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90Università di Trento, Dipartimento di Matematica, I-38123 Povo, Trento, Italy
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The quantum radiation pressure and the quantum shot noise in laser-interferometric gravitational wave
detectors constitute a macroscopic manifestation of the Heisenberg inequality. If quantum shot noise can be
easily observed, the observation of quantum radiation pressure noise has been elusive, so far, due to the
technical noise competing with quantum effects. Here, we discuss the evidence of quantum radiation
pressure noise in the Advanced Virgo gravitational wave detector. In our experiment, we inject squeezed
vacuum states of light into the interferometer in order to manipulate the quantum backaction on the 42 kg
mirrors and observe the corresponding quantum noise driven displacement at frequencies between 30 and
70 Hz. The experimental data, obtained in various interferometer configurations, is tested against the
Advanced Virgo detector quantum noise model which confirmed the measured magnitude of quantum
radiation pressure noise.

DOI: 10.1103/PhysRevLett.125.131101

Introduction.—Current interferometric gravitational
wave detectors (GWDs) are the most sensitive devices
for measuring differential length changes. Advanced Virgo
[1], Advanced LIGO [2], GEO600 [3], and KAGRA [4] are
kilometer-scale Michelson-type interferometers that
use high power laser systems to probe changes of the
distance between suspended test masses at the level of
10−19 m=

ffiffiffiffiffiffi
Hz

p
. The precision of any continuous position

measurement is bound by a quantum limit enforced by the
Heisenberg inequality which constrains the uncertainty
with which two noncommuting variables can be observed.
As found by Braginsky [5] and Caves [6] several decades
ago, the implication of this quantum mechanical limit for
GWDs (operating at frequencies between a few tens of Hz
and kHz) is the existence of two noises limiting the
detectors sensitivity, both originating from vacuum fluc-
tuations entering the dark (antisymmetric) port of the
interferometer: quantum shot noise (QSN) and quantum
radiation pressure noise (QRPN). As also described in [6],
the quantum noise limited sensitivity of a GWD can be
enhanced via the injection of squeezed vacuum states of
light, and this technique has been successfully demon-
strated to reduce the QSN in gravitational wave detectors
[7–9]. While QSN has been observed for decades in GWDs
and, also, reduced using squeezing techniques, QRPN has
not been observed so far due to other noise sources
competing with quantum effects.
In order to demonstrate the observation of QRPN, one of

the main experimental issues is the ratio of QRPN to
Brownian thermal noise. Therefore, it comes as no surprise
that the first demonstration of QRPN was performed with a
ng-scale optomechanical membrane probed by laser light
[10], embedded in a 4-K cryostat and further cooled by
radiation pressure to a temperature in the mK range. QRPN

close to the mechanical resonance was also observed with
microwave illumination of a drum resonator embedded in a
microwave cavity [11]. Recent experiments extended such
observations further away from mechanical resonances in
the free mass regime, either with an optomechanical
resonator with ultralow dissipation [12] or a 70 μm mirror
suspended from a single-crystal 55 μm long GaAs canti-
lever [13]. The manipulation of QRPN with squeezed light
has been demonstrated in the microwave [14] and optical
[15] domains.
Here, we present the observation of QRPN on the 42 kg

mirrors of the Advanced Virgo detector. The measured
mirrors displacement noise induced by the backaction force
fluctuations scales with the level of injected squeezing
according to the interferometer quantum noise model. For
large squeezing values, the low frequency noise of the
interferometer is dominated by the radiation pressure noise.
The mirror mass considered here is almost 7 orders of
magnitude higher than the measurements reported so far.
Our analysis is based on the subsequent observations of the
sensitivity curve of Advanced Virgo in different frequency
bands (at low and high frequency), for different squeezing
quadratures and different levels of injected squeezing. We
obtained the data presented in this Letter in two indepen-
dent measurement campaigns. The first was performed
during the preparation phase prior to the third joint
Advanced LIGO-Virgo scientific run O3, the second set
was carried out during a dedicated break within the science
run period. In the same time frame, QRPN has also been
observed in the Advanced LIGO detector [16].
Experimental setup.—A sketch of the experimental setup

is shown in Fig. 1, and a more detailed description can be
found in [8] and references therein. In the following, we
briefly summarize the main features. The Advanced Virgo
gravitational wave detector is a large-scale, power-recycled
Michelson laser interferometer [17] with Fabry-Perot arm
cavities. The 42 kg mirrors of the 3 km long arm cavities,
the beamsplitter, and the power recycling mirror are all
suspended to multistage mechanical filters for seismic
noise isolation. The optical gain of the power recycling

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
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cavity is 36 and the finesse of the Fabry-Perot arm cavities
is 465. A continuous wave laser input power of 18.4 W
entering into the interferometer, at a wavelength of
1064 nm, leads to a circulating power of ∼100 kW inside
the arm cavities. The gravitational wave signal is extracted
from the antisymmetric port of the Michelson interfero-
meter, where the arms length is kept slightly different to
implement the dc-readout scheme [18,19]. This optical
field propagates through a Faraday isolator and is sub-
sequently filtered with two optical resonators serving as
output mode cleaning stages (OMCs). In transmission and
reflection of a 50=50 beamsplitter, the final signal is
extracted from the sum of the two photodiodes PD1 and
PD2 in Fig. 1. The detection photodiodes and the related
optics are placed on suspended benches in vacuum,
connected with the interferometer main vacuum system.
The squeezed light source is located on an external

optical bench, operated in air. Squeezed vacuum states of
light at a wavelength of 1064 nm are generated by means of
a doubly resonant optical parametric amplifier (OPA)
operated below threshold. The generated squeezing level
(squeezing factor) can be tuned with the set point of the
intensity stabilization loop of the OPA pump field at the
wavelength of 532 nm. More information on the conceptual
design of the squeezed light source can be found in [20].

After transmission through a chain of four low-loss Faraday
isolators [21], a pair of piezoactuated steering mirrors is
used for (automatic) alignment to inject the squeezed field
into the interferometer vacuum envelope through an optical
window. The interferometer antisymmetric port output field
spuriously reflected by the output Faraday isolator towards
the squeezing system may eventually be backreflected or
backscattered by a moving optics and reenter the interfer-
ometer, degrading the sensitivity typically at low-mid
frequencies. This effect is suppressed down to a negligible
level by a careful design of the optical layout of the
squeezing system, the high quality of the optical compo-
nents, the clean environment, and, for the light back-
reflected by the OPA, the combined extinction ratio
(approximately 150 dB) of the Faraday isolators [22].
A coherent control scheme [23] is employed to control

the phase of the squeezed vacuum field. By choosing
appropriate control parameters of this loop, one can inject
either squeezing in the phase quadrature (with antisqueez-
ing in the amplitude quadrature) or vice versa, or any linear
combination of the two. Squeezing injected in the phase
quadrature results in a reduction of QSN and an increase of
QRPN, whereas injected squeezing in the amplitude
quadrature leads to an increase of QSN and a reduction
of QRPN.
Advanced Virgo quantum noise model: In the follow-

ing, we describe the interferometer sensitivity in terms of
test mass displacement noise, i.e., the power spectral
density of the product L · hðtÞ, where L is the length of
the interferometer arms and hðtÞ is the strain signal. This
represents the differential length change of interferometer
arms in the limit of free-falling test masses and in the long
wavelength limit for a gravitational wave of optimal
polarization and amplitude hðtÞ at normal incidence on
the interferometer plane. The displacement power spectral
density can be written as the sum of nonquantum noise and
the quantum noise: SLðf; θ; xÞ ¼ SnqðfÞ þ Sqðf; θ; xÞ. The
nonquantum contribution includes thermal noise and all
technical noise sources, for example electronic, laser
frequency, and seismic noise. For a power recycled inter-
ferometer with squeezed light injection, the quantum noise
can be written in terms of the OPA nonlinear strength x
(x ¼ 0 if no squeezing is applied) and of the squeezing
ellipse rotation angle θ [24,25]

Sqðf; θ; xÞ ¼ αSðfÞSSNðfÞ
�
1þ βðfÞ

αSðfÞ
½AθðxÞ − 1�

�

þ αRðfÞSRPNðfÞ
�
1þ βðfÞ

αRðfÞ
½AθðxÞ − 1�

�

þ βðfÞ½Aθ−π=4ðxÞ
−Aθþπ=4ðxÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SSNðfÞSRPNðfÞ

p
; ð1Þ

where the terms in braces at the first and second line
represent the squeezing enhancement factors for QSN and

Squeezed vacuum &
coherent control field

1064nm

High-power
laser system

3km arm
cavity

3km arm cavity

= vacuum system

Power
recycling

mirror

50/50

Output Mode
Cleaning stages (OMCs)

Alignment
actuators

Faraday isolators

h(t)

PD1

18Watts

Squeezed
Light Source

50/50

Phase
locked
loop (PLL)

PD2

Faraday
Isolator

FIG. 1. Simplified layout of the quantum manipulated
Advanced Virgo detector as operated during the observational
run O3. Advanced Virgo is a power recycled Michelson inter-
ferometer using 3 km long Fabry-Perot arm cavities. The
interferometer output field is spatially filtered by two output
mode cleaning cavities (OMCs), for simplicity drawn as a single
stage cavity in the figure and split in two beams before detection.
The sum of the two signals from the photodetectors is used to
derive the interferometer strain signal hðtÞ. The interferometer
main optics and the injection or detection benches are suspended
and operated inside a vacuum envelope. Squeezed vacuum states
of light are prepared on an external optical bench and are injected
into the interferometer after the transmission through a sequence
of Faraday isolators.
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for QRPN, respectively, and AθðxÞ is the squeezing
enhancement factor for the lossless interferometer

AθðxÞ ¼ 1 − 4x

� hcos2θi
ð1þ xÞ2 −

hsin2θi
ð1 − xÞ2

�
; ð2Þ

here, terms in brackets are averages over fluctuations
of the squeezing angle. A pure phase-squeezed vacuum
corresponds to θ ¼ 0, while amplitude-squeezed vacuum
corresponds to θ ¼ π=2. The QSN and QRPN terms are
given by

SSNðfÞ ¼
1

ð4F Þ2 ·
πℏλc
Pbs

·
1

gðfÞ ;

SRPNðfÞ ¼
�
4F
M

�
2

·
ℏPbs

π5λc
·
gðfÞ
f4

; ð3Þ

and can be calculated using the parameters of the
interferometer listed in Table I. The input power on the
beamsplitter is Pbs ¼ Pin ·Gpr and gðfÞ ¼ ½1þ ðf=fpÞ2�−1
is the frequency response of the Fabry-Perot arm cavity
with pole frequency fp ¼ c=4FL. The squeezing
factors depend on the frequency-dependent loss terms
αSðfÞ ¼ 1=ηd þ ϵcgðfÞ, αRðfÞ ¼ 1þ ϵc½1=2 − gðfÞ�, and
βðfÞ ¼ ½1 − ϵcgðfÞ�ηi (see Supplemental Material [26]).
Experimental results.—To provide evidence of quantum

radiation pressure noise, we measured the Advanced Virgo
detector displacement sensitivity with and without squeez-
ing injection. By manipulating the quantum noise via
squeezed vacuum, we can enhance QRPN up to observable
levels, and we can subtract the otherwise dominant tech-
nical noises with differential measurements. Moreover, the
measure of QSN antisqueezing from high-frequency
spectra, where shot noise is dominant, provides a precise
reference for the expected QRPN enhancement. Data were
collected in two sets of measurements in February and May
2019, respectively. In both sets, we varied the OPA

nonlinear strength x and the squeezing ellipse rotation
angle θ to inject different degrees of phase-squeezed and of
amplitude-squeezed vacuum fields.
Figure 2 shows measurements of the detector noise

calibrated to test mass displacement as taken in February
2019. The black trace is the measured sensitivity without
squeezed light injection. The noise level shown in the red
trace is obtained by the injection of a squeezed vacuum
field with squeezing in the phase quadrature (θ ¼ 0). The
blue trace is the result of the injection of an amplitude
quadrature squeezed field (θ ¼ π=2). The dashed lines
correspond to the quantum noise model for the Advanced
Virgo detector as calculated with Eq. (1) and February 2019
parameters, as shown in Table I. Without a squeezed
vacuum input (x ¼ 0), the model yields the black dashed
line. Using Eq. (1) with an OPA nonlinear strength of
x ¼ 0.66, corresponding to 13.8 dB of generated squeez-
ing, and a rotation angle of θ ¼ 0 and θ ¼ π=2 gives the red
and blue dashed lines, respectively. The gray trace illus-
trates the nonquantum noise contributions which explain
the deviation between the dashed lines and the correspond-
ing sensitivity measurements. Potential sources of
high-frequency technical noise are discussed in [8]. At
frequencies above 200 Hz, the detector sensitivity is mainly
limited by quantum shot noise with a technical noise
clearance ranging from 5 dB at 250 Hz to up of 8 dB in
the kHz region. In this frequency window, the sensitivity
can be improved via the injection of phase-quadrature
squeezed light. In the detection band between 30 and 70 Hz,
the corresponding antisqueezing amplifies the effects of
quantum radiation pressure noise to an observable level,
as suggested from the noise enhancement and as demon-
strated with the following analysis. In the unsqueezed
interferometer, the direct observation of QRPN would not

TABLE I. Advanced Virgo main parameters. The improvement
of detection efficiency between the two data taking periods in
February and May 2019, though smaller than the systematic
uncertainty on ϵd, is mainly due to the installation of high
quantum efficiency photodiodes.

Parameter Value

Pin—Laser input power 18.4� 1 W
Gpr—Power recycling cavity gain 36� 0.2
M—Mirror mass 42 kg
L—Arm length 3000 m
F—Arm cavity finesse 465� 5
λ—Carrier wavelength 1064 nm
ηi—Squeezing injection efficiency ð86� 4Þ%
ϵc—Arm cavity fractional loss ð4� 1Þ%
ηd—Detection efficiency (February) ð65� 11Þ%
ηd—Detection efficiency (May) ð70� 12Þ%

FIG. 2. Displacement sensitivities
ffiffiffiffiffiffi
SL

p
as measured in Febru-

ary 2019 and the corresponding quantum noise models
ffiffiffiffiffi
Sq

p
(dashed lines). Black trace: without squeezed vacuum injection.
Red trace: with phase-squeezed light injection (θ ¼ 0, x ¼ 0.66).
Blue trace: with amplitude-squeezed light injection (θ ¼ π=2,
x ¼ 0.66). The gray trace illustrates the total nonquantum noiseffiffiffiffiffiffiffi

Snq
p

. Experimental spectra are calculated from FFT averaged
over 300 s time.
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have been possible as this quantum effect is masked by
technical noise. It is worth noting that, for the case of
amplitude squeezing injection, the enhanced QSN power
spectral density is estimated to be larger than the QRPN
contribution above 13 Hz. Therefore, the observed noise
excess above 30 Hz (blue curve) is mainly due to shot noise
contribution.
To demonstrate the observation of QRPN, we analyze

the quantum noise in detail, for which one has to remove
the technical noise background from measured data, which
is especially relevant at low frequencies. Therefore, we use
the data shown in Fig. 2 to subtract the unsqueezed
displacement power spectrum SLðf; 0; 0Þ from the
squeezed displacement power spectrum SLðf; θ; xÞ (with
θ ¼ 0 or π=2) to obtain the differential quantum noise

Sdqðf; θ; xÞ ¼ SLðf; θ; xÞ − SLðf; 0; 0Þ
¼ βðfÞfSSNðfÞ½AθðxÞ − 1�
þ SRPNðfÞ½Aθþπ=2ðxÞ − 1�g; ð4Þ

where the cross-correlation term, i.e., the third line of
Eq. (1), has been omitted for simplicity, as it is not relevant
if the squeezing angle is a multiple of π=2. Sdq represents
the change of quantum noise when injecting squeezed light,
and does not depend on nonquantum noise as long as the
technical noise is not affected by squeezing injection; this
condition is satisfied in our case due to the large value of
the optical isolation of the squeezing source. Figure 3
shows Sdq for phase squeezing and amplitude squeezing.

The QRPN enhancement due to phase-squeezed light
injection is clearly visible at frequencies between 30
and 70 Hz.
According to Eq. (1), both the parameters that factorize

the QNRP and QSN contribution in the case of phase and
amplitude squeezing, respectively, should depend linearly
on Aπ=2. Thus, for each x, we can obtain two independent
estimations of the Aπ=2 value, namely ASN

π=2 from the high
frequency part of Sdqðf; π=2; xÞ, i.e., from data with
amplitude squeezing, and ARPN

π=2 from the low frequency
part of Sdqðf; 0; xÞ, i.e., from data with phase squeezing. To
verify the observation of QRPN, one should find the same
values for ARPN

π=2 and ASN
π=2. To this purpose, we fit the

experimental power spectral density difference Sdq for two
independent data sets (θ ¼ 0 and θ ¼ π=2), excluding
major noise peaks, against Eq. (4) with A0 and Aπ=2 as
free parameters, and SSNðfÞ, SRPNðfÞ calculated from the
parameters of Table I. The data at high frequency, where
QSN dominates, provide a precise measurement of the
squeezing and antisqueezing factors. Thus, our best model
for the quantum noise spectral density in the presence of
squeezed light is given by Eq. (4) with the squeezing
parameters determined from the high frequency noise
spectra, i.e., with Aπ=2 ¼ ASN

π=2 from the fit of data with

amplitude squeezing, and A0 ¼ ASN
0 from the fit of data

with phase squeezing. The best model is shown in Fig. 3
together with the two-parameter least-squares fit of phase-
squeezing data. Model and fit are clearly identical at high
frequency; the fair agreement at low frequency for the case
of phase squeezing demonstrates that the functional form of
our model is compatible with the experimental data and
suggests that we can predict the QRPN enhancement from
high-frequency noise spectra, as shown in the subsequent
analysis. For the case of amplitude squeezing, the trend of
low frequency data qualitatively agrees with model’s
prediction; above 30 Hz, Sdq is mostly determined by
QSN, i.e., by the Aπ=2ðxÞ parameter: technical noise
fluctuations are much larger than quantum noise, and the
squeezing fit parameter A0ðxÞ accounting for QRPN con-
tribution, which is, however, unnecessary for the following
analysis, is always compatible with zero.
In the quantum model of the interferometer, the squeez-

ing enhancement factors scale with the nonlinear strength x.
So in order to prove that the observed low frequency noise
enhancement is actually due to QRPN, we compare the
antisqueezing factors of QRPN and QSN for different
levels of injected squeezing. From Eq. (4), we note that Sdq
does not depend on detection losses ϵd; moreover, the
difference in the common factor βðfÞ of QSN and QRPN
terms between high and low frequency is only due
to the small contribution of cavity loss ϵc. Given the
uncertainty on parameters in Table I, the quantum noise
model prediction becomesARPN

π=2 ½dB�¼1.0 ·ASN
π=2½dB��1.2.

FIG. 3. Power spectral density (PSD) Sdq in the presence of
phase-squeezed light (red trace) and of amplitude-squeezed light
(blue trace) with respect to nonsqueezing; data are calculated
from the same data set of Fig. 2. Error bars, not shown on the plot,
are about 30% of the SL value. Black dotted lines represent the
quantum noise model, i.e., Eq. (4), estimated from high-
frequency phase squeezing and amplitude squeezing; the
black dashed-dotted line represents the two-parameters least-
squares fit of experimental data with phase squeezing against
Eq. (4).
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Figure 4 shows the QRPN enhancement factor ARPN
π=2

versus the QSN enhancement factor ASN
π=2 for six different

values of the OPA nonlinear strength, where the error
bars are given by the standard uncertainty on the Sdq fit
with Eq. (4). A linear fit of the experimental data
yields ARPN

π=2 ½dB� ¼ ð1.1� 0.1Þ ·ASN
π=2½dB� − ð0.9� 1.5Þ.

The dispersion of data points is affected by nonstationarity
of the low frequency technical noise sources. To estimate
and mitigate such fluctuations, we acquired an independent
SLðf; 0; 0Þ reference for each data point in Fig. 4. The
reduced χ2 of the linear fit is 2.8, but it drops to 1.4 when
adding to the ARPN

π=2 uncertainty the variance of the
unsqueezed reference spectra SLðf; 0; 0Þ in the 30–70 Hz
range. Figure 4 shows confidence intervals for the linear fit
of experimental data and for the quantum noise model. Our
data are in good agreement with the quantum mechanical
interferometer model, and confirm the observation of
QRPN.
Conclusion.—Using the Advanced Virgo gravitational

wave detector, we were able to extend the observation of
QRPN to a yet unexplored regime. By the injection of
squeezed vacuum states of light into the dark port of the
interferometer, we manipulated the quantum backaction
noise to generate a displacement of the 42 kg mirrors
measurable at frequencies between 30 and 70 Hz. We
showed that the Advanced Virgo detector is operating close
to its quantum limit as the effects of QSN and QRPN
dominate over most of the detection band when injecting
squeezed light with a frequency independent squeezing

angle. The experimental data, obtained in various interfer-
ometer configurations, was tested against the Advanced
Virgo detector quantum noise model which confirmed the
measured magnitude of QRPN. Since the expected reduc-
tion of technical noise and the increase of the interferometer
laser power will make the QRPN even more dominant, the
implementation of backaction evading techniques will be
the prerequisite to fully exploit the potential of the squeezed
light technique. In this context, the Virgo collaboration is
working on the development of a frequency dependent
squeezing vacuum source, based on the filter cavity method
[25,27,28], which should allow the reduction of quantum
noise over the entire detection band [29]. In comparison to
previous QRPN experiments at room temperature, the
free-mass oscillator reported here is almost 7 orders of
magnitude heavier and the observation frequencies could
be lowered by a factor of 10. This so far unexplored
parameter range might offer new opportunities for funda-
mental physics, for example, to explore the transition
between quantum and classical worlds, investigate grav-
ity-induced decoherence, or phenomenological quantum
gravity [30,31].

The authors gratefully acknowledge the support of the
Max Planck Society, Leibniz Universität Hannover, and
Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) through Grant No. VA 1031/1-1
and Germany’s Excellence Strategy Grant No. EXC-2123
QuantumFrontiers—390837967 for the construction,
installation, and operation of the squeezed light source.
The authors gratefully acknowledge the Italian Istituto
Nazionale di Fisica Nucleare (INFN), the French Centre
National de la Recherche Scientifique (CNRS), and the
Netherlands Organization for Scientific Research, for
the construction and operation of the Virgo detector and the
creation and support of the EGO consortium. The authors
also gratefully acknowledge research support from these
agencies as well as by the Spanish Agencia Estatal de
Investigación, the Consellera d’Innovació, Universitats,
Ciència i Societat Digital de la Generalitat Valenciana
and the CERCA Programme Generalitat de Catalunya,
Spain, the National Science Centre of Poland, the European
Commission, the Hungarian Scientific Research Fund
(OTKA), the French Lyon Institute of Origins (LIO),
the Belgian Fonds de la Recherche Scientifique (FRS-
FNRS), Actions de Recherche Concertes (ARC), and
Fonds Wetenschappelijk Onderzoek Vlaanderen (FWO),
Belgium. Finally the authors kindly thank S. Danilishin for
useful discussions on the quantum noise model of the
interferometer.

[1] F. Acernese et al. (Virgo Collaboration), Classical Quantum
Gravity 32, 024001 (2015).

[2] J. Aasi et al. (LIGO Scientific Collaboration), Classical
Quantum Gravity 32, 115012 (2015).

FIG. 4. QRPN antisqueezing factor Aπ=2, measured from low-
frequency data with phase squeezing, versus QSN antisqueezing
factor measured from high-frequency data with amplitude
squeezing. Error bars represent statistical uncertainty, i.e., the
standard error in the least-squares fit of experimental spectral data
with quantum noise model. Horizontal error bars are not visible
on the scale of the plot. The black shaded area indicates the
confidence interval for the model, derived from uncertainties
presented in Table I. Orange line and shaded area are a linear fit to
data and the corresponding 1σ confidence interval. The yellow
point corresponds to data presented Fig. 3.

PHYSICAL REVIEW LETTERS 125, 131101 (2020)

131101-8

https://doi.org/10.1088/0264-9381/32/2/024001
https://doi.org/10.1088/0264-9381/32/2/024001
https://doi.org/10.1088/0264-9381/32/11/115012
https://doi.org/10.1088/0264-9381/32/11/115012


[3] K. L. Dooley et al., Classical Quantum Gravity 33, 075009
(2016).

[4] Y. Aso, Y. Michimura, K. Somiya, M. Ando, O. Miyakawa,
T. Sekiguchi, D. Tatsumi, H. Yamamoto, Phys. Rev. D 88,
043007 (2013).

[5] V. B. Braginsky, Zh. Eksp. Teor. Fiz. 53, 1434 (1967).
[6] C. M. Caves, Phys. Rev. D 23, 1693 (1981).
[7] H. Grote, K. Danzmann, K. L. Dooley, R. Schnabel,

J. Slutsky, and H. Vahlbruch, Phys. Rev. Lett. 110, 181101
(2013).

[8] F. Acernese et al. (Virgo Collaboration), Phys. Rev. Lett.
123, 231108 (2019).

[9] M. Tse et al., Phys. Rev. Lett. 123, 231107 (2019).
[10] T. P. Purdy, R. W. Peterson, and C. A. Regal, Science 339,

801 (2013).
[11] J. D. Teufel, F. Lecocq, and R.W. Simmonds, Phys. Rev.

Lett. 116, 013602 (2016).
[12] M. Rossi, D. Mason, J. Chen, Y. Tsaturyan, and A.

Schliesser, Nature (London) 563, 53 (2018).
[13] J. Cripe, N. Aggarwal, R. Lanza, A. Libson, R. Singh, P.

Heu, D. Follman, G. D. Cole, N. Mavalvala, and T. Corbitt,
Nature (London) 568, 364 (2019).

[14] J. B. Clark, F. Lecocq, R. W. Simmonds, J. Aumentado, and
J. D. Teufel, Nat. Phys. 12, 683 (2016).

[15] M. J. Yap et al., Nat. Photonics 14, 19 (2020).
[16] H. Yu et al., Nature (London) 583, 43 (2020).
[17] R. W. P. Drever, Gravitational Radiation (North-Holland,

Amsterdam, 1983).

[18] S. Hild et al., Classical Quantum Gravity 26, 055012 (2009).
[19] T. T. Fricke et al., Classical Quantum Gravity 29, 065005

(2012).
[20] M. Mehmet and H. Vahlbruch, Classical Quantum Gravity

36, 015014 (2019).
[21] E. Genin, M. Mantovani, G. Pillant, C. De Rossi, L. Pinard,

C. Michel, M. Gosselin, and J. Casanueva, Appl. Opt. 57,
9705 (2018).

[22] AdV Squeezing Working Group, Virgo-Technical Docu-
mentation System VIR-0761B-17, https://tds.virgo-gw.eu/?
content=3&r=13905 (2017).

[23] H. Vahlbruch, S. Chelkowski, B. Hage, A. Franzen, K.
Danzmann, and R. Schnabel, Phys. Rev. Lett. 97, 011101
(2006).

[24] S. E. Dwyer, Ph.D. thesis, Massachusetts Institute of
Technlogy, 2013.

[25] H. J. Kimble, Y. Levin, A. B. Matsko, K. S. Thorne, and S.
P. Vyatchanin, Phys. Rev. D 65, 022002 (2001).

[26] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.125.131101 for a deri-
vation of the quantum noise model leading to Eq. (1).

[27] Y. Zhao et al., Phys. Rev. Lett. 124, 171101 (2020).
[28] L. McCuller et al., Phys. Rev. Lett. 124, 171102 (2020).
[29] The Virgo Collaboration, Virgo-Technical Documentation

System, Report No. VIR-0596A-19, 2019.
[30] A. Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ulbricht,

Rev. Mod. Phys. 85, 471 (2013).
[31] Y. Chen, J. Phys. B 46, 104001 (2013).

PHYSICAL REVIEW LETTERS 125, 131101 (2020)

131101-9

https://doi.org/10.1088/0264-9381/33/7/075009
https://doi.org/10.1088/0264-9381/33/7/075009
https://doi.org/10.1103/PhysRevD.88.043007
https://doi.org/10.1103/PhysRevD.88.043007
https://doi.org/10.1103/PhysRevD.23.1693
https://doi.org/10.1103/PhysRevLett.110.181101
https://doi.org/10.1103/PhysRevLett.110.181101
https://doi.org/10.1103/PhysRevLett.123.231108
https://doi.org/10.1103/PhysRevLett.123.231108
https://doi.org/10.1103/PhysRevLett.123.231107
https://doi.org/10.1126/science.1231282
https://doi.org/10.1126/science.1231282
https://doi.org/10.1103/PhysRevLett.116.013602
https://doi.org/10.1103/PhysRevLett.116.013602
https://doi.org/10.1038/s41586-018-0643-8
https://doi.org/10.1038/s41586-019-1051-4
https://doi.org/10.1038/nphys3701
https://doi.org/10.1038/s41566-019-0527-y
https://doi.org/10.1038/s41586-020-2420-8
https://doi.org/10.1088/0264-9381/26/5/055012
https://doi.org/10.1088/0264-9381/29/6/065005
https://doi.org/10.1088/0264-9381/29/6/065005
https://doi.org/10.1088/1361-6382/aaf448
https://doi.org/10.1088/1361-6382/aaf448
https://doi.org/10.1364/AO.57.009705
https://doi.org/10.1364/AO.57.009705
https://tds.virgo-gw.eu/?content=3&r=13905
https://tds.virgo-gw.eu/?content=3&r=13905
https://tds.virgo-gw.eu/?content=3&r=13905
https://tds.virgo-gw.eu/?content=3&r=13905
https://doi.org/10.1103/PhysRevLett.97.011101
https://doi.org/10.1103/PhysRevLett.97.011101
https://doi.org/10.1103/PhysRevD.65.022002
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.131101
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.131101
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.131101
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.131101
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.131101
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.131101
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.131101
https://doi.org/10.1103/PhysRevLett.124.171101
https://doi.org/10.1103/PhysRevLett.124.171102
https://doi.org/10.1103/RevModPhys.85.471
https://doi.org/10.1088/0953-4075/46/10/104001

