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In this third handout on noise sources, I summarize how squeezed light is used as a tool to
beat the SQL (see figure 1).

296 S. Hild

10−1 100 101 10210−24

10
−23

10−22

10
−21

10
−20

10−19

Frequency [Hz]

S
tr

ai
n 

[1
/s

qr
t(

H
z)

]

 

  (1a) shot noise, P = 10 kW
 (1b) radiation pressure, P = 10 kW
 (1c) quantum noise, P = 10 kW
 (2a) shot noise, P = 1 MW
 (2b) radiation pressure, P = 1 MW
 (2c) quantum noise, P = 1 MW
 (3) SQL, L=10km, m=10kg
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Fig. 11.3 The SQL (trace 3) and the quantum noise contribution for a simple Michelson interfer-
ometer, featuring 10 km arm length and test masses of 10 kg weight, for low (traces 1a–1c) and high
(traces 2a–2c) circulating power

tool, often formally referred to as the quadrature picture or informally sometimes
referred to as the ball on a stick picture.

In general we can describe an electric field E at a position r and at the time t by

E(r, t) = E0

[
a(r)e−iωt − a∗(r)e+iωt

]
p(r, t), (11.3)

where a is the complex amplitude of the electro-magnetic field, ω its angular fre-
quency and p the polarization. We can introduce the following two new properties:

X1(r) = a∗(r)+ a(r) (11.4)

X2(r) = i
[
a∗(r) − a(r)

]
. (11.5)

X1 and X2 are usually referred to as the amplitude and phase quadrature, respectively.
Using the quadrature representation we can now rewrite Eq. 11.3 to express the
electromagnetic field in terms of the amplitude and phase quadratures:

E(r, t) = E0 [X1 cos(ωt) − X2 sin(ωt)] p(r, t). (11.6)

Figure 1: The SQL (trace 3) and the quantum noise contribution for a simple Michelson inter-
ferometer, featuring 10 km arm length and test masses of 10 kg weight, for low (traces 1a–1c)
and high (traces 2a–2c) circulating power, from S. Hild, A Basic Introduction to Quantum Noise
and Quantum-Non-Demolition Techniques, in M. Bassan (ed.) Advanced Interferometers and the
Search for Gravitational Waves, Lectures from the First VESF School on Advanced Detectors for
Gravitational Waves, Springer (2014).

• The basics of squeezed light are explained in this scientific paper: M. C. Teich and B. E.
A. Saleh, Squeezed states of light, Quantum Opt., J. of the Eur. Opt. Soc. B 1 (1989)
153-19. Figure 2 provides further illustration of the concepts explained in that paper

• It is important to stress that one can squeeze a beam of unsqueezed light also by mixing it
with another beam of strongly squeezed light.

1



A graphical description of optical parametric generation of squeezed
states of light

J€oran Bauchrowitz,a) Tobias Westphal, and Roman Schnabel
Institut f€ur Gravitationsphysik, Leibniz Universit€at Hannover and Max-Planck-Institut f€ur Gravitationsphysik
(Albert-Einstein-Institut), Callinstraße 38, D-30167 Hannover, Germany

(Received 5 November 2012; accepted 3 August 2013)

The standard process for the production of strongly squeezed states of light is degenerate optical
parametric amplification (OPA) below threshold in nonlinear dielectric media such as LiNbO3 or
periodically poled potassium titanyl phosphate (KTP). Here, we present a graphical description of
squeezed-light generation via OPA, visualizing the interaction between the nonlinear dielectric
polarization of the medium and the electromagnetic quantum field. We explicitly focus on the
transfer from the field’s ground state to a squeezed vacuum state and from a coherent state to a
bright squeezed state by the medium’s second-order nonlinearity, respectively. Our pictures
illustrate the phase-dependent amplification and deamplification of quantum uncertainties and give
the phase relations between all propagating electromagnetic fields as well as the internally induced
dielectric polarizations. The graphical description can also be used to describe the generation of
nonclassical states of light via higher-order effects of the nonlinear dielectric polarization such as
four-wave mixing and the optical Kerr effect. VC 2013 American Association of Physics Teachers.

[http://dx.doi.org/10.1119/1.4819195]

I. INTRODUCTION

Squeezed states of light belong to a specific class of quan-
tum states that has applications in the research field of quan-
tum information1–5 and were used to demonstrate quantum
teleportation6–8 and the Einstein-Podolsky-Rosen paradox.9–12

Squeezed states also have applications in quantum metrol-
ogy,13 and they have recently been applied to a gravitational
wave detector to improve its signal-to-noise ratio beyond the
photon counting limit (shot-noise limit).14

The Heisenberg uncertainty relation describes the insight
that certain pairs of physical quantities of the same system
cannot have simultaneously precisely defined values. Let us
consider the electric field strength of a propagating electro-
magnetic wave measured at a certain location in space. If the
wave is perfectly monochromatic, the expected evolution of
the electric field can be described by a sinusoidal wave.
Repeated measurements of the electric field strengths, how-
ever, reveal that the measurement results scatter around the
expected oscillation. The electric field strength at a certain
phase h ð0 " h " 2pÞ of the sinusoid is usually named X̂h
and its standard deviation DX̂h. Setting h ¼ p=2 yields the
field strength in the wave’s maximum, also called the ampli-
tude quadrature X̂1. Setting h ¼ 0 (or h ¼ p) yields the field
strength at a node, which is called the phase quadrature X̂2

(and which shows an uncertainty around zero). The
Heisenberg uncertainty relation sets a lower bound on the
electric field uncertainties measured for phases being p=2
apart, for instance ðDX̂1Þ2ðDX̂2Þ2 % ðDzpÞ4. Here, Dzp is the
zero-point fluctuation and corresponds to the wave’s ground
state uncertainty, i.e., the field’s standard deviation in case of
zero energy (zero photons) on average. The ground state is
also called the vacuum state, whose expected average elec-
tric field is represented by a sinusoidal with zero amplitude,
i.e., by a horizontal line. The vacuum state obeys ðDX̂hÞ2
¼ ðDX̂1Þ2 ¼ ðDX̂2Þ2 ¼ ðDzpÞ2. A wider class of states is the
class of so-called coherent states. These include sinusoidal
waves of arbitrary nonzero amplitudes but still obey the

same phase-independent uncertainty of the vacuum state.
Distinct from all those, a wave is said to be in a squeezed
state15–18 if the uncertainty of its field strength is “squeezed”
to values smaller than the wave’s zero-point fluctuation Dzp

for some finite range of the phase h. We distinguish between
squeezed vacuum states having a zero electric field on aver-
age for all phases and bright squeezed states having an elec-
tric field of nonzero amplitude on average.

Figure 1(a) illustrates the (phase independent) zero-point
fluctuation of the vacuum state over a full cycle of the phase
from 0 to 2p. The quantum uncertainty of the squeezed

Fig. 1. Statistics of electric field measurements for five different minimum-
uncertainty states of the same optical mode.17 (a) Representation of the ground
state and its zero-point (vacuum) fluctuation Dzp. The uncertainty does not
depend on the phase h. (b) A squeezed vacuum state; such a state is produced
by a phase-dependent (optical parametric) amplification of the zero-point
fluctuation. (c) A coherent state, i.e., a displaced vacuum state. (d) A bright
phase-squeezed state. (e) A bright amplitude-squeezed state. For all these
states the uncertainty product of the electric fields at orthogonal phases meets
the lower bound set by the Heisenberg uncertainty relation. Although these
pictures are just illustrations, they can be experimentally reproduced by quan-
tum state tomography using the beat signal with a homodyne local oscillator
field of the same frequency.17
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Figure 2: Statistics of electric field measurements for five different minimum-uncertainty states
of the same optical mode. (a) Representation of the ground state and its zero-point (vacuum)
fluctuation Deltazp. The uncertainty does not depend on the phase θ. (b) A squeezed vacuum
state; such a state is produced by a phase-dependent (optical parametric) amplification of the
zero-point fluctuation. (c) A coherent state, i.e., a displaced vacuum state. (d) A bright phase-
squeezed state. (e) A bright amplitude-squeezed state. For all these states the uncertainty
product of the electric fields at orthogonal phases meets the lower bound set by the Heisenberg
uncertainty relation. Although these pictures are just illustrations, they can be experimentally
reproduced by quantum state tomography using the beat signal with a homodyne local oscillator
field of the same frequency. Figure from J. Bauchrowith, T. Westphal, and R. Schnabel, A
graphical description of optical parametric generation of squeezed states of light, Am. J. Phys.
81 (2013) 767.

• How does squeezing help? We understand this as follows: both shot noise and radiation
pressure noise produce amplitude fluctuations in the electric field impinging on the mirrors
(radiation pressure noise produces phase noise as well, but we neglect it in the present
picture as we concentrate on the low-frequency behavior that is dominated by radiation
pressure). The amplitude fluctuations are converted to phase fluctuations by the response
function of the interferometer (see figure 3). The net result is a large fluctuation in the
phase coordinate, which overshadows the small electric field change due to GWs (see figure
4). Squeezed light can be used to mitigate noise at a given frequency by injecting a squeezed
vacuum state (see below and figure 5). However, because of the interplay between radiation
pressure noise and shot noise, any compensation in a given frequency range is offset by a
loss in another frequency range. To obtain a better mitigation, it is necessary to introduce
a frequency dependent squeezing, which we do not discuss here (see figure 6).
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Fig. 28 This figure compares the fields reflected by, transmitted by and circulating in a Fabry–Perot cavity
for the three different cases: over-coupled, under-coupled and impedance matched cavity (in all cases
T1 + T2 = 0.2 and the round-trip loss is 1 %). The traces show the phase and amplitude of the electric field
as a function of laser frequency detuning

123

Figure 3: Amplitude and phase transfer functions for a Fabry-Perot cavity. Close to resonance
the amplitude variations are exceedingly small for small frequency changes such as those induced
by small phase changes like those due to the amplitude modulation from shot noise, on the
contrary phase fluctuations are greatly amplified. Figure taken from Bond et al, Interferometer
techniques for gravitational-wave detection, Living Rev. Relativ. 19 2016) 3.
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Vacuum state Vacuum state + GW Vacuum state + GW + RP noise

Figure 4: The left panel schematically represents a vacuum state. The middle panel shows a
coherent state produced by the presence of a GW with its noise fluctuations: since the phase
shift produced by the GW is small, the uncertainty ball is very close to that of the vacuum
state. The third panel shows the effect of radiation pressure, that introduces a large phase
uncertainty because of the coupling of amplitude and phase induced by the transfer function of
the interferometer.
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Figure 4. Quantum noise measurements performed with a balanced homodyne detector (BHD)
using a 500 µW local oscillator power. Trace (a) constitutes the shot-noise (vacuum noise)
reference of the BHD, measured with the squeezed light input blocked. Trace (b) shows the
observed squeezed quantum noise from our source. A nonclassical noise suppression of up to 9 dB
below shot-noise (a) was measured throughout the complete spectrum from 10Hz up to 10 kHz.
The corresponding anti-squeezing (c) was 14 dB above the shot-noise level. The electronic dark
noise (not shown) was 17 dB below the shot-noise and was not subtracted from the measured
data. The peaks at 50 Hz and 100 Hz were due to the electric mains supply.

cavity, (ii) loss in the input Faraday isolator, (iii) non-perfect dielectric coatings of GEO 600
optics, and (iv) the non-perfect photo-diode quantum e�ciency. From these assumptions we
conclude, that finally a 6 dB nonclassical sensitivity improvement of GEO 600 might be reachable.
This number corresponds to a sensitivity improvement that is equivalent to an increase in laser
power by a factor of 4, without however, the unwanted side-e↵ects from a higher thermal load.

4. Conclusion
We presented a detailed description of the optical setup of the GEO 600 squeezed light source
and showed first measurement results. Up to 9 dB of squeezing over the entire bandwidth of
the earth-based gravitational wave detectors was demonstrated. To the best of our knowledge,
this is the highest measured squeezing value at audio frequencies observed so far. Our result
also belongs to the highest squeezing values ever measured. At radio frequencies (MHz) only
recently slightly higher values between 9 dB and 11.5 dB were reported [22, 23, 25]. We have
estimated the additional optical loss for the squeezed-light field when injected into GEO 600 and
come to the conclusion that a non-classical detector sensitivity improvement of 6 dB might be
possible for the shot-noise limited band of GEO 600. After a long-term test the squeezed light
source will be ready for the implementation in GEO 600.

Figure 5: Squeezing of shot noise in the GEO600 IFO. Trace (a) constitutes the shot-noise
(vacuum noise) reference of the BHD, measured with the squeezed light input blocked. Trace (b)
shows the observed squeezed quantum noise from our source. A nonclassical noise suppression
of up to 9 dB below shot-noise (a) was measured throughout the complete spectrum from 10 Hz
up to 10 kHz. The corresponding anti-squeezing (c) was 14 dB above the shot-noise level. The
electronic dark noise (not shown) was 17dB below the shot-noise and was not subtracted from
the measured data. The peaks at 50 Hz and 100 Hz were due to the electric mains supply. Figure
taken from H. Vahlbruch et al., The GEO 600 squeezed light source, Class. Quantum Grav. 27
(2010) 084003.
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Fig. 11.10 Left Illustration of frequency-dependent squeezing using the quadrature picture. Right
Quantum noise of a simple Michelson interferometer with pure phase squeezing as well as
frequency-dependent squeezing. Please note that even though theoretically a squeezing factor of
10 is possible, in real interferometers optical losses and control noise of the squeezing will degrade
the sensitivity improvement. It is assumed that in future GW detectors quantum noise reduction by
squeezing injection is limited to a factor of 3 to 4 [24]

The two left panels of Fig. 11.10 illustrate frequency-dependent squeezing in the
quadrature picture. For all frequencies we readout the phase quadrature. At high
frequencies we apply phase squeezing and obtain a quantum noise reduction exactly
the same as for injection of frequency-independent phase squeezing. In contrast to
this, towards the low frequency end of the detection band we arrange for the squeezing
ellipse to continuously rotate from phase quadrature squeezing to squeezing in the
amplitude quadrature. The key here is that the length of the original E1 arrow in
the amplitude quadrature reduces, which results in less noise coupled to the phase
quadrature via radiation pressure-induced mirror motion. Therefore, also the length
of the ERP arrow in the phase quadrature is reduced. As a consequence the SNR at low
frequency is larger than in the unsqueezed case (compare to left panel of Fig. 11.6).
The right-hand plot of Fig. 11.10 compares the quantum noise spectrum of a simple
Michelson interferometer without squeezing (trace 2), pure phase squeezing (trace 3),
and frequency-dependent squeezing (trace 4), where the gray ellipses at the bottom
of the plot illustrate the optimized orientation of the squeezing ellipse of the injected
squeezing at different frequencies in the detection band.

Frequency-dependent squeezing can provide a broadband reduction of quan-
tum noise significantly below the SQL.

Frequency-dependent squeezing has been identified as one of the key technologies
for the Einstein Telescope [25, 26] as well as for upgrades to the Advanced LIGO

Figure 6: Quantum noise of a simple Michelson interferometer with pure phase squeezing as well
as frequency-dependent squeezing. Figure taken from S. Hild, A Basic Introduction to Quantum
Noise and Quantum-Non-Demolition Techniques, in M. Bassan (ed.) Advanced Interferometers
and the Search for Gravitational Waves, Lectures from the First VESF School on Advanced
Detectors for Gravitational Waves, Springer (2014).
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• Crystal materials lacking inversion symmetry can exhibit a so-called χ(2) nonlinearity.
Apart from frequency doubling and sum and difference frequency generation, this allows
for parametric amplification. Here, the signal beam propagates through the crystal together
with a pump beam of shorter wavelength. Photons of the pump wave are then converted
into (lower-energy) signal photons and the same number of so-called idler photons; the
photon energy of the idler wave is the difference between the photon energies of pump and
signal wave (see figure 7). Since the pump energy is fully converted into energy of signal
and idler beams, the crystal material is not heated in this process.

In the usual non-degenerate case, signal and idler waves constitute physically separate
beams. However, there are degenerate parametric amplifiers where signal and idler wave
are identical, i.e. have the same frequency and same polarization. The signal frequency
then has to be exactly half the pump frequency, and the phase relationship between signal
and pump determines the direction of energy flow, i.e., whether there is amplification or
deamplification of the signal. This phase-sensitive amplification does not occur in a non-
degenerate amplifier, where a signal with arbitrary phase can be amplified, and the phase
of the generated idler will automatically adjust accordingly.

For squeezed-light generation via degenerate OPA below threshold, a laser beam of mod-
erate power is focused into the crystal serving as the pump field for the OPA process.
Additional laser light inputs are not required, but zero-point fluctuations at all frequencies
and all directions of propagation naturally enter the crystal as well. The pump field’s in-
tensity is high enough to produce an anharmonic oscillation of charges and thus a nonlinear
dielectric polarization of the crystal. As a consequence, parts of the pump field sponta-
neously decay into pairs of signal and idler fields, whose frequency sum corresponds to the
pump field frequency. For a below-threshold operation, the driving field intensity is still
relatively low such that spontaneous emission dominates induced emission.

“OPA below threshold” is also called “spontaneous parametric down-conversion” (SPDC),
and it forms the basis not only for squeezed-light generation but also for the production
of entangled photon pairs. For degenerate OPA, the signal and idler fields are indistin-
guishable, i.e., they have the same frequency, polarization, and direction of propagation.
For many popular materials, this setting can be realized by stabilizing the crystal to a
specific temperature, the so-called phase matching temperature for degenerate operation.
Additionally, the nonlinear crystal is placed between two or more mirrors that have a high
reflectivity for the signal/idler field. The mirrors form an optical resonator with the pur-
pose that only a signal/idler field of a well-defined direction of propagation and transverse
spatial mode constructively interferes with itself when reflected back and forth between the
mirrors.

To maximize the spontaneous down-conversion probability into this mode, the pump laser
beam needs to be aligned such that its waist and direction of propagation are matched to
the signal/idler field. Eventually, a single laser beam composed of the (nearly undepleted)
pump field and the down-converted field leaves the crystal and its surrounding resonator.
The two need to be separated from each other by a wavelength-selective mirror. The
squeezing effect is observed on the degenerate signal/idler field. It initially enters the crystal
being in the vacuum state and is converted inside the crystal into a squeezed vacuum state.
If the initial state is a coherent state—if a coherent laser beam having half the frequency
is co-propagating with the pump field—it is converted into a “bright” squeezed state of
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light. Note that the word bright need not be taken literally; a bright squeezed laser beam
is usually much dimmer than the pump beam.

All gravitational-wave detectors currently implementing squeezing use a sub-threshold op-
tical parametric amplifier (also called Optical Parametric Oscillator, OPO), to generate
squeezed vacuum. The squeezer system starts with a laser which is phase locked to have
the exact frequency as the main interferometer laser. The squeezer laser pumps a sec-
ond harmonic generator (SHG) which frequency doubles the 1064 nm light to 532 nm, as
shown in figure 8. The 532 nm light generated by the SHG is then used to pump the
optical parametric oscillator. All of the squeezers in use for gravitational wave detectors
use a potassium titanyl phosphate (PPKTP) crystal to create their nonlinear interaction.

(Text of this item adapted from https://www.rp-photonics.com/optical_parametric_

amplifiers.html, from J. Bauchrowith, T. Westphal, and R. Schnabel, A graphical de-
scription of optical parametric generation of squeezed states of light, Am. J. Phys. 81
(2013) 767, and from S. E. Dwyer, G. L Mansell, and L. McCuller, Squeezing in Gravita-
tional Wave Detectors, Galaxies 10 (2022) 10020046.).

Figure 7: Basic diagram of OPA operation, from https://www.rp-photonics.com/optical_

parametric_amplifiers.html.

Galaxies 2022, 10, 46 5 of 16

by squeezed states [20] causing readout noise with sub-Poisson uncertainty for the correct
squeezing orientation. This implies—remarkably—that the seemingly passive injection of a
field at the output changes the manner by which the classical laser field in the interferometer
is emitted and read as photon counts.

Figure 1 shows the impact of both squeezing and carrier power changes on the quan-
tum noise of the Advanced LIGO design. Increasing the optical power in the interferometer
improves the phase sensitivity but also directly increases the quantum radiation pressure
noise due to backaction, as shown by the dashed curve in Figure 1. Injection of phase
squeezing also improves the shot noise limited sensitivity, but increases the radiation
pressure noise due to anti-squeezing of the amplitude quadrature.

2. Frequency Dependent Squeezing

The ball-and-stick description of squeezing introduced above shows the squeezing
level at a single frequency. The squeezing ellipse can be oriented differently or more or
less squeezed at different observation frequencies. Defining the quadrature operators
independently for each observation frequency W allows the classical description of the
frequency response of optical cavities to describe transformations to squeezed states in the
frequency domain. The formal description of the relevant frequency domain description of
optical states, and its subtleties, is detailed in refs [21,22].

Because of quantum radiation pressure noise, reducing quantum noise throughout the
gravitational wave frequency band requires amplitude squeezing at low frequencies and
phase squeezing at high frequencies. This can be implemented by continuously rotating the
squeezing angle q as a function of the observation frequency. The appropriate rotation is
achieved by reflecting the squeezed beam off of an optical cavity with its resonance detuned
(shifted away) from the interferometer’s carrier frequency [23–28]. Quantum filter cavities
and frequency dependent squeezing are planned to be used in both LIGO and Virgo in the
next observing run. Some details of them and their history is included in Section 5.4.

3. Generating Squeezed States of Light

All gravitational-wave detectors currently implementing squeezing use a sub-threshold
optical parametric oscillator (OPO), alternately called an optical parametric amplifier, to
generate squeezed vacuum [9,10,29]. The squeezer system starts with a laser which is phase
locked to have the exact frequency as the main interferometer laser. The squeezer laser
pumps a second harmonic generator (SHG) which frequency doubles the 1064 nm light
to 532 nm, as shown in Figure 4. The 532 nm light generated by the SHG is then used to
pump the optical parametric oscillator.

Optical
parametric
oscillator

Second
harmonic
generator

Squeezer
laser

Figure 4. Simplified schematic for squeezed light generation. Red lines indicate 1064 nm beams,
green lines are 532 nm, dashed line is squeezed light. The squeezer laser pumps a second harmonic
generator which creates the 532 nm light which in turn pumps an optical parametric oscillator.

Since the first experimental realization of squeezing in 1985 [30], several key advances
have been made to generate squeezing suitable for use in gravitational wave observatories.
The SHG and OPO both use three-wave mixing caused by a second order susceptibility in
a crystal, where the induced polarization caused by an applied electric field has a quadratic
term allowing exchange of energy between the field at 1064 nm and 532 nm [31]. In the

Figure 8: Schematics for the squeezed vacuum source in current IFOs (from S. E. Dwyer, G.
L Mansell, and L. McCuller, Squeezing in Gravitational Wave Detectors, Galaxies 10 (2022)
10020046).
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• The injection of vacuum states in the interferometers is carried out according to the scheme
shown in figure 9. The scheme is implemented inside current interferometers as shown in
figure 10. Finally, figure 11 shows a simplified version of the actual implementation in
Advanced Virgo.

5

mirror masses. Recently, it was shown that the combination of bright coherent light and

squeezed vacuum states is indeed the optimum quantum approach for interferometric

gravitational-wave detectors [25].
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Figure 1. Squeezed-light enhanced gravitational-wave detection (a)

Simplified scheme of a gravitational-wave (GW) detector with squeezed vacuum

injection. A simplified Michelson interferometer is shown; in addition to the

conventional bright coherent laser input, a broadband squeezed-vacuum field is injected

into the dark signal port. Typically, a polarized beam splitter (PBS) is used as injection

port for squeezing. The squeezed vacuum field beats agains a coherent beam (not

shown) on the photo-diode. (b) Illustration of how the squeezed field reduces the

output light’s shot noise and improves the signal to shot-noise ratio in the photo-

electron current. Without squeezing (i), the signal of the gravitational wave detector

is not visible. With squeezing (ii), the shot noise is reduced and, here, a sinusoidal

signal becomes visible (b, simulation by B. Hage, Albert Einstein Institute).

Squeezed states [10, 26, 27, 28] belong to the class of so-called nonclassical states

of light. Generally, nonclassical states are those that cannot be described by a classical

(positive valued) probability distribution using the coherent states as a basis (the P -

representation) [29]. A squeezed state that contains only quantum-correlated photons

with no coherent amplitude is called a squeezed vacuum state [29]. If such a state

is overlapped with a coherent laser beam on a semi-transparent beam splitter, two

beam splitter outputs are generated which are quantum correlated. As a consequence,

the overall (bi-partite) quantum state cannot be written in terms of products of the

two beam splitter output states. Such a quantum state is called non-separable or

entangled [30, 31]. This is exactly what happens if a spectrum of squeezed states is

injected into the signal output port of a laser interferometer for GW detection (Fig. 1 a).

Since a GW detector is operated close to a dark fringe, the (spectrum of) entangled

states in the arms are recombined on the beam splitter and leave the interferometer

towards the photodiode, again as a spectrum of squeezed states. In the presence of

a GW signal the squeezed states will get displaced. Fig. 1 b shows a simulated signal

Figure 9: Squeezed-light enhanced gravitational-wave detection (a) Simplified scheme of a
gravitational-wave (GW) detector with squeezed vacuum injection. A simplified Michelson in-
terferometer is shown; in addition to the conventional bright coherent laser input, a broadband
squeezed-vacuum field is injected into the dark signal port. Typically, a polarized beam splitter
(PBS) is used as injection port for squeezing. The squeezed vacuum field beats agains a coherent
beam (not shown) on the photo-diode. (b) Illustration of how the squeezed field reduces the out-
put light’s shot noise and improves the signal to shot-noise ratio in the photo- electron current.
Without squeezing (i), the signal of the gravitational wave detector is not visible. With squeezing
(ii), the shot noise is reduced and, here, a sinusoidal signal becomes visible (b, simulation by B.
Hage, Albert Einstein Institute). Figure taken from L. Barsotti, J. Harms, R. Schnabel, Squeezed
vacuum states of light for gravitational wave detectors, Rep. Prog. Phys. 82 (2018) 016905.
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of purely-generated squeezed states into impure, mixed states. Those degradations and
their implications are detailed in later sections.

1.3. Squeezing in Gravitational Wave Detectors

The “squeezed light upgrade” of gravitational wave detectors surprisingly does not
require the main interferometer laser to be modified. Instead, squeezed states are separately
produced and injected at the “output” port, see Figure 3. The interferometers are operated
with nearly perfect destructive interference, in which case almost all of the input carrier
light reflects back towards the laser. Caves realized that the quantum state entering the
“output port” is similarly reflected, and thus, in conjunction with the input laser power and
the mass of the test masses, establishes the quantum state of the light incident on the
readout [20]. During its reflection, the state enters, and is modified by, the interferometer.

Main
interferometer

laser

Output
Faraday
isolator

Detection portSqueezer
Faraday
isolator

Filter cavity

Squeezed vacuum 
source

Figure 3. Simplified optical layout of a dual-recycled Fabry–Perot Michelson interferometer (grey
box), with frequency-dependent squeezing injected at the output port, as is planned the aLIGO
and AdVirgo detectors in Observing Run 4. The squeezed vacuum source generates frequency-
independent squeezed light. The squeezed beam (dashed red line) is reflected off the filter cavity,
passes back through one or more squeezer Faraday isolators, and is injected into the main interferom-
eter through the output Faraday isolator.

Another example of the phase quadrature displacement is the addition of the fringe
light from a static offset in the arm lengths. This displacement adds a large coherent
amplitude to the output state without changing the statistics of quadrature observations.
By default, vacuum states are perpetually incident on the output port, and the output field
consists of the vacuum states mixed with the interferometer field (see Figure 2), causing the
readout to have shot noise with Poisson statistics. For squeezing, the vacuum is replaced

Figure 10: Simplified optical layout of a dual-recycled Fabry–Perot Michelson interferometer
(grey box), with frequency-dependent squeezing injected at the output port, as is planned the
aLIGO and AdVirgo detectors in Observing Run 4. The squeezed vacuum source generates
frequency-independent squeezed light. The squeezed beam (dashed red line) is reflected off the
filter cavity, passes back through one or more squeezer Faraday isolators, and is injected into
the main interferometer through the output Faraday isolator. Figure taken from S. E. Dwyer,
G. L Mansell, and L. McCuller, Squeezing in Gravitational Wave Detectors, Galaxies 10 (2022)
10020046.
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current scientific run, the LIGO detector is operating
in a stable and continuos way with up to 3 dB of squeezing
[17].
Here, we report on the demonstration of a substantial and

continuous reduction of the quantum shot noise in the
Advanced Virgo detector via the injection of squeezed
vacuum states of light. Squeezed states are generated on
an external optical bench and subsequently injected into
the interferometer. A quantum enhancement of up to
3.2! 0.1 dB was measured at frequencies between
100 Hz and 3.2 kHz. The implementation of the squeezing
technique was part of the Advanced Virgo upgrade program
and has been operated with a 99% duty cycle of the
recorded science data during the ongoing third joint LIGO-
Virgo observation run O3.

II. EXPERIMENTAL SETUP

Figure 1 shows a simplified optical layout of the
Advanced Virgo (AdV) detector and the squeezed light
generation. Advanced Virgo is a power-recycled Michelson
interferometer with 3 km long Fabry-Perot cavities in the
two orthogonal arms. The input beam, generated from a
continuous wave laser source at a wavelength of 1064 nm,
has an optical power of 18 W and passes through a mode
cleaning ring cavity for modal and frequency filtering
before entering the interferometer. The circulating optical
power is enhanced by a power recycling cavity, which is
about 12 m long and is formed by placing an additional
partially reflecting mirror (power recycling mirror) between
the laser and the Fabry-Perot Michelson interferoemter. The
gravitational-wave signal is sensed at the antisymmetric

FIG. 1. Simplified layout of the quantum enhanced Advanced Virgo gravitational-wave detector. The Advanced Virgo detector is a
power recycledMichelson interferometer using 3 km long Fabry-Perot cavities in the arms. Before being injected into the interferometer,
the high power (18 W) input laser beam passes through a 143 m long triangular mode cleaner cavity. After the recombination at the
central beam splitter, a fraction of the carrier light copropagates with the signal field to be used for a dc readout scheme. This output field
is spatially filtered by an output mode cleaning stage and divided into two beams before detection. The sum of the two photo detectors is
used to derive the gravitational-wave signal hðtÞ. All the interferometer optics as well as the injection and the detection benches are
suspended and operated in vacuum. Squeezed vacuum states of light are prepared externally on an optical bench (blue box). This in-air
bench hosts the squeezed light source (yellow box), the reflective mode matching telescope, the Faraday isolators, and alignment
steering mirrors. The bench is covered with an enclosure to protect the optics against acoustic noise and air turbulence and is passively
suspended by means of elastomer attenuators. More sophisticated suspension stages are not required as below ∼30 Hz the squeezer
backscattered light effect is dominated by the up-conversion of the low frequency (∼0.15 Hz) microseismic peak [18,19]. Finally, the
squeezed beam is injected into the interferometer vacuum system through an antireflectively coated viewport. The path between the
acoustic enclosure and this optical window is shielded by a tube from air turbulence.

PHYSICAL REVIEW LETTERS 123, 231108 (2019)

231108-2

Figure 11: Simplified layout of the quantum enhanced Advanced Virgo gravitational-wave de-
tector. The Advanced Virgo detector is a power recycled Michelson interferometer using 3 km
long Fabry-Perot cavities in the arms. Before being injected into the interferometer, the high
power (18 W) input laser beam passes through a 143 m long triangular mode cleaner cavity.
After the recombination at the central beam splitter, a fraction of the carrier light copropagates
with the signal field to be used for a dc readout scheme. This output field is spatially filtered
by an output mode cleaning stage and divided into two beams before detection. The sum of the
two photo detectors is used to derive the gravitational-wave signal h(t). All the interferometer
optics as well as the injection and the detection benches are suspended and operated in vacuum.
Squeezed vacuum states of light are prepared externally on an optical bench (blue box). This
in-air bench hosts the squeezed light source (yellow box), the reflective mode matching telescope,
the Faraday isolators, and alignment steering mirrors. The bench is covered with an enclosure
to protect the optics against acoustic noise and air turbulence and is passively suspended by
means of elastomer attenuators. More sophisticated suspension stages are not required as be-
low ∼ 30 Hz the squeezer backscattered light effect is dominated by the up-conversion of the
low frequency (∼ 0.15 Hz) microseismic peak. Finally, the squeezed beam is injected into the
interferometer vacuum system through an antireflectively coated viewport. The path between
the acoustic enclosure and this optical window is shielded by a tube from air turbulence. Figure
taken from F. Acernese et al. (Virgo Collaboration), Phys. Rev. Lett. 123 (2019) 231108.
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