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The sensitivity of gravitational-wave detectors is limited in the high-frequency band by quantum shot
noise and eventually limited by the optical loss in the signal recycling cavity. This limit is the main obstacle
to detecting gravitational waves from binary neutron star mergers in the current and future-generation
detectors, as it does not depend on either the arm length in the high-frequency band or the injected
squeezing level. In this paper, we present the sloshing-Sagnac interferometer topology, which can be
obtained from the Michelson interferometer by optically connecting the end mirrors into an additional
optical cavity. This transforms the interferometer into a triply coupled cavity system capable of beating the
loss-induced high-frequency limit of the signal-recycled Michelson interferometer. With the upgrade plan
of Advanced LIGO, A+ comparable parameters, a sloshing-Sagnac scheme can achieve 7 times better
sensitivity at 2.5 kHz or a 4 times better signal-to-noise ratio for a typical waveform of binary neutron star
post merge. Being an evolution of a Michelson interferometer, the sloshing-Sagnac interferometer can
possibly be used as a topology for the future-generation detectors and upgrades of current detectors.

DOI: 10.1103/PhysRevD.104.122003

I. INTRODUCTION

On August 17, 2017, the network of the LIGO and Virgo
gravitational-wave (GW) detectors observed gravitational
waves from a binary neutron star inspiral for the first time
[1]. This observation, apart from being an unprecedented
scientific breakthrough in its own right, was the first
multimessenger observation of a collision of neutron stars
in both the electromagnetic and gravitational-wave spectra
[2], which also revealed the origin of heavy chemical
elements in the Universe [3]. Additionally, it produced a
handful of exciting scientific outcomes, such as a new test
of general relativity [4], a novel way to measure the Hubble
constant [5,6], and a potential mechanism for generating
short gamma-ray bursts [7].
The tidal effect of the mergers of binary neutron stars

imprinted on gravitational waves starts to dominate from
500 Hz onwards. The post-merger signatures are seen in the
gravitational-wave signal starting from 1 kHz. The eventual
post-merger remnant may be a long-lived neutron star or a
black hole from collapse [8–11]. However, the post-merger

phase of a gravitational-wave signal remains undetected
due to insufficient sensitivity of GW detectors at higher
frequencies. It is crucial, however, to measure this phase in
order to understand the formation of the remnant star and
reveal the equation of state of nuclear matter [12–14]. The
dominant noise in gravitational-wave detectors above
1 kHz is quantum shot noise, and the sensitivity is
eventually limited by the vacuum fields originating from
optical loss in the signal recycling cavity (SRC).
Quantum shot noise can be attributed to the vacuum

fluctuations of the electromagnetic wave’s amplitude
and phase that stem from the fundamental uncertainty
relation between energy and time, ΔEΔt ≥ ℏ

2
. In the

minimum-uncertainty state, it defines the best achievable
quantum-noise-limited sensitivity, known as the quantum
Cramér-Rao bound (QCRB) [15], which is also called as
energetic or fundamental quantum limit [16,17] in the field
of gravitational-wave instrument science. The power spec-
tral density corresponding to this limit for a Fabry-Perot-
Michelson interferometer reads [18,19]

SQCRBðΩÞ ¼
c2ℏ2

2SPPðΩÞL2
arm
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where SPP is the spectral density of power fluctuations of
light in the arms, and Larm is the arm length. As follows
from this formula, one can reduce the QCRB by increasing
the intracavity power or by injecting the phase-squeezed
vacuum fields into the readout port of the interfero-
meter (i.e., amplifying the fluctuations of the amplitude
quadrature).
In real life detectors, however, the QCRB is not a practical

bound. The decoherence due to optical loss sets the actual
limit. The loss adds extra quantum noise on top of the
inherent vacuum fluctuations, and sets a new bound on the
sensitivity of GW detectors. By its nature, the quantum limit
pertaining to loss is a limit to how much squeezing—or,
more generally, quantum coherence—the intracavity light
can possibly sustain, thereby setting a margin of usefulness
of the noise cancellation schemes such as squeezing.
Therefore, the only way to improve the signal-to-noise ratio
of the measurement apparatus beyond the loss limit is
through enhancing its response to the signal.
As demonstrated in Ref. [19], for a Fabry-Perot-

Michelson interferometer it is the optical loss in a signal
recycling cavity that dominates the quantum noise con-
tribution at frequencies higher than 1 kHz due to the finite
bandwidth of the interferometer response. There are several
ways to improve the high-frequency signal response of the
signal-recycled interferometer, e.g., by using the SRC-arm
coupled cavity resonance [8,20,21], detuning the SRC [22],
implementing active white-light cavities [23–25], or using
a nonlinear optical parametric amplifier inside the SRC,
known as a “quantum expander” [26]. However, the SRC
loss limit, being an internal loss of the coupled SRC-arm
cavity system, is solely determined by the optical features
of the arm cavity. Any quantum scheme that does not
enhance the signal before it decays from the arm cavity is
thus marginally helpful. At frequencies beyond the arm
cavity bandwidth (∼100 Hz for LIGO interferometers), the
power spectral density of SRC loss reads

SHFlossðΩÞ ¼
ℏΩ2

ω0ParmTITM
ϵSRC; ð2Þ

where ϵSRC is the round-trip loss in the SRC, ω0 is the laser
wavelength, Parm is the arm cavity circulating power, and
TITM is the power transmissivity of the input test mass
(ITM), which determines the power ratio between the input
and arms. The SRC loss-limited sensitivity at high frequen-
cies is independent of the length of the arms.
Optical resonance within arms at high frequencies can be

achieved by detuning the arm cavities [27]. However, the
required detuning is so high that it leads to significant loss
of circulating power and to the strong attenuation of one of
the signal sidebands, thereby reducing the signal response.
In this paper, we propose to use an additional sloshing
cavity formed by the end test masses of the folded Fabry-
Perot-Michelson interferometer to create a high-frequency

resonance response. This configuration is similar to the
sloshing-Sagnac interferometer of Refs. [28,29] with a
reduced number of test masses, which greatly improves
the controllability of the interferometer. The additional
sloshing cavity can be tuned so as to enhance the high-
frequency signal within arms and thereupon go beyond the
SRC loss-limited sensitivity of a Fabry-Perot-Michelson
interferometer.
This paper is organized as follows. In Sec. II we describe

the characteristics of the sloshing-Sagnac interferometer.
In Sec. III we describe the quantum limit from optical
losses of the sloshing-Sagnac interferometer. In Sec. IV we
describe the impact of interferometer asymmetry and show
the sensitivity of the interferometer.

II. GENERAL DESCRIPTION OF THE
SLOSHING-SAGNAC INTERFEROMETER

The key idea of our scheme is to enhance the high-
frequency signal before it decays from the arms by means
of creating an additional optical resonance at high fre-
quency. To achieve this goal, we transform the interfer-
ometer into an effective triply coupled cavity. We couple
the two arms by optically connecting the end test mass
(ETM), as shown in Fig. 1. The new cavity formed by the
two ETMs is called the sloshing cavity (SC). The triply
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FIG. 1. Schematic of dual recycled sloshing-Sagnac interferom-
eter. The 6 km arm cavity is folded within a 4 km vacuum
infrastructure. Two ETMs form a 4 km sloshing cavity. The signal
is detected with balanced homodyne readout. This high-frequency
configuration is shot-noise limited in the whole frequency band
and only requires constant phase quadrature squeezing.
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coupled cavity system formed by the SC and the arms can
be shown to have three normal modes, with the central one
at the carrier frequency ω0 and the two modes symmetri-
cally split around the central one by the so-called sloshing
frequency ωs. The sloshing frequency and bandwidth of
each mode are given by [8,30–32]

ωs ¼
c

ffiffiffiffiffiffiffiffiffiffiffi

TETM
p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2LarmLc
p ; γ ¼ cTITM

4Larm
; ð3Þ

where TETM is the power transmissivity of the ETM and Lc
is the length of the sloshing cavity. Note that the effective
bandwidth of the interferometer with the signal recycling
cavity is cTSRC

4Larm
, where TSRC ¼ TITMTSRM

½1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1−TITMÞð1−TSRMÞ
p

�2 is the

effective transmissivity of the SRC, when it is operated in
the so called resonant sideband extraction mode [33].
TSRM is the signal recycling mirror transmissivity. The
transmissivities of each arm’s ITM and ETM are assumed
to be equal to the corresponding transmissivities of the
other arm’s mirrors.
The propagation of light fields through the interferom-

eter is as follows: (1) laser beams from the main beam
splitter travel through three cavities in the clockwise and
counterclockwise directions and recombine at the beam
splitter, akin to a Sagnac interferometer; (2) the two
counterpropagating waves build up power in all cavities
constructively; (3) the power in each arm cavity is 2

TITM
times

the laser power at the beam splitter, which is the same as for
a Fabry-Perot-Michelson interferometer; 4) the power in

the sloshing cavity is ð−1þ ffiffiffiffiffiffiffiffiffiffiffiffi

1−TETM
p Þ2ð1þ ffiffiffiffiffiffiffiffiffiffiffi

1−TITM
p Þ2

2TITMTETM
times that in

the beam splitter.

III. LOSS-LIMITED SENSITIVITY

In the single-mode approximation, the power spectral
density of arm loss is calculated as

Sarmloss ¼
ℏc2

4ω0L2
armParm

ϵarm; ð4Þ

where ϵarm is the round trip loss in each arm cavity. The
power spectral density of arm loss is the same as that of a
Michelson interferometer, since the arm loss, since the
additional vacuum from arm loss mixes with signal directly
in both cases. Considering a 100 ppm loss, the arm loss is
not the dominant effect in the detector sensitivity.
The power spectral density of SRC loss of the sloshing-

Sagnac interferometer can be calculated as

SSRCloss ðΩÞ ¼ SshotðΩÞϵSRC; ð5Þ

where
ffiffiffiffiffiffiffiffiffi

Sshot
p

is the shot-noise-limited sensitivity of the
sloshing-Sagnac interferometer without the SRC:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SshotðΩÞ
p

¼
�

�

�

�

ðγΩ − iΩ2 þ iω2
sÞ

ffiffiffiffiffiffiffiffiffiffi

TITM
p

Ω

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ
ω0Parm

s

�

�

�

�

: ð6Þ

Compared with the noise from the SRC loss of a
Michelson interferometer in Eq. (2), when Ω ¼ ωs, the
SRC loss-limited sensitivity of a sloshing-Sagnac interfer-
ometer is improved by a factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SHFlossðωsÞ
SSRCloss ðωsÞ

s

¼ ωs

γ
: ð7Þ

Here, ωs (which is around 2.5 kHz × 2π in this paper) is
much larger than the arm cavity bandwidth γ (which is
around 40 Hz × 2π for Advanced LIGO).
The sensitivity of the sloshing-Sagnac interferometer is

actually limited by the new loss from the SC, and its power
spectral density is calculated as

SSCloss ¼
ℏω4

s

2ω0ParmTETMΩ2
ϵSC; ð8Þ

where ϵSC is the round trip loss in the SC. Compared with
Eq. (2), at Ω ¼ ωs, the loss-limited sensitivity of the new
scheme can be improved by a factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SHFlossðωsÞ
SSClossðωsÞ

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

TETMϵSC
2TITMϵSRC

s

: ð9Þ

Note that the sensitivity limit stemming from losses in
either the SRC or SC is independent of the arm length in the
single-mode approximation.
As described in Ref. [8], the main contribution to the

SRC loss comes from the wavefront distortion at the ITMs
due to the thermal lensing effect. The effective SRC loss in
the differential mode is only half of the total loss in both
ITMs. The effective SC loss, however, is defined as the
total loss from both ETMs. If we assume that TITM ¼ TETM
and ϵSC ¼ 2ϵSRC, then the SC loss-limited sensitivity of
the sloshing-Sagnac interferometer is equal to that of a
signal-recycled Fabry-Perot-Michelson interferometer at
ωs. One can also conclude that better sensitivity can be
achieved at higher values of TETM. Taking the Advanced
LIGO parameters, we show the improvement of the loss-
limited sensitivity provided by the sloshing-Sagnac scheme
as the shaded area in Fig. 2. Here TETM is chosen to be
equal to 0.12. The circulating power in the SC is 4.5 times
that of the laser power at the beam splitter. Other param-
eters are shown in Table I.

IV. INTERFEROMETER ASYMMETRY

The Sagnac interferometer is highly sensitive to the
symmetry of the arms and the beam splitter [34]; how-
ever, the influence of asymmetries, such as the skewed
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beam-splitter ratio and impedance mismatch between the
ITMs/ETMs in the two arms, is mainly limits the sensitivity
where radiation pressure noise dominates. In the shot-
noise-limited high-frequency detector and the frequency
band of interest (>1 kHz), the influence on the detector
response is negligible as long as the arm power is kept at the
design level.
In our design, we implement a balanced homodyne

readout. For the phase quadrature measurement, the photo-
current of the general balanced homodyne readout can be
written as [35]

I ¼ Lôs −Ol̂s; ð10Þ

where L is the local oscillator amplitude, O is the light
amplitude at the signal port, ôs is the phase fluctuation at
the signal port including both noise and gravitational-wave
signal, and l̂s is the local oscillator phase noise. Due to
asymmetry, the laser stationary component and noise
fluctuations will couple to the interferometer signal port.
At the same time, the squeezed vacuum from the dark port
gets lost to the laser port. However, a calculation shows
that the coupling factor between the laser port and the
readout port is so tiny that the corresponding loss effect
can be ignored. For example, the coupling from the laser
port to the readout port due to beam-splitter imbalance is
jRBS − TBSj2, where RBS and TBS are the beam-splitter
power reflectivity and transmissivity, respectively.
However, the absolute power that appears at the signal
port after the signal-recycling mirror is important. In
addition, note that the signal-recycling cavity will further
amplify the power of light that couples through the beam
splitter by ∼4=TSRM. To maintain a good signal-to-noise
ratio, the second term in Eq. (10) needs to be much smaller
than the first term, i.e., L ≫ O, as usual. With only the
asymmetry effect taken into account, the observed

noise level is jOj2
jLj2 þ e−2r, where e−2r ¼ 0.1 means 10 dB

squeezing. We simulate the dark port leaking power by
using simulation software, FINESSE [36]. Assuming 0.1%
asymmetry between two ITMs/ETMs and between the
transmissivity and reflectivity of the beam splitter, the
resulting leaking power at the signal port is ∼20 mW. The
asymmetry is defined as the difference over the average of
two values. In this case, implementing a 400 mW local
oscillator with only the asymmetry effect taken into
account, the observed noise level under 15 dB injection
squeezing is expected to be 10.8 dB. For 1% asymmetry,
the leaking power at signal port will be ∼2W. It could lead
large number of photodetectors for bearing the high power
of the signal beam. One solution is to split the high-
frequency signal sidebands and DC light with a so-called
amplitude filter cavity [37] at the interferometer output. The
amplitude filter cavity is an impedance matched cavity and
with bandwidth much smaller than ωs. Hereby, the low-
frequency filed will transmit through the filter cavity and
the high-frequency sidebands will be reflected from the
filter cavity. This additional filter scheme could almost
eliminate the impact of asymmetry. In this work, we
assume the local oscillator power is a factor of 20 of the
signal beam power. It corresponds to 0.1% asymmetry
without including amplitude filter cavity. The orange line in
the lower panel of Fig. 3 shows ∼10.8 dB observed
squeezing considering asymmetries. Including losses, the
observed squeezing is shown as the green line in the lower
panel of Fig. 3. The results are carried out by using
software, FINESSE and the parameters are listed in
Table I. The sensitivity of the detector is shot-noise limited
in the whole frequency band, and the peak sensitivity is a
factor of 7 better than the design sensitivity of the upgrade

TABLE I. Parameters of the interferometer.

Wavelength 1064 nm
Mirror mass 40 kg
Arm length 6 km (folded)
SC length 4 km
Arm circulating power 800 kW=4 MW
Sloshing cavity power 25 kW=125 kW
Local oscillator power/Signal port power 20
ITM transmittivity 0.014
ETM transmittivity 0.12
SRM transmittivity 0.2
Input squeezing level 15 dB
Observed squeezing level (2.5 kHz) 6 dB
Arm loss 100 ppm
SRC loss 1000 ppm
SC loss 2000 ppm
Input loss 5%
Output loss 10%

FIG. 2. Loss-limited sensitivity of a sloshing-Sagnac interfer-
ometer with arm power 800 kW. The red line represents the
sensitivity limit from total loss, which is formed by the SRC loss
(red) and SC loss (green). The blue area denotes the improvement
of the sensitivity limit from a Michelson interferometer to a
sloshing-Sagnac interferometer. The parameters used are listed in
Table I.
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plan of Advanced LIGO, A+, at ωs ≈ 2.5kHz × 2π [38].
We take the typical waveform of binary neutron star post
merge in Ref. [9] as the signal model, the resulting signal-
to-noise ratio is a factor 4 better than that of A+. An
example of 4 MW arm power is also shown in Fig. 3, as a
comparison to a high frequency detector design called
LIGO-HF in Ref. [39]. Note that, with 4 MW in the arm
cavity, the SC power is 125 kW. Thus, the power that goes
through the ETM substrates is increased by a factor of 5 of
that in the configuration with 800 kW arm cavity power. In
order to keep the SC loss on the same level, around 5 times
better suppression of the effect of thermal lenses is
required [8,40].

V. CONCLUSION AND DISCUSSION

In this paper we introduced a new type of interferometer—
the sloshing-Sagnac interferometer—that is able to that is able
to achieve better sensitivity than the SRC loss sensitivity limit
of a Michelson interferometer. This relies on the enhanced
signal response at resonant mode of triply coupled cavities.
Meanwhile, the new induced internal loss—the SC loss—can
be mitigated by lowering the finesse of the sloshing cavity. In
the interferometer, the macroscopic cavity lengths need to be
determined to fulfill the required resonant frequency. Two
6 km arm cavities and a 4 km sloshing cavity can possibly be
folded into a 4 km facility, which is the same as LIGO facility.
Assuming the same beam size as that of a 4 km configuration
with straight arms, the folded configuration gives similar
mirror thermal noise [41].
As an outlook, the sloshing-Sagnac interferometer stud-

ied in this paper is also a speed meter. A speed-meter-type
low-frequency response following Ω can be observed in
Fig. 3. Exploiting a different part of the parameter space,
i.e., lower ωs, the low-frequency signal will be enhanced
and the sensitivity will be limited by radiation pressure
noise. Compared with a Michelson interferometer, a speed
meter has lower radiation pressure noise. Therefore, this
type of sloshing-Sagnac interferometer can also serve as a
broadband low-frequency detector.
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