS
spins down); (4) formation of a stable neutron star (SNS) fol-

lowing the HMNS phase.
During BNS-merger simulations, if an HMNS is formed,

it is anticipated to emit a significant amount of post-merger
GWs, primarily influenced by the quadrupolar f -mode. This
emission typically has a frequency range spanning approxi-
mately 2 kHz to 4 kHz.[17–20] In reality, depending on the
equation of state of neutron stars, the post-merger GW emis-
sion can commence at around 1 kHz.[21] However, this GW
emission rapidly diminishes within approximately 100 ms due
to either the collapse of the HMNS into a BH (route 2) or the
formation of a rigidly rotating neutron star (NS) (routes 3 and
4).[9,20,22–24] In some cases, the BNS birthrate and merge rate,
as well as the mass range of merged BNS, also need to be
considered.[25] To detect the post-merger signal of binary neu-
tron stars, it is necessary to employ the upgraded GW detec-
tors to scour for the enduring post-merger signals, particularly
those detectors that possess peak sensitivity within the kilo-
hertz range.

By treating the arm cavity and the signal recycling cavity
as a coupled system, it has been demonstrated that lengthening
the signal recycling cavity can effectively shift the sensitive
frequency band towards higher frequencies.[26] Furthermore,
by directly adjusting the phase of the signal recycling mirror,
we can dynamically control the resonance frequency of the
GW detector. However, this approach may result in a reduced
response to incoming signals, as one of the sidebands may not
be captured by the photo detector.[27]
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This paper introduces an improved design based on Ad-
vanced LIGO, which emerged after a thorough examination
and comparison of previous strategies. An auxiliary triangu-
lar resonance cavity, serving as an “attachment”, has been in-
stalled on the interferometer. Its primary function is to com-
pensate for the phase shift achieved by lengthening the sig-
nal recycling cavity (SRC). The significant advantage of this
attachment is that it allows Advanced LIGO to maintain its
original design without it. When the attachment is integrated
into the detector, it produces the same effect as extending the
length of the signal recycling cavity. However, it also intro-
duces some new losses, leading to a slightly reduced sensitiv-
ity.

The paper is organized as follows: In Section 2, we de-
scribe the gravitational wave signal of the binary neutron-star
post-merger. In Section 3, we investigate the distribution of
red-shift related to BNS mergers. In Section 4, we present
several designs to enhance the sensitivity of GW detectors in
kilohertz. In Section 5, we deliberate on the viability of detect-
ing this particular type of GWs using kilohertz GW detectors.
Specifically, our objective is to determine the fraction of BNS
mergers, identified by the present GW detector LIGO A+, that
would yield a detectable post-merger GW signal when differ-
ent kilohertz detectors are employed. Finally, we conclude our
findings and provide discussions in Section 6.

2. Signal of binary neutron-star postmerger
We simulate the postmerger waveform using a damped

sinusoidal time domain waveform. The Fourier transform
of this damped sinusoidal function is a Lorentzian function.
This Lorentzian function has a symmetric composition of pos-
itive and negative frequency complex Lorentzian damped en-
velopes:

h̃DS( f ) =

√
H
4π
·

e iθ( f )
√

f0/Q
f0/2Q+ i( f − f0)

+

√
H
4π
·

e−iθ( f )
√

f0/Q
f0/2Q− i( f − f0)

. (1)

The total energy of the strain signal is represented by H;
and e iθ( f ) represents additional parameters in the phase re-
sponse, which do not impact the calculation of the signal-to-
noise ratio (SNR). The central frequency of the signal is de-
noted as f0, and its bandwidth is determined by its quality fac-
tor Q.

EGW =
c3

G
4
5

π
2D2 f 2

0 H. (2)

There is a correlation between the strain signal energy H
and the energy converted into gravitational wave energy post-
merger, denoted as EPM.

H = (2π f0D)−2 5G
c3 EPM, (3)

where D is the distance to the source, G is gravitational con-
stant, and c is the speed of light in vacuum. EPM can be de-
scribed by the mass MPM that is converted into gravitational
wave energy during the postmerger. We assume that the bi-
nary neutron star system is located at a distance of 50 Mpc
and MPM = 0.1Msun. Based on these assumptions, the value of
H can be estimated by

H ≈ 7.27×10−46
(1.8 kHz

f0

)2(50 MPC
D

)2 MPM

0.1Msun
, (4)

where f0 and Q can be simulated by using the equation of
state, total mass, and the mass ratio of the binary neutron star
system. The final binary neutron-star postmerger signal can be
synthesized using the above-mentioned calculated parameters
H, Q, and f0. By using this signal, we can adjust the appro-
priate detector parameters to calculate the signal-to-noise ratio
(SNR). The SNR of the detector is calculated as follows:

SNR = 2

√∫
∞

−∞

d f
|h̃DS( f )|2

Shh( f )
, (5)

where Shh( f ) is the power spectral density of the detector. It
is determined by the configuration of GW detector.

3. distribution of redshift
The red-shift distribution of BNS mergers is determined

by the BNS merger rate at each red shift. Typically, the BNS
merger rate in a given volume follows the star formation rate
(SFR), with a time delay between the formation of the BNS
system and its merger.[28,29] This relationship can be written
as

Rmerger(z) = Rmerger,0

∫ z

0
f (z′)G(τ)

dτ

dz
dz′, (6)

where f (z) = SFR(z)/SFR(z= 0) is the normalized SFR, with
the SFR fitted as[30]

SFR(z) ∝ g(z,η)1/η , (7)

g(z,η) = (1+ z)3.4η +
(1+ z

3000

)−0.3η

+
(1+ z

9

)−3.5η

. (8)

When η =−10 is chosen, τ represents the time delay, and
G(τ) defines its probability density function. Suppose that the
time delay follows a log-normal distribution, as reported in
Refs. [28,29].

G(τ) =
1√

2πστ τ
exp
( lnτ− lnτd

2σ2
tau

)
, (9)

where τd = 2.9 Gyr and στ = 0.2 ln(Gyr). The BNS merger
rate in a specific radial shift bin can be determined by

dṄ(z) =
Rmerger(z)

1+ z
dV
dz

dz, (10)
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where V is the comoving volume of the universe and

dV (z)
dz

= 4π

( c
H0

)3(∫ z

0

dz√
1−Ωm +Ωm(1+ z)3

)2

× 1√
1−Ωm +Ωm(1+ z)3

. (11)

with H0 = 68.7 km·s−1·Mpc−1 and Ωm = 0.308 adopted.[31]

4. Configuration of high-frequency gravita-
tional wave detector

4.1. Long SRC interferometer

By adjusting the resonance frequency of the detector to
match the signal’s high frequency, it is possible to achieve bet-
ter sensitivity. The signal recycling cavity (SRC) and arm cav-
ity can be considered as a coupled cavity for calculating phase
shift. Therefore, the first strategy is to extend the length of
the SRC.[26] The phase shift of the arm cavity to the signal re-
mains constant based on the configuration of Advanced LIGO.
This means that the resonant frequency of the detector can be
controlled by modifying the length of the SRC.

We aim to adjust the resonance frequency of the Arm-
SRC coupled cavity to approximately 1.9 kHz.[27] This res-
onance frequency enhances the interferometer’s response to
gravitational waves generated by the postmerge of binary neu-
tron stars. The phase shift of light, which is achieved by re-
flecting it off the arm cavity, can be calculated by

φarm(Ω) = atan
Ω

γarm
, (12)

γarm =
cTarm

4Larm
, (13)

where Ω = 2π f is the sideband frequency, and γarm is the arm
cavity bandwidth.

The phase shift of light reflected from the arm cavity
and the phase shift of light passing through the SRC must be
summed to achieve resonance conditions. It can be calculated
as follows:

φarm(Ω)+φsrc(Ω) = π, (14)

φsrc(Ω) =
2ΩLsrc

c
, (15)

where Lsrc represents the length of SRC, it can be calculated
to be 550 m based on this template of configuration. The main
parameters of this template are presented in the form of Ta-
ble 1. Additionally, we provide the sensitivity curve of this
template in Fig. 1.

4.2. Tuning advanced LIGO to kilohertz signals

Instead of increasing the length of SRC, we can also di-
rectly introduce the required phase shift by tuning the phase of
SRC. In this case, Eq. (14) is modified to

φarm(Ω)+φsrc(Ω)+φd = π. (16)

In this configuration, φd is the tuning phase, which makes
it convenient for the detector to adjust. By locking the SRC at
different frequencies in experiments, the resonance frequency
of the detector to the signal can be flexibly shifted. In this
way, the resonance frequency of the SRC can be shifted to the
desired high frequency. The greatest advantage of this config-
uration lies in its ease of adjustment and flexibility in shifting
the resonance frequency, which is crucial for practical appli-
cations.

When the detuning is optimized for resonance in the high-
frequency region, an additional narrow-band optomechanical
spring resonance is formed at low frequencies. However, in
general, this effect has minimal impact on detecting the post-
merger signal from binary neutron stars. The detuned con-
figuration exhibits different effects for different sources,[27]

demonstrating that this configuration is most effective for
MQLF-type signals.
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10-26
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/
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Long SRC detector

Detune detector

Auxiliary cavity detector

LIGO A+

Signal with 0.1 Msun

Signal with 0.05 Msun

Signal with 0.01 Msun

Fig. 1. Sensitivity curves for the designed kilohertz GW detectors (solid
lines) and the strain for hDS (dashed lines) in the frequency domain. For
comparison, the sensitivity curve for LIGO A+ is also shown. We adopt
the parameters for the post-merger NS as f0 = 1900 Hz and Q = 30,
observed at 50 Mpc. For the masses converted to gravitational wave
energy during postmerger, Mpm = 0.01 Msun, 0.05Msun, and 0.1Msun
are assumed. It is plotted in spectral density units using the form of
2
√

f |h̃DS( f )|.

Furthermore, the filter cavity is essential for the detuned
configuration when the squeezing part is utilized. Unlike other
configurations, the squeezing angle necessitates adjustment to
accommodate the tuning phase. The parameters for this tem-
plate are listed in Table 1. Additionally, we present the sensi-
tivity curve of this template in Fig. 1.

4.3. Using a new auxiliary cavity

The length of SRC in the Advanced LIGO detector is
55 m. The optimal detection frequency band for the Advanced
LIGO detector ranges from 10 Hz to 300 Hz. Based on the
above description, increasing the length of SRC can shift the
optimal detection frequency band towards higher frequencies.

However, in practical experimental operations, adjusting
the length of SRC is not a straightforward task. Additionally,
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high-frequency gravitational wave detectors often exhibit limi-
tations in low-frequency detection. Therefore, when the detec-
tion range needs to be modified, an auxiliary resonance cavity
can be integrated into the main interferometer without altering
the parameters of the Advanced LIGO detector. As illustrated
in Fig. 2.

y arm

x arm

Laser PRM PR2

PR3

Vacuum tank BS

SR2

SR3SRM

Vacuum tank

Squeezer PD

Fig. 2. Schematic of dual-recycled Michelson interferometer. An aux-
iliary cavity is attached to one folding mirror within signal recycling
cavity.

This configuration of detector also needs to satisfy reso-
nance conditions. In this case, Eq. (14) is modified as

φarm(Ω)+φsrc(Ω)+φx = π, (17)

φx(Ω) = atan
Ω

γx
, (18)

γx =
cTx

4Lx
, (19)

where φx is the phase shift provided by the auxiliary cavity, γx

is the cavity bandwidth, and Tx and Lx are the transmission of
SR2 and length of the auxiliary cavity in Fig. 2. Equation (19)
reveals a relationship between Tx and Lx. When it comes to
design, we aim to minimize the size of this auxiliary cavity.
However, if Lx is too short, Tx will also be minimal, leading
to the losses (Λx) in the auxiliary cavity and a decrease in de-
tector sensitivity. To achieve a balance, we have chosen the
following parameters for the auxiliary cavity: Lx = 15 m and
Tx = 0.12. When utilizing this configuration to actively in-
corporate a triangular resonance cavity, it is crucial to account
for some additional losses. The extra loss incurred in the new
cavity, denoted as Λnew, can be computed as follows:

Λnew = 5 m×3 ppm/m×3× 4
Tx

= 0.15%. (20)

Therefore, the total loss of SRC is the sum of this addi-
tional loss and the original SRC loss. We simply classify the
parameters of the detector into three categories: main inter-
ferometer or arm cavity part, signal recycling cavity part and

squeezing part. The parameters of the arm cavity mainly af-
fect the circulating power and finesse, which determine the
overall sensitivity of the detector. We used the parameters of
Advanced LIGO without changing them. For the signal recy-
cling cavity part, we calculated the parameters according to
the method previously mentioned to obtain the kHz detector,
which is essentially to sacrifice the sensitivity at low frequency
to obtain the sensitivity at high frequency. The parameters of
the squeezer and filter cavity also need to be adjusted based
on the values of the previous two parts. The parameters for
this template are listed in Table 1. Furthermore, we present
the sensitivity curve of this template in Fig. 1.

Table 1. Parameters of three types of detector.

Parameters Long SRC Detuned New cavity
Arm length, Larm 4 km 4 km 4 km
Arm transmission, Tarm 0.014 0.014 0.014
SRC length, Lsrc 550 m 55 m 55+15 m
SRC transmission, Tsrc 0.03 0.03 0.03
SRC loss, ΛSRC 0.1% 0.1% 0.1+0.15%
SRC detuning, φsrc 0◦ 2.4◦ 0◦

Injected squeezing 12 dB 12 dB 12 dB
Injection loss 5% 5% 5%
Readout loss 10% 10% 10%
Filter cavity length 300 m 1000 m 300 m
Filter cavity loss 60 ppm 15 ppm 60 ppm
Filter cavity transmission 0.0003 0.0535 0.0003
Filter cavity detuning 13 Hz 1759 Hz 13 Hz

5. Detectability
In this study, we concentrate our attention on the BNS

mergers that are detectable during LIGO-Virgo-KAGRA O4,
which has a detection limit of 170 Mpc.[32] Our aim is to deter-
mine the proportion of these identified BNS mergers that may
be accompanied by a detectable post-merger GW emission.

We randomly generate a total of 50000 BNS merger
systems within a distance of 170 Mpc, adhering strictly to
the red-shift distribution described in Section 3. Technically
speaking, all our simulated sources reside in the nearby uni-
verse, where the event rate density, denoted as Rmerger, remains
constant across various redshifts. Although the aforemen-
tioned approach for computing the red-shift distribution may
be overkill, we utilize it for its generality. For the GW sources,
we adopt the MQLF-type signals, as cited in Ref. [27]. The
parameters are as follows: f0 = 1900 Hz and Q = 30.

Since there is no definitive conclusion regarding the mass
converted into gravitational wave energy during post-merger
(EPM), we utilize observational data from GW170817[1] to es-
timate the masses as Mpm = 0.01Msun, 0.05Msun, and 0.1Msun.
Subsequently, we proceed to calculate the characteristic strain
of the GW radiation and its signal-to-noise ratio (SNR) using
a specific GW detector. By establishing a threshold SNR for
each detector, we determine the number of sources with a de-
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tectable post-merger GW signal and record the corresponding
fraction.

The cumulative distribution of signal-to-noise ratios
(SNRs) for post-merger gravitational waves is presented in
the left panels of Fig. 3 for various kilohertz GW detectors.

Additionally, the distribution of SNR is demonstrated when
employing LIGO A+ to detect post-merger GWs. By setting
a threshold of SNR > 8, the proportion of simulated sources
exhibiting a detectable post-merger GW signal can be deter-
mined. These percentages are tabulated in Table 2.
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Fig. 3. The left panels show the cumulative SNR distribution for the simulated post-merger GW signals, and the right panels show the
distribution of the distances from the GW sources to the observer for those with SNR > 8. The upper, middle and lower panels show
the cases of Mpm = 0.01Msun, 0.05Msun, and 0.1Msun, respectively. Different colors stand for different GW detectors applied.

Table 2. The fraction of BNS mergers, inside the detecting limit
of LIGO-Virgo-KAGRA O4 (170 Mpc), with a detectable post-
merger GW signal.

Mpm 0.01Msun 0.05Msun 0.1Msun

LIGO A+ 0.12% 0.91% 2.7%
Long SRC 2.1% 22% 61%

Detune 0.34% 2.9% 8.0%
New cavity 1.1% 12% 32%

The results indicate that, as the mass converted into grav-
itational wave energy during the post-merger phase (MPM)
increases, the fraction of sources exhibiting detectable post-
merger GW signals also rises for all detectors. This finding is
rationalized by the fact that the strain of the gravitational wave
signal energy, denoted as hDS, becomes more significant, lead-
ing to enhanced integral signal-to-noise ratios (SNRs). The

histogram depicting the distances of all sources exhibiting a
detectable post-merger GW signal is presented in the right
panels of Fig. 3. The vertical axes have been normalized based
on the total number of simulated sources. As evident from the
figure, for secular post-merger GW signals, the detection rate
may not always scale proportionally with the cube of a detec-
tor’s detection limit. This is because the detection limit is pri-
marily determined by GWs emitted from SNSs, whereas some
high-frequency detectors may also exhibit sensitivity towards
sources collapsing at earlier stages.

The performance of the kilohertz GW detectors is satis-
factory when compared to LIGO Aplus. Specifically, when the
post-merger mass (Mpm) is set to 0.1Msun, a significant frac-
tion ranging from 8% to 61% of the BNS sources identified
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during the LIGO-Virgo-KAGRA O4 observation period can
potentially emit a detectable post-merger GW signal. Even
under the assumption of a much lighter post-merger mass of
0.01Msun, the new cavity kilohertz GW detector can still de-
tect more than 1% of these sources. Among all the detectors
considered, the long-SRC detector exhibits the most promis-
ing performance solely based on its detection rate.

6. Discussion and conclusion
In summary, we have conducted a detailed study on the

gravitational wave emissions that arise from the newly formed
neutron stars resulting from binary neutron star mergers. We
delve into the discussion of several kilohertz GW detectors
specifically designed to target this type of signal. Further-
more, we simulate BNS mergers within the detection limit of
the LIGO-Virgo-KAGRA O4 network (170 Mpc) and infer the
proportion of sources that exhibit a detectable long-term post-
merger GW signal for each individual kilohertz GW detector.
This analysis aims to assess the performance of these detec-
tors. For GW signals, it is similar to GW170817. The differ-
ence is that LIGO-Virgo uses the method of matched filtering
while we calculate it through formulas. We choose the MQLF
signal model which is the best-suited signal model for the de-
tuning detector. It is convenient for us to compare the detector
performance of different design ideas.

For the proposed kilohertz GW detector utilizing a novel
cavity, the maximum fraction of sources exhibiting a de-
tectable post-merger GW signal is approximately∼ 32% when
the post-merger mass Mpm = 0.1Msun. As the mass converts
into gravitational wave signals diminishes, this fraction re-
duces to a range of 1.1%–12%. These outcomes surpass those
of another detuned GW detector and significantly outperform
the approach of solely searching for post-merger GW signals
within the data of LIGO Aplus. This improvement is rational-
ized by the fact that, in theory, the power spectrum density of
the detuned GW detector at its peak frequency would be twice
as high as the detector proposed in this paper due to the loss of
half of the sideband.

The percentages tabulated in Table 2 reveal that the long
SRC kilohertz GW detector demonstrates the best perfor-
mance. Notably, the implementation of a new auxiliary reso-
nant cavity allows for outstanding results without altering the
interferometer’s core structure. This design’s key advantage
lies in its ability to precisely adjust the resonant cavity’s trans-
mission, effectively limiting its scale within a defined space.
This is achieved through the cavity’s compensation for phase
shifts, enabling us to attain the desired peak frequency. While
the introduction of the auxiliary resonant cavity inevitably
leads to additional losses and noises, resulting in a reduction
of sensitivity, the ease it brings to experimental operations re-
mains within an acceptable range. It can temporarily turn the

initial interferometer into a kHz detector by adding a small
resonance cavity, and it can also restore the original sensitivity
of the detector by removing the small resonance cavity.

Furthermore, the parameters of the arm cavity mainly af-
fect the circulating power and finesse, which determine the
overall sensitivity of the detector. For example, as the circu-
lating power increases, the Advanced LIGO can detect more
BNS mergers. However, in pursuing this approach, it is crucial
to consider the antenna response, which can potentially impact
the SNR of the GW detector. Additionally, it is fascinating to
explore the ultimate light intensity that the interferometer can
endure. In this work, we only consider the GW signals of
MQLF-type. If we consider all signals in the frequency do-
main, the values of f0 and Q should be a distribution, but so
far there is no clear conclusion about this distribution.

The sensitivity of the kilohertz GW detector proposed in
this paper is limited to a narrow frequency band, and its sci-
entific goal is to target specific high-frequency GW signals.
Different central frequencies correspond to different detector
parameters. If considering to detect a wide range of frequen-
cies, a broadband detector such as the third-generation gravita-
tional wave detector would be more suitable (Cosmic Explorer
and Einstein Telescope). In future research, the constraints on
EOS will help us simulate the GW signals more accurately and
we can estimate the tidal deformability measurement accuracy
because the GW peak frequency is strongly correlated with the
tidal deformability and star’s compactness.
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