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Advanced gravitational-wave detectors that have made groundbreaking discoveries are Michelson
interferometers with resonating optical cavities as their arms. As light travels at a finite speed, these
cavities are optimal for enhancing signals at frequencies within the bandwidth, beyond which, however,
a small amount of optical loss will significantly impact the high-frequency signals. We find an elegant
interferometer configuration with an “L resonator” as the core, significantly surpassing the loss-limited
sensitivity of dual-recycled Fabry-Perot-Michelson interferometers at high frequencies. Following this
concept, we provide a broadband design of a 25-km detector with outstanding sensitivity between 2 and
4 kHz. We perform Monte Carlo population studies of binary neutron-star mergers, given the most recent
merger rate from the GWTC-3 catalog and several representative neutron-star equations of state. We find
that the new interferometer configuration significantly outperforms other third-generation detectors by a
factor of 1.7 to 4 in the signal-to-noise ratio of the postmerger signal. Assuming a detection threshold with
signal-to-noise ratio > 5 and for the cases we explore, the new design is the only detector that robustly
achieves a detection rate of the neutron-star postmerger larger than one per year, with the expected rate
between Oð1Þ and Oð10Þ events per year.
DOI: 10.1103/PhysRevX.13.021019 Subject Areas: Astrophysics, Gravitation, Optics

I. INTRODUCTION

In 2015, the first direct detection of gravitational waves
was made by the LIGO-Virgo Collaboration [1]. Since
then, gravitational waves have become a new window
for observing the Universe and probing the unexplored
territories in astrophysics, cosmology, and fundamental
physics. Until now, more than 90 compact-binary-merger
events have been confidently observed by the network of

advanced detectors, including Virgo and KAGRA [2].
Within these events, the detection of a binary neutron-star
coalescence GW170817 [3] followed shortly by a short
gamma-ray burst GRB 170817A [4], and the series of
joint observations of electromagnetic counterparts [5] have
had profound scientific impacts: This multimessenger
discovery confirmed that binary neutron-star mergers are
the origin of at least some short gamma-ray bursts and a
production site for heavy elements via rapid neutron
capture [5]. In the cosmology aspect, GW170817 has led
to an independent measurement of the Hubble constant [6].
It also provided unique access to probe the internal
structure of neutron stars and their equation of state by
constraining their tidal deformability [3,7–11]. With both
gravitational-wave and gamma-ray measurements, new
constraints and bounds have been placed on the speed of
gravitational waves and the violation of Lorentz invariance,
in addition to a new test of the equivalence principle [4].
Current gravitational-wave detectors are only sensitive

to the inspiral part of binary neutron-star mergers, as
shown in the analysis of GW170817. The postmerger
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gravitational-wave signal, which concentrates in the kilohertz
band, encodes essential information to answer many impor-
tant questions, e.g., the origin(s) of heavy-element nucleo-
synthesis, the engine of gamma-ray jets, and the inner
structure of the neutron star under extreme conditions. In
particular, the merger and postmerger signals provide access
to completely unexplored regimes in the quantum chromo-
dynamics phase diagram beyond the reach of terrestrial
collision experiment [12], where the novel phase of matter
mayappear, e.g., fromhadron-quarkphase transition [13–15].
The successful performance of current gravitational-

wave detectors relies on their Michelson-type design. In
addition to the canonical Michelson interferometer con-
figuration, extra mirrors have been introduced in the arms
to form Fabry-Perot cavities which boost both the optical
power and the gravitational-wave signals, giving the so-
called Fabry-Perot-Michelson (FPMI) interferometer [16].
With these modifications, the shot-noise-limited sensitivity
is improved by orders of magnitude within the cavity
bandwidth, typically from a few hertz to tens of hertz.
On the other hand, the binary neutron-star postmerger

signals aremainly between 2 and 4 kHz,which is beyond the
optimal band of current gravitational-wave detectors. To
better explore neutron-star physics, there are various ideas
developed to improve the high-frequency sensitivity of
modern and future detectors based on the dual-recycled
Fabry-Perot-Michelson (DRFPMI) interferometer, which
includes a power recycling cavity at the bright port and a
signal recycling cavity and signal extraction cavity (SEC) at
the dark port to further enhance the arm cavity power and
adjust the detector response [17,18]. One straightforward
approach is to make use of the adjustability of the SEC,
which forms a coupled system with the arm cavity. For
example, the signal resonant frequency of the detector
can be shifted to higher frequencies by constant SEC
detuning [19] or exploring the SEC-arm coupled-cavity
resonance [20–22]. More sophisticated quantum schemes,
including the white-light cavity [23–28] and the nonlinear
optical parametric amplifier [29–33], aim to broaden the
effective bandwidth of the detector without sacrificing its
peak sensitivity, hence overcoming the Mizuno limit [34].
However, it is the optical loss that sets a universal and
ultimate sensitivity limit of a quantum detector [35]. The
schemes mentioned above for improving the high-
frequency sensitivity are all severely constrained by the
optical losses in the SEC, which directly attenuate the signal
emerging from the arm cavity. Even worse, the SEC loss-
limited high-frequency sensitivity is independent of the arm
length. Several studies have been carried out to explore
various techniques to saturate or overcome the SEC loss
limit [36,37]. It has been realized that a sloshing-type
Sagnac configuration can beat the SEC loss limit by adding
a filter cavity between two arms and thus shaping coupled-
cavity resonances in the absence of a SEC. However, the
filter cavity loss becomes the new limiting factor as another
internal loss [37]. Physically, the intrinsic limit of high-
frequency sensitivity comes from the decay of signal beyond

the bandwidth of the single cavity where the signal is
generated and circles around.
In order to surpass the loss limit of gravitational-wave

detectors at high frequencies, the question becomes
whether it is possible to resonate high-frequency signals
in the arm cavity by itself. Meanwhile, the laser carrier needs
to resonate to maintain the high power. It motivates the idea
of taking advantage of resonance at free spectral range away
from the carrier frequency [38]. However, the detector’s
response to gravitational waves essentially degrades around
the free-spectral-range frequency [39–41]. For gravitational
waves from the normal direction, the alteration in travel time
for light cancels out if the duration of the round-trip matches
the period of the gravitational wave.
In this paper, we provide an elegant detector scheme

satisfying all criteria. The SEC loss-limited lower-bound
sensitivity of the new detector can be orders of magnitude
better than a DRFPMI interferometer at high frequencies.
A conceptual design of the new detector, including all
other losses, surpasses the quantum loss limit of currently
proposed gravitational-wave detectors several times. In
Sec. II, we introduce the principle of the core of the new
detector, an “L resonator.” InSec. III,wepresent the complete
interferometer and its quantum noise. In Sec. IV, we deliver
the conceptual design of the new detector and model the
noise budget. In Sec. V,we demonstrate the ability of the new
detector to detect thepostmerger signal of binaryneutron-star
coalescence and dark-matter-induced neutron-star collapse.

II. PRINCIPLE

To illustrate the principle of the new scheme, we start
with the fundamental FPMI interferometer. Here, we define
2 orthogonal degrees of freedom of motion: the common
“þ” and differential “−” motions of end test masses
(ETMs) in the x and y arms,

ΔLþ ¼ ΔLx þ ΔLy; ΔL− ¼ ΔLy − ΔLx: ð1Þ

The differential mode signal transmits to the dark port, and
the common mode signal appears at the bright port. The
interferometer’s responses to the sidebands of both modes
are identical and proportional to

GFPMI;þ=− ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2TITM

p
je2iΩτ − ffiffiffiffiffiffiffiffiffiffi

RITM
p j ; ð2Þ

whereΩ is the angular frequency of sideband τ≡ L=c, L is
the arm length, TITM and RITM are the transmissivity and
reflectivity of the input test mass (ITM).
We propose an L resonator as shown in Fig. 1. Such a

resonator responds to the two modes of motion in different
manners, giving separated resonant frequencies. The phase
variation of light after a round-trip in the cavity is
ΔϕðtÞ ¼ ð2ω0=cÞ½ΔLxðt − 2τÞ þ ΔLyðtÞ�, which, in the
frequency domain, can be written as
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ΔϕðΩÞ ¼ 2ω0

c
ð1� e−2iΩτÞΔL�ðΩÞ; ð3Þ

where ω0 is the angular frequency of the carrier. It is clear
that when Ω=2π ¼ Nc=2L (N is an integer), the phase
shift ofþ mode reaches maximum; in contrast, the −mode
peaks at Ω=2π ¼ Nc=2Lþ c=4L. Here we pump the
resonator by two lasers from both input ports, which give
balanced power in the two orthogonal arms [42]. The signal
of both modes of motion will appear at both ports
as indicated in Fig. 1. The responses of the two ports to
the þ and − mode are proportional to

GL;1;þ ¼ GL;2;þ ¼
ffiffiffiffiffiffiffiffiffiffi
TITM

p
je2iΩτ − ffiffiffiffiffiffiffiffiffiffi

RITM
p j ;

GL;1;− ¼ −GL;2;− ¼
ffiffiffiffiffiffiffiffiffiffi
TITM

p
je2iΩτ þ ffiffiffiffiffiffiffiffiffiffi

RITM
p j : ð4Þ

By combining and splitting theþ and−mode signals at two
ports, we can tell the L resonator has an identicalþmode
response to the FPMI interferometer. Regarding the−mode,
the L resonator has 4=TITM times larger response at c=4L, as
shown in Fig. 2. The expense is aroundΩ ¼ 0 and c=2L. It is
worth noting that, atΩ ¼ 0, the response is not zero, as one
may infer directly from Eq. (3).
How about its response to gravitational waves? Treating

the ITM and ETM in the x arm or y arm of the L resonator
as the boundary of the photon’s trajectory in two directions,
the round-trip phase in one direction under the projection of
the gravitational waves is the same as in the Michelson
interferometer where the beam splitter (BS) and ETM form
the boundary. The fractional change of the travel time of
light in one arm DðΩ; neÞ can be expressed by Eq. (5) in
Ref. [41], where ne ≡ niei. ni is the traveling direction
of gravitational plane wave, and ei is the vector aligned to
one arm. By calculating the optical field after traveling
through the whole cavity, the cavity’s response is propor-
tional to

ffiffiffi
2

p
ω0τGL;1;−Dij, where Dij ¼ DðΩ; nkekxÞeixejx −

DðΩ; nlelxÞeiyejy is the detector tensor. It is the same as that
of the Michelson interferometer [39–41,44]. The antenna
response for each polarization is Fþ;× ¼ Dijϵ

ij
þ;×, where

ϵijþ;× is the polarization tensor for the þ and × polariza-
tions [41,45], respectively. In the special case, the strain of
the normal incident waves can be mapped to an equivalent
differential displacement as follows:

ΔL−ðΩÞ ¼ L
sinΩτ
Ωτ

hðΩÞ: ð5Þ

It is clear that only at multiples of c=2L, instead of c=4L,
the gravitational wave corresponds to 0 effective displace-
ments. In later sections, the strain sensitivities are shown by
including the antenna response

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jFþj2 þ jF×j2

p
for gravi-

tational waves traveling at an angle of 15° with respect to
the normal direction.

III. THE COMPLETE INTERFEROMETER
AND QUANTUM NOISE

Each output port of the L resonator is sensitive to both
common and differential modes. We can decouple the
two modes of signals through an electronic system after
measuring their signals. More practically, we can use a
single laser and add a BS to form the complete interfer-
ometer as shown in Fig. 3, which decouples the two modes
spatially. In Fig. 3, the sideband extraction mirror (SEM)
and power recycling mirror (PRM) are also included. Note
that in the lossless case, the laser travels in and returns
along the same input port, and the reflection port turns out
to be dark. Therefore, the BS behaves more like the one in
the Michelson instead of the Sagnac interferometer, as the
topology might indicate. The SEM helps decrease the
sidebands’ storage time around c=4L, therefore broadening
the detector bandwidth [34]. In contrast, it increases the
low-frequency sideband storage time, which refers to
the signal recycling scheme in the DRFPMI interfero-
meter [17,34]. A similar high-frequency resonance can be

FIG. 1. Schematic of the FPMI interferometer and the L
resonator. They are both sensitive to 2 degrees of freedom of
motion: naming commonþmode indicated by red arrows, and
differential −mode (gravitational-wave mode) indicated by black
arrows.

FIG. 2. The relative response of the L resonator and FPMI
interferometer to the differential mode. The L resonator outper-
forms at c=4L and 3c=4Lwith a relative amplification of 4=T ITM,
where TITM is chosen as 0.014. In contrast, the FPMI interfer-
ometer outperforms around frequency 0 Hz and c=2L.
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achieved by the synchronous interferometer [46–50],
which uses a ring cavity as its core. It realizes a speed-
type measurement that suppresses the signals at low
frequencies. The new interferometer is a position meter
sensitive to signals toward dc.
The quantum noise of the new interferometer can be

derived following the conventional approach of modeling
the field propagation in the interferometer. The single-sided
quantum-noise power spectral density of the interferometer
in the unit of m2=Hz is

SðΩÞ ¼ c2ℏje2iΩτ þ ffiffiffiffiffiffiffiffiffiffi
RSEC

p j2
4ω0ParmTSEC

þ 16ℏω0ParmTSEC

c2M2je2iΩτ þ ffiffiffiffiffiffiffiffiffiffi
RSEC

p j2Ω4
;

ð6Þ

whereM is the mass of each ETM. Here, TSEC and RSEC are
the effective transmissivity and reflectivity of the SEC
formed by the ITM and SEM:

TSEM ≡ TITMTSEM

½1 − ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RITMRSEM

p �2 ; ð7Þ

where TSEM; RSEM are the power transmissivity and reflec-
tivity of SEM. More precisely, we include the additional
phase gained by the sidebands propagating in the SEC.
There is

SðΩÞ ¼ c2ℏjCj2
4ω0ParmTITMTSEM

þ 16ℏω0ParmTITMTSEM

c2M2jCj2Ω4
; ð8Þ

where

C ¼ e2iΩðτþτsÞ þ
ffiffiffiffiffiffiffiffiffiffi
RITM

p h
e2iΩτs − e2iΩτ

ffiffiffiffiffiffiffiffiffiffiffi
RSEM

p i
− RSEM:

ð9Þ

Here τs ≡ LSEC=c, LSEC is the SEC length. The first term of
Eq. (8) is the shot noise Sshot, and the second term denotes
the radiation-pressure noise. The power spectral density of
the SEC loss can be calculated as

SSECðΩÞ ¼ ϵSEC

�
c2ℏje2iΩτ þ ffiffiffiffiffiffiffiffiffiffi

RITM
p j2

4ω0ParmTITM
þ 16ℏω0ParmTITM

c2M2jCj2Ω4

�
;

ð10Þ
where ϵSEC is the SEC loss coefficient. The power spectral
density of the input loss is SinðΩÞ ¼ ϵinSðΩÞ, where ϵin is
the input loss coefficient. The power spectral density of the
output loss is SoutðΩÞ ¼ ϵoutSshotðΩÞ=ð1 − ϵoutÞ, where ϵout
is the output loss coefficient. The arm loss power spectral
density can be calculated as

SarmðΩÞ ¼ ϵarm

�
c2ℏ

8ω0Parm

þ 8ℏω0Parmje2iΩτs −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RITMRSEM

p j2
c2M2jCj2Ω4

�
; ð11Þ

where ϵarm is the arm loss coefficient.

IV. CONCEPTUAL DESIGN AND NOISE BUDGET

Targeting the postmerger signals of binary neutron stars,
typically between 2 and 4 kHz, we propose a detector
with each arm length 25 km, which results in peak
sensitivity at 3 kHz. The sensitivities of the new detector,
Advanced LIGO+ (A+) [51,52], and other third-generation
detectors—Neutron Star Extreme Matter Observatory
(NEMO) [21] Einstein Telescope (ET) [53], and Cosmic
Explorer (CE) [54,55]—are compared in Fig. 4.

FIG. 4. Strain sensitivity of the 25-km new detector in com-
parison to A+ [51,52], NEMO [21], ET [53], the “postmerger”
tuned CE-20-km and the CE-40-km [54,55] detectors. The
sensitivity of ET corresponds to the combined three 10-km
triangular configurations. The new detector gives superior sensi-
tivity in the frequency range of 2–4 and 8–10 kHz. The
parameters of the new detector are listed in Table. I.

FIG. 3. The schematic of the new interferometer comprised of the
L resonator and a centralMichelson interferometer. It also includes
a power recycling mirror (PRM) and signal extraction mirror
(SEM). Constant phase squeezing is injected from the dark port.

ZHANG, YANG, MARTYNOV, SCHMIDT, and MIAO PHYS. REV. X 13, 021019 (2023)

021019-4



A. Interferometer design

In such a detector, we choose a laser wavelength at
1064 nm and fused silica as the mirror material, the same as
in the LIGO and Virgo detectors [51,56]. We target the arm
cavity power 1.5 MW, which can be obtained with a 165-W
input laser and 100-ppm round-trip arm cavity loss (equiv-
alent to 50-ppm loss in each arm cavity of the DRFPMI
interferometer). On the conceptual level, we reasonably
assume other power degradation mechanisms, e.g., the
point absorbers on the surface of optics [57], the parametric
acousto-optic coupling [58] will be manageable in the
future benefiting from both optimizing the detector’s
technical design and technology research and development.
The ITM transmissivity is chosen as 0.014. The SEM
transmissivity is chosen as 0.06, and the SEC length is
chosen as 50 m. The resulting detector half-bandwidth is
approximately 300 Hz.
The radius of curvature of two ETMs is chosen to be

40 km (cavity g factor approximately 0.06), resulting in a
beam size of 13.2 cm on the ETMs. The beam is elliptical
on the ITM, with sizes of 8 and 11.3 cm in two axes
(11.3 cm ¼ ffiffiffi

2
p

× 8 cm, where 8 cm is the waist size). We
adopt the mirror radius and thickness of 34 and 40 cm,
respectively, giving total weight of approximately 320 kg.
In the new detector, the ITM's displacement along its
normal is of the þ mode. Ideally, the gravitational wave
channel will not be affected by the larger thermal fluctua-
tions of the ITM resulting from its suboptimal geometry
[59]. We choose the ITM radius of 34 cm and thickness
17 cm giving a mirror mass of 136 kg. The coating material
of the ITM should have low optical absorption to reduce the
heat load, hence reducing the optical loss in the recycling
cavity from the thermal distortion [60]. However, it is not
required to have a low mechanical loss, which is necessary
to have by the ITMs in the DRFPMI interferometer.

B. Radiation-pressure noise and squeezing

In the new detector, only two ETMs contribute to the
effective differential mode, which is half reduced compared
with the DRMIFP interferometer. Equivalently, the reduced
mirror mass of the differential mode is a factor of 2 larger;
hence, the quantum-radiation-pressure amplitude noise is
reduced by a factor of 2. It is straightforward to read that
Eq. (8) reaches the minimum value when the shot noise and
the radiation-pressure noise are equal:

SðΩÞ ≥ 4ℏ
MΩ2

; ð12Þ

which is the power spectral density of the standard quantum
limit of the new interferometer. It is only half the standard
quantum limit of a DRMIFP interferometer [61].
Benefiting from the naturally reduced radiation-pressure

noise, we adopt only constant phase squeezing instead of
frequency-dependent squeezing. As a result, the usual

kilometer-long filter cavity is not required. We assume
18-dB constant phase squeezing can be generated. The loss
projection on the input path is 1.5%, including 1% from the
optical parametric amplifier and 0.5% from the Faraday
isolator. Note that the input loss budget is less than the
estimation in other third-generation detectors, where a filter
cavity is required on the input chain. It will result in 15-dB
squeezing into the interferometer and give 15-dB ampli-
fication of radiation-pressure noise. The output path,
including the Faraday isolator (0.5%), output mode cleaner
(2%), and the photodiodes (1%), contribute a total 3.5%
loss [62]. Including the internal loss from the SEC
(500 ppm) and arm cavity (100 ppm), (10–11.5)-dB
squeezed shot noise is observed over the whole frequency
band, with 11.5-dB squeezing at the peak sensitivity. The
detailed quantum-noise compositions are shown in Fig. 5.

C. Arm cavity noise

The arm cavity effective mirror displacement noises
are reduced compared with the equivalent DRFPMI inter-
ferometer, again benefiting from the insusceptibility to
ITM motions.
We model the noise budget of the new detector using the

software PYGWINC [63]. The noise modeling is based on the
CE-40-km design [64]. For the coating thermal Brownian
noise modeling, we assume a factor 4 improvement from
the mechanical loss of Ta2O5 and SiO2 bilayer coatings,
which is also the goal of A+ [52]. The ETM suspension
design is assumed to be the quadruple pendulum suspen-
sion used in LIGO [64,65]. The vertical seismic and
suspension thermal noise has the least coupling due to
the finite radius of the curvature of Earth and is independent
of the arm length in the unit of strain. They scale down by

FIG. 5. Detailed quantum-noise budget of the new detector
(solid lines). The SEC loss limit of the postmerger tuned CE-20-
km detector (dashed line) is included for comparison. At 3 kHz,
the SEC loss limit of the new detector is orders of magnitude
lower than that of the postmerger tuned CE-20-km detector. The
output loss limits the quantum noise of the new detector.
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ffiffiffi
2

p
from CE-40 km. The horizontal seismic and suspension

thermal noise increases by 1.13 (40=25=
ffiffiffi
2

p
). Newtonian

noise is also around a factor of 1.13 times the CE-40-km
noise. The residual gas noise caused by the stochastic
disturbance of molecular species onto the laser’s phase [66]
is not mirror displacement noise and will almost scale up
by 1.6 (40=25). The gas damping noise, however, from the
impinging of the gas particles onto test masses [67,68]
scales up by 1.13.

D. Central Michelson noise

Different from the DRFPMI interferometer, where the
arm cavity buildup factor attenuates the central Michelson
noise, the optical path’s fluctuations in the central
Michelson noise of the new detector are non-negligible
at low frequency and around c=2L due to the antiresonance
of the arm cavity in those frequency bands. The power
spectral density of the Michelson differential noise can be
mapped to the equivalent ETM noise as

SETMðΩÞ ¼ SMiðΩÞ
je2iΩτ þ ffiffiffiffiffiffiffiffiffiffi

RITM
p j2
4

; ð13Þ

where SMiðΩÞ is the central Michelson noise and SETMðΩÞ is
thus the detection noise. Such a fundamental noise can largely
come from the change of the refractive index of the BS and
ITM substrate due to inhomogeneous temperature fluctua-
tions, so called substrate thermorefractive noise [69–71].

The central Michelson thermorefractive noise from both the
BS and ITM substrates can be calculated by Eq. (2) in
Ref. [70], including elliptical beam corrections. The beam
size on the BS will be almost the same as on the ITM. We
choose the BS geometry to be the same as the ITM with a
radius 34 cm and a thickness 17 cm.
We also include the suspension, coating, and substrate

thermal noise from the BS and the two steering mirrors
between the BS and the ITM. The folding mirror gives
coherent mirror displacement noise twice in a round-trip. It
also introduces larger mirror thermal noise in each bounce
than a straight reflection due to the interference fringe
pattern [72,73]. It is a 50% addition in the power spectral
density for coating Brownian noise [72,73], the dominated
thermal noise. The steering mirror coatings have the same
mechanical loss as the ETMs. For the seismic noise and
seismic Newtonian noise of the central Michelson interfer-
ometer, the scale of the central Michelson interferometer
should be smaller than thewavelength of the seismic waves;
themotions of theMichelsonmirrors can be largely coherent
as a certain mix of differential and common modes.
For simplicity, we assume uncorrelated noise from each
mirror. The seismic isolation systems of central Michelson
mirrors are the same as those of the ETMs. The detailed
noise budget of the new detector is shown in Fig. 6.
As shown in Fig. 4, the sensitivity of the new detector is

comparable to that of the postmerger tuned CE-20 km
in the hundreds of hertz range. It starts to have better
sensitivity from 1.5 kHz and shows more than a factor of 2
improvement in the frequency range from 2.6 to 3.8 kHz
with the maximal improvement of 3.5 times occurring
at 3 kHz.

TABLE I. Parameters of the 25-km new detector.

Wavelength 1064 nm
Arm length 25 km
SEC length 50 m
Input laser power 165 W
Power recycling cavity power 10.6 kW
Arm circulating power 1.5 MW
ITM transmissivity 0.014
SRM transmissivity 0.06
Arm loss 100 ppm
SEC loss 500 ppm
Input loss 1.5%
Output loss 3.5%
Input squeezing level 18 dB
Result squeezing (shot noise) 10–11.5 dB
Result squeezing (radiation-pressure noise) −15 dB
Substrate material Silica
ITM and ETM mass 136 and 320 kg
ITM radius and thickness 34 and 17 cm
ETM radius and thickness 34 and 40 cm
ITM and ETM RoC ∞ and 40 km
ITM and ETM beam size 8 and 13.2 cm
BS radius and thickness 34 and 17 cm
BS beam size 8 cm
Coating loss angle
(ETM and steering mirror)

9e-5 and 1.25e-5

FIG. 6. Noise budget of the 25-km new detector. Above 20 Hz,
the sensitivity of the new detector is limited by quantum shot
noise. Instead of frequency-dependent squeezing, only constant
phase squeezing is applied. The seismic noise. Newtonian noise
and suspension thermal noise include both arm cavity and central
Michelson noise. We present the BS and ITM coating and
substrate noise separately. The noise budget is modeled by the
software PYGWINC [63].
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V. SCIENCE CASES

The new configuration leads to a broadband sensitivity
as shown in Fig. 4; hence, such a detector will still be
able to probe the astrophysics of compact binaries and
cosmology similar to third-generation detectors (see, e.g.,
Ref. [74]), though with modified signal-to-noise ratios
(SNRs). In this section, we highlight two specific science
cases that become accessible due to the unparalleled
sensitivity at high frequencies offered by the new design.

A. Neutron-star postmerger

The primary science target of this new detector design is
the postmerger gravitational-wave signal of coalescing
binary neutron-star systems. While the ringdown spectros-
copy of binary black-hole coalescences provides a novel
platform for tests of general relativity [75–78], the post-
merger spectroscopy of binary neutron stars will likely shed
light on our understanding of the equation of state of
nuclear matter at high temperatures, complicated magneto-
hydrodynamical processes involving neutrino generation
and transport, novel phase(s) of nuclear matter, and the
underlying mechanism of short gamma-ray bursts [79–87].
The postmerger waveform of binary neutron stars is a

complicated (and unknown) function of the neutron-star
masses, spins, and the equation of state. We perform an
analysis similar to the one presented in Ref. [20] and
choose five representative equations of state: TM1 [88],
DD2 [89], SFHo [90], SLy [91], and APR4 [92] to cover a
range of different stiffness. The neutron-star binary is
assumed to be 1.35M⊙ þ 1.35M⊙, and the corresponding
waveforms are adopted from Refs. [93–96]. In Fig. 7, we
present the waveforms of a source in different equations
of state at a distance of 100 Mpc. Notice that the actual

postmerger waveform depends on the remnant mass, spin,
magnetic field level, and possibly many other factors, in
addition to the equation of state. The goal of this new
detector is to provide superior sensitivity covering from over
1 to 4 kHz, where most postmerger spectra belong. However,
it is not necessary that the detector sensitivity is optimal for a
particular waveform considering the uncertainty.
We assume the updated binary neutron-star merger rate

after the third observing run of the Advanced LIGO-Virgo
detector network, 105.5þ190.2

−83.9 Gpc−3 yr−1 [97]. We note
that it is an order of magnitude smaller than the initial rate
estimated after the detection of GW170817 [3] (and used
in Ref. [20]). For each of the three equations of state,
we apply Monte Carlo simulations to randomly sample
binary neutron stars in their sky locations, inclinations, and
distances according to the merger rate, assuming one year
of observation time and a uniform distribution of binaries
in comoving volume. We repeat this exercise 100 times to
generate 100 universes with the same underlying distribu-
tion but different statistical realizations. We compute the
postmerger SNR for each event, defined as

SNR ≔ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ
4 kHz

fcontact

df
jh̃ðfÞj2
SnðfÞ

s
; ð14Þ

where h̃ is the frequency-domain postmerger waveform,
SnðfÞ is the single-sided noise power spectral density of
the considered detector, and fcontact is the frequency at
which neutron stars collide with each other [93,98], which
depends on the equation of state. It can be computed from
the mass ratio of the binary and the compactness of the
neutron stars [98]. The upper cutoff frequency is chosen to
be 4 kHz to cover most of the spectral power of the
postmerger waveform. We note that this is a slightly
different definition of the postmerger SNR from the one
used in Refs. [55,99], where instead of fcontact a fixed lower
cutoff frequency of 1 kHz is used. Here we choose the
equation-of-state-dependent contact frequency as we are
not considering the part of the postmerger spectrum that
overlaps with inspiral frequencies. The resulting median
number of events with a postmerger SNR > 5 and the
median SNR of the loudest event, averaged over the
100 realizations and assuming three different merger rates,
are shown in Fig. 8. We find that the new design
significantly outperforms—by a factor of 1.7 to 4—other
third-generation detectors in detecting the postmerger
signal of colliding neutron stars. If the detection threshold
is chosen to be a SNR > 5, then only the new design is
confidently expected to observe at least one event per year,
whereas the detection rates for NEMO, ET, and CE are 1 to
2 orders of magnitude smaller for most of the equations of
state. Notice that here the SNR is defined for the total
postmerger waveform, which is greater than the SNR
stemming from the excitation of individual oscillation

FIG. 7. The postmerger waveform of binary neutron stars in
various of equations of state with peak mode frequency ranging
from 2 to 4 kHz. The source distance is assumed to be 100 Mpc.
Each neutron star in the binary is assumed to have equal mass
1.35M⊙. The black solid line represents the sensitivity of the
new detector.
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modes of the postmerger object. Therefore, the new design
provides the most promising platform to perform post-
merger spectroscopy, i.e., resolving the “peak mode” and
other secondary oscillation modes of the remnant [100].

B. Dark-matter-induced neutron-star collapse

In addition to the prominent sensitivity between 2 and
4 kHz, the new detector also has better sensitivity between
8 and 10 kHz. This section studies its potential advantage
for an even higher-frequency science case.
It has been proposed that fermionic dark-matter particles

may accumulate at the center of neutron stars and eventually
collapse into a mini-black-hole because of the dissipative
interaction. The neutron-star matter subsequently accretes
onto the mini-black-hole in millisecond timescale and
produces gravitational-wave emission in the kilohertz range,
depending on the mass of the collapsing neutron star.
The primary gravitational-wave signal for a rotating

neutron star is the 20 mode of the axisymmetric collapse.
The collapse waveform in discussed in Ref. [101], which
displays similar magnitude (in ψ4) as the collapse wave-
form of the hypermassive neutron star as used in Ref. [38].
For simplicity, we use the phenomenological waveform
model in Ref. [38] to compute the signal-to-noise ratio of
these events:

h ¼ A
50 Mpc

d
sinð2πftÞe−πfjtj=Q ð15Þ

with the prepeak part contributing a comparable SNR to
the postpeak part. Here the mode frequency is inversely

proportional to mass f ∼ 4.7 kHz × ð2.7M⊙=MNSÞ, the
quality factor is Q ∼ 2.5, and the amplitude is estimated
as A ∼ 0.8 × 10−23ð4.7 kHz=fÞ2 (assuming the “TM1”
equation of state). Notice that these values are expected
to change for different neutron-star spin and equations of
state. For example, the amplitude may change by at least a
factor of 3 according to the equations of state used in
Ref. [101], and the variation of frequency and quality factor
may be ≤ 30% or ≤ 20%, respectively [38].
As shown in Fig. 9, with the waveform model of the

collapse process, we can estimate the horizon distance if the
detection threshold is set to be a SNR ¼ 5. The new design
shows approximately 30% improvements in horizon dis-
tance for neutron-star mass around 1.4 solar mass com-
pared with other third-generation detectors, benefiting from
the secondary dip in the sensitivity curve of the new
detector in Fig. 4. The enhanced horizon distance is
reaching toward the edge of Milky Way’s dark-matter halo
for low-mass collapse events.

VI. CONCLUSION

As an extraordinary laboratory to study nuclear physics,
the postmerger neutron stars call the demand to enhance the
gravitational-wave detectors’ sensitivity in the kilohertz
band. The currently existing and proposed gravitational-
wave detectors are based on the DRFPMI interferometer.
Since the Fabry-Perot cavity is limited to having a narrow
bandwidth to maintain its high-finesse operation, such
configurations have suboptimal performance toward high
frequencies. The fundamental limit from optical losses sets
the barrier, particularly the loss in the SEC, which mixes
with decayed high-frequency signals from the arm cavity.
In this work, we present an elegant interferometer based

on an L-shaped optical resonator, which amplifies both
the high-frequency gravitational-wave signals and carrier.
The SEC loss-limited sensitivity of such an interferometer
surpasses that of a DRFPMI interferometer by orders of

FIG. 8. Number of events with SNR greater than 5 (top) and
the SNR of the loudest event (bottom), both are assuming
one year of observing time. They are obtained from the
median values in the Monte Carlo simulations. The upper
ends of the error bars correspond to the case with the merger
rate being 295.7 Gpc−3 yr−1, the lower ends correspond
to 21.6 Gpc−3 yr−1, and the symbols correspond to
105.5 Gpc−3 yr−1.

FIG. 9. Horizon distance for detecting the dark-matter-induced
neutron-star collapse signal with different detector sensitivities,
assuming the threshold SNR is 5.
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magnitude at high frequencies, more precisely, 4=TITM at
c=4L. Beyond its high-frequency superiority, its insuscep-
tibility to ITM motions provides a factor of

ffiffiffi
2

p
suppression

of displacement noises from the arm cavity mirrors and a
factor of 2 suppression of the quantum-radiation-pressure
noise. It also brings other advantages; for example, the
constant phase squeezing turns out to be sufficient and
the ITM coatings require us only to satisfy low optical
absorption without demanding low mechanical loss. The
drawback of the new interferometer is at low frequencies
around 0 Hz where the noises in the central Michelson
interferometer couple to the detector readout with the same
gain of arm cavity noise. On the technical level, the
potential technical topics, e.g., the parametric instability
[58], radiation-pressure-induced angular instability of the
arm cavity [102], and the required thermal compensation
system [60] that will be different from the DRFPMI
interferometer require a separate study in the future.
We apply the sensitivity of the new detector to measure

its ability to detect the binary neutron-star postmergers
through the Monte Carlo population simulation. Based on
the chosen equations of state, the new detector has SNRs a
factor of 1.7 to 4 of the other third-generation detectors.
Taking the SNR > 5 as the threshold and given the merger
rate ranging from 21.6 to 295.7 Gpc−3 yr−1 according to
the GWTC-3 catalog, the new detector can enable a
maximal detection rate up to approximately 20 per year.
In addition, we explore the potential advantage of the

new detector in its ability to detect dark-matter-induced
neutron-star collapse. Benefiting from the conspicuous
sensitivity between 8 and 10 kHz, which results from
the second resonance of the new interferometer at 3c=4L, it
gives approximately 30% improvement for neutron stars
with around 1.4 solar mass, in comparison to the horizon
reach of other configurations.
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