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QUANTUM OPTICS

Squeezing the quantum noise of a gravitational-wave
detector below the standard quantum limit

Wenxuan Jia'*, Victoria Xu'*, Kevin Kuns?, Masayuki Nakano?, Lisa Barsotti', Matthew Evans!,
Nergis Mavalvala', members of the LIGO Scientific Collaborationt

The Heisenberg uncertainty principle dictates that the position and momentum of an object cannot be
simultaneously measured with arbitrary precision, giving rise to an apparent limitation known as the
standard quantum limit (SQL). Gravitational-wave detectors use photons to continuously measure

the positions of freely falling mirrors and so are affected by the SQL. We investigated the performance of
the Laser Interferometer Gravitational-Wave Observatory (LIGO) after the experimental realization of
frequency-dependent squeezing designed to surpass the SQL. For the LIGO Livingston detector, we
found that the upgrade reduces quantum noise below the SQL by a maximum of three decibels between
35 and 75 hertz while achieving a broadband sensitivity improvement, increasing the overall detector

sensitivity during astrophysical observations.

consequence of quantum mechanics is
the Heisenberg uncertainty principle,
which states that the product of the mea-
surement noises of conjugate observables
(such as position and momentum) can-
not be less than #/2, where 7 is the reduced
Planck constant. Measuring the position x of
an object with uncertainty Ax inevitably per-
turbs its momentum by Ap = #/(Ax). After a
time 1, the object with mass m freely evolves,
acquiring additional position uncertainty Az’
from the momentum perturbation Az’ = tAp/
m = ht/(2mAzx). An extremely precise mea-
surement (Az — 0) will make the next position
measurement totally unpredictable (Az' — «)
because of this phenomenon, which is known
as quantum back action (7). The minimal re-
peatable uncertainty is achieved when Ax =
Ax' = \/ht/(2m), which is known as the stan-
dard quantum limit (SQL) (2, 3). The SQL ap-
plies to measurements of microscopic particles;
it is also a limiting factor for the measurements
made by interferometric gravitational-wave de-
tectors, which measure attometer-scale dis-
placements of macroscopic mirrors (4).

In principle, the SQL could be surpassed by
introducing quantum correlations between
the interferometer’s laser light and the mirrors
(5-7). Proposed designs that do this are known
as quantum nondemolition interferometers
(8, 9). One approach proposed a squeezed-
input interferometer, which would surpass the
SQL at a particular frequency by injecting a
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nonclassical state of light, known as a squeezed
vacuum state, into the interferometer. The ad-
dition of a detuned Fabry-Pérot filter cavity
would impose a frequency-dependent phase
shift on the squeezed vacuum states reflected
from it, allowing the SQL to be surpassed over
a broader frequency range (9).

In a proof-of-principle demonstration, pre-
vious work injected squeezed vacuum states
into the Laser Interferometer Gravitational-
Wave Observatory (LIGO), producing quan-
tum correlations and surpassing the SQL in
a narrow frequency region (30 to 50 Hz) (10).
However, because that experiment did not
include a filter cavity, the quantum noise in-
creased at all other frequencies, causing an
overall decrease of the astrophysical sensi-
tivity (10), as theoretically predicted (9). Sub-
sequently, a 300-m-long filter cavity was added
to both LIGO Livingston (L1) and Hanford
(H1) interferometers, which was designed
to extend the reduction of quantum noise over
a broader frequency range (11). We exam-
ined the quantum noise performance of the
LIGO L1 interferometer operating with this
filter cavity.

Simplified quantum noise model

Gravitational-wave modulations of spacetime
are quantified by the dimensionless strain A.
A gravitational-wave detector converts these
modulations into a measurable differential dis-
placement between two pairs of suspended
mirrors. In this case, Az is the interferometer
differential displacement, and 2 = Ax/L,.,,
where L, is the length of each interferom-
eter arm (4 km for LIGO). At measurement
frequencies, the interferometer mirrors move
freely, so the SQL for these mirrors can be ex-
pressed by considering the gravitational-wave
strain noise amplitude spectral density
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where Q is the measurement frequency. This
strain limit depends on the mass of the ob-
ject rather than the number of photons used
to probe its position (determined by the laser
power). In LIGO, the effective mass of the
object is the reduced mass (m/4) of the dif-
ferential motion of each pair of arm cavity
mirrors, each 40 kg, so

Q vHz

(2)
For clarity, we first present a simplified model
of quantum noise in the LIGO interferometers
developed in previous work (Z1). In the ideal

lossless case, the power spectral density (PSD)
of quantum noise S(Q2) can be expressed as

(@)
2

hsn(Q) = 1.8 x 10-2* (27: x 100 Hz) 1
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where K(Q) is the opto-mechanical coupling
strength; the first term represents noise from
quantum back action, and the second term
represents imprecision from photon shot noise.
IC(Q) increases with the circulating laser power
in arm cavities Py, as

o\ —1
K(Q) = 16k Parm % 142 (4)
mYoLam Q Yg

where ko = 2n/(1064 nm) is the laser wave
number, and y, = 21 x 450 Hz is the detector’s
signal bandwidth.

At frequencies below 40 Hz, measurement
back action dominates because of the strong
opto-mechanical coupling [[C(Q) » 1]. At fre-
quencies above y,, the opto-mechanical cou-
pling is weak [IC(€2) « 1], so the measurement
imprecision noise dominates. The frequency
at which these two forms of quantum noise
contribute equally to the total quantum noise
is called the SQL frequency Qgq, defined as
K(Qsqr) = 1. The value of Qgqy, scales with the
square root of the laser power; for a circulating
power of Py, = 260 KW, Qgqp, = 21 x 37 Hz.

Together, these two forms of quantum noise
enforce the SQL for displacement sensing
(Eg. 3), which arises from the use of uncor-
related photons to probe mirror positions.
Equation 3 enforces the SQL because it is an
incoherent superposition of quantum back
action and imprecision noise. In the pres-
ence of quantum correlations between light
and mirrors, Eq. 3 no longer holds, allowing
the SQL to be surpassed.

Squeezed vacuum is a nonclassical state of
light that uses quantum correlations between
photon pairs to reduce one form of quantum

1 of 4

$202 ‘L0 19903100 UO IJUI)) 9USIOS YI[EIH BPLIO[] JO AJSIOATU() J& SI0°00UIOS MMmM//: S}y WOI popeoumo(]


mailto:wenxuanj@mit.edu
mailto:victoriaa.xu@ligo.org
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscience.ado8069&domain=pdf&date_stamp=2024-09-19

RESEARCH | RESEARCH ARTICLE

noise at the expense of the other, in a way al-
lowed by the Heisenberg uncertainty princi-
ple (72). During LIGO’s third observing run,
frequency-independent squeezing was injected
into the interferometer to reduce the impreci-
sion noise while increasing the quantum back
action noise (13). The injection of squeezed
vacuum (denoted by subscript SQZ) into the
output port of an interferometer (74) modified
its quantum noise relative to Eq. 3, to produce

Ssqz(Q) = S(Q){e " cos’[o - O(Q)] +
e*'sin’[¢ - O} (5)

where ¢ is the squeezing factor, the amount
by which the injected quantum noise is squeezed
relative to vacuum noise; ¢ is the relative
phase between the input squeezed field and
the interferometer field (known as the squeeze
angle); and 6(Q) = tan"1X(Q) is the squeeze
angle rotation due to the opto-mechanical re-
sponse of the interferometer.
Frequency-dependent squeezed states (de-
noted by subscript FDSQZ) vary the input
squeeze angle as a function of frequency
o — ¢(Q2). They can be prepared by reflecting
the frequency-independent squeezed state
from a detuned and overcoupled Fabry-Pérot
cavity (11, 15-17). When the filter cavity line-
width is matched to Qgqy., it imparts a phase
rotation ¢(Q) = 6(Q) = tan~'K(Q) on the re-

flected squeezed vacuum states, which en-
—-27r

ables quantum noise reduction of e =" at all
frequencies (I8)
thL( ) 1
S Q Q) +——|e ™
Fpsaz(Q2) = 2 {’C( )+ K(Q)]e

(6)

At the frequency Qgqy., this approach is pre-
dicted to reduce quantum noise below the SQL
by a factor of ¢

Sepsaz(Qsqu) = Mg (Qsau)e ™ (7)

Experimental setup

We provide in Fig. 1 a simplified diagram of
the LIGO interferometer (79) during the fourth
astrophysical observing run (O4), which began
in 2023. It includes Fabry-Pérot arm cavities
formed by a pair of 40-kg mirrors to resonant-
ly enhance strain sensitivity, input power re-
cycling to increase the circulating laser power
[and thus K£(Q)], and output signal extraction
to broaden the detection bandwidth. Compo-
nents of the squeezing system, comprising the
squeezed vacuum source (squeezer) and the
filter cavity, are also shown.

Squeezed vacuum was injected at the out-
put port of the interferometer to reduce quan-
tum noise (20). The LIGO squeezer generates
frequency-independent squeezed vacuum states
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through spontaneous parametric down-
conversion of 532-nm photons in a bow-tie op-
tical parametric amplifier cavity containing a
nonlinear crystal (13, 21). The 300-m filter cavity
was controlled so that its resonance frequency
is detuned with respect to the carrier frequency
of the main laser, thus producing frequency-
dependent squeezing [¢ — o(€2)] before injec-
tion into the interferometer (7). A movable beam
diverter was placed in the squeezed vacuum
beam path before injection into the interferom-
eter. Squeezing could be injected or blocked by
opening or closing the beam diverter.

Measuring quantum noise below the SQL

Our inferred quantum noise of the L1 detector
operating with frequency-dependent squeez-
ing is shown in Fig. 2. We found that the quan-
tum noise surpasses the SQL between 35 and
75 Hz, by a maximum of 3 dB near 50 Hz.
Determining the squeezed quantum noise below
100 Hz is complicated by the presence of non-
quantum (classical) noise that is a factor of two
times greater in amplitude (79). We performed a
two-step analysis to infer the squeezed quantum
noise from measurements of the total noise.

First, we inferred the classical noise by sub-
tracting an unsqueezed quantum noise model
from measurements of the total detector noise
with squeezing disabled. The unsqueezed quan-
tum noise model has several degenerate param-
eters. For example, the circulating laser power
in the arm cavity and optical loss in the readout
path have the same phenomenological effect
on the imprecision noise. To constrain the pa-
rameter space, we experimentally set 11 con-
stant squeezing angles ¢, because the quantum
noise Ssqz depends strongly on ¢ (Eq. 5), then
found a single set of interferometer parameters
that simultaneously matches the measured noise
for every value of ¢. We performed Markov Chain
Monte Carlo inference (22) to determine the
best-fitting set of parameters that match all 11
different squeeze angle datasets. Sensitivity mea-
surements for the three values of ¢ that dip be-
low the SQL are shown in Fig. 3 (data for all 11 ¢
values are shown in fig. S2). Compared with the
simplified model presented above, this numerical
noise model used for subtraction includes experi-
mental degradations such as squeezing phase
noise, optical loss, and mode-mismatch across
the various cavities of the interferometer (23-25).
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Fig. 1. Simplified schematic of the LIGO interferometer. The filter cavity was installed for the fourth astrophysical
observing run (04), which began in 2023. The squeezing system (saturated color) is shown overlaying the main

interferometer (shaded color), which has 4-km-long arm cavities. Except the main laser, all optical components are
suspended in ultrahigh vacuum. Frequency-independent squeezed vacuum (dotted red line) is generated by an optical
parametric amplifier (labeled squeezer), which consists of a nonlinear optical crystal in a dually resonant bow-tie

cavity. The outgoing squeezed beam is reflected from a 300-m-long filter cavity to produce frequency-dependent
squeezing (dashed red line), injected with a Faraday isolator through a beam diverter that can be opened or closed
(gray arrows), then propagated through the full LIGO interferometer before detection at the two readout photodiodes.
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Fig. 2. Measured sensitivity of the LIGO L1 interferometer. Data were
measured with a detector configuration representative of the nominal detector
noise during O4. The total detector noise spectrum is an incoherent sum

of the classical and quantum noise. The unsqueezed reference total noise (solid
black line) was measured without squeezing injection. An unsqueezed quantum
noise model (dashed black line) was subtracted from the measured reference
total noise to estimate the underlying classical noise (gray line). The classical noise
estimate was then subtracted from the measured squeezed total noise spectra
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Fig. 3. Quantum noise reduction with and without the filter cavity. (A and

B) Quantum noise reduction expressed as (A) strain noise and (B) decibels relative
to the unsqueezed quantum noise model (dashed black line, as in Fig. 2). In (A)
and (B), data points show the quantum noise inferred from total detector noise
measurements; error bars indicate the 1o uncertainty. Dashed lines indicate quantum
noise models fitted to the data. The input filter cavity rotates the injected squeezing
angle ¢ as a function of frequency to produce frequency-dependent squeezing,
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(solid purple line) to infer the squeezed quantum noise (purple dots, with
error bars indicating 1o uncertainty). A model of the frequency-dependent
squeezed quantum noise (purple dashed line) was fitted to the data points by
adopting the same detector parameters and allowing squeezer parameters to
vary. The red dot-dashed line indicates the theoretical SQL, and the orange
dot-dashed line is 3 dB below it. We found that the squeezed quantum

noise surpasses the SQL between 35 and 75 Hz (purple-shaded region),

by a maximum of 3 dB.
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o — 0(€2) (9). Frequency-independent squeezing spectra (olive, teal, and blue) were
measured for three injected squeeze angles ¢, with the filter cavity end mirror
misaligned. These spectra outline the minimum quantum noise achievable with injected
squeezing. The green line in (A) was measured before filter cavity installation (10).
The purple line indicates the quantum noise with frequency-dependent squeezing.
The installed filter cavity (11) delivers broadband quantum noise reduction, including
where quantum noise surpasses the SQL [red dot-dashed line in (A)].
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Second, we subtracted the classical noise es-
timate from subsequent measurements of the
total detector noise with squeezing enabled
to infer the squeezed quantum noise, which
is our measurement of \/Ssqz(Q2) from Eq. 5.
The two-step noise subtraction process as-
sumes that classical noise remains identical
between the unsqueezed and squeezed modes
of operation. Any variations in classical noise
between these modes are incorporated as esti-
mation uncertainties. We used previously deter-
mined uncertainty propagation methods (10) to
estimate the total uncertainty budget, including
statistical uncertainties from detector noise PSD
estimation and nonstationary classical noise,
and the systematic uncertainties from cali-
bration and residual model errors (22).

Statistical uncertainties from PSD estima-
tion and nonstationary classical noise (26)
limited estimates of low-frequency quantum
noise. We interleaved multiple 20-min seg-
ments of unsqueezed and squeezed measure-
ments to control for time variations of the
classical noise. The total detector noise mea-
sured with 1 hour of combined data segments
in the unsqueezed and squeezed configura-
tions is shown in Fig. 2. We found that the
difference in the classical noise between seg-
ments (uncertainty from nonstationarity) is
commensurate with the total uncertainty
from 1 hour of PSD estimation with optimal
frequency binning (fig. S4).

We performed a full derivation of the total
uncertainty budget (22). The main systematic
uncertainty arises from the real-time calibra-
tion process, which applies a known force to
the mirror to actively modulate the strain and
measure the instrument’s response (27, 28). For
the data used in our measurements, the sys-
tematic uncertainties are less than 5% (fig. S4,).

Squeezing with and without the filter cavity

We show in Fig. 3 L1 measurements of the in-
ferred quantum noise with frequency-dependent
squeezing and frequency-independent squeez-
ing at three injected squeeze angles ¢. The
data are presented as strain noise (Fig. 3A)
and as decibels of quantum noise reduction
(Fig. 3B) compared with no squeezing (the
decibel noise reduction is defined as 20log;,
[V/Ssaz(Q)/S(Q)]). We also show in Fig. 3 nu-
merical quantum noise models that use the
best-fitting experimental parameters for the
full interferometer and squeezer. The close
agreement between the model curves and mea-
sured spectra supports the unsqueezed quan-
tum noise model used for subtraction. We then
extended the model to include the filter cavity
parameters (I1). The quantum noise model for
frequency-dependent squeezing is consistent
with the inferred quantum noise spectra.
Compared with frequency-independent squeez-
ing, an ideal filter cavity would rotate the in-
jected squeezing angle as a function of frequency,
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o — ¢(Q) » tan"1K(Q), to reduce the quan-
tum noise by a factor of e at all frequen-
cies, as in Eq. 6. That would provide a single
configuration that reaches the envelope of sub-
SQL quantum noises achievable by all frequency-
independent squeezing spectra. However, there
is a discrepancy between the noise reduction
achieved with frequency-independent squeez-
ing and with the frequency-dependent squeez-
ing provided by the filter cavity, especially
between 20 and 200 Hz (Fig. 3). The inclu-
sion of the filter cavity reduces the quantum
noise across a broader range of frequencies
than squeezed light alone (Fig. 3B) but not
by as much as the theoretically predicted e "
reduction of quantum noise at all frequencies.

‘We ascribe this nonoptimal performance to
a mismatch between the SQL frequency and
the filter cavity linewidth. Assuming a loss-
less cavity, an optimal filter cavity would have
its half-width-at-half-maximum linewidth yrc
and detuning 8pc both matched to the SQL
frequency, so that ypc = 8pc = Qgsqr/v/2 (18).
The installed filter cavity was designed to have
Yrc = 21 x 42 Hz, by using an input coupler
power transmissivity 73, = 1000 parts per mil-
lion (ppm) (7I) and assuming 60 ppm optical
loss, to approximately match Qgqp, = \/EYFC =
2n x 59 Hz. However, our measurements in-
dicate that the SQL frequency is Qgqr, = 21 x
37 Hz, which is a factor of 1.6 less than that of
the design.

We conclude that with frequency-dependent
squeezing, the LIGO detectors operated with
quantum-limited sensitivity that surpasses the
SQL during astrophysical observing. With the
squeezing rotation imparted by the current
filter cavity, we show that squeezing directly
increases detector sensitivity by 5.6 dB at kilo-
hertz frequencies while yielding strain sensi-
tivities that surpass the SQL around 50 Hz.
This experimentally demonstrates a theoret-
ically proposed improvement to gravitational-
wave detectors (9). Our analysis was sufficient
to model the quantum noise through the com-
plex optical systems of the LIGO interferom-
eter, which matches the experimental data
across a wide range of input squeeze angles.
The injection of quantum squeezing allowed us
to probe the detector configuration and ex-
pand the astrophysical reach of gravitational-
wave observations.
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