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Pictograms

All the optical scheme presented in this document are based on the Optical Component
Library created by A. Franzen [1].
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Introduction

More than a billion years ago in a galaxy far, far away, two black holes make space-
time vibrate as they orbit around each other. This space-time vibration or gravitational
wave increases in amplitude and frequency as the two black holes get closer until they
coalesce. This gravitational wave propagates through the Universe carrying information
about the sources that generated it. This gravitational wave was detected by the LIGO-
Virgo collaboration on September 14, 2015, which was the first direct detection of a
gravitational wave.

The theory of general relativity unifies space and time into a single entity that can be
deformed by the presence of mass or energy. The gravitational waves are a prediction
of theory of general relativity. Thus their detection allows to test this theory. On the
other hand, gravitational waves can be used to study black holes predicted by the general
theory of relativity. Furthermore, the combined detection of gravitational waves with
electromagnetic waves emitted during the coalescence of two neutron stars has also shown
the importance of gravitational waves in the multi-messenger astronomy.

The direct detection of gravitational waves is a particularly ambitious challenge. Indeed,
the effect of a gravitational wave is to generate length variations of the order of 10-18m
over distances of a few kilometers. It has thus taken more than 40 years of development
for detectors to reach sensitivities sufficient to observe the passage of a gravitational wave.
All current gravitational wave detectors such as the LIGO, Virgo and KAGRA detectors
are kilometer-long laser interferometers. They alternate between periods of observation
and periods of improvement of their sensitivity. This has allowed to go from the detection
of one gravitational wave signal every few months in 2015 to one per week in 2019.

The laser interferometry consists in converting relative length variations of the two arms
of the interferometer into power variations of the light at the output port of the interfer-
ometer. The sensitivity of such detectors is limited at high frequency by the shot noise
and at low frequency by the radiation pressure noise. These two noises arise from the
quantum nature of light and their quadratic sum is the so-called quantum noise.

The quantum noise can be understood from the quantum description of light in which any
electromagnetic field is affected by quantum fluctuations in amplitude and phase. Even
for the so-called vacuum state that has a null mean power, these quantum fluctuations are
present. This means that quantum fluctuations are introduced from the interferometer



output port. These quantum fluctuations are responsible for the quantum noise of the
interferometer. In particular, the phase fluctuations of this vacuum state are responsi-
ble for the shot noise while the amplitude fluctuations are responsible for the radiation
pressure noise.

The sensitivity of all gravitational waves detectors is currently largely limited by the shot
noise. It is therefore particularly interesting to reduce quantum noise in order to improve
the sensitivity of gravitational wave detectors. One technique for reducing quantum noise
consists in replacing the vacuum state entering through the detector’s output port by
particular states called squeezed vacuum states. Such squeezed vacuum states have the
peculiarity of having their phase (or amplitude) fluctuations reduced and on the other
hand to have their amplitude (or phase) fluctuations increased. As current detectors are
limited only by the shot noise, squeezed vacuum states with reduced phase fluctuations
are injected into the interferometer.

However, future gravitational wave detectors will also be limited at low frequencies by the
radiation pressure noise. It is therefore planned to inject frequency-dependent squeezed
vacuum states with reduced amplitude fluctuations at low frequencies and reduced phase
fluctuations at high frequencies. The use of these states thus make it possible to reduce
the overall quantum noise of gravitational wave detectors. This frequency dependence
can be imprinted on the squeezed states of the vacuum by reflecting them onto a special
optical cavity called a filter cavity. The installation of such filter cavities is thus planned
for the O4 observation period for the LIGO and Virgo detectors.

The work presented in this manuscript took place between the end of 2017, which cor-
responds to the preparation of the O3 observation period, and the end of 2020, which
corresponds to the beginning of the preparation of the O4 observation period. This work
aims at reducing the quantum noise of the Virgo detector by using squeezed vacuum states.
In particular, squeezed vacuum states were injected for the first time into the Virgo detec-
tor during the O3 observation period. It is planned to use frequency-dependent squeezed
vacuum states for the observation period O4.

Chapter 1 describes the gravitational waves from their generation up to their detection.
The Advanced Virgo interferometric detector is introduced through its optical configura-
tion and the noises that affect its sensitivity. The quantum noise that affects this detector
is introduced through a semi-classical description of light.

Chapter 2 describes the electromagnetic fields in the quantum theory. It describes how
quantum fluctuations in the vacuum state can be responsible for quantum noise. The
squeezed vacuum states are also introduced, from their generation to their detection.
This description makes it possible to demonstrate that these states can improve quantum
noise. Finally, the effect of a filter cavity is also presented.

Chapter 3 presents the implementation of the source of frequency-independent squeezed
vacuum states in Virgo. The different control loops necessary for the optimal injection of
squeezed vacuum states are described.

Chapter 4 describes how the injection of squeezed vacuum states was performed during



the O3 observation period while making sure that the squeezing source did not introduce
additional noise due to scattered light. The improvement of the shot noise has been
measured and is in agreement with the expected performances. The increase in radiation
pressure noise was also observed.

This observation further demonstrates the need to use frequency dependent squeezed
vacuum states. The realization of a filter cavity that allows this frequency dependence to
be imprinted on the squeezed vacuum states is therefore required. Chapter 5 presents the
design of the filter cavity necessary for the generation of frequency-dependent squeezed
vacuum states. For this purpose, the mechanisms that degrade the performances of a
realistic filter cavity are presented. This is used to define the length of the filter cavity
that most efficiently improves the sensitivity of Virgo.

The choice of the length of the filter cavity is strongly related to the optical losses of this
cavity. Chapter 6 describes how mirror parameters such as the quality of their surfaces
or their radii of curvature define the optical losses of the filter cavity. These mirrors
parameters are chosen in order to reduce as much as possible the optical losses of the
filter cavity.

Chapter 7 presents how to implement the filter cavity in Virgo. This requires the addition
of numerous optics and control beams that are introduced. In particular, the performance
of the mode-matching telescope between the filter cavity and the interferometer is studied.

Finally, the future prospects to achieve quantum noise reduction over the entire detection
spectrum of Advanced Virgo are discussed in the conclusion.
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1.1 Introduction

Gravitational waves are predicted by the theory of general relativity developed by Al-
bert Einstein in 1915 [2] [3]. More than a century after the prediction of gravitational
waves, their first direct detection has been performed by the LIGO and Virgo scientific
collaboration [4]. This chapter briefly introduces gravitational waves before presenting the



2 CHAPTER 1. Gravitational Wave detection

detectors that achieved this first direct detection. Finally, the Advanced Virgo detector
sensitivity is derived from the noises that affect its performances.

1.2 Gravitational waves

1.2.1 Introduction

The theory of general relativity marked a shift in the description of the gravitation.
Until the development of this theory, it was Newton’s description of gravitation that
successfully described the gravitation as an instantaneous force. Despite being precise
enough to predict the existence of Neptune from perturbation in Uranus orbit [5], some
flaws began to affect this theory. There were for instance some troubles with theoretical
considerations (eg. instantaneous force versus finite speed of light [6]) to experimental
ones (eg. the slight anomaly in the precession of Mercury’s orbit [5]).

On the other hand, the theory of general relativity redefines the gravity as a consequence
of curved space-time. Indeed, the Einstein equation links the space-time geometry with
the mass (and energy) that it contains as:

Rµν −
1
2Rgµν = 8πG

c4 Tµν (1.1)

In this equation, the left term describes the space-time geometry. gµν is the space-time
metric tensor while Rµν and R are the Ricci tensor and the scalar curvature both depen-
dent on the metric tensor gµν and its derivatives. In the right side of this equation, Tµν
is the stress-energy tensor that corresponds to a generalization of the mass. It represents
the source of the gravitational wave interaction while the metric tensor gµν is equivalent
to the gravitational potential.

The equation 1.1 can be linearized in the weak field approximation. This weak field
approximation consists in expressing the metric tensor as :

gµν = ηµν + hµν (1.2)

where hµν is a small pertubative quantity describing a deviation from the Minkowski
metric ηµν of flat space-time such that hµν << 1. Introducing this metric in the equation
1.1 far away from any source (Tµν = 0) and choosing an adequate system of coordinates
allows to rewrite the equation as :(

∇2 − 1
c2

∂

∂t2

)
hµν = 0 (1.3)

This corresponds to a wave equation for the space-time perturbation hµν . hµν is therefore
the gravitational waves strain. The general solution of equation 1.3 is a superposition
of monochromatic plane waves that propagate at the speed of light c and modify the
space-time metric according to the following equation :

hµν = εµνe
ik(ct−z) (1.4)
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where z is the direction of propagation of the gravitational wave, εµν is the polarization
tensor and k the wave vector. These waves can be defined by two independent polariza-
tions orthogonal to the wave direction of propagation [6] [7]. The gravitational waves are
then expressed as

hµν =
(
h+ε+ + h×ε×

)
eik(ct−z) (1.5)

with ε+ and ε× the two polarization states known respectively as + and × polarizations.

The effects of a gravitational wave on free test masses located on a transversal plane with
respect to the wave direction of propagation is shown in figure 1.1.

Figure 1.1: Effect of a gravitational wave propagating along the z direction on free test masses
arranged in circle in the (O,x,y) plane. The deformations are shown for the + and× polarizations

Each polarization modifies the distances between the test masses in phase opposition
along orthogonal directions. By noting L the diameter of the initial test masses circle, its
variation due to a gravitational wave δL is linked to the gravitational wave strain h by
the relation :

h = 2δL
L

(1.6)

The effect of gravitational waves as length variations between free test masses in phase
opposition along orthogonal directions is at the heart of the laser interferometric detectors.

1.2.2 Gravitational waves sources

The sources of gravitational waves can be derived from the equation 1.1 by considering
the presence of a mass (Tµν 6= 0). This can give the gravitational strain h at a distance
r from the source of mass M , characteristic speed v and asymmetry factor ε (0 < ε < 1
where ε = 0 for a symmetrical mass distribution) as :

h ∼ ε
G

c2
M

r

(
v

c

)2

(1.7)
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The scaling factor G
c2 ∼ 10−29 m/kg shows that it is not possible to generate significant

gravitational waves on Earth[6]. Instead, there are astrophysical objects that are able to
generate significantly stronger gravitational waves. This is highlighted by computing the
gravitational wave power and introducing the Schwartzschild radius RS = 2GM

c2 and the
astrophysical object characteristic dimension R :

P ∼ c5

G
ε2
(
RS

R

)2(
v

c

)6

(1.8)

This estimation implies that the gravitational wave power is maximized for asymmetric
(ε ∼ 1), compact (RS

R
∼ 1) and relativistic sources (v

c
∼ 1). Therefore, astrophysical

objects as well as cataclysmic phenomena in the Universe are preferred sources to generate
gravitational waves detectable on Earth. Some of these sources are listed below :

Compact binary coalescence The compact binaries are divided into three categories
depending on their composition :the Binary Black Holes (BBH),the Binary Neutron Stars
(BNS) and the Neutron Star Black Hole binaries (NSBH). All these binary objects are
highly compact and asymmetric. They are thus ideal sources for the emission of gravita-
tional waves.

Compact binaries orbit around each other during millions of years and emit gravita-
tional waves. Therefore they lose energy and get closer to each other. For instance, the
first indirect detection of gravitational waves has been observed with the binary system
PSR1913+16 where the energy lost through gravitational waves perfectly matched the
predictions of the theory of general relativity [8].

Finally, the compact binaries coalesce. A compact binary coalescence corresponds to the
merger of the two objects and the last moments before the merger. The time evolution
of the compact binary coalescence is composed of three phases : the inspiral, the merger
and the ring-down.

First, the inspiral phase happens when the two objects rotate one around the other. With
time, they accelerate and their separation reduces due to energy lost through gravitational
waves emission. It is possible to compute the gravitational waves frequency of the last
stable orbit of these two objects (or equivalently at the last moment of the inspiral phase)
with total mass M which corresponds to the highest frequency of gravitational waves
emitted during this phase.

fGW ∼ 2.2kHz 1M�
M

(1.9)

where M� is equal to one Solar mass.

It can be deduced from this equation that the gravitational waves frequency decreases
with an increase of the mass of the compact binary. Therefore, the gravitational wave
signals are expected at lower frequency for a BBH system than for a BNS system.

For a BNS the total mass is of the order of 2.8 M� and so the maximal gravitational wave
frequency is at about 800 Hz. On the other hand, a BBH system of total mass of the
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order of 50 M� leads to a frequency of the order of 45 Hz. As described in the section
1.3.4, this means that these signals will be within the detectable frequency range of ground
based detectors such as the Laser Interferometric Gravitational wave Observatories (USA)
(LIGO) or Virgo detector.

Then, during the merger phase, the two objects reach relativistic speed and merge into a
single new object (so-called remnant). Finally, during the ring-down this remnant settles
down from a highly asymmetrical state to a symmetrical and stationary state.

The theory of general relativity allows to predict the gravitational waveform emitted by
such compact binaries. Thus the search for these signals can be performed using the
match-filtering technique [9].

Burst sources This category includes unmodeled short gravitational wave signals. The
search for such signals is performed by analyzing short high Signal-to-Noise Ratio (SNR)
events [10] [11]. This category includes phenomena where large and dense amount of
energy undergo quick variations. For example supernovae which are the explosion of a
dying star when the nuclear reactions are not sufficient to compensate the gravitational
force. However, there is only limited knowledge on this process and therefore on the
evolution of the gravitational wave signal.

Continuous sources This category of sources is characterized by quasi-monochromatic
gravitational wave emission and quasi-constant amplitude. For example, fast rotating
neutron stars can emit gravitational waves if they present asymmetry in their masses
distribution [12] [13]. Despite an estimated number of such rotating neutron stars of the
order of 108 within our Galaxy [14], the gravitational wave amplitude is below h ∼ 10−25

which has prevented their detection up to now.

1.2.3 Impacts of gravitational waves detection

Because the effects of gravitational waves are so small (h ∼ 10−20), the direct detection
of gravitational waves is extremely challenging. However, the detection of gravitational
waves is interesting for several fields in physics. This section gives a non-exhaustive list
of these benefits.

Theory of general relativity The general theory of relativity predicts precisely several
parameters linked to the gravitation wave emission and propagation. In a similar manner
to the Newton’s theory of the gravitation, finding discrepancies between measurement
and theory could hint to another underlying theory of gravitation.

Gravitational waves allow to perform many tests of general relativity in strong field [15].
For instance the polarizations and speed of gravitational waves can be compared with
their predicted values [16]. The theory of general relativity also predicts the waveform of
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gravitational waves. By comparing the detected signals with their predicted waveform, it
is possible to look for deviations which could favor other gravity theories.

Cosmology As gravitational waves propagate through the Universe with little inter-
action with matter, they allow to probe the Universe at cosmological scale. Therefore,
compact binary coalescences that provide direct measurement of the luminosity distance
of the source, can be used as standard candles. If it is possible to also measure the redshift
of these objects, it is then possible to measure the Hubble constant H0. The observation
of GW170817 allowed to measure a Hubble constant of H0 = 68+14

−7 km/s/Mpc [17] [18].
While this measurement is not yet precise enough with respect to the Planck or SHoES
measurements [19] [20], it paves the way for a new independent measurement of this con-
stant. With more detections similar to GW170817, the precision on the gravitational
wave measurement could help to understand the discrepancy between Planck and SHoES
measurements [21].

Astrophysics The gravitational waves emitted by compact binary systems are a probe
to objects that were mostly invisible using other kind of detectors so far. The detection of
such gravitational waves allow therefore to study these objects, from their formation [22]
to their population [23]. Any further detections should allow to estimate the variation of
the black holes population in function of the redshift.

Moreover, the BNS coalescences are also expected to emit both gravitational waves, elec-
tromagnetic waves and neutrino. The coincident detection of gravitational and electro-
magnetic waves also linked (at least part of) the origin of short gamma ray bursts to
BNS coalescences [16]. Furthermore, this combined measurement allowed to study the
mechanisms responsible for the emission of such gamma ray bursts as well as the internal
structure of the relativistic jet emitted during the coalescence [24] [25].

1.3 Gravitational waves detectors

The previous section presented that a variety of astrophysical sources should generate
gravitational waves. The gravitational waves emitted by these objects cover a wide range
in frequency, from nanohertz to several kilohertz. In order to probe all this gravitational
wave spectrum, several detector configurations are foreseen; each aiming for different kind
of sources. This variety of gravitational wave sources and detectors is represented in figure
1.2. The work presented in this manuscript focused on the Advanced Virgo detector (an
upgraded configuration of the Virgo detector) that aims for gravitational wave signals
between 10 Hz and 10 kHz.
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Figure 1.2: Sensitivity curves of current and future gravitational wave detectors together with
the expected sources of gravitational waves. IPTA : International Pulsar Timing Array, LISA :
Laser Interferometer Space Antenna, A+ : Advanced LIGO+, ET : Einstein Telescope. Credits
: [26]

1.3.1 Interferometric gravitational waves detectors

Current ground-based detectors are km-scale Michelson interferometers. Indeed, as first
proposed in the 1960’s [27], a Michelson interferometer translates a variation of the mirrors
relative positions into power variation at the interferometer’s output. If the mirrors of
such interferometer are suspended by pendula, they behave as free test masses in the
horizontal plane for frequencies higher than the pendulum resonance frequency. In 1972,
Reiner Weiss precisely described the performances of such detector which paved the way
to their implementation [28].

1.3.2 Michelson interferometer

A Michelson interferometer (see figure 1.3) is composed of a laser source, a BS, two end
mirrors (here labeled North End mirror (NE) and West End mirror (WE)) and a photo-
detector. The optical path between the BS and the NE is called the north arm while
the optical path between the BS and the WE is called the west arm. The laser beam is
propagated towards a BS which transmits half of the beam and reflects the other half.
Both beams propagate in the interferometer arm up to their respective end mirror that
reflects the beams toward the BS where they interfere. The power of the beam resulting
from this interference is measured on a photo-detector.

This output power Pout is expressed as a function of the interferometer input power Pin,
a phase φ that depends on the relative length of the two arms and the interferometer
contrast C that characterizes the similarity between the two interfering beams such that
0 ≤ C ≤ 1 (and C = 1 for an ideal Michelson interferometer ,here meaning identical
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WE

NEBSLaser source

Photodetector

LN

Figure 1.3: Schematic representation of a Michelson interferometer. A laser beam is split by
the BS. One beam travels along the north arm and is reflected of the NE while the other beam
travels along the west arm and is reflected of the WE. The two beams are recombined at the
BS and the beam resulting from their interference is measured on a photo-detector

reflectivity of the end mirrors without losses) as

Pout = Pin
2 (1 + C cos (φ)) (1.10)

Assuming a ’+’ polarized gravitational wave propagating in the direction orthogonal to
the interferometer plane, it is possible to see from equation 1.6 that such gravitational
wave induces a length variation of the west and north arms in phase opposition. Meaning
that one arm is elongated while the other one is shrunk. For a gravitational wave with
an amplitude h (t), the arm length varies as

δLW (t) = −δLN (t) = 1
2h (t)L (1.11)

where L is the mean length of the two arms, δLW and δLN the west and north arm length
variations. This affects the optical path of the beam in each arm which in return generates
a variation of the phase difference when these two beams interfere at the BS. The phase
difference variation due to the gravitational wave φGW (t) can be expressed as a function
of the laser wavelength λ as

φGW (t) = 4π
λ

(δLW (t)− δLN (t)) = 4π
λ
h (t)L (1.12)

This means that the effect of a gravitational wave on a Michelson interferometer can be
represented by a phase change as

φ (t) = φ0 + φGW (t) (1.13)

Where φ0 is a static phase that depends on the relative length between the two arms
of the interferometer. And because the gravitational wave strain is so small (it can be
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recalled that the expected gravitational wave strain is at the order of h ∼ 10−21), one can
assume φGW << φ0 and therefore

PGW = Pin
2 (1 + C cos (φ0)− C sin (φ0)φGW ) (1.14)

Finally, the variation of the output power due to the gravitational wave can be expressed
as

δPGW (t) ∼ Pin
2 C sin (φ0)φGW (1.15)

∼ Pin
2 C sin (φ0) 4π

λ
Lh (1.16)

The equation 1.16 shows that the variation of the output power due to gravitational
waves increases with larger input power, better contrast and longer arms. For instance,
all ground-based laser interferometric gravitational waves detectors have their arm length
of few kilometers. It can also be derived from this equation that the fraction of the power
due to gravitational waves at the interferometer output increases when φ0 → π/2 which
corresponds to the mid-fringe condition.

However, this working point means that the interferometer output signal is containing
a large static component depending on the interferometer input power. Any noise that
affect this input power might hide the effect of a gravitational wave on the interferometer.
It is therefore convenient to use a working point close to the dark-fringe condition (where
the beams circulating inside two interferometer arms interfere destructively and no light
is present at its output port) with a so-called dark-fringe offset with respect to the dark-
fringe. This working point allows to drastically reduce the effects of noise affecting the
input power (among others) [29].

1.3.3 Advanced configurations

By modifying the optical configuration of the Michelson interferometer, it is possible to
improve the effect of a gravitational wave on the interferometer output signal.

Fabry-Perot arm cavities

A schematic drawing of a Fabry-Perot cavity is presented in figure 1.4. It is composed
of two mirrors M1 and M2 defined by their respective amplitude reflection coefficients r1
and r2 and amplitude transmission coefficients t1 and t2 and separated by a distance L.

The electromagnetic field can be written at different points of the cavity such as

• Ein the input electromagnetic field
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L

Ein

Er

Ea

Eb

Etra

M1 M2
Figure 1.4: Schematic representation of a Fabry-Perot cavity

• Er = r1 ·Ein + t1 ·Eb the reflected electromagnetic field

• Ea = t1 ·Ein − r1 ·Eb the intra-cavity electromagnetic field

• Eb = −r2 ·Ea · e−2ikL the second intra-cavity electromagnetic field

• Etra = t2 ·Ea · eikL the transmitted electromagnetic field

where k is the wave-number defined as k = 2π/λ.

Combining the different expressions of the electromagnetic fields it is possible to express
the Fabry-Perot cavity transmissivity, reflectivity and gain as

tFP = Etra
Ein

= t1t2e
−ikL

1− r1r2e−2ikL (1.17)

rFP = Er
Ein

= r1 −
r2t

2
1e
−2ikL

1− r1r2e−2ikL (1.18)

gFP = Ea
Ein

= t1
1− r1r2e−2ikL (1.19)

From equation 1.19 it is possible to express the power circulating inside the Fabry-Perot
cavity as a function of the optical gain G and the finesse F of the Fabry-Perot cavity as

Pcav = Pin G
1

1 +
(

2F
π

)2
sin2(kL)

(1.20)

with G =
(

t1
1−r1r2

)2
and F ∼ π

√
r1r2

1−r1r2
where the approximation holds for high finesse

(meaning r1, r2 ∼ 1). Note that the average number of round-trip inside a Fabry-Perot
cavity N is directly related to its finesse : N = 2F/π.

The resonance condition of a Fabry-Perot cavity is given by the maximum of the equation
1.20. This corresponds to a phase φ0 = 2πn with n an integer. This is equivalent to
consider that the Fabry-Perot cavity length is a multiple of λ/2.

For a Fabry-Perot cavity near resonance, the reflectivity phase can be expressed as a
function of the phase at resonance φ0 and a phase δφ induced by a small length variation
δL as

φFP = φ0 + δφ = φ0 + 4π
λ

2F
π

δL (1.21)
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This means that the phase shift induced by a small length variation is amplified by the
number of light round-trip inside the Fabry-Perot cavity. This can be used in interferomet-
ric gravitational waves detector by placing such Fabry-Perot cavity inside each Michelson
arm cavity. This is represented in figure 1.5.

WE

NENI

WI

BSLaser source

Photodetector

LN

Figure 1.5: Michelson interferometer with Fabry-Perot arm cavities

If the propagation time of the light inside the arm cavity is not negligible with respect
to the time period of the gravitational waves, the effect of a small length variation δL
is averaged over several round-trips. The equation 1.21 then becomes in the frequency
domain

δφ(f) = 4π
λ

2F
π

δL

1 + i f
fp

(1.22)

with fp = c
4FL the Fabry-Perot cavity pole. This shows that this cavity is filtering the

effect of small length variation at high frequency in exchange of an amplification of the
small length variation at low frequency. This corresponds to a filtering effect, hence this
cavity is also known as filter cavity as presented later on when discussing about frequency
dependent squeezing generation.

Power recycling

It can be seen from equation 1.16, that an increase of the interferometer input power Pin
increases its sensitivity.

Since the interferometer operates near the dark fringe condition, there is almost no light
reaching the photo-detector. It means that almost all the light circulating inside the
interferometer is reflected toward the laser source. By placing a mirror between the laser
source and the BS, a large amount of the light reflected toward the laser source is re-
injected into the interferometer which corresponds to an increase of the power circulating
inside the interferometer. This mirror is thus known as Power Recycling (PR).
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By properly tuning the PR position, it is possible to form a resonant cavity that has the
PR as input mirror and the overall interferometer as output mirror. In this condition, the
power at the BS, PBS, is :

PBS = Pin GPR (1.23)

with GPR = (tPR/ (1− rPRrarm))2 the gain of this newly formed cavity that depends
on the PR amplitude transmission tPR, the PR amplitude reflection rPR and the mean
amplitude reflection of the Fabry-Perot arm cavities rarm.

This means that the power due to a gravitational wave at the interferometer output is
increased by GPR.

Signal recycling

By analogy to the installation of the power recycling technique, a mirror can be placed
between the BS and the photo-detector.

This configuration known as dual recycling [30] configuration is represented in figure 1.6.
WE

NENI

WI

BS

SR

PR

Laser source

Photodetector

LN

Figure 1.6: Schematic representation of Michelson interferometer with Fabry-Perot arm cavi-
ties, PR and Signal Recycling (SR)

This mirror, named SR is forming a cavity together with the Fabry-Perot mirrors that
affects only the differential signals [31]. In particular, as the gravitational wave signals
are encoded into differentials signal when the interferometer is locked on dark-fringe, this
SR cavity will affect the gravitational wave signal.

The role of the SR mirror can be understood by considering that the SR mirror and
the interferometer arm end mirrors form an equivalent mirror. The reflectivity of this
equivalent mirror depends on the detuning φ of the SR mirror and this detuning depends
on the position of the SR mirror.

Especially, for φ = 0, the reflectivity of this equivalent mirror is the lowest possible. This
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corresponds to a reduction of the equivalent Fabry-Perot arm cavity finesse. And there-
fore, it can be seen from equation 1.22 that the interferometer bandwidth is increased at
the expense of the low-frequency gain. The two LIGO detectors have already installed the
SR mirror. The detectors Virgo and KAmioka GRAvitational wave detector (KAGRA)
are foreseeing to install the SR mirror for the O4 run. All these detectors should used the
SR mirror to improve their detection bandwidths.

1.3.4 Sensitivity

Because the effect of gravitational waves are so weak, the detection of gravitational wave is
highly linked with the noises that affect the performances of gravitational waves detectors.
In order to detect gravitational waves, it is required that the gravitational wave signal is
larger than random fluctuations, or noise, present without the gravitational wave signal.
This noise can be described by a random time serie n (t) and its single-sided Power Spectral
Density (PSD) is defined as

S (f) = lim
T→∞

2
T

∣∣∣∣∣
∫ +T

−T
n (t) e−2πiftdt

∣∣∣∣∣
2

(1.24)

The PSD characterizes indeed the amount of time variation at the frequency f of the time
serie n(t). One can also define the Amplitude Spectral Density (ASD) as

S1/2(f) =
√
S(f) (1.25)

Our convention will be to use the symbol Sn for the PSD and hn = S1/2 for the ASD of
a noise n.

The noises can be divided into two sets of noises : the fundamental noises and the technical
noises. First the fundamental noises arise because of the interferometer design. They are
represented in figure 1.7.

Shot noise

As the gravitational wave signal is encoded into a laser power variation at the interfer-
ometer output, any uncertainty on this power measurement is directly limiting the ability
to detect gravitational wave. The laser beam reaching the output photo-detector can be
described by a flow of photons1, and measuring the power of this laser beam consists in a
counting of these photons. The arrival of the photons on the photo-detector being discrete
independent events, it is described by a Poissonian distribution. If the mean number of
photons verifies N̄ >> 1, which is the case for the output power used in gravitational
wave interferometer, the standard deviation σN of the Poissonian distribution is

σN =
√
N̄ (1.26)

1This chapter follows a semi-classical description of the light but a quantum description of the inter-
ferometer is presented in the next chapter
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Figure 1.7: Advanced Virgo fundamental noises for the O3 run with an input laser power of
18 W and power-recycling. This configuration corresponds to a BNS range 90 Mpc. Their
quadratic sum is represented by the black line. In practice, the sensitivity is lower due to
technical noises

Since the gravitational wave signal scales with the output laser power, it is interesting to
rewrite this uncertainty as a function of Pout. First, the average number of photons for a
power Pout detected by a photo-detector during the time interval τ can be rewritten as

N̄ = Poutτ λ

2π~ c (1.27)

with ~ being the reduced Planck constant. Then, the uncertainty on the power can be
expressed as

δPout =
√
N̄

2π~c
λτ

=
√
Pout2π~ c

λτ
(1.28)

This power fluctuation is called shot noise. And because it originates from the quantum
behavior of light, it is always present for interferometric gravitational wave detectors.

For a Michelson interferometer, combining the equations eq:pvar and 1.28 defines the
minimal detectable gravitational wave signal as

h = 1
2L

√
~cλ
piτPin

√
1 + C cos(φ0)
C sin(φ0) (1.29)

If one assumes a perfect contrast (C = 1) the relative arm length can be tuned to improve
the sensitivity. By setting the relative arm length to a multiple of half the laser wavelength,
the static phase becomes φ0 = (2k + 1)π with k an integer and the output power is null.
This configuration is named dark-fringe. In practice, the interferometer contrast can be
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spoiled by non-perfect optical components inside the interferometer. The impact of non
perfect contrast on the sensitivity are presented paragraph 1.3.4.

Finally, the shot noise of a power recycled Michelson interferometer with Fabry-Perot arm
cavities expressed in units of gravitational wave amplitude is given by

hsn = 1
(4FL) ·

√
π~λc
PinGPR

· 1√
g(f)

(1.30)

with g(f) = [1 + (f/fp)2]−1 is the frequency response of the Fabry-Perot arm cavity with
pole frequency fp = c/4FL.

Radiation-pressure noise

Because photons are not equally spaced in time and because they each carry a non-
null momentum, they generate fluctuating radiation pressure on the test masses. This
fluctuating radiation pressure is related to the power fluctuation δP as

δF = 2δP
c

(1.31)

This induces fluctuations in the position of the test masses known as radiation pressure
noise. In terms of gravitational wave strain, it can be expressed as

hrpn =
(

4F
ML

)
·
√
~PinGPR

π5λc
·

√
g(f)
f 2 (1.32)

where M is the mirror mass.

The quantum noise is defined by the sum of the shot noise and the radiation pressure
noise :

hqn =
√
h2
sn + h2

rpn (1.33)

It can be seen that the radiation pressure noise dominates at low frequency while the shot
noise dominates at high frequency. Also, while the shot noise is proportional to

√
1
Pin

,
the radiation pressure noise is proportional to

√
Pin. This means that within the semi

classical description of light, it is not possible to reduce at the same time the shot noise
and the radiation pressure noise. Figure 1.8 shows the Advanced Virgo quantum noise
for 20 W (solid line) and 60 W (dashed line) of input power with a power recycling gain
GPR = 33.

Seismic noise

Earth ground is always shaking, either from natural or human activities. This is inducing
test masses motions known as seismic noise. For instance, the noise below 1 Hz is mainly
due to natural factors [32], while human activities are responsible for seismic noises above
1 Hz [33].
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Figure 1.8: Advanced Virgo quantum noise with an input laser power 20 W (solid line) and
input power 60 W (dashed line) with power recycling gain of 33

The seismic noise is the dominant noise at low frequency below 1 Hz. It is required to
reduce seismic noise by ten orders of magnitude to reach sensitivity h ∼ 10−23 at 100 Hz.
This reduction can be achieved by suspending the test masses with a cascade of inverted
pendula.

Newtonian noise

Variations in the local gravity field surrounding the interferometer couple to test masses
motions [34]. This noise, known as Newtonian noise will be limiting the future ground-
based detectors below 20 Hz. This noise can be mitigated by placing the detectors in quiet
place. For instance, building detectors underground reduces the Newtonian noise by more
than two orders of magnitude (as for the KAGRA detector [35]). Another strategy is to
measure and subtract the Newtonian noise [36] from the detector output signal.

Thermal noises

The fluctuation-dissipation theorem states that any mechanical system suffering dissipa-
tion see a fluctuation of its position [37]. The amplitude of this fluctuation is directly
related to the system temperature. Furthermore, the equi-partition theorem relates that
the system thermal energy is spread over the system mechanical modes. The combina-
tion of these two theorems means that the thermal energy of a mechanical system causes
fluctuations of this system position spread over its mechanical modes. This results as a
displacement noise of the system (in our case the test masses) known as thermal noise. Fu-
ture ground-based laser interferometric detectors such as KAGRA are planning to operate
with cryogenic mirrors to reduce the thermal noise.

There are two main sources of thermal noise in laser interferometric gravitational wave
detectors.
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Suspension thermal noise The suspension thermal noise consists of the excitations
of the suspension system mechanical modes. These excitations translate into fluctuations
in the test-masses positions. There are two kinds of suspension mechanical modes that
affect the test-masses position.

First, the excitation of the suspension longitudinal modes induces a longitudinal displace-
ment of the test-masses. The noise induced by these longitudinal excitations was limiting
the low frequency sensitivity below 50 Hz during the O2 run. It has been reduced by a
factor 5 for the O3 run by replacing the suspension steel wires for monolithic fused silica
wires.

The suspension vibration modes of the suspension can also be excited. They are called
the suspension violin modes. Their effects appear on the suspension thermal noise as a
serie of a fundamental resonance at a frequency of the order of 450 Hz and its harmonics.

Mirror thermal noise There are several sources of thermal noise from the test masses
themselves. Despite representing only few nanometers on the 42 kg test masses, the
coating thermal noise is the main source of mirror thermal noise.

The coating thermal noise corresponds to the excitation of the mechanical modes of the
coating due to its thermal energy. This corresponds to an effective vibration of the mirror
surface. This noise is limiting the sensitivity around 100 Hz.

This noise can be reduced by increasing the laser beam size as the vibrations of the coating
are averaged over a larger surface.

Technical noises

In addition to the fundamental noises, there is another set of noises known as technical
noises. This name comes from the fact that these noises arise from the technical imple-
mentation of the detector. Technical noises could in principle be reduced to negligible
levels through proper design.

Residual gas Residual gas present along the laser beam path induces variations of the
refractive index of the air. This means that the laser beam acquires a fluctuating phase
along its path. To mitigate this noise, most of the interferometer optical components
are placed inside vacuum. The vacuum level ranges between 10−9 mbar to 10−6 mbar
depending on the location.

Scattered light As presented in more details in section 6.3.1, mirror defects can reflect
part of an incident beam in random directions. If this randomly reflected beam hits
a mechanical component (eg vacuum chamber walls, chambers,...), the vibration of the
mechanical component is imprinted on the phase of the beam. Finally, if this beam
recombines with the main beam, it generates phase noise. This noise is known as scattering
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noise and can be mitigated by avoiding spurious reflection and placing critical optical
components on suspended benches inside vacuum.

Laser noises Because the laser beam is used to extract the gravitational wave signal,
any fluctuations in the laser frequency, intensity or direction is responsible for noises that
affect the gravitational wave signal. These noises can be reduced by implementing control
loops or optical filtering before the injection of the laser into the interferometer.

Contrast defect In the derivation of the shot noise, we supposed that the interfer-
ometer contrast C was perfect. In practice, the interferometer contrast is not unity (for
instance due to difference in reflectivities between the arm cavity input mirrors). This
means that part of the photons reaching the output photo-detector have not traveled
inside the arm cavities and do not carry information on the gravitational wave signal.

Electronic noises The interferometer output photodiode is used to convert the grav-
itational wave signal from optical power to electrical signal. Therefore, any fluctuations
in the number of generated electrons can mask the gravitational wave signal. All these
fluctuations are gathered in the electronic noise. They can be mitigated in the design of
the electronic chain of the photo-detector.

1.4 The Advanced Virgo detector

Advanced Virgo is the first major upgrade of the Virgo interferometer. It is a power
recycled Michelson interferometer with Fabry-Perot arm cavities. Figure 1.9 is an aerial
picture of the detector.

This chapter gives an overview of the main components of the detector.

A simplified schematic of the Advanced Virgo detector (AdV) is presented in figure 1.10.

The injection system

The main laser source is a Nd:YAG emitting a laser with 500 mW of power and a wave-
length λ = 1064 nm. The laser beam propagate through an amplifier that increases the
laser power to 90 W.

The laser is also modulated to generate side-bands used to generate the control signals
required to keep the interferometer in its nominal condition as briefly described in this
section.

As the laser source and the laser amplifiers are not suspended nor under vacuum, the
acoustic and seismic noises can affect the quality of the produced laser beam. The defects
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Figure 1.9: Aerial view of the Advanced Virgo detector. The two 3 km arms of the interferom-
eter meet in the central building where the laser beam is generated, and five mirrors, including
the BS, are hosted. Optical benches used to acquire the interference pattern are also hosted
in this building. On the left part, the other buildings host the European Gravitational wave
Observatory (Italy) (EGO) offices.
Credits : Virgo collaboration/N. Baldocchi
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Figure 1.10: Simplified optical scheme of the Advanced Virgo detector during the O3 run.
The detection benches Suspended Detection Bench 1 (SDB1) and Suspended Detection Bench
2 (SDB2) are represented by the Detection Towers on this scheme

are composed of beam jitter, laser frequency noise and Higher Order Mode (HOM) ap-
pearing on the produced beam. In order to correct these defects, the beam is sent to the
Input Mode Cleaner (IMC). The IMC is a 150 m long triangular optical cavity mounted
under vacuum with suspended mirrors. The role of this optical cavity is to filter the ge-
ometrical defect of the laser beam and mitigate the beam jitter. The output of the IMC
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corresponds to the power entering the interferometer. Finally, a Faraday isolator is used
to prevent back-reflected light to interfere with the input laser beam as this could spoil
the beam quality. Note in figure 1.10 that from the IMC, all the main optical components
are located inside vacuum.

The power recycling cavity

The PR has a Radius of Curvature (RoC) of 1430 m and a transmission of 5%. Together
with the North Input mirror (NI), the West Input mirror (WI) and the BS it forms the
power recycling cavity. When this cavity is locked, the power recycling gain is at the
order of GPR ∼ 33.

The Fabry-Perot arm cavities

The Advanced Virgo arms are composed of Fabry-Perot cavities of length 3 km. Both
end mirrors are fully reflectives while both input mirrors have a transmission of the order
of ∼ 1.4%. This makes the arm cavity finesse of the order of F ∼ 450; Meaning that the
arm cavity pole is at fp ∼ 55 Hz.

Because of the high power circulating inside the arm cavities (of the order of 100 kW),
thermal gradient might appear inside the optics. This produces a deformation of the
mirror surface and changes their Radius of Curvature (RoC). The optical path inside the
mirror is also deformed which acts as a lens (so-called thermal lens). The change in RoC
is compensated by installing Ring Heater (RH) around the mirrors. This system heats
the mirror in a manner to reach a uniform heating of the mirror, thus canceling the effect
of the circulating beam. The thermal lens is compensated by shinning a CO2 laser with
a ring shape on a plate located in front of the mirror. This plate (so-called compensating
plate), will also form a thermal lens that cancel the thermal lens generated inside the
mirror.

The suspended mirrors

Six mirrors are suspended in the Advanced Virgo detector : the BS, the PR, the NI, the
WI, the NE and the WE. The mirrors are made of fused silica with thin layers coatings
made at Laboratoire des Materiaux Avances (France) (LMA). The diameter of the mirrors
is 35 cm except for the BS which diameter is 55cm. The mirrors have a state of the art
polishing with roughness at the order of 0.4 nm so to not deform the circulating beam.

All these mirrors are suspended using the so-called super-attenuator system [38]. The
super-attenuator consists of a serie of pendula together with blade springs. This allow
to consider the suspended mirror as free test-masses on the horizontal plane above the
super-attenuator resonant frequencies. Also, the super-attenuator isolates the suspended
mirrors from seismic noise as the pendula and the blade springs respectively attenuate
the horizontal and vertical motions of the mirrors.
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The detection system

The Advanced Virgo detection system is composed of several optical benches which func-
tions is to extract the gravitational wave signal and the control signals required to maintain
the interferometer in nominal condition. In particular, two suspended benches placed un-
der vacuum, the SDB1 and the SDB2 are hosting several optical components in order
to extract the output signal of the interferometer. Roughly speaking, the goal of the
SDB1 is to clean the interferometer output beam and insure manageable beam sizes on
the bench while the goal of the SDB2 is to detect the interferometer output beam and
various control beams.

First, SDB1 is hosting the so-called dark-fringe telescope (not represented in figure 1.10)
that reduces the beam size from 22 mm to 1 mm. Then, the beam is filtered by the Output
Mode Cleaner (OMC). In Advanced Virgo, the OMC is composed of two monolithic
cavities in series. Each cavity is a bow-tie monolithic cavity of half round-trip length
equal to 124 mm with finesse F ∼ 121 [39]. The goal of the OMC is to filter the HOM
in order to improve the interferometer contrast as well as filtering the control sidebands
present on the beam. The HOM are induced by optical defects inside the interferometer.
The OMC cavities are placed above Peltier cells that can stabilize the OMC temperature.
This is especially useful to control the OMC length.

The SDB1 is also hosting a Faraday isolator, so-called the SDB1 Faraday isolator, that
prevents back-scattered light on these optical benches to interfere with the interferometer
output beam. There are also five windows on the vacuum chamber hosting SDB1 : four
between the SDB1 and the SDB2 (not represented in figure 1.10) and another one between
the SDB1 and the in-air squeezer.

Finally, the SDB2 is hosting several photodiodes. The interferometer output beam is
detected by the B1 photodiodes. Several other photo-detectors are also present on the
SDB2. Here, only the photodiodes that are used in this manuscript are presented. The
B1p photodiodes is looking at a 1.5% pick-off of the interferometer output beam before
the OMC. The B1s1 photodiode is looking at the beam reflected by the first OMC. The
B1s2 is looking at the beam reflected of the second OMC (or equivalently to the beam
transmitted by the first OMC).

The squeezer

In January 2018, a squeezer constructed at the Albert Einstein Institute Hannover (Ger-
many) (AEI) has been installed on the Advanced Virgo detector [40]. The squeezer gen-
erates squeezed vacuum states and provides the control signals (described in more details
in next chapter). It is installed on an in-air optical bench located close to the detection
system. This squeezer can deliver up to 14 dB of squeezing over the entire sensitivity
spectrum of Advanced Virgo.
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The interferometer controls

As we have seen, a power-recycled Michelson interferometer with Fabry-Perot arm cavities
can be described as the combination of several cavities. The maximum sensitivity is
achieved by having the main laser beam resonant inside the PR and Fabry-Perot arm
cavities and having the Michelson interferometer set in dark-fringe. These three degrees
of freedom are sensed using frequency modulations of the main laser beam at 6 MHz, 8
MHz and 56 MHz [41]

Moreover, the modulation of the main laser frequency at 56 MHz allowd to stabilize the
input laser frequency with respect to the Fabry-Perot arm cavities.

1.5 The gravitational wave detectors network

The relationship 1.16 has been obtained by assuming a gravitational wave propagating
in the direction orthogonal to the interferometer plane. This is the most favorable case
for a laser interferometer gravitational wave detector. But in general, gravitational waves
can come from any direction, and the interferometer response to a gravitational wave
is not isotropic. For instance, if one considers a gravitational wave propagating in the
interferometer plane inclined by 45 ◦ with respect to the two arms, there is no differential
variation of the arm length and therefore no detectable gravitational wave signal at the
interferometer output.

In general, the interferometer response can be expressed for both the ’+’ and ’×’ polar-
izations by the antenna patterns [42] represented in figure 1.11.

(a) Magnitude of the + polarization antenna pat-
tern

(b) Magnitude of the × polarization antenna pat-
tern

Figure 1.11: Magnitude of the plus (left) and cross (right) antenna response pattern for a
Michelson interferometer with arms aligned with the North and West directions. The form and
color represent both the magnitude of the antenna pattern going from a minimum in blue to a
maximum in red

This figure represents the sensitivity of a gravitational wave detector to either a ’+’ or a
’×’ polarized gravitational wave coming from a given arbitrary direction.
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The consequences of these antenna patterns are twofold.

First, a interferometric gravitational wave detector is sensitive to several positions on the
sky. A single detector is therefore not able to pinpoint the gravitational wave source
localization. For this reason, it is interesting to associate several detectors within a
common network. Indeed, the gravitational wave source can be located using triangulation
by comparing the arrival time of the gravitational wave signal. The localization of the
gravitational wave source improves with the number of detectors within the network.

Combining several detectors together also allow to remove the local noises affecting each
detectors.

Figure 1.12 shows the current and future gravitational wave detectors in the world. Cur-
rently, the Virgo and LIGO detectors have already started their observation together with
German English gravitational wave Observatory (GEO600).

Figure 1.12: Location of current and future ground-based gravitational wave detectors. Credits
: P. Shawhan [43]

The Virgo detector is located in Italy. It is a power recycled interferometer with 3 km
long Fabry-Perot arm cavities [44]. The first direct detection of a gravitational wave signal
involving the Virgo detector happened the August 14th 2017 jointly with LIGO [45].

The LIGO collaboration operates two detectors : One located in Hanford (Washington)
and the other one in Livingston (Louisiana). Both detectors are dual recycled interfer-
ometers with 4 km long Fabry-Perot arm cavities [46].

KAGRA is a Japanese detector located inside the Kamioka mine. It will be a dual-recycled
interferometer with 3 km long Fabry-Perot cavity arms. It will be the first underground
detector with cryogenic mirrors. It is currently in commissioning and will soon take data
together with the LIGO and Virgo detectors [47].

GEO600 is a British-German detector located in Hannover (Germany). It is a dual
recycled with 600 m long folded arms interferometer. It is extensively used for research
and development of new techniques (for instance the signal recycling technique or the
frequency-independent squeezing injection) [48] [49].

LIGO India will be a third detector of the LIGO collaboration. It will share a similar
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design to the LIGO detectors already installed. It should start to operate in 2024.

This network is looking for coincident detections that help determining if an event is
from astrophysical origin. The data analysis is shared between the Virgo and LIGO
collaboration, with KAGRA joining them soon.

A second consequence of the antenna patterns of the detector is that a gravitational
wave signal amplitude is dependent on the location of the source with respect to the
detector. Thus two ways of characterizing the detector performances appear. One is the
maximal distance observable by the detector for a source perfectly oriented with respect
to the detector. However, because the network is constituted of detectors with different
orientations to increase the sky coverage, it is not possible to have a gravitational wave
source in the perfect orientation for all detectors.

Therefore, another figure of merit has been chosen. It consist to define the radius of the
sphere around the detector that has the same area as the detector antenna pattern. The
radius of this sphere is called the range of the detector. In general, the BNS range is
defined by two neutron stars with each masses of 1.4 M� detected with an SNR of 8. The
BBH range is defined by two black holes with each masses of 30 M� also detected with
an SNR of 8.

This gravitational wave network is sharing common observations periods and upgrades
period as represented in figure 1.13 based on [50].
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Figure 1.13: Planned sensitivity evolution and observing runs of the LIGO, Virgo and KAGRA
detectors. Credits : [50]

It can be seen that all the detectors alternate between observing periods with commis-
sioning periods. Improving the detectors sensitivity is indeed of particular interest as the
numbers of events can be approximated by ∆T ·R3 with ∆T the observing duration and
R the detector range.
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1.6 Gravitational wave detections

On September 14th 2015 at 09:50:45 UTC, both LIGO interferometers detected the first
gravitational wave signal during the O1 run. In this section, a non-exhaustive list of the
various gravitational wave events are presented.

GW150914 : The first direct detection of gravitational wave GW150914 is the
first direct detection of gravitational wave performed by the LIGO detectors. It was
emitted by a BBH each with mass 30M�. This detection demonstrated that BBH could
merge and started the gravitational wave astronomy [4].

GW170817 : The first gravitational wave detection with electromagnetic coun-
terparts GW170817 is the first direct detection of gravitational wave emitted by a BNS
system [51]. It was a major discovery for the scientific community as it was the first grav-
itational wave signal detected in coincidence with a short gamma ray burst named GRB
170817A [16]. This confirmed the hypothesis that short gamma ray bursts can originate
from the merger of a BNS. Since the gamma ray burst was detected 1.7 s after the gravita-
tional wave, the gravitational wave speed could be highly constrained which lead to high
constraints on alternate gravitation theory. Furthermore, because both LIGO and Virgo
detectors were in observing mode, this allowed a good sky localization (the error bar was
16 deg2) and thus the host galaxy could be identified as NGC 4993. This provided an
estimate of the Hubble constant to H0 = 70+12

−8 km/s/Mpc.

More than 70 electromagnetic observatories participated to the follow-up campaign of this
event. This represents the first multi-messenger observation combining electromagnetic
signals and direct gravitational wave signal. These electromagnetic observations from
ultra violet to near infra red showed the formation of a kilonova due to the r-processes
where many chemical elements heavier than iron are produced.

Other detections During the O1 and O2 runs, nine other gravitational wave signals
emitted by BBH have been detected [52]. Since the O3 run, the gravitational wave
community decided to promptly release informations about the gravitational wave signal
candidates such as the source origin and sky localization. This should allow a more rapid
follow-up of these sources. During the O3 run, 50 gravitational wave candidates have
been shared. This increase in the number of gravitational wave candidates highlights the
benefit of improving the sensitivity of the detectors.

1.7 Conclusion

This chapter has introduced the gravitational waves predicted by the theory of general
relativity. The principle of interferometric gravitational wave detectors which first directly
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detected gravitational wave were also presented. The sensitivity of such detectors has also
been derived from the various noise sources that affect their performances. Among these
noises, the shot noise is a fundamental noise that arises from the quantum nature of light.
It is therefore always present, even for a perfect detector. Reducing the quantum noise
brings direct improvement on the detector sensitivity. This translates into the increase
of the gravitational wave detections as well as the ability to detect gravitational wave
sources further away in the Universe. The work presented in this manuscript focuses on
reducing the Advanced Virgo detector quantum noise.
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Quantum description of the interferometer
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The last chapter has shown that the quantum noise is a fundamental noise of the in-
terferometric gravitational wave detectors. This noise is limiting the sensitivity of these
detectors above 100 Hz. Following a semi-classical description of the fields of light present
in the interferometer, it appeared that it is not possible to decrease the quantum noise
over the entire sensitivity spectrum. In this chapter, the quantum behavior of the inter-
ferometer is described. It is also shown that the use of peculiar states of light known as
squeezed vacuum states, allows to decrease the quantum noise over the entire sensitivity
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spectrum of gravitational wave detectors.

2.1 The electromagnetic field

The electromagnetic field is at the heart of the interferometric measurement. In this
section, the quantum states useful for the interferometer are derived.

2.1.1 The quantization of the electromagnetic field

The classical description of light arises from the Maxwell equations as an electromagnetic
field. Assuming x polarized light propagating along the z direction, a single mode of the
electrical field can be written as

Ex (z, t) = E0 sin (kz) sin (ωt+ φ) (2.1)

with E0 the electrical field amplitude, k its wave vector, ω its angular frequency and φ a
phase factor.

Introducing the two field quadratures E1 = E0 sin (ωt) and E2 = E0 cos (ωt), it can be
represented in the phasor diagram as represented in figure 2.1. In this representation,
the electrical field is represented by a vector of length E0 that rotates counter-clockwise
as a function of time. The electrical field can therefore be perfectly known from its
projections onto the two field quadratures. Note that from the equation 2.1, a field with
null amplitude is represented by a point in the phasor representation.

1

0

2

Figure 2.1: The phasor representation of a single mode of the electrical field along its two
quadratures

The Ampere-Maxwell equation gives a relationship between the electrical field E and
the magnetic field B in vacuum as a function of the vacuum permitivity ε0 and vacuum
permeability µ0 as

1
µ0
∇×B = ε0

∂E

∂t
(2.2)
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Combining the two previous equations allows to express the magnetic field as

By (z, t) = B0 cos (kz) cos (ωt) (2.3)

where B0 = E0 ·√ε0µ0 is the magnetic field amplitude and the phase factor has been set
to zero.

The equations 2.1 and 2.3 show that the electrical and magnetic fields oscillate 90 °out of
phase with respect to each other. This behavior is similar to the behavior of an harmonic
oscillator where its position and momentum also oscillate 90 °out of phase with each
other. Thus a single mode of the electromagnetic field can be quantized following the
same method as for the harmonic oscillator.

The quantization of a single mode of the electromagnetic field yields :

Êx(z, t) = E0
(
â (t) e−iωt + â† (t) eiωt

)
B̂y(z, t) = B0

(
â (t) e−iωt + â† (t) eiωt

)
(2.4)

with the non-Hermitian annihilation operator â and creation operator â† that verify the
commutation relationship

[
â, â†

]
= 1 (2.5)

From equations 2.4, the Hamiltonian for a single mode of the electromagnetic field writes

Ĥ = ~ω
(
â†â+ 1

2

)
(2.6)

This Hamiltonian depends on the product of the ladder operators that is also known as
the number operator defined by n̂ = â†â. The eigenstates of the number operators |n〉 are
the eigenstates of the Hamiltonian defined in the equation 2.6 :

Ĥ |n〉 = En |n〉 (2.7)
with En the eigenstate energy.

These eigenstates are called Fock states and form a complete orthogonal set. Applying
the annihilation operator and the creation operator to the equation 2.7 an using the
commutation relationship defined in equation 2.5, it becomes

Ĥâ |n〉 = (En − ~ω) â |n〉
Ĥâ† |n〉 = (En + ~ω) â† |n〉 (2.8)
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Therefore, the action of the annihilation operator is to remove one quantum of energy
from the total energy of the field (hence the name of this operator). In a similar fashion,
the creation operator adds a quantum of energy (or photon) to the field total energy. From
this equation, it is also possible to derive the relationship between the energy of different
eigenstates as En+1 = En + ~ω. This also means that the number operator corresponds
to the number n of photons in a Fock state :

En = ~ω
(
n+ 1

2

)
(2.9)

with n a positive integer. This equation exhibits the quantization of the energy of a single
mode of the electromagnetic field as discrete multiple levels defined by the number of
photons they contain.

Furthermore, because the energy of a single mode of the electromagnetic field is positive,
there is a lower energy state defined by

Ĥ |0〉 = E0 |0〉 = 1
2~ω |0〉 (2.10)

This state |0〉 is the vacuum state as it corresponds to the state without photons.

It is also possible to express the action of the ladder operators on the Fock states as [53]

â |n〉 =
√
n |n− 1〉

â† |n〉 =
√
n− 1 |n+ 1〉

(2.11)

These relationships allow to compute the average value of a single mode of the electrical
field :

〈n|Êx|n〉 = E0 sin (kz) 〈n|â+ â†|n〉 = 0 (2.12)

This null average value of the electrical field is not suited to represent electromagnetic
fields with large numbers of photons (eg the input laser of the Virgo detector for the O3
run contained approximately P/ (~ omega) ∼ 1020 photons). It is therefore required to
introduce other quantum states in order to fully describe the interferometer.
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2.1.2 The coherent states

The coherent states were introduced by Roy J. Glauber in 1963 [54]. These states corre-
spond to the eigenstates of the annihilation operator

â |α〉 = α |α〉 (2.13)

where the eigenvalues α are complex (and thus we can write α = |α|eiθ).

A coherent state can be obtained by applying on a vacuum state the displacement operator
D̂(α) = exp

(
αâ− α∗â†

)
. A coherent state is then given by

|α〉 = D̂(α) |0〉 (2.14)

Because the number states form a complete set, it is possible to expand the coherent state
|α〉 over the number states as [53]

|α〉 = e
1
2 |α|

2
∞∑
n=0

αn√
n!
|n〉 (2.15)

This allows to derive the expectation value of the number operator n̄ and the fluctuations
in this number ∆n̂ as

n̄ = 〈α|n̂|α〉 = |α|2

∆n̂ =
√
〈n̂2〉 − 〈n̂〉2 =

√
n̄ (2.16)

The equation 2.16 exhibits the interest of the coherent states. First, their expectation
value corresponds to the expected behavior of a powerful laser field : The power increases
with the number of photons in the field. Also, the fluctuations in this number (and
therefore in the field power) follow a Poissonian distribution as for a classical laser field.
Coherent fields are therefore the fields that best approximate a laser field. In order to
make this similarity more apparent, it is intersting to express the coherent states over
quadratures as was done for the classical electrical field.

2.1.3 The quadrature operators and Heisenberg uncertainty prin-
ciple

Because the annihilation and creation operators are not Hermitian, they do not represent
observable quantities. It is therefore convenient to introduce the Hermitian quadrature
operators as
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X̂1 =
(
â+ â†

)
X̂2 = i

(
â† − â

)
(2.17)

Their commutation relationship can be derived from the equation 2.5 as

[
X̂1, X̂2

]
= 2i (2.18)

Using the equation 2.4, a single mode of the electric field is expressed as a function of the
quadrature operators as

Êx(z, t) = E0
(
X̂1 cos(ωt) + X̂2 sin(ωt)

)
(2.19)

From equation 2.19, one can recognize that the X̂1 and X̂2 corresponds respectively to
the amplitude and phase quadratures.

It is also possible to define an arbitrary quadrature operator as

X̂θ = X̂1 cos(θ) + X̂2 sin(θ)
= â (t) eiθ + â† (t) e−iθ (2.20)

where the amplitude and phase quadrature correspond respectively to θ = 0 and θ = π/2.

This expression of the electrical field over these two quadratures is similar to the one of
a classical field. However, the Heisenberg uncertainty principle states that for two non
commuting operators, it is not possible to measure with arbitrary precision their physical
quantities. It can be applied to the two quadratures operators as

(
∆X̂1

)2 (
∆X̂2

)2
≥ 1

4
∣∣∣[X̂1, X̂2

]∣∣∣2
≥ 1 (2.21)

where
(
∆X̂1

)2
and

(
∆X̂2

)2
are the standard deviation of the operators X̂1 and X̂2 re-

spectively.

The standard deviation can be also expressed as a function of their variances as

∆X̂1∆X̂2 ≥ 1 (2.22)

This means that it is not possible to measure with an arbitrary precision the amplitude
and phase quadratures simultaneously. This always present uncertainty is called the
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quantum fluctuations of the electromagnetic field. It can be shown [53] that the energy
of the quantum fluctuations correspond to the energy of the vacuum state that appears
as the factor 1

2~ω in the Hamiltonian for the total energy of the electrical field (eg in
the equation 2.9). It also means that the vacuum state corresponds only to quantum
fluctuations.

The states that achieve the equality in equation 2.21, are called the minimum uncertainty
states.

The squeezed states

The Heisenberg uncertainty principle presented in the equation 2.21 places only a limit on
the product of two non-commuting observables. There is therefore no constraint on the
individual variance. For instance, it is possible to have states where the variance of one
quadrature is below the one of a minimum uncertainty states. Because of the Heisenberg
uncertainty principle, this comes at the expense of having an increased variance in the
orthogonal quadrature.

∆X̂θ < 1
∆X̂θ+π

2
> 1 (2.23)

The states described by the relationships 2.23 are called squeezed states.

The previous sections have introduced two quantum states that will be useful to describe
the quantum noise of a gravitational wave interferometric detector. First, the vacuum
state that describe an electromagnetic field with no photons and a coherent state that
describe a powerful laser field. Because of the Heisenberg uncertainty principle, these
two states present quantum fluctuations over their amplitude and phase quadratures.
Recalling that the gravitational wave signal is encoded into the phase of the laser field
at the output of the interferometric detector, it could mean that the fluctuations along
the phase quadrature could limit the detection of gravitational wave. Squeezed states,
that are quantum states with quantum fluctuations over one quadrature reduced below
the one of a coherent state, are therefore particularly appealing for gravitational wave
interferometric detectors.

The squeezed states can be generated from a coherent state by applying the unitary
squeezing operator defined by

Ŝ(ξ) = exp
[

1
2
(
ξ∗â2 − ξ â†2

) ]
(2.24)

The squeezing operator is a unity operator that destroys and creates photon by pair. It
depends on the complex parameter ξ = re2iθ with r being the squeezing factor and θ the
squeezing angle.
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For instance, the squeezed vacuum states are generated by applying the squeezing operator
to the vacuum state : |ξ〉 = Ŝ(ξ) |0〉. And the bright squeezed states are generated
by further applying the displacement operator : |ξ, α〉 = D̂(α)Ŝ(ξ) |0〉 and correspond
therefore to quantum states with photons (n = |α|2) and quadrature fluctuations reduced
below the one of a coherent state.

The effect of the squeezing operator on two orthogonal quadratures with one of the two
being aligned with the squeezing angle θ is :

Ŝ†(ξ)
(
X̂θ + iX̂θ+π

2

)
Ŝ(ξ) = X̂θe

−r + iX̂θ+π
2
er (2.25)

This highlights that one quadrature is attenuated while the orthogonal quadrature is
amplified. Their fluctuations can then be derived as

(
∆X̂θ

)2
= e−2r(

∆X̂θ+π
2

)2
= e2r (2.26)

which corresponds to the expected behavior of a squeezed state : the fluctuations of the
quadrature aligned with the squeezing angle are reduced below one while the fluctuations
of the orthogonal quadrature are increased above one. The value of the squeezing factor
r gives the reduction or augmentation of the fluctuations with respect to the one of a
coherent state.

When the squeezing angle θ is not aligned with the quadrature angle φ, the uncertainty
is given by

∆X̂φ = cos(φ− θ)2e−2r + sin(φ− θ)2e2r (2.27)

This is represented in figure 2.2. This highlights the fact that the squeezing operator is
dependent on the phase.

It is convenient to introduce the variances of the squeezed and anti-squeezed quadratures
which correspond to the minimum and maximum of the variance of a squeezed states over
the squeezing angle respectively as [55]

V+ = max
θ

(∆Xθ)2

V− = min
θ

(∆Xθ)2 (2.28)

Also, as the squeezing factor impacts the variance level with respect to the vacuum vari-
ance Vvac, the squeezing is often characterized through its squeezing ratio :
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Figure 2.2: Variances of the two quadratures of a squeezed states with r = 1 as a function
of the squeezing angle θ and setting the quadrature angle to zero. When a quadrature has a
variance less than the one of the vacuum state (squeezing), the orthogonal quadrature is above
the one of the vacuum state (anti-squeezing). When the squeezing angle is a multiple of π/2, the
state is a minimum uncertainty state as shown in the product of the two quadratures variances
(yellow)

R+ =
√
V+

Vvac

R− =
√
V−
Vvac

(2.29)

(2.30)

This ratio is often expressed in decibel using

R±,dB = 20 log10 (R±) [dB]

= 10 log10

(
V±
Vvac

)
[dB] (2.31)

Note that the squeezing sign is often omitted (eg 3 dB of squeezing corresponds to a
reduction of 3 dB of the variance).

In a similar fashion as for the coherent state, it is possible to expand a squeezed state
over the number state [53]. This allows to compute the mean photon number of a bright
squeezed state as

〈α, ξ|n̂|α, ξ〉 = |α|2 + sinh2(r) (2.32)
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(a) A coherent state with α = 3 (b) A squeezed vacuum state with
r = 1

Figure 2.3: Wigner functions of a coherent state (left) and a squeezed vacuum state (right).
The projection of the Wigner function on the two quadrature axes is also represented

Equation 2.32 shows that the squeezed vacuum state (where |α|2 = 0) has its mean photon
number not null. And there is thus power in the squeezed vacuum beam. However, this
power can be considered negligible in most cases. For instance, the current squeezed
vacuum state source used in Advanced Virgo generates squeezed vacuum state with 5.8
photons per second and a power at the order of 1.1 aW. Despite having larger mean photon
number than the vacuum state, these states are still called squeezed vacuum states because
they do not have coherent amplitude. This fact is important for the representation of the
squeezed states as described in the next section.

2.1.4 The quantum states representation

In order to get a more intuitive idea of the various states introduced so far, it is interesting
to represent them in a pictorial way.

It has already been introduced that the two quadrature operators correspond to the
amplitude and phase quadrature of the electrical field and that a classical electrical field
can be fully described by the phasor picture as in figure 2.1. In order to better understand
how a coherent state compares to a classical field, it is therefore interesting to describe
quantum states in the phasor picture.

The principal difference between the classical and quantum description of a single mode
of the electrical field is due to the Heisenberg uncertainty principle that implies quantum
fluctuations in the amplitude and phase quadratures. This means that for any measure-
ment, neither the amplitude nor phase quadrature values can be measured with arbitrary
precision. There is rather, an uncertainty on the measurement which can be described by
probability distribution.

To describe this probability, it is useful to introduce the Wigner function [56]. Indeed, the
Wigner function is a quasi-probability distribution that can be used to derive the proba-
bility distributions of two non-commuting quadratures (quasi-probability distribution as
it can take negative values). For instance, its projection onto each quadrature gives the
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(a) A vacuum state
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(b) A coherent state
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(c) A bright squeezed
state with the squeezed
quadrature along X2
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(d) A squeezed vacuum
state with the squeezed
quadrature along X1

Figure 2.4: The phasor representations of the quantum states introduced so far

probability distribution P of measuring a certain amplitude x1
2
of the quadrature X̂1

2
:

P (x1
2
) =

∫ ∞
−∞

W (x1, x2) dx2
1

(2.33)

For instance, the Wigner function of a coherent state |α〉 and a squeezed vacuum state
along the X̂1 quadrature are [53] :

W (x1, x2) = 2
π

exp
[
−2 (x1 + <(α))2 − 2 (x2 −=(α))2

]
(2.34)

W (x1, x2) = 2
π

exp
[
−2x2

1e
2r − 2x2

2e
−2r
]

(2.35)

The Wigner functions of a coherent state with α = 3 and a squeezed vacuum state with
r = 1 are represented in figure 2.3. In the case of a coherent state, this corresponds to two
identical Gaussian distributions centered around α. The contours of the Wigner function
are given by circles. For a squeezed vacuum state, the Wigner function corresponds also
to two Gaussian distribution but this time with its contours being elliptical.

The contour lines presented in figure 2.3 corresponds to the projection of the quantum
states into the two quadratures. This representation is similar to the classical phasor that
was presented in figure 2.1. It is therefore possible to use the Wigner functions of quantum
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states to represent them in the phasor picture. Quantum phasors of the quantum states
discussed so far are presented in figure 2.4.

For instance, a coherent state can be represented as in figure 2.4b by an uncertainty circle
centered around the coherent excitation α. The comparison of this figure to the phasor of
a classical electromagnetic field presented in figure 2.1 further highlights their similarities.
However, the quantum fluctuations of the coherent state adds an area of uncertainty that
limits the measurement accuracy of its quadrature values. Recalling that the quadratures
corresponds to the amplitude and phase of the electromagnetic field, it means that the
quantum fluctuations can be assimilated to fluctuations in amplitude or phase of the
electromagnetic field.

The squeezed vacuum state is represented as in figure 2.4d by an uncertainty ellipse
centered around α = 0. This ellipse axes are proportional to the uncertainty of their
quadratures. Especially, one quadrature exhibits smaller uncertainty than the one of a
coherent state. It means that this quadrature can be measured more accurately than the
one of a coherent state. Since both coherent and squeezed vacuum states are minimum-
uncertainty states, the area of their uncertainty ellipses are identical and equal to one :
∆xθ∆xθ+π

2
= 1 where θ is the direction of one of the ellipse axis.

The phasor representation of quantum states allowed to see that the quantum fluctuations
can be assimilated to phase or amplitude fluctuations. This allows to describe in another
way these quantum states : the sidebands picture. In order to introduce this represen-
tation, it is first interesting to go back to the classical electrical field. Fluctuations in
amplitude and noise of this field can be considered as modulation of the amplitude and
phase respectively where the modulation depth M and the modulation frequency
omegaM depends on the nature of the fluctuation.

An amplitude modulated electrical field Eam is expressed as

Eam (t) = E0e
iω0t (1 +M cos (ωmt))

= E0e
iω0t

(
1 + M

2 eiωmt + M

2 e−iωmt
)

(2.36)

The equation 2.36 shows that an amplitude modulation is equivalent to a carrier field with
amplitude E0 and pulsation ω0 and two sidebands with amplitude E0

M
2 at the pulsation

ω0 ± ωm. In the rotating frame (that is the frame fixed with respect to the carrier field),
the sideband with the pulsation ω0 − ωm rotates clockwise while the sideband with the
pulsation ω0 +ωm rotates anti-clockwise. Finally, the total field can be computed from the
sums of these three fields. Because the two sidebands rotates in opposite directions, their
sum cancel out and adds at peculiar times. As represented in figure 2.5a, the sidebands
represented by the arrows at the frequencies ±ωm adds when they are both real (ie along
the amplitude quadrature) and cancel out when they are both imaginary (ie along the
phase quadrature). The sum of the carrier and sidebands is represented by the blue
arrow. It can be seen that the sum of the two sidebands results indeed in an amplitude
modulation of the total field.
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(a) An amplitude modulated field
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(b) A phase modulated field

Figure 2.5: The sidebands representation of both an amplitude and phase modulated field.
The effect of the modulation can be expressed as the addition of two sidebands around the carrier
field represented by the red arrows. Depending on the modulation type, the sidebands cancel in
phase (leading to amplitude modulation) or in amplitude (leading to phase modulation). The
total field is represented by the blue arrow

A similar analysis of a phase modulated field can be performed.

Epm (t) = E0e
iω0t+iM cos(ωmt)

∼ E0e
iω0t (1 + iM cos(ωmt)) (2.37)

= E0e
iω0t

(
1 + i

M

2 eiωmt + i
M

2 e−iωmt
)

(2.38)

where the approximation holds for small modulation depth.

Equation 2.38 gives a similar description of a phase modulated field into a stationary
carrier field with two sidebands with pulsation ω0 ± ωm. But this time, the sidebands
amplitudes are imaginary : iE0

M
2 . It is represented in figure 2.5b. This time, the two

sidebands cancel out when they are both real and the total field exhibits the expected
phase modulation.

Going back to the quantum states, it can be recalled that they possess fluctuations in
both amplitude and phase that can also be represented in the sidebands picture. Since
the quantum fluctuations are random, it means that at any given time there are both
amplitude and phase noise. This can be represented by several several uncorrelated side-
bands around the carrier (which length is defined by the number of photons in the field).
The amplitude of these sidebands follow a Gaussian distribution. The quantum sideband
picture can be obtained by averaging in time the sidebands equally separated around the
carrier frequency. Therefore, in a similar manner to the transition between the classical
and the quantum phasor picture, the quantum fluctuations can be represented in the side-
bands picture as the uncertainty area present at every sidebands around the (possible)
carrier.

Applying the squeezing operator to the vacuum states effectively adds photons to the vac-
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Figure 2.6: The sidebands representation of both an amplitude and a phase squeezed vacuum
states. For clarity, only one pair of sidebands is represented. The left figures show the time
evolution of the sidebands. The correlated sidebands induced by the squeezing operator are
superposed to the uncertainty area. The resulting uncertainty area is represented on the right
as an integration over time of the left figures

uum state (see equation2.32). This means that in addition to the uncertainty area arising
because of the quantum fluctuations, deterministic phasors are also present. Recalling
that the two photons of a squeezed states are created by pair, these phasors are corre-
lated with the correlation increasing with the squeezing factor. Therefore, the quantum
noise sidebands present now correlations at frequencies ω ± Ω. For amplitude squeezing,
the sidebands are aligned in the phase quadrature but counter-aligned in the amplitude
quadrature. The opposite is happening for the phase squeezing. This is represented in
figure 2.6.

This description of the quantum states also leads to the two-photons formalism [57] [58].
Indeed, this formalism is especially efficient to describe optical components that act on
both sidebands of the field.

The annihilation operator can be expressed as a function of the frequency as

â (t) =
∫ +∞

−∞

dΩ
2π â(Ω)eiΩt (2.39)

and the creation operator is such that : (â(Ω))† = â†(−Ω).

The annihilation operators for the upper and lower sideband fields at the frequencies
ω0 ± Ω can be written as

â+ = â (ω0 + Ω)
â− = â (ω0 − Ω) (2.40)

In this formalism, the quadrature operators are redefined as in [57] :
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a1 = a+ + a∗−√
2

a2 = a+ − a∗−
i
√

2
(2.41)

(2.42)

The varying part of the electric field is expressed (in SI units) as a function of its sideband
components around the frequency ω0 as in [57] :

E (t) = cos (ω0t)
√4π~ω0

Ac

∫ ∞
−∞

(
a1e
−iΩt + a†1e

iΩt
) dΩ

2π


+ sin (ω0t)

√4π~ω0

Ac

∫ ∞
−∞

(
a2e
−iΩt + a†2e

iΩt
) dΩ

2π

 (2.43)

with A being the effective cross section area of the field.

Also, it is convenient to regroup the quadratures operator into a single 2 × 2 matrix

a =

a1

a2

.
The vacuum state is described by the unity matrix in this formalism.

The action of optical components are expressed by 2× 2 matrix T such that
b = Ta (2.44)

For instance, in the two-photons formalism, the action of the squeezing operator is de-
scribed by the matrix

S (r, θ) = RθSrR
†
θ = RθSrR−θ

=

cos (θ) − sin (θ)

sin (θ) cos (θ)


er 0

0 e−r


 cos (θ) sin (θ)

− sin (θ) cos (θ)

 (2.45)

which describes squeezing at θ by the factor e−r and anti-squeezing at θ + π/2 by the
factor er.

Note that it is possible to go from the formalism previously described (or one-photon
formalism) to the two-photons formalism by applying the one-photon transfer matrix A1
[59] :

A1 = 1√
2

 1 1

−i i

 (2.46)
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Indeed, some optical components that do not mix the two quadratures are often better
described by their separate action on each quadrature before being converted into the
two-photon formalism transfer matrix.

2.2 The quantum states in experiments

The three quantum states useful to describe a gravitational wave interferometric detector
have been introduced in the previous section. This section presents how these quantum
states interact with common optical components. Especially, the generation and detection
of a squeezed vacuum states that present quantum fluctuations below the one of a vacuum
state are presented.

2.2.1 The squeezed states generation

Epump

Esignal

(1) (2)
,

Figure 2.7: Schematic representation of a down-conversion mechanism inside a non-linear
medium

The description of the squeezed states exhibited one of their important properties : The
squeezing can be described as the generation of correlated sidebands that amplify or
deamplify the vacuum fluctuations depending on their phase. It means that the generation
of squeezed vacuum state requires an optical component that is able to achieve this effect.

Such behavior can be generated using non-linear interactions. For instance, the first
generation of squeezed vacuum states was based on four-wave mixing [60]. Nowadays, the
highest squeezing factor are achieved using parametric down-conversion inside a non-linear
crystal [61].

The response P of a medium to an electrical field Einc is described by the optical suscep-
tibility of the medium χ as

P (t) = ε0
(
χ(1)Einc (t) + χ(2)E2

inc (t) + ...
)

(2.47)

where χ is decomposed over different orders (for instance χ(2) is the component of χ that
interacts with the square of the electrical field).

A medium is said to be linear when χ(>1) = 0 and thus a medium is said to be non-linear
when χ(>1) 6= 0. Usually, the susceptibility with order larger than one has a really small
value. Therefore, it is often required to use a strong (so-called) pump field to enhance the
non-linear effects.
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The squeezed vacuum states presented in this section is based on the degenerate down
conversion where some components of the field at the output of the non-linear medium
are at the frequency difference of the input fields and the degenerate name comes from
the fact that one input beam is at twice the frequency of the other one : two fields are
incident on a non-linear medium described by χ(1) 6= 0, χ(2) 6= 0 : the signal field
Esignal = Es sin (ωt+ φ) and the pump field Epump = Ep sin (2ωt) where φ is the phase
corresponds to the phase between these two fields. Combining these two fields with the
equation 2.47 while keeping only the components at the frequency ω leads to

Pω (t) = ε0χ
(1)Es sin (ωt+ φ) + ε0χ

(2)EsEp sin
(
ωt− φ+ π

2

)
(2.48)

The equation 2.48 shows that the signal field interacts with the field generated by the
frequency difference process. This interaction corresponds to parametric amplification.
Indeed, depending on the value of φ it is possible to see that the maximum of the field
at the medium output is larger or smaller than the maximal value without the pump
field. It can also be noted that the strength of the amplification and the deamplification
depends on the interaction non-linear interaction between the pump and signal fields.
Therefore, this non-linear medium is often installed inside an optical cavity forming a
so-called Opto-Parametric Oscillator (OPO). This classical description of the parametric
down conversion hints that this phenomenon could be able to generate squeezed vacuum
states.

The quantum description of this phenomenon is based on the Hamiltonian of the inter-
action between a vacuum field and a pump field inside an OPO. It is defined by their
respective annihilation operators â and b̂ and respective frequencies ω and ωp is given by
[62]

Ĥ = ~ωâ†â+ ~ωpb̂†b̂+ i~χ
(
â2b̂† − â†2 b̂

)
(2.49)

where χ is proportional to χ2.

The following equations are based on the degenerate case where a pump photon at fre-
quency ωp = 2ω is converted into two photons at the same frequency ω.If the pump
field is a strong coherent field and not depleted during its interaction with the non-linear
medium, its annihilation operator becomes b̂ → βei2ωt. The time evolution of â is given
by â (t)→ âe−iωt. In the interaction picture, the Hamiltonian can be expressed as

ĤI = i~χ
(
βei2ωt

(
âe−iωt

)2
+ β∗e−i2ωt

(
âeiωt

)†2)
(2.50)

And the time evolution operator can be computed as

ÛI (t) = exp
−iĤI

~
t

 = exp
(
χβ∗â2t− χβâ†2t

)
(2.51)
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This has a similar form to the squeezing operator presented equation 2.24 by assimilating
ξ → 2χβt : the effect of the OPO corresponds to a phase-sensitive amplification or
deamplification of the quantum fluctuations of an incident field.

The output squeezing and anti-squeezing levels of an OPO can be expressed as

R±(Ppump) =
1±

√
Ppump/Pthresh

1∓
√
Ppump/Pthresh

2

(2.52)

where Ppump is the pump power and Pthresh characterizes an OPO cavity performance and
depends for example on the OPO non linear gain or its internal losses.

The equation 2.52 shows that the level of squeezing increases with the pump power. Also,
for a given level of green pump power, a lower threshold power decreases the level of
squeezing.

b̂

â ĉ

d̂

Figure 2.8: Schematic representation of the interaction between quantum states and a beam-
splitter described by its reflectivity ε

2.2.2 The beam-splitter model

It is then interesting to describe how quantum states interact with a beam-splitter or a
mirror as these components are essential in an interferometer. They can both be modeled
as a mirror having a power reflectivity ε.

The relationship between the two input fields a and b with the output fields c and d is
given by the energy conservation as represented in figure 2.8. Assuming that all fields
have the same frequency, it can be written as

ĉ
d̂

 =

 √
ε −

√
1− ε

√
1− ε

√
ε


â
b̂

 (2.53)

From this general equation, it is possible to describe a lossless mirror using ε = 1 and a
lossless beam-splitter using ε = 0.5.
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Figure 2.9: Two detection schemes either with a single photo-detector (left) or with a homodyne
detector (right) where the squeezed state â is combined with a strong coherent state b̂

2.2.3 The squeezing detection

Finally, it is important to describe how quantum states, especially squeezed vacuum states,
can be detected. Photo-detectors are sensitive to the power of light which is proportional
to the number of photons in the field

Popt = ~ωn̄ (2.54)

Considering a bright squeezed state â incident on the photo-detector, the photon number
can be derived as

n̄ = α2 + α
(
δα + δα†

)
+ δαδα† ∼ α2 + αδX1 (2.55)

where the approximation arises from neglecting the second order fluctuations.

This means that a single photodiode is only sensitive to the fluctuations of the amplitude
quadrature of the field.

In order to characterize a quantum state in more than the amplitude quadrature, the
detection scheme can be changed for a balanced homodyne detector. This scheme is
represented in figure 2.9.

In this scheme, the quantum field to be measured is combined with a strong coherent
field (called the local oscillator) using a 50:50 beam-splitter (if the beam-splitter ratio is
changed, the detection scheme is called unbalanced homodyne detector). The fields at
the outputs of the beam-splitter are expressed as

ĉ
d̂

 = 1√
2

1 −1

1 1


â
b̂

 (2.56)

The two output ports of the beam-splitter are each incident on a photo-detector. Finally,
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the output signal of the homodyne detector is the difference of the signals detected by
the two photo-detectors. The mean of this signal is

〈̂i−〉 ∝ 〈n̂c〉 − 〈n̂d〉 = 〈ĉ†ĉ− d̂†d̂〉 = 〈â†b̂+ b̂†â〉 (2.57)

The strong coherent field can be written as b̂ = βeiφ with φ the phase between the two
input fields. The signal becomes

〈̂i−〉 ∝ |β| 〈â†eiφ + âe−iφ〉 = 2|β| 〈X̂a,φ〉 (2.58)

where 〈X̂a,φ〉 is the quadrature operator of mode â with an orientation given by the Local
Oscillator phase φ.

This equation shows that by setting the phase φ, it is possible to scan both quadratures
of the field. Furthermore, the variance of the signal is given by

(∆ (〈n̂c〉 − 〈n̂d〉))2 = 2|β|2
(
∆ 〈X̂a,φ〉

)2
(2.59)

which is increased by the amplitude of the local oscillator field. These two properties of
the homodyne detector allows to detect any quadrature of the squeezed states.

2.2.4 The squeezing degradation

Squeezed states are defined by having one quadrature with variance lower than the one
of a coherent state, any process that increase the variance of the squeezed quadrature are
spoiling the performances of the squeezing. This section discusses the mechanisms that
affect the squeezing.

The optical losses

It can be seen from the equation 2.53 that the beam-splitter describes power loss. Since
optical losses consist of lost power, the beam-splitter model can therefore be used to
describe optical losses. In this model, a power loss L is described by a beam-splitter with
a reflectivity L. The quadrature variance are

∆X̂L = (1− L) ∆X̂in + L∆X̂vac = (1− L) ∆X̂in + L (2.60)

where ∆X̂vac = 1 is the variance of a vacuum state.

The effect of optical losses on a squeezed state with initial variance V± is therefore

V L
± = (1− L)V± + L (2.61)
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which leads to a degradation of the squeezing ratio given by

RL
± = (1− L)R± + L (2.62)

Several sources of losses can be combined using the product of their respective efficiency
η = 1− L and ηtot = ∏

k ηk

The effect of optical losses on the squeezing and anti-squeezing level is represented in
figure 2.10.

Figure 2.10: Squeezing level as a function of the optical losses. Each plain line shows the
evolution of a squeezing (or anti-squeezing) level as the optical losses increase. Each curve
corresponds to a different level of initial squeezing given by losses = 0%. The black dotted line
indicates the effect of optical losses on infinite level of squeezing

The classical noise

In addition to the optical losses, there might be technical noises. These technical noises
can for instance induce noise in the carrier field or additional non-squeezed shot noise.
This means that both the squeezed variance V− and the vacuum variance Vvac are affected
by the classical noises variance that can be described by their variance Vclass.

Therefore the variance detected by the photo-detector V detis the sum of these two vari-
ances :

V±det = V ±+Vclass (2.63)

Since the squeezing level is measured from the detected variance at the photo-detector, the
technical noise can limit the measured level of squeezing. The measured level of squeezing
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expresses as [55]

Rdet
± = V det

±
Vvac

= V± + Vclass
Vvac + Vclass

=
(

1− Vclass
Vvac + Vclass

)
V±
Vvac

+ Vclass
Vvac + Vclass

=
(

1− Vclass
V det
vac

)
R± + Vclass

V det
vac

(2.64)

Equation 2.64 is similar to equation 2.62. It means that the effect of classical noises is
similar to optical losses for the squeezed variance. The equivalent losses are described by
Leq = Vclass/V

det
vac [63]. This results holds for the anti-squeezed quadrature but the effect

of classical noises is far lower. Indeed, the level of the anti-squeezed variance is above the
vacuum one that should in principle be above the classical noises one (eg for Virgo the
shot-noise defined the high-frequency sensitivity and technical noises should be less than
a tenth of the shot-noise level).

The phase noise

The squeezing level is usually measured using a homodyne detector where the measured
quadrature is defined by the phase between the local oscillator and the measured field.
This means that the fluctuations of this phase results in a mixing of the measured quadra-
ture with the 90◦ rotated quadrature. This is particularly troublesome for the squeezing
measurement as the squeezed quadrature mixes with the anti-squeezed quadrature. It
is therefore crucial to have phase controls to reduce this noise (for instance see section
3.4.2).

With the phase control, the average of the phase is null. However, there might be residual
fluctuations that will cause phase noise. These fluctuations can be modeled as normally
distributed around a null average value with the root-mean square deviation θ̃.

The squeezing level with phase noise can be expressed as

V θ̃
± ∼ V± cos2

(
θ̃
)

+ V∓ sin2
(
θ̃
)

(2.65)

where the approximation holds for small θ̃.

Therefore, the effect of phase noise increases with the level of initial squeezing and anti-
squeezing. This means that phase noise places a limit on the maximum reachable level of
squeezing.

The effect of phase noise on the level of squeezing and anti-squeezing is represented in
figure 2.11. The black dotted curve shows the maximal level of squeezing reachable for any
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given level of phase noise. It can be seen that from few tens of milliradians of phase noise,
the level of squeezing is greatly reduced while it does almost not affect the anti-squeezing.

Figure 2.11: Squeezing level as a function of the rms phase noise. Higher level of phase noise
mixes strongly the squeezing with the anti-squeezing. Also, this effect increases with the initial
level of squeezing. Each curve corresponds to a different level of initial squeezing. The black
dotted line indicates the highest level of squeezing for a given level of phase noise

Several sources of phase noise are described in [64] and [65]. It can also be shown that
the scattered light has an effect similar to phase noise [55].

The combined degradations

In experiments, the squeezing propagation is affected by a combination of optical losses,
classical noises and phase noise. All these sources of degradation for the squeezing can be
combined as

RL,θ̃
± = (1− L)

(
R± cos2

(
θ̃
)

+R∓ sin2
(
θ̃
))

+ L (2.66)

Figure 2.12 shows the maximum reachable level of squeezing as a function of optical losses
and phase noise. All squeezing experiments aim therefore at lowering optical losses and
phase noise in order to reach high level of squeezing.

A last effect that has to be taken into account is that the value of the OPO threshold power
influences the achievable level of squeezing. Therefore, any uncertainty in this threshold
power directly translates into uncertainties in optical losses or phase noise estimation.
To remove this effect, it is also useful to express the squeezing as a function of the
anti-squeezing. It allows to remove the effect of the threshold power while being able to
compute the effects of optical losses and phase noise. The levels of squeezing as a function
of the level of anti-squeezing while varying optical losses or phase noise is represented in
figure 2.13. On one hand, it can be seen in figure 2.13a that the optical losses affect more
the squeezing than the anti-squeezing. On the other hand, it can be seen in figure 2.13b
that the phase noise can limit the reachable level of squeezing. Furthermore, the optical
losses affect mainly the low levels of squeezing or anti-squeezing while phase noise affects
mainly high levels of squeezing or anti-squeezing.
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Figure 2.12: Maximal measurable level of squeezing as a function of optical losses (vertical
axis) and phase noise (horizontal axis)

(a) Optical losses variation (b) Phase noise variation

Figure 2.13: Squeezing as a function of anti-squeezing while varying optical losses or phase
noise

2.3 The interferometer quantum noise

The previous sections have presented the description of light fields and optical components
in quantum mechanics. It is now possible to combine them to compute the interferometer
quantum noise.

2.3.1 Michelson

As in section 1.3.2, the Michelson interferometer quantum noise is first derived. This
derivation is based on [66] [67].

The fields that propagate in the interferometer are represented in figure 2.14
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Figure 2.14: Quantum fields propagating in a Michelson interferometer

The laser field is described as a strong coherent field :

Ein = E0 cos (ω0t) + δE (2.67)

where δE represents the classical and quantum fluctuations of the field and E0 =
√

4πI0/Ac
with I0 being the power of the field and A the effective area of the field.

Because the interferometer is operated in dark-fringe, there is no coherent amplitude on
the interferometer output port. This also means that the fluctuating part of the input
field also interfere destructively. Thus they are neglected in the following computation
with δE = 0.

Another consequence of the dark-fringe operation of the interferometer is that no laser
fields are present at the interferometer output. However, it has been shown that this is
represented by the vacuum state that has quantum fluctuations. This field is expressed
as a function of its quadrature operator as in section 2.1.4

Evac (t) = cos(ω0t)
√4π~ω0

Ac

∫ ∞
−∞

(
a1e
−iΩt + a†1e

iΩt
) dΩ

2π

+

sin(ω0t)
√4π~ω0

Ac

∫ ∞
−∞

(
a2e
−iΩt + a†2e

iΩt
) dΩ

2π

 (2.68)

The fields after the 50:50 beam-splitter are given by
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EN (t) = 1√
2

[Ein (t) + Evac (t)]

EW (t) = 1√
2

[Ein (t)− Evac (t)] (2.69)

Note that the propagation phase of the sidebands are neglected for simplicity.

Any motions of the test-masses xN or xW generate a phase shift on the reflected beam so
that

Er
N (t) = 1√

2

[
Ein

(
t− 2xN (t)

c

)
+ Evac

(
t− 2xN (t)

c

)]

Er
W (t) = 1√

2

[
Ein

(
t− 2xW (t)

c

)
− Evac

(
t− 2xW (t)

c

)]
(2.70)

Because of the interferometer controls, we can assume that the test-masses motions are
small compared to λ/2. In this case,

cos
(
ω0

(
t− 2xN (t)

c

))
∼ cos(ω0t)− sin(ω0t)

2xN (t)ω0

c
(2.71)

and similar expression for the west test-masses.

With this approximation and assuming for simplicity that ω0L/c is a multiple of 2π, the
equations 2.70 becomes

Er
N (t) = 1√

2

[
E0 cos(ω0t)− E0 sin(ω0t)

2xN (t)ω0

c
+ Evac

]

Er
W (t) = 1√

2

[
E0 cos(ω0t)− E0 sin(ω0t)

2xW (t)ω0

c
− Evac

]
(2.72)

Finally, the beam at the interferometer output is

Eout (t) = Evac (t) + E0 sin(ω0t)
ω0 [xW (t)− xN (t)]

c
(2.73)

And the output field depends on the differential motion of the test-masses xW (t)−xN (t).

As first noted by Carlton M. Caves [68], Evac is responsible for a fluctuating radiation
pressure force on the test-masses. The radiation pressure force applied on the test-mass
is written as

F = 2P
c

(2.74)

The power of the field is

P (t) = ~ω0(EN (t)†EN (t)) = ~ω0a1 (2.75)
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In the frequency domain,
δP (Ω) =

√
Pin~ω0a1(Ω) (2.76)

The Fourier components of the test-mass motion are thus

2δP̂N (Ω)χ (Ω)
c

(2.77)

with χ(Ω) = MΩ2 is the mechanical susceptibility of the test-mass in the free mass limit
and M the test-mass mass. Similar result is obtained for the west test-mass but with an
opposite sign because of equation 2.70.

Another contribution to the differential motion of the test-masses is the gravitational
wave signal h. Assuming a + polarized gravitational wave, the differential motion of the
test-masses is Lh.

Finally, the total differential motion of the test-masses is given by

xW − xN = 4
√

4Pin~ω0

MΩ2 a1 + Lh (2.78)

The interferometer output field can be expressed as a function of the quadrature operator
b1 and b2 as

Eout (t) = cos(ω0t)
√4π~ω0

Ac

∫ ∞
−∞

(
b1e
−iΩt + b†1e

iΩt
) dΩ

2π

+

sin(ω0t)
√4π~ω0

Ac

∫ ∞
−∞

(
b2e
−iΩt + b†2e

iΩt
) dΩ

2π

 (2.79)

The quadrature operator of the output field are extracted by comparing equation 2.79
and equations 2.73 and 2.78. This gives:

b1 = a1

b2 = a2 − κ(Ω)a1 −
√
Pinω0

~c2 Lh (2.80)

with κ = 4Pinω0
c2MΩ2 the opto-mechanical coupling of the interferometer.

Equation 2.80 shows that the gravitational wave signal is given by the output field phase
quadrature. Furthermore, this output quadrature depends on the amplitude and phase
quadrature of the vacuum state entering the interferometer from the output port. Espe-
cially, the vacuum field amplitude quadrature couples to output phase quadrature through
the factor κ that represents the opto-mechanical coupling of the interferometer.

Finally, the strain sensitivity is

Sqn =
(1
κ

+ κ
) h2

sql

2 (2.81)
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where hsql =
√

4~
MΩ2L2 .

This is the quantum noise of a Michelson interferometer with Srpn = κ
h2
sql

2 corresponds to
the radiation pressure noise PSD and Ssn = 1

κ

h2
sql

2 corresponds to the shot noise PSD.

Note that in the two-photons formalism, equation 2.80 is equivalent tob1

b2

 =

 1 0

−κ 1


a1

a2

 = Titf

a1

a2

 (2.82)

where Titf describes the effect of the interferometer on quantum fields;

2.3.2 The Advanced Virgo quantum noise

Advanced Virgo is a power recycled Michelson interferometer with Fabry-Perot arm cav-
ities. It can be shown that this improved configuration changes Pin, κ and hsql as [67]
:

Pin → GPRPin

κ→ K = 2γGPRPin
Ω2 (Ω2 + γ2)

hsql →
8~

MΩ2L2 (2.83)

with γ = Tinc/(4L) being the Fabry-Perot arm cavity bandwidth.

Furthermore, in equation 2.80 the output phase quadrature which contains the gravita-
tional wave signal depends on the amplitude and phase quadrature of the vacuum state
entering from the output port of the interferometer. Therefore, replacing this vacuum field
by a squeezed vacuum field can reduce the fluctuations that can mask the gravitational
wave signal [67].

This can be expressed in the two-photons formalism by combining equations 2.45 with
2.82 :

b1

b2

 = TitfRθSrRθ
†

a1

a2



=

 1 0

−K 1


cos2(θ)er + sin2(θ)e−r cos(θ) sin(θ) (er − e−r)

cos(θ) sin(θ) (er − e−r) sin2(θ)er + cos2(θ)e−r


a1

a2

 (2.84)

As first pointed by Carlton M. Caves [69], if the squeezed vacuum states has a constant
angle θ = π

2 , the quantum noise spectral density rewrites
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Sr,θ=π/2qn =
( 1
K
e−2r +Ke2r

) h2
sql

2
= Ssne

−2r + Srpne
2r (2.85)

Thus the shot noise is reduced while the radiation pressure noise is increased. Note that
this is similar to an increase of the input power. However, it does not have the drawback
of introducing complex thermal effects.

Because most of the current detectors are mostly limited by shot noise (for instance in
figure 1.7), this allows to improve the detector sensitivity.

The injection of squeezed vacuum states with constant squeezing angle θ = π/2 is called
frequency-independent squeezing injection.

On the other hand, for θ = 0 the radiation pressure noise is reduced while the shot noise
is increased.

It can be recalled that the radiation pressure noise and the shot noise are respectively
dominating the low and high frequency part of the quantum noise. This means that if the
squeezing angle could vary in frequency such that θ = 0 at low frequency and θ = π/2 at
high frequency, the quantum noise would be decreased over the entire detection spectrum
of the detector.

This broadband reduction of quantum noise can be achieved if the squeezed states has the
frequency dependent angle θ = −arccot(K(Ω)) [67]. The resulting quantum noise PSD is
reduced by e−2r :

Ssqzqn = e−2r
( 1
K

+K
) h2

sql

2 (2.86)

Such squeezed vacuum states are called frequency-dependent squeezed vacuum states.

2.3.3 The frequency dependent squeezing generation

It was first shown in [67] that a high finesse Fabry-Perot cavity near resonance, so called
Filter Cavity could be used to generate frequency dependent squeezing. In that case,
frequency-independent squeezed vacuum are first generated by an OPO. Then, before
their injection into the interferometer, they are reflected by the Filter Cavity.

A Filter Cavity is conveniently described in the one-photon formalism by its complex
reflectivity described in equation 1.18. In order to combine the action of the Filter Cavity
with the one of the interferometer and the squeezed states, it is useful to express the Filter
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Cavity reflectivity in the two-photons formalism [59]

TFC = A2

r+ 0

r∗− 0

A2
−1 = 1

2

 r+ + r∗− i
(
r+ − r∗−

)
−i
(
r+ − r∗−

)
r+ + r∗−

 (2.87)

where r+ and r− are the complex reflectivities for the upper and lower sidebands.

These reflectivities can be expressed with their respective phasor as

r+ = ρ+e
iα+

r− = ρ−e
iα− (2.88)

In order to get a better understanding of the action of the Filter Cavity, it is interesting
to introduce the sum and difference of the reflectivities magnitude and phase as

ρ p
m

= ρ+ ± ρ−
2

α p
m

= α+ ± α−
2 (2.89)

The reflectivity of the Filter Cavity can be recalled from equation 1.18 :

rFP = r1 −
r2t

2
1e
−2ikL

1− r1r2e−2ikL

= r1 −
r2t

2
1e
−iΦ

1− r1r2e−iΦ
(2.90)

where the Filter Cavity phase Φ(Ω) = 2kL (Ω− δωFC) that depends on the Filter Cavity
detuning δωFC has been introduced.

As the Filter Cavity is near resonance with a high finesse, this gives the respective ap-
proximations

e−iΦ ∼ 1− iΦ

r1r2sim1− t21
2 (2.91)

Combining equations 1.18 and 2.91 yields

r± = −1 + iξ(±Ω)
1 + iξ(±Ω) (2.92)

where ξ(±Ω) = Φ(±Ω)/t21.

For a high finesse cavity near resonance r+ = r−. It means that ρp = ρm.
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With these approximations, equation 2.87 becomes

TFC = ρpe
iαm

 eiαp+e−iαp
2

eiαp−e−iαp
2i

eiαp−e−iαp
2i

eiαp+e−iαp
2

 = ρpe
iαmRαp (2.93)

It shows that the action of a Filter Cavity corresponds in the two-photons formalism to a
rotation with a frequency dependency αp. This shows that the reflection of a Filter Cav-
ity can indeed transform frequency-independent squeezed vacuum states into frequency-
dependent squeezed vacuum states. Note that this derivation holds for lossless Filter
Cavity. The case of realistic Filter Cavity is studied in more details in section sec:realFC.

2.4 Conclusion

This chapter has derived a quantum model of the interferometer. This description allowed
to see that the interferometer quantum noise is due to the vacuum fluctuations in phase
and in amplitude quadrature of the vacuum states entering by the output port of the
interferometer. Finally, replacing this vacuum states by frequency-independent squeezed
vacuum states with the proper squeezing angle improves the shot-noise while spoiling
the radiation pressure noise. But injecting frequency-dependent squeezed vacuum states
achieved a broadband reduction of the quantum noise.
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3.1 Introduction

The previous chapters have presented how to generate squeezed vacuum states and how
the injection of such states through the detection port of an interferometer could improve
its sensitivity by decreasing the level of shot-noise.

Frequency-independent vacuum squeezed states have been injected for the first time in
interferometric gravitational-wave detector at GEO600 in 2010 [70] and later on also
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demonstrated at the LIGO Hanford detector [71] improving the sensitivity above few
hundreds Hertz. Furthermore, the demonstration of long term injection [72] proved that
this technique was mature enough to be considered as an important upgrade for all inter-
ferometric gravitational-wave detectors.

In Virgo, the injection of frequency-independent squeezed vacuum states has been planned
for the O3 run. This section will present the components and commissioning activities
required to integrate the squeezer and its controls within the Advanced Virgo detector.

3.2 The External Squeezer Bench

In January 2018, a squeezer [40] assembled at the AEI has been installed in Virgo detection
laboratory as presented in figure 3.1. This squeezer is contained inside a 1 m by 1.2 m
box and has been installed on an in-air optical board, namely the External SQueezing
Bench (ESQB). The ESQB is hosted itself inside an acoustic enclosure useful to decrease
environmental noises.
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Figure 3.1: Simplified optical layout of the the Advanced Virgo detector

3.2.1 The Squeezer

The squeezer uses a doubly resonant OPO to generate frequency-independent squeezed
vacuum states through parametric down-conversion.

Figure 3.2 shows a simplified optical layout of the ESQB (dark blue) hosting the AEI
squeezer (light blue).
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The squeezer components can be divided in different parts:

Main Laser

CC Laser

PLL ext
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EOM

From Virgo injection
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To Virgo interferometer

Figure 3.2: Simplified optical layout of the ESQB hosting the AEI squeezer. The red and green
solid lines represent respectively the IR and green laser beams. The red dashed line represent
the squeezed beam

• Two infrared lasers labeled main laser and coherent control laser. The main laser is
phase-locked to Virgo master laser using a Phase-Locked Loop (PLL) (PLL ext). In
a similar fashion, the coherent control laser is phase-locked to the master laser with
an offset frequency of 7 MHz using the PLL int. These controls will be presented
later in this chapter (section 3.4.1).

• A pick-off of the main laser is injected into a Second Harmonic Generator (SHG)
which produces a green field. Its power is stabilized using a Mach-Zehnder interfer-
ometer (MZ). Indeed, the MZ output power is directly dependent on its two arm
length difference. Therefore, by acting on the MZ arm length control it is possible
to stabilize the MZ output power.

• An EOM is used to imprint one phase modulation to the IR beam so to obtain the
error signals required for the length control of the squeezer optical cavities, namely
the infra-red Mode Cleaner (MC), the SHG and the OPO. All cavities are locked
using the Pound-Drever Hall (PDH) technique.

• The green field is used to pump the OPO which produces the squeezed vacuum field.

• The frequency shifted coherent control laser is used as a Coherent Control field for
the produced squeezed field [73] and co-propagates with it.

• The squeezed beam passes a Faraday isolator and can then be injected to the ESQB
or to a characterization Homodyne detector depending on the position of a flipping
steering mirror. The Local Oscillator (LO) of this Homodyne detector is a pick-off
of the squeezer main laser spatially cleaned by the infra-red MC.
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As represented by the arrows in figure 3.2, there are two flipping optics inside the squeezer:
a beam dump after the MC and a mirror before the Faraday isolator. This allows the
squeezer to be operated in three different modes :

• If the beam dump and the flipping mirror are on the beam paths (as shown on the
scheme 3.2), the squeezer produces frequency-independent squeezed vacuum states
which is sent to the ESQB.

• If the beam dump is moved out of the path, an infrared beam is sent to the OPO. The
OPO cavity can be locked to generate a bright unsqueezed beam (which consists of
the incident infrared beam (de-)amplified) that shares identical geometrical param-
eters with the squeezed beam. Therefore, it can be used to align and mode-match
the squeezed vacuum field to the interferometer. Thus the name Bright Alignment
Beam (BAB).

• If the steering mirror is moved out of the path, the squeezed vacuum field is sent to
the Homodyne detector. This allows the characterization of the produced squeezed
vacuum field.

After the installation of the AEI squeezer on Virgo site, the squeezer performances have
been characterized by sending the squeezed vacuum field to the Homodyne detector. A
similar level as the one measured in AEI [40] has been obtained : up to 14 dB of produced
squeezing in the audio-band with phase noise level of 3mrad and optical losses of 5.3 %.

3.2.2 The injection optics

Once frequency-independent squeezed vacuum states are generated, it is required to inject
them from Virgo detection port with proper geometrical properties (ie beam waist size
and location common between the squeezed beam and the interferometer beam). This
requires to add optical components on the ESQB to obtain and control these properties
represented on the dark blue part of figure 3.2. These optical components are presented
starting from the squeezer box to the detection towers.

The injection Telescope

As mode-mismatch will spoil the level of squeezing at the interferometer output, an in-
jection matching telescope is required to mode-match the squeezed beam to the inter-
ferometer beam. The squeezed vacuum field is injected into the interferometer by one
polarizer of the SDB1 Faraday isolator. This means that the squeezed beam has to be
mode-matched to the interferometer beam at that position. The nominal geometrical
parameters of both beams are given in table 3.1

In order to match these two beams, a reflective telescope has been designed. Indeed,
this allows to reproduce the slight astigmatism of the interferometer beam and does not
introduce losses due to scattering or absorption losses. This telescope is composed of two
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Parameter Interferometer main beam Squeezer BAB

Sagital waist size [mm] 1.351 0.372

Distance to the squeezer box [m] 7.291 1.02

Tangential waist size [mm] 1.346 0.372

Distance to the squeezer box [m] 7.344 1.02

Table 3.1: Geometrical parameters of the squeezer BAB and the interferometer main beam to
match measured on the ESQB between the MT2 and the SDB1

mirrors TM1 and TM2 in figure 3.2 with respective equivalent focal length fMT1 = −200
mm and fMT2 = 800 mm separated by L = 610 mm with MT1 installed 591 mm before
the squeezer beam waist. The goal is to have the beam waist located 7.017 m after MT2.

As shown in figure 3.3a, this telescope reproduces the interferometer beam geometrical
parameters.

However, as shown in figure 3.3b, any steering optics after this telescope will have Gouy
phase difference quite smaller than 90 ◦. This means that any actuation matrix used for
these steering optics will not be diagonal and tilt and shift of the beam will be coupled.

(a) Beam size evolution during the propagation
through the telescope

(b) Gouy phase evolution during the propaga-
tion through the telescope

Figure 3.3: Design telescope effects on the squeezer beam size and Gouy phase

The Faraday isolators

Following the injection telescope and two steering mirrors, there is a chain of three Faraday
isolators. The purpose of these Faraday isolators is to reduce the amount of light back-
scattered from the squeezer optics into the interferometer. The back-scattered light has
been and is still troublesome for interferometric gravitational waves detectors as it can
spoil the detectors sensitivity spectrum below few hundreds Hertz where most binary
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black-hole and binary neutron stars gravitational wave signals are expected [74].

In case of the squeezing injection, the addition of several optics corresponds also to the
addition of possible back-scattered light sources. Using GWINC [75], the effects of back-
scattered light from the squeezer optics into the interferometer have been simulated [76].
From this study, the main source of back-scattered light within the squeezer was the OPO
itself. In order to reduce this effect by more than a factor 10 below the O3 sensitivity
(which is a requirement on technical noises level), three Faraday isolators, each with
throughput losses below 2% and isolation factor above 40 dB were required. For this
purpose, EGO developed low-losses Faraday isolators both vacuum and in-air compatible
[77]. Their respective throughput have been measured at the level of 99% and isolation
factor above 40 dB.

Figure 3.4: Picture of the three Faraday isolators installed on the ESQB

The alignment optics

Following the Faraday isolators, the optics required to align the squeezed beam and the
coherent control beam are installed. The two mirrors labeled SM1 and SM2 in figure 3.2
are used to steer the alignment of the squeezed beam and the co-propagating coherent
control beam with the interferometer beam. They consist of two 1 inch super-polished
optics equipped with piezo-electrical actuators. These actuators allow to control the
angular position of the steering optics over 20 mrad. These piezo-actuators accept up to
10V at their input and their angular motions are linear over this range.

A spurious beam is coming from the SDB1 to the ESQB. This beam arises from spurious
p-polarization of the beam on the SDB1 that is directed toward the ESQB by the SDB1
Faraday isolator. This beam is sensing the relative motions between the ESQB and the
interferometer and can therefore be used to control the alignment of the squeezed beam
into the interferometer. This beam is extracted at the level of the polarizer of the last
Faraday isolator on the ESQB (FI3 in figure 3.2) and directed to two cameras. A lens is
located before each camera which allows to sensing both the near field and far field of the
spurious interferometer beam. As will be presented in a later section, this allows to sense
and control the squeezed beam alignment.
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The SDB1 modifications

In order to inject the squeezed beam and the co-propagating coherent control beam, the
SDB1 tower had to be modified.

First, the modification of the SDB1 tower north wall in order to install a flange supporting
a window through which these beams could be injected. This window has been coated at
LMA with anti-reflective coating.

Furthermore, the SDB1 Faraday isolator has been replaced with a new one developed at
EGO [77] with reduced optical losses and better isolation ratio. Its output polarizer by
which the squeezed beam is injected reflects the light downwards so an additional steering
mirror has been installed (but is not represented in figure 3.2 ).

Finally, the B1 photodiodes have also been replaced with higher quantum efficiency ones
in order to reduce optical losses.

All the values of optical losses of optical components encountered by the squeezed beam
are summarized in table tab:optLoss in the next chapter.

3.3 Alignment and mode-matching

In order to align and mode-match the squeezed beam with the Virgo main laser beam,
we used the BAB as a marker of the squeezed beam geometrical properties.

When working on the squeezed beam alignment and mode-matching, and in a similar
fashion as for the OMC, Virgo is set to Single Bounce mode meaning that only the NI
mirror is kept aligned such that the beam reaching SDB1 and ESQB is the Virgo main
laser beam after reflection on the NI.

In order to overlap the BAB and the interferometer beam, two diaphragms were put
on the ESQB separated by 2.5 m. By moving the folding mirror under SDB1 Faraday
isolator, as well as the mirrors SM1 and SM2, it was possible to overlap these two beams
within the approximate 3 mm aperture of the diaphragms. This alignment procedure
was checked by looking at the B1p camera which is located at the same position as the
B1p photodiode and sensing the Virgo main laser beam incident on the OMC1 . The
power reaching this camera from the interferometer being greatly superior to the BAB
power, the interferometer Input Mode-Cleaner was unlocked around t 900 s in figure
3.5a to compare the center position of these two beams. Figure 3.5b shows that this
technique allowed to superpose the two beams within 300 µm after their propagation
inside the interferometer. This rough alignment allowed to look for the BAB in reflection
and transmission of OMC1.
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(a) IMC transmitted power with an unlock at t
900 s

(b) Interferometer beam position on B1p followed
by the BAB position after the IMC unlock. X and
Y indicates the horizontal and vertical position re-
spectively

Figure 3.5: Positions of the interferometer beam and the BAB on B1p camera

The goal of the alignment was from now on to align the BAB to the OMC1. This should
translate to good alignment inside the interferometer as the OMC1 itself is well aligned
with the interferometer beam. Indeed the losses induced by the misalignment of the
interferometer main beam and the OMC1 has been measured at the order of 1% and even
less with good alignment.

From that point, the geometrical parameters of interferometer beam and BAB have been
measured on ESQB between SM1 and SM2.

Figure 3.6 shows the power transmitted by the OMC1 (B1s2) during a scan of its tem-
perature. Indeed, the OMC length changes with its temperature meaning that different
modes of the incident laser field will resonate inside the OMC1. Using camera that looks
at the beam at the level of B1s2, it is possible to extract which mode is resonating inside
the OMC1. In this figure, the time scale of the two scans have been set such that the
fundamental mode is resonating at t = 0 s. Then, the second and third peaks correspond
respectively to the first and second modes, which can also be associated to misalign-
ment and mode-mismatch of the beam. Indeed, when the incident laser beam is properly
aligned, most of the power is within these three modes.

As shown in figure 3.6, before the tuning of the matching telescope length several higher-
order modes were resonating inside the OMC1 representing more than 40% of the resonat-
ing power. After the tuning of the length of the matching telescope, most of the power
was in the fundamental-mode.

To improve this alignment, piezo-actuators on SM1 and SM2 were used to imprint an
angular modulation on the BAB pointing into the interferometer.

Indeed as shown in figure 3.7, the power transmitted by the OMC1 brings information on
the alignment quality. For instance, the black curve represent the power transmitted by
the OMC in function of the incident beam angular position (where the angular position
0 au corresponds to perfect alignment).
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Figure 3.6: Power transmitted by the first OMC cavity (B1s2 beam) during a scan of its
temperature before and after the matching telescope length tuning. Time scale has been changed
to have modes of both signals overlapped

On one hand, if the BAB is badly aligned into the OMC1, a modulation of its angular
position at the frequency fmod will result in a modulation of the power transmitted by
the OMC1 at the same frequency fmod. This is represented by the red arrow in figure 3.7.
On the other hand, a good alignment corresponds to the case where all the BAB power
is transmitted by the OMC1. In this case, modulating the BAB angular position at the
frequency fmod results in a modulation of the transmitted power at 2fmod. Therefore, the
goodness of the BAB alignment into the OMC1 can be judged by looking at the strength
of the signal at 2fmod in the transmitted power.

-3 -2 -1 0 1 2 3
0

0.2

0.4

0.6

0.8

1

1.2

Figure 3.7: OMC transmission as a function of the angular position of an incident beam. The
arrows represent angular modulations for two angular positions : bad and good alignment

For every degree of freedom, an angular modulation was applied to one mirror while the
angular position of the other mirror was moved to reach symmetrical fluctuations of the
transmitted and reflected power of the OMC1. Figure 3.8 shows the evolution of the
B1s2 power while performing this operation. Note that SM1 and SM2 being mounted in
opposite manners, both SM2X and SM1Y corresponds to vertical angular motions of the
BAB as seen on SDB1.

While applying the angular modulation to SM1Y, the angular set-point of SM2X was
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moved by small steps. At first almost only the angular modulation frequency is visible on
the B1s2 power (OMC1 transmission) meaning that the BAB was almost not passing by
the optimal alignment to the OMC1. Moving the SM2X set-points made the frequency
at double the angular modulation frequency appear clearer up to the point where the
amplitude of each angular scan was symmetrical, meaning that the BAB vertical alignment
to the OMC1 was almost centered to the optimal alignment.

Figure 3.8: Evolution of B1s2 power using angular modulation to the BAB. Note that during
this measurement SM2X and SM1Y corresponded to the same degree of freedom

The OMC substrates were characterized in Laboratoire d’Annecy de Physique des Par-
ticules (France) (LAPP) showing an astigmatism of OMC1 input RoC with an horizontal
RoC of 2217 ± 194 mm and a vertical RoC of 1653 ± 115 mm as seen by the OMC1
fundamental mode [39]. This slight astigmatism means that the resonance temperature
of the horizontal and vertical modes are slightly separated.

In order to check the alignment improvement with the dithering technique, a temperature
scan of OMC1 was performed to compare the power in the OMC1 fundamental mode and
first-order mode. Figure 3.9b shows the B1s2 power (ie OMC1 transmitted power) during
this scan. The effect of RoC astigmatism is slightly visible in high-order mode resonances
positions. This showed that at this time the vertical misalignment was dominating.

In order to evaluate the level of misalignment, the first-order modes power has to be
compared with the fundamental mode one. As shown in figure 3.10, the fundamental
mode has been fitted by an Airy function to subtract the contribution of the fundamental
mode power to the first-order power as well as to estimate the power in the fundamental
mode. The finesse resulting from the fit was equal to 124 in good agreement with the one
measured at LAPP (126 ± 6) [39]. From the power in the first and second higher-order
modes, the misalignment and mode-mismatch induced losses have then been estimated
to be respectively 1.54% and 1.14%.

Because the squeezer is installed on an in-air not suspended optical board, any motions
of suspended SDB1 following the interferometer beam will affect the matching of the
squeezed beam to the interferometer.

The SDB1 follows the angular motions of the interferometer main laser in TX and TY
which correspond to pitch and yaw (or equivalently to an angular motion of the optical
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(a) Temperature scan of OMC1 (b) B1s2 power during the OMC1 scan with funda-
mental mode, first and second order modes visible

Figure 3.9: B1s2 power during a temperature scan of OMC1

Figure 3.10: Fit of B1s2 power by an Airy function. The measured data are identical to figure
fig:somcP after the tuning of the matching-telescope

axis). The TZ degree of freedom corresponding to roll of the beam (ie angular motion
around the laser optical axis) is stabilized at a fixed position. Indeed, the angular motions
of the SDB1 around the interferometer beam optical axis do not affect the propagation
of the interferometer laser beam inside the detection towers.

However, the squeezed beam is injected orthogonally to the interferometer beam meaning
that it should be insensitive to TX motions of SDB1 but sensitive to TZ and TY motions.

To test this effect, the squeezer laser frequency has been scanned to see the power in
OMC1 fundamental-mode on B1s2 while shifting the angular positions of SDB1. This
frequency scan of the squeezer main laser frequency is equivalent to a scan the OMC1
temperature but faster. As shown in figure 3.11, it is possible to estimate the effect of
SDB1 angular motions by comparing the mean power on the OMC1 fundamental mode
during these motions with respect to the nominal position. It has to be normalized with
the SDB1 angular motion to express the losses in unit of %

urad .

The results are summarized in table 3.2
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(a) Angular motions of the SDB1. The starting
position has been normalized to 0 µrad

(b) B1s2 power measured during the angular mo-
tions of the SDB1

Figure 3.11: B1s2 power during a frequency scan of the squeezer main laser

Motions TX TY TZ

Mode-mismatch losses[%/urad] 0.26 2.33 1.55

Table 3.2: Losses induced by SDB1 angular motions on the squeezer alignment

It can be seen that TY and TZ angular motions of SDB1 have an important effect on the
squeezer alignment quality. Therefore an alignment control system is required to keep
the optimal alignment conditions of the squeezer with the interferometer to minimize the
losses these motions induce.

3.4 The squeezer controls

Following the installation and tuning of the ESQB optical components, the frequency-
independent squeezing could be injected. However, in order to maintain optical perfor-
mances of this injection during the one-year long O3 run, several controls loop were also
required. This section will describe these controls loops.

3.4.1 The Phase Locked Loops

Two frequency control loops are implemented using the PLL [78] that allows to stabilize
the frequency difference between two lasers by comparing the beat-note of these two lasers
detected on a photodiode with a local oscillator field oscillating at the frequency difference
that we want to achieve.

The first one, labeled PLL ext, is used to stabilize the frequency of the squeezer main
laser to the frequency of the Virgo main laser. Indeed, this will ensure to have a constant
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phase offset between the squeezer main laser and Virgo laser, therefore avoiding phase
noise coming from relative phase fluctuations between the squeezed beam and the Virgo
main laser.

In order to generate a detectable beat-note between these two lasers, the Virgo main laser
is shifted by 80 MHz and their frequency difference is stabilized at 80 MHz.

The second one, labeled PLL int, is used to stabilize the coherent control laser frequency
with a 7 MHz offset from the squeezer main laser frequency. This 7 MHz shift is then used
to generate the required control signals for the Coherent Control that will be presented
later on.

These two PLLs represented in figure 3.12 work in a similar fashion :

First, the two lasers are superposed with a beam-splitter and matching optics not rep-
resented on the scheme. They are then incident on a photodiode whose output contains
signal at the difference of the frequency between the two lasers (the second photodiode is
used as an out-of-loop monitor). This beat-note frequency is then compared with a Local
Oscillator (a 80 MHz Voltage Controlled Oscillator for the PLL ext and of a MHz clock
for the PLL int).

Two correction signals are then generated from the comparison of these two signals. The
first one acts on the laser PZT actuator. While it can provide a fast actuation, it doesn’t
have a range large enough for long term stability. Therefore, another correction signal
is acting on the laser Peltier cell and allows a long term control of the system. These
frequency stabilization loops have bandwidth at the order of 40 kHz.

Main Laser

CC Laser

PLL ext

PLL int

EOM

From Virgo injection

Cam Far

Cam Near

OPO

SHG

FI 1

FI 2

FI 3

SM 1

SM 2

MC

MZ

Homodyne TM 1

TM 2

B1s1
B1pB1s2

B1 PD1

SDB1 FIOMC 1

OMC 2

B1 PD2

To Virgo interferometer

80 MHz

7 MHz

Figure 3.12: Simplified scheme of the two PLL controls. The matching optics are not repre-
sented

Because PLL ext is stabilizing the squeezer main laser to the Virgo laser frequency, it is
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required to wait to have the Virgo main laser stabilized in frequency. This means that
PLL ext. can be locked following the lock of the Virgo injection system. On the other
hand, the lock of PLL int. can be performed independently of the state of Virgo. This
lock is performed as soon as both squeezer main and CC lasers are available.

The residual phase noise due to the PLL can be estimated by using a spectrum analyzer
and results are presented in figure 3.13. This measurement gives 23.94 mrad and 16.32
mrad of residual phase noise for respectively the PLL ext. and the PLL int.

Figure 3.13: Phase noise of PLL ext and PLL int

3.4.2 Phase control

The squeezed quadrature has to be aligned with the interferometer signal in order to
fully benefit from the squeezing injection by keeping phase noise as low as possible. This
means that the phase between the squeezed beam and the interferometer laser on the
interferometer main photodiode (B1) has to be stabilized.

This phase is stabilized using coherent control and quantum-noise locking techniques.

The overall phase control scheme is presented in figure 3.14.

The coherent control

In order to benefit from the squeezing injection, it is required to control the vacuum
squeezed quadrature to the proper phase with respect to the interferometer readout
quadrature. This is challenging as injecting a weak phase-modulated field is enough
to introduce technical noises that can prevent the low frequency squeezing generation[79].

The coherent control first proposed by Chelkowski et al. [73] and demonstrated by
Vahlbruch et al. [80] is able to control the squeezer field phase with respect to the inter-
ferometer readout phase without degrading the generated squeezed vacuum state. The
name coherent control comes from the use of optical fields coherent with the squeezed
vacuum field but that do not interact with it.
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Figure 3.14: Scheme of the two phase controls used during O3

First, the OPO length has to be controlled, as this will define the frequency at which
the squeezed vacuum states will be generated. The sidebands present on the green pump
beam can be used to extract the PDH signal to lock the OPO length. Then, the OPO
temperature is tuned to achieve simultaneous resonance of the green and infrared beams
inside the OPO.

Then, the phase between the squeezed field and the interferometer readout has to be
controlled. The coherent control working principle can be understood by the fact that
a field coherent with the squeezed vacuum state (hence the name) is used as a phase
reference with both the squeezed vacuum field and the interferometer readout field.

First, a frequency-shifted (to avoid interaction with the squeezed field) and RF phase-
modulated field at Ωcc = 7 MHz is injected into the OPO. This frequency was chosen
because it is transmitted by the OMC therefore insuring its detection at the B1 photodi-
ode. This coherent control field can be expressed as

Ein
cc = α cos (ω0t+ Ωcc t) (3.1)

where ω0 is the carrier frequency and α the amplitude of the coherent control field.

This field interacts with the OPO and the green pump field Epump is defined as

Epump = β cos (2ω0t+ φ) (3.2)

where φ is the green pump field phase with respect to the coherent control field and β
the amplitude of the pump field.

The non-linear interaction of these two fields with the OPO generates a second sideband
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at −Ωcc so that the coherent control at the OPO output is expressed as in [73] :

Eout
cc ∝ (1 + g) · cos(ω0t+ Ωcct+ 2φ)− (1− g) · cos(ω0t− Ωcct− 2φ) (3.3)

with g being the OPO non-linear gain.

This field is then used to generate two error signals to control the squeezing phase with
the coherent control field and to control the coherent control field phase with the inter-
ferometer readout field at the B1 photodiode.

The first error signal is extracted from the beating of the two sidebands Ωcc demodulated
at 2Ωcc and applying a low-pass filter :

Icc1 ∝
(−1 + g2) · sin2(2Φ)

4g (3.4)

The zero-crossing of this signal forces the phase between the green pump power and the
coherent control sidebands φ to be constant, allowing to use the coherent control sidebands
as a marker of the squeezing phase at the interferometer readout. This is performed by
acting on a phase shifter on the green pump beam path.

What remains now is to control the phase between the coherent control field and the inter-
ferometer readout field Φ to control the squeezing phase with respect to the interferometer
readout.

The coherent control field co-propagates with the squeezed vacuum field up to the in-
terferometer readout system (B1 photodiode) where it produces a beat-note with the
interferometer readout field (∝ cos(ω0t)). The goal of this control loop is to control the
phase Φ between the coherent control field and the interferometer readout field. This
beat-note can be expressed as :

B(t) ∝ cos(Ωcc)
[
(1 + g) cos(φ)− (1− g) cos(φ− 2Φ)

]
+ (3.5)

sin(Ωcc)
[
− (1 + g) sin(φ)− (1− g) sin(φ− 2Φ)

]
(3.6)

By demodulating this beat-note at Ωcc and low-pass filtering it, it is possible to extract
the second error signal for the coherent control :

Icc2 ∝ (−1 + g) sin(φ+ 2Φ) (3.7)

As φ is already controlled with the first coherent control loop, this signal allows to control
Φ.
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Finally, acting on the 80 MHz voltage controller will change the squeezer main laser phase
and therefore the relative phase between the squeezed quadrature and the interferometer
readout quadrature.

Figure 3.15: Coherent Control error signal evolution during the closing of the Coherent Control
(closed at 1 s)

Figure 3.15 shows the coherent control error signal with this loop closed at 1 s. When
the coherent control loop is open, the phase between the coherent control field and the
B1 phase is free. This means that this phase can cross several fringes. This allows also
to extract the coherent control error signal calibration in [V/rad] as the peak-to-peak
amplitude corresponds to one fringe of the coherent control demodulation phase (or π
rad). From this figure, the PD1 calibration factor is 0.0032 V/rad. This calibration can
then be used to estimate the coherent control phase noise in loop. From figure 3.16, we
can extract 18 mrad of phase noise rms.

Figure 3.16: Coherent Control in loop phase noise
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Dithering based phase control

From equation 3.4.2, it is possible to extract the demodulation phase φdemod which corre-
sponds to the coherent control actuation phase.

φcc = arctan − (1 + g) sin (φ)− (1− g) sin (φ− 2Φ)
(1 + g) cos (φ)− (1− g) cos (φ− 2Φ) (3.8)

This equation highlights that the coherent control actuation phase depends non-linearly
on the squeezing phase. It is represented in figure 3.17. Especially, if Φ 6= 0 (as represented
in this figure where Φ = 0.3 rad), the demodulation phase that minimizes the squeezing
level is not equal to zero. It is therefore needed to implement a second phase control loop
to insure to stabilize the squeezing phase at the maximum squeezing level.

Figure 3.17: Evolution of the coherent control demodulation phase as a function of the squeez-
ing phase for 3 values of OPO non-linear gain (g=1 : no squeezing). Here, Φ=-0.3 rad

Figure 3.18 shows the evolution of the B1 magnitude demodulated at 7 MHz and the
squeezing level when linearly varying the coherent control demodulation phase φcc. In
later section, this is named a phase scan.

First, it can be seen that the squeezing level minimum is broader than its maximum
while the opposite behavior is expected. This arises because of the non-linear relationship
between φcc and φ. Furthermore, it can also be seen that the B1 magnitude demodulated
at Ωcc=7 MHz is sensitive to the variations of φcc and therefore on the squeezing phase.
Moreover, there is an offset between the coherent control phase that minimizes the B1
magnitude demodulated at 7 MHz and the phase that minimizes the squeezing level.
This means that it is required to implement a second phase control loop in order to
insure to stabilize the squeezing at the phase that minimize its level. The B1 magnitude
demodulated at 7 MHz can be used to performed this control loop. By modulating φcc
around the phase that minimizes the squeezing, the squeezing level can be stabilized to
its minimum.

This second phase control loop induces negligible levels of phase noise.
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Figure 3.18: Evolution of the B1 magnitude demodulated at 7 MHz and the squeezing level
when varying the coherent control demodulation phase φcc

3.4.3 The Alignment Controls

As SDB1 is following the interferometer beam motions, it is important that the squeezed
beam also follows these motions to keep an optimal matching and thus low optical losses.
As shown in figure 3.11, TY and TZ angular motions are likely to impact the squeezer
matching to the interferometer.

Two different alignment control loops have been implemented and are presented in figure
3.19.
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Figure 3.19: Scheme of the two alignment controls used during O3

Cameras

The first alignment control loop is based on signals from the two cameras (Cam Far and
Cam Near). These two cameras are sensing the spurious interferometer beam from the
SDB1 Faraday Isolator reflected by the last Faraday Isolator on the ESQB (FI3) and can
therefore be used independently of the squeezed beam injection. However, this requires to
have a stable interferometer beam meaning having the interferometer locked in dark-fringe
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with the mirrors well aligned.

The goal of this loop is to keep this beam position around the camera set points that
optimize the alignment, by acting on SM1 and SM2 PZT actuators. This control loop
implementation is presented in figure 3.19.

First, the error signals are constructed by computing the difference between the beam po-
sitions on the cameras with a reference position or set points that optimize the alignment.
This set point position is corrected if the interferometer alignment changes drastically. As
the error signals are computed from camera signals, they are limited by the 1 Hz sampling
rate of the cameras and can therefore only be used for slow alignment control.

The correction signals are then computed by multiplying the error signals by a non-
diagonal driving matrix due to the Gouy phase of the steering mirrors as discussed earlier
(section 3.2.2).

The correction signals values are then clipped at ±0.15 V. While this value is large enough
to allow the alignment control in normal conditions, it can be useful when large misalign-
ment between the interferometer and the squeezed beam occur. Indeed, if for example the
interferometer unlocks, there will be a transient during which the slow alignment loop will
try to keep a spurious beam on the camera. It means that there will be large corrections
sent to the steering mirrors actuators which can move the alignment far from the optimal
one. As the alignment loop is slow, it will require a long time to go back on the optimal
alignment during the next lock. The clipping allows to keep the correction low enough to
keep the steering mirrors positions close to the optimal one.

Finally, it can be seen in figure 3.20 that the engagement of this loop triggers actuation
on SM1 and SM2 which effectively brings the interferometer beam on both Cam Near and
Cam Far to their set point positions.

(a) Mirror commands time evolution (b) Time evolution of the beam position on the
cameras

Figure 3.20: Slow Auto-Alignment loop engagement

Kick and degaussing Another motivation for the implementation of the clipping of
the correction signals appeared during the commissioning of the squeezer alignment. If a
too high command (or kick) is sent to a steering mirror PZT actuator, it might move the
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PZT actuator position along its hysteresis curve because this kick can induce a remanent
magnetic field of the PZT. For the alignment, this remanent magnetic field means that
the position of the

This effect can be seen in figure 3.21 when a kick occurred on SM1X. Despite all actuators
command values going back to their initial values, the position of the beam changed on
the cameras.

(a) Kick on the M1X command (b) Other steering mirrors commands during
the M1X kick

(c) Position of the interferometer beam during
the M1X kick on the CamFar and CamNear.
All positions are set to zero at t=0 s

Figure 3.21: Effect of a kick on M1X on the interferometer beam position on the alignment
cameras (CamFar and CamNear)

In order to remove this magnetic field, the degaussing operation was performed which
consists in applying to each PZT actuator a ramp with slowly decreasing amplitude from
-10 V and 10 V to 0 V as presented in figure 3.22

It can be seen that the degaussing operation allows indeed to remove the spurious po-
larization as the position of the beam on each camera changed following this operation.
As the main change on the beam position is with the degaussing performed on M1X, it
indicates that this actuator moved the most on its hysteresis curve.
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(a) Degaussing of all steering mirrors PZT ac-
tuators

(b) Interferometer beam position on the cam-
eras (CamFar and CamNear) during the de-
gaussing technique

Figure 3.22: Degaussing performed on all mirrors PZT actuators and resulting effects on the
normalized beam position on the cameras

Angular dither lines

The relative alignment between the squeezer and the interferometer is subject to drift.
Indeed, as the interferometer optics are suspended but not the squeezer ones, it is possible
that the overall interferometer moves with respect to the ESQB. It could be due for
example from a different alignment condition of the injection system followed by the
entire interferometer motions. At the level of the SDB1, it means that the bench could
be moved to a different location and therefore the spurious beam sent to the two camera
might move as well. It could be also possible that the squeezer beam is misaligned before
SM1 and SM2 (for example due to thermal or humidity transient) and the two cameras
are not able to sense this misalignment.

This means that the set points used for the camera based automatic alignment might
not represent the optimal alignment conditions over long period of time where relative
motions of the ESQB with respect to the interferometer suspended optics can occur.

Therefore another automatic alignment control loop has been implemented so to accu-
rately keep track of the optimal alignment positions.

Because the Coherent Control beam co-propagates with the squeezed beam, it will suffer
the same misalignment as the squeezed beam. And because it is detected up to the B1
photodiodes, this beam will precisely sense the overall misalignment. Indeed, as presented
in figure 3.23 which shows the B1 signal demodulated at Ωcc = 7 MHz and the SDB1 TY
angular motions, it is possible to see that the B1 signal demodulated at Ωcc = 7 MHz is
highly sensitive to the alignment conditions. With poor alignment, the SDB1 TY motions
are imprinted on the B1 signal while almost not present with good alignment conditions.

As already presented in figure 3.7, a dithering of the angular position of a beam can
provide useful signal to monitor and correct its alignment. Therefore, 8 Hz, 11 Hz, 15
Hz and 17 Hz dithering lines with 100 nrad amplitude have been applied to SM1 and
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Figure 3.23: Magnitude of the B1 signal demodulated at 7 MHz with good or poor alignment.
Bottom figures shows the SDB1 TY motions which are the SDB1 angular motions that affect
the most the squeezer alignment

SM2 respective PZT actuators so to generate a dithering of the angular position of the
squeezed and the Coherent Control beams for each degree of freedom.

These frequencies will be visible on the B1 magnitude demodulated at 7 MHz. And by
demodulating this signal at the dithering frequency, it is possible to extract an error signal
for this alignment. Indeed, a good alignment corresponds to the zero-crossing of the B1
magnitude demodulated at 7 MHz and at the dithering frequencies. This error signal is
finally used to act on the SM1 and SM2 PZT actuator.

Because this signal requires the Coherent Control beam, this dithering alignment can only
be used after that the Coherent Control beam is injected. This technique can therefore
be complementary of the camera based alignment.

First, the camera based alignment control is used to pre-align the squeezed beam within
the interferometer. Then, from the lock of the Coherent Control, the dithering based
alignment is used as it provides a better sensing of the squeezed beam alignment.

This dithering will also induce a beam jitter that can be responsible for optical loss. This
loss,estimated at the beam waist is described as :

Λjitter =
(
δx

ω0

)2

+
(
δθ

θdiv

)2

(3.9)

where δx and δθ are the lateral and angular shifts of the beam, ω0 and θdiv the beam
waist and divergence.

The dithering technique is responsible for 1 % of optical loss and is not a limiting source
of losses for the O3 run.



82 CHAPTER 3. Frequency Independent Squeezing commissionning for O3

3.5 Conclusion

This chapter has presented the optical components required to generate and inject frequency-
independent squeezed vacuum states at Virgo. The commissioning activites focused on
the alignment and mode-matching of these frequency-independent squeezed vacuum states
with the Virgo interferometer beam have also been presented. Finally, the alignment
and phase controls loops required for the long term injection of frequency-independent
squeezed vacuum states have been described.

All these activities allowed to inject for the first time frequency-independent squeezed
vacuum states at Virgo as will be described in the next chapter.
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4.1 Introduction

Following the integration of the squeezer optics and control within Virgo, it was possible
to inject for the first time frequency-independent squeezed vacuum states from the Virgo
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detection port. This chapter will present the effects of this injection on the Virgo sensitiv-
ity from the first frequency-independent squeezed vacuum states injection in November
2018 to the end of the O3 run in March 2020.

4.2 The stray light mitigation

4.2.1 First squeezed light injection and scattered-light

During the commissioning activities presented in last chapter, the frequency-independent
squeezed vacuum states have been injected into the Virgo detector. Figure 4.1 shows one
of the first injection of the squeezed beam. It compares the Virgo sensitivities with and
without a beam dump installed at the output of the ESQB. This corresponds equivalently
to check the effects of the coherent control beam as well as the spurious beam coming
from the interferometer and optical components required to inject the squeezed beam on
the Virgo sensitivity. Especially, this beam dump allows to check if any of these beams
can be back-reflected into the interferometer.

Because the alignment and controls were not optimized at that point, optical losses and
phase noise degraded too much the squeezing quality to see any improvement of the Virgo
sensitivity at high-frequency.

However, a broadband degradation at low-frequency, from about 10 Hz to 80 Hz as well
as a few peaks (eg. around 45 Hz and 60 Hz) are visible in the sensitivity. These two
effects are symptomatic of scattered light recombining with the Virgo main laser beam
and being detected at the B1 photodiodes. This figure particularly highlights the threat
of scattered light for interferometric gravitational waves detectors [81] [44] as it affects
their sensitivity below a few hundred Hertz where most of the BNS and BBH signals are
expected.

Few mechanisms could be responsible for such light :

• First, the OPO reflectivity and the residual reflections on anti-reflective coatings of
the squeezer optical components (located on the light blue part of figure 3.2) can
be sources of back-reflected light into the interferometer.
It has been computed that the OPO is the main source of back-scattered light
inside the squeezer box [76]. However, the installation of three Faraday isolators,
with each an isolation factor of 40dB, between the squeezer box and the Virgo
interferometer was enough to reduce the level of back-scattered light by more than
a factor ten below Virgo sensitivity. This factor ten being the standard tolerated
level of technical noises at Virgo.

• Dust particles located on optical components and hit by the beam will be source
of scattered light. Therefore the squeezer components were installed inside a closed
box.
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Figure 4.1: Virgo sensitivity with and without a beam dump on the ESQB with a poor squeezer
alignment and controls not optimized

However, optical components required for the squeezed light injection were also
likely to be affected by dust particles. It has been found out during commissioning
activities that a lot of dust was present both on optical components as well as on
the viewport installed at the vacuum interface between the SDB1 and the ESQB.
After a careful cleaning of these components, a Plexiglas enclosure has been installed
above the ESQB to prevent dust particles. In addition, an airflow was used during
each commissioning activities requiring to open this Plexiglas enclosure such that
dust particles would be pushed outside this enclosure.
The careful cleaning and Plexiglas enclosure should mitigate back-scattered light
due to this effect.

• Another possible source of back-scattered light into the interferometer is a mis-
aligned beam hitting optical mounts. Again, since the three Faraday isolators are
installed on the ESQB, it can be expected that only components between the FI3
and the SDB1 might induce such spurious light. This include both Cam Far and
Cam Near, crystal and polarizer of FI3, SM1 and SM2 and the SDB1 viewport.
If a beam hits one of these components mounts, any mechanical resonance of this
component mount can imprint an excess of noise at the component mechanical
resonance frequency. To limit this effect, ESQB has been installed inside an acoustic
enclosure which should isolate the ESQB and the components installed on it from
the acoustic noise. Furthermore, the ESQB optical bench is installed on a rigid
steel frame mounted on elastomer pads to limit the seismic motions that could
excite mechanical resonances.

The last item from this list, namely scattered light due to optical component mechanical
resonance, was particularly troublesome. The next sections will present the activities
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performed to mitigate its effect on the Virgo sensitivity.

Shaking and tapping tests measurement

Figure 4.1 highlighted some possible effects that can be induced by scattered light from the
squeezer optics. The peaks present in this figure might be due to a spurious beam hitting
an optical component which mechanical resonance couples to an optical path difference.
Therefore, this effect can be mitigated by finding the mechanical resonance frequency of
optical components on the squeezed beam path.

Because in normal conditions the ground seismic activities are too low to excite all the
ESQB mechanical resonances, shaking and tapping of the ESQB optical bench and com-
ponents have been performed. This allows indeed to excite these mechanical resonances
and ease their detections.

The ESQB optical breadboard was shaken by hand in its short and long directions. Three
ultra low frequency seismic accelerometers Wilcoxon Research model 731-207 have been
installed on ESQB which sense acceleration noise in every degree of freedom. They are
labeled in the following ’X axis’ which senses acceleration noise in the short direction of
ESQB (ie parallel to the Faraday isolators chain), ’Y axis’ for the vertical direction and
’Z axis’ for the long direction of ESQB.

The ESQB optical components mechanical resonances have been excited using the ICP
Impulse Force Test Hammer model 086C01. This hammer provides a broadband nearly-
constant force and was used in every degrees of freedom close to the tested optical com-
ponent.

The ICP mini accelerometer model 352C68 was mounted on each tested component.
Since it weights only two grams, it should not affect the weight distribution of the tested
component and therefore allows to not distort its mechanical resonance frequencies. It
will be named ’Mini Acc’ in the following sections.

The ESQB mechanical resonances analysis

First, the ESQB mechanical resonances have been measured.

Figure 4.2 shows the resulting acceleration noises sensed by X, Y and Z accelerometers
from top to bottom plots while applying excitations along the X and Z directions. On
each plot, the gray curve represent the quiet reference spectrum, the blue curve the X
excitation spectrum and red curve the Z excitation spectrum between 1 and 1000 Hz. The
FFT used to compute these spectra has a 0.15Hz precision.

From this figure, several peaks that are not present in the quiet reference spectrum appear.
They correspond to mechanical resonances of the ESQB that are excited by the shaking
of the bench.

It can also be seen that for some frequencies, peaks are present both in reference spectrum
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Figure 4.2: Shaking tests performed on the ESQB

and excited spectrum. This means that the excitation has no impact on the acceleration
noise at this particular frequency. This could be due to another source of excitation (eg
the airflow which is always turned on during commissioning activities in the detection
lab) or another component mechanical resonance.

In order to extract the mechanical resonances of the ESQB, the mean spectrum of all
sensor for each excitation has been computed.

First, the peaks due to the 50Hz of the power grid and its harmonics may appear on
some spectra and spoil the analysis. Therefore, for all frequencies close to 50 Hz and
its harmonics (where the ’closeness’ is estimated using modulo of the frequency with
respect to 50 Hz, eg. between 49.59 Hz and 50.35Hz for the 50Hz line), the spectrum
values have been replaced by constant value. This frequency window to remove the 50
Hz harmonics was empirically chosen in order to remove all the harmonics. The constant
value replacing the 50 Hz harmonics is taken at the last frequency which has a non-null
modulo with respect to the lowest frequency of the frequency window (eg 49.43Hz for the
50Hz case).

Then, a sliding mean filter has been applied to the reference and excitations spectra. In
order to keep low-frequency information while smoothing the high-frequency data, the
number of points used in the mean computation depends on the frequency f as f

11 and
f
1 for the excited and reference spectra respectively. The reference spectrum is smoother
than the excited one in order to remove spurious excitations present in it. For example, as
the commissioning activities require to use an airflow, a permanent excitation is present
even in the reference spectrum. Finally, the smoothing is performed three times to avoid
discontinuities in the smoothed spectra.

The smoothed reference spectrum defines hereafter the background spectrum. Although
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this procedure distorts the peak height, it will not change the peak location, and can
therefore be used to extract each peak frequency. Then, the peak heights in the excitation
spectra are compared to the background level to extract a SNR of each peak. As the
smoothing is distorting the peak height, the non-smoothed spectrum levels at each peak
frequency are used to estimate this SNR. Finally, only peaks with SNR above 9 are kept.

This analysis is presented in figure 4.3. The reference, X and Z excitation spectra are
respectively the gray, blue and red semi-transparent curves. The plain curves represent
the smoothed spectra. Each black dot represent a mechanical resonance with SNR above
9. While their frequencies correspond to the frequencies of the mechanical resonances,
their heights correspond to the smoothed spectra for better visualization

Figure 4.3: Shaking tests on ESQB. Each black dot represents a mechanical resonance

Finally, all mechanical resonances frequencies and SNR are summarized table 4.1.

At low frequency, several mechanical resonances appear to have been detected. But many
of them correspond to harmonics of lower frequency mechanical resonances. The 2.44,
3.51, 3.81, 4.73 and 5.95 Hz are harmonics of the 1.22Hz within the 0.15Hz precision of
the FFT. This 1.22 Hz was expected to appear from the design of the ESQB optical table
and corresponds to a mechanical resonance of this table along the Z directions. The fact
that the mechanical resonance is also detected on the X directions could hint that the
hand-made excitation along each direction was in practice exciting a combination of both
the short and long directions of the ESQB.
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The ESQB optical components analysis

In the following, the tapping and shaking tests results of other ESQB optical components
are presented. The same analysis as for the ESQB. However, another accelerometer
labelled ’Mini Acc’ was also installed on each tested optical element such that it senses
acceleration noise in the direction parallel to the incident beam direction of the tested
component.

The SDB1 viewport pipe

The SDB1 viewport pipe by which the squeezed beam is injected into the interferometer
has also been tested with an X excitation which is parallel to the incident beam direction.
The frequency window for the smoothing is f

12 . As the SDB1 viewport pipe reference
spectrum exhibits several peaks, the background level was estimated by using a sliding
median filter with a window of f

2 . This allows to extract a background level less sensitive
to peaks with respect to a mean filter.

Here, the subtraction of all 50Hz lines is also quite visible when comparing the raw and
smoothed data.

Figure 4.4: Tapping tests on SDB1 viewport pipe. Each black dot represent a mechanical
resonance

As can be seen in figure 4.4, only two mechanical resonances with q SNR above 9 have
been found.
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The steering mirrors

SM1 and SM2 are installed on identical mount so it can be expected that they share the
same mechanical resonances. On the other hand, their holders or mounts might have been
installed differently which could lead to some distortions of their mechanical resonances.
However, there was not enough space to perform the measurement on the SM1. Therefore
only one steering mirror has been tested. This is a critical test to do as stray-light is highly
sensitive to these steering mirrors motions. This test consisted of excitations along the
X, Y and Z directions (similar to the following components).

SM2 being the last component on the ESQB, it is the most affected by the SDB1 motions
relative to the ESQB. Indeed, a misalignment between the interferometer and the ESQB
leads directly to a motion of the interferometer beam on the SM2. Since the SM2 is used
to steer the beam position, the beam should always be on the same position on the SM1
(but might have a different incidence angle that is corrected by the SM1). Furthermore
both SM1 and SM2 are 1” optics installed on mount with 23mm clear aperture with
beams incident at 45◦ on both of them. These two effects could make the SM2 a critical
source of back-scattered light into the interferometer.

As can be seen in figure 4.5, two broadband excitations are present in the excited spectrum.
In order to well represent these excitations, a median filter with small windows has been
applied. They are respectively f

32 and f
6 for the excited and reference spectra. Indeed

these smaller windows allow to detect peak on the shoulder of these two main excitations.

Figure 4.5: Tapping tests on SM mount. Each black dot represents a mechanical resonance
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The Faraday isolator

The Faraday isolators chain should prevent scattered light from the squeezer box to be
injected back into the interferometer. However FI3, which is the first Faraday isolator
that the interferometer beam will encounter, can itself be a source of back-scattered light
into the interferometer. The amount of spurious light coming from the interferometer
can be reduced by properly tuning the SDB1 Faraday isolator wave-plate leading to
approximately 500µW on the ESQB. The FI3 is constituted by several components that
have been tested independently. The results are presented below.

The polarizer mount The FI3 polarizer is the first element of the FI3 hitted by the
interferometer spurious beam. It has a size of 25mm × 55mm with a 10mm thick-
ness.
In a similar fashion to the steering mirrors analysis, a median filter with a small
smoothing windows has been chosen. The windows are respectively f

40 and f
3 for the

excited and reference spectra. The results are presented in figure 4.6. The polarizer
mount main mechanical resonances are located around 45, 70 and 300 Hertz.

Figure 4.6: Tapping tests on FI3 polarizer mount. Each black dot represents a mechanical
resonance

The polarizer mount base The FI3 polarizer mount base has been also tested and the
results are presented in figure 4.7. Due to space constraints, only an X excitation
could be performed.
The excited spectrum used a f

12 window and the background a f
2 window to apply
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a median filter. The polarizer mount base exhibits only few mechanical resonances
around 300 Hertz compared to the other components.

Figure 4.7: Tapping tests on FI3 polarizer mount base. Each black dot represents a mechanical
resonance

The crystal mount Finally the FI3 crystal mount has been tested with results pre-
sented in figure 4.8. The crystal is a cylinders of 13mm diameter and 18mm thick-
ness.
A median filter with window of respectively f

26 and f
4 were applied for the excited

and reference spectra. The crystal mount exhibits the most mechanical resonances
with and SNR above 9 in all the tested components. These mechanical resonances
are especially located between 40 and 70 Hertz as well as between 80 and 300 Hertz.

The Cameras

The two cameras Cam Far and Cam Near can also be a source of stray-light for the
interferometer as they sense the interferometer beam reflection from FI3.

Similar to the Steering Mirrors, they are identical and installed in identical mounts.
Therefore, data of tapping tests performed on both cameras have been analyzed together.

Many 50Hz are visible in the raw signals and removed before the analysis as previously
presented. A median filter with respective windows f

20 and f
5 for the excited and reference

spectra was applied.
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Figure 4.8: Tapping tests on FI3 crystal mount. Each black dot represents a mechanical
resonance

It can be seen in figure 4.9, that 2 mechanical resonances are detected around 27Hz. As
the frequency difference is so small between the peaks due to different mechanical excita-
tions, it can be assumed that they actually correspond to the same mechanical resonance.
This brings a limit to the precision with which the mechanical resonance frequency is
estimated at the order of ±0.8Hz. This precision is given by the two mechanical reso-
nance frequencies difference. The frequency of this mechanical resonance has then been
estimated as the mean of these frequencies.

All results of the tapping tests are summarized in table 4.1. We can recall here that
the excited spectra were less smoothed than the background spectrum to insure that
spurious excitations present even in the reference spectrum are not introducing bias in
the measurement. A possible important source of excitation is the airflow turned on
during the measurement.

Frequency [Hz] SNR Component

1.2 35.50 ESQB

2.4 42.79 ESQB

2.6 62.94 ESQB

3.5 55.38 ESQB

Continued on Next Page
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Frequency [Hz] SNR Component

3.8 76.18 ESQB

4.7 43.66 ESQB

5.0 44.59 ESQB

5.8 25.88 ESQB

6.4 35.66 ESQB

6.7 24.16 ESQB

8.5 29.34 ESQB

12.8 76.38 ESQB

13.0 9.56 SDB1 viewport pipe

20.9 29.28 ESQB

21.4 19.53 ESQB

27.2 16.81 Camera

31.9 10.90 FI3 Crystal

33.0 10.90 FI3 Crystal

38.5 9.31 Steering Mirror

42.6 9.14 FI3 Polarizer

43.0 38.25 Steering Mirror

44.0 14.36 FI3 Crystal

45.8 17.38 Steering Mirror

46.5 42.06 FI3 Polarizer

46.7 16.19 FI3 Crystal

47.6 11.75 Steering Mirror

51.0 21.53 FI3 Crystal

53.4 15.70 FI3 Crystal

56.5 9.58 FI3 Crystal

59.2 10.00 FI3 Crystal

60.3 9.55 SDB1 viewport pipe

63.6 21.67 Camera

64.8 11.40 FI3 Crystal

Continued on Next Page
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Frequency [Hz] SNR Component

66.5 28.01 Camera

72.3 23.14 FI3 Crystal

72.5 41.86 FI3 Polarizer

73.5 57.86 Camera

74.9 10.72 FI3 Polarizer

92.8 18.59 Camera

95.4 10.04 FI3 Polarizer

108.5 12.89 FI3 Crystal

122.7 9.08 Camera

124.5 11.07 FI3 Crystal

126.5 10.57 FI3 Polarizer

136.0 11.06 Steering Mirror

137.6 12.01 Camera

144.3 12.86 Camera

147.9 30.41 FI3 Polarizer

148.5 9.88 FI3 Polarizer Base

152.0 75.47 Steering Mirror

156.3 10.10 FI3 Crystal

159.9 10.25 Steering Mirror

160.2 11.53 FI3 Crystal

161.4 13.09 FI3 Polarizer

166.5 14.32 Steering Mirror

176.1 22.61 FI3 Crystal

177.5 16.51 FI3 Polarizer

182.9 19.70 FI3 Crystal

187.2 11.78 FI3 Polarizer

204.3 26.55 FI3 Polarizer

207.8 25.61 FI3 Crystal

214.5 19.75 FI3 Crystal

Continued on Next Page
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Frequency [Hz] SNR Component

230.4 13.34 FI3 Crystal

236.8 10.82 FI3 Crystal

242.3 12.04 FI3 Crystal

257.1 13.89 FI3 Polarizer

258.0 10.38 FI3 Polarizer Base

269.3 15.11 FI3 Polarizer

269.9 16.17 FI3 Crystal

276.9 34.75 FI3 Polarizer

278.3 32.73 FI3 Crystal

279.4 11.42 FI3 Polarizer Base

287.9 32.14 FI3 Crystal

289.0 36.21 FI3 Polarizer

291.3 13.11 Camera

304.9 40.46 FI3 Polarizer

307.5 12.29 FI3 Polarizer Base

311.7 112.99 FI3 Polarizer

314.9 37.54 FI3 Crystal

341.6 21.10 FI3 Crystal

341.8 10.44 Camera

363.0 9.65 FI3 Crystal

403.1 12.70 Camera

432.0 29.23 Camera

460.4 10.71 ESQB

548.7 9.80 Camera

651.1 9.03 Steering Mirror

685.0 14.20 Steering Mirror

747.1 38.74 FI3 Crystal

748.9 13.26 Camera

749.4 10.81 FI3 Polarizer

Continued on Next Page
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Frequency [Hz] SNR Component

782.8 12.55 Steering Mirror

788.4 25.05 ESQB

846.6 15.27 ESQB

867.9 9.08 FI3 Polarizer

897.1 9.15 Steering Mirror

950.6 15.85 ESQB

Table 4.1: Mechanical resonances of the ESQB components with a SNR above 9 with respect
to a quiet reference spectrum. The frequency precision is ± 0.45Hz

4.2.2 Mechanical resonances and Virgo sensitivity

Following these tests, the airflow has been accidentally been left on inside the squeezer
enclosure causing a broadband excitation of its mechanical resonances. This had a clear
effect on the sensitivity as presented in figure 4.10.

However, by comparing the excitations in this figure to the mechanical resonances of the
ESQB components, these data can be used to find which of the previously found mechan-
ical resonances are critical for the sensitivity. For instance, it can be seen that several are
matching the FI3 Crystal mechanical resonances, polarizer and steering mirrors. Indeed,
using an infra-red viewer, the beam was found out to be hitting the mounts of SM1 and
FI3 polarizer while a spurious beam was hitting Cam Near mount. After a careful realign-
ment, making sure that the beam was well centered on all optics and that no spurious
beam was present, the degradation of the interferometer sensitivity due to back-scattered
light on ESQB disappeared.

Later on, during the O3 run, some suspect structures appeared again in the sensitivity
spectrum. By comparing these structures peak frequencies to the ESQB mechanical reso-
nances frequencies of table 4.1, it was again possible to incriminate the same components.
This highlighted the fact that the scattered light coming from the ESQB is highly sensitive
to the relative alignment between the ESQB and the interferometer.

For the O4 run, it is foreseen to replace the steering mirrors SM1 and SM2 by 2 inches
aperture optics. Also, the FI3 crystal and polarizer might be replaced by larger aperture
ones. However, the Faraday isolators will be installed on suspended optical benches under
vacuum which will decrease the coupling between environmental noises and mechanical
resonances.
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Figure 4.9: Tapping tests on both Cam Far and Cam Near mounts. Each black dot represents
a mechanical resonance

Figure 4.10: Effects of airflow inside the squeezer enclosure on the interferometer sensitivity
with poor squeezer alignment conditions
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4.3 The shot-noise decrease

This section presents the improvement of the Virgo sensitivity when injecting frequency-
independent squeezed vacuum states.

As already presented before, it is possible to accurately control the phase between the
squeezed vacuum quadrature and the interferometer readout quadrature. This means
that it is possible to inject squeezing and anti-squeezing by tuning this phase. For the
O3 run, the shot-noise limits the high frequency sensitivity while the radiation-pressure
noise is hidden under technical noises, the goal of the squeezing injection is to reduce the
shot-noise level while limiting the radiation-pressure noise increase in order to not spoil
the low-frequency sensitivity.

Following the scattered light mitigation activities, it was possible to observe the improve-
ment on the interferometer sensitivity thanks to the squeezing injection accompanied by
a BNS range improvement. This improvement has been summarized in [82].

Figure 4.11: Virgo sensitivity without squeezing (blue), with squeezing (red) and anti-
squeezing (yellow) injected from the detection port. This measurement was performed with
4.4 mW of OPO green pump power in February 2019

By comparing the sensitivities with and without the squeezing injection which correspond
respectively to the red and blue traces in figure 4.11, it is possible to see an improvement of
the sensitivity down to ∼ 80Hz. This observation is coherent with the Standard Quantum
Limit frequency (fSQL) of the Virgo interferometer which is given by :

fSQL = 1
2π

8
c

√
Parm ω0

m TIM
= 72Hz (4.1)

using parameters in the table ??.
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Parameter Symbol Value

Arm circulating power Parm 95 kW ± 5kW

Arm mirror mass m 42 kg

Input Mirror Transmittance TIM 1.37 %

Carrier frequency ω0 1.77 1015rad/s

On the other hand, comparing the anti-squeezing injected sensitivity with no squeezing
sensitivity, the degradation of the shot-noise is clearly visible at high-frequency. As ex-
pected, no improvement of the sensitivity at low-frequency due to the radiation-pressure
noise reduction is visible.

From such figure, it is also possible to estimate the improvement on the BNS and BBH
ranges.

Using a GWINC [75] built-in function which computes the BNS and BBH ranges as
described in [83], it is possible to compute the range improvement. From figure 4.11, we
get an improvement on the BNS range of 1Mpc and an improvement on the BBH range
of 12Mpc. At the time of the measurement, the BNS and BBH ranges without squeezing
injection were respectively 42 Mpc and 435 Mpc or equivalently to an improvement of 8%
and 9% for respectively the BNS and BBH detection rates.

This level of improvement was obtained with 4.4 mW of OPO green pump power. How-
ever, in the case of frequency-independent squeezing injection, there is an optimal level
of OPO green pump power.

On one hand, too low green pump power will lead to a minor improvement of the shot-
noise and therefore the detector sensitivity. On the other hand, too high green pump
power will lead to a deterioration of the radiation-pressure noise up to the point where
there is a broadband degradation of Virgo sensitivity below hundred Hertz. As this is the
range where most of the BBH and BNS signals happen, this will badly affect both their
detection rates.

This is one of the reason why various levels of green pump power were tested to find the
optimum configuration. This test also allows to extract many useful informations for the
squeezing system integration at Virgo as it will be presented in the next sections.

4.3.1 Characterization of the squeezing performances

In order to measure the level of squeezing and anti-squeezing, the Band Root Mean Square
(BRMS) of the sensitivity between 2650 Hz and 3140 Hz has been used. This frequency
range is used for two reasons. First it is at high enough frequency to be only limited
by shot-noise. This means that any changes in this frequency range is mainly due to
effects on the shot-noise. Finally, this frequency range presents also the advantage to not
contain any frequency lines used to calibrate the detector. This avoids any distortion on
the BRMS value.
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(a) The effects of the squeezing and anti-
squeezing injection on the sensitivity between
2640Hz and 3140Hz (b) The coherent control phase

Figure 4.12: Squeezing and anti-squeezing effects on the sensitivity between 2640Hz and
3140Hz while changing the coherent control phase. This measurement was performed with 4.4
mW of OPO green pump power

Following the usual convention, the squeezing level can be expressed in decibels as

RL,θ̃
± [dB] = 10 log10

(
BRMSV±

BRMSNOSQZ

)
(4.2)

Figure 4.12 presents the effect of variations of the coherent control demodulation phase
on the level of this high-frequency BRMS expressed in dB :

First, a reference level is obtained by taking data with the squeezer shutter closed (or
equivalently without the squeezing injection) as represented by the black line. This level
acts as the normalization level to estimate the (anti-)squeezing effect in dB. This reference
level is used to compute the sensitivity without squeezing (blue curve) of figure 4.11.

Then, a scan of the coherent control demodulation phase is performed (green window).
Note the shape of the squeezing exhibits the behavior described in section 3.4.2. By fitting
the effect on the BRMS, it is possible to extract the highest and lowest levels which
corresponds respectively to the measured anti-squeezing and squeezing. In this figure,
there was 6.7dB and -2.9dB of respectively measured anti-squeezing and squeezing. From
the fit, it is also possible to extract the Coherent Control (CC) demodulation phase which
corresponds to (anti-)squeezing.

Finally, data are acquired for these phases and it is possible to extract (anti-)squeezing
data. For instance, the red curve of figure 4.11) corresponds to the squeezing injection
represented by the red curve in figure 4.12.

4.3.2 Degradation budget

The previous two sections presented how to estimate the (anti-)squeezing level from its
effect on the sensitivity.

As presented in figure 2.12, optical losses and phase noise degrade the measured level
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of (anti-)squeezing1 However, it is possible to disentangle these two mechanisms since
their effects change with the level of injected (anti-)squeezing. In particular optical losses
limit especially low-level of injected (anti-)squeezing while phase noise limits especially
high-level of injected (anti-)squeezing. This is expressed in equation 2.66.

First we can see that by varying the OPO pump power Ppump, it is possible to change the
level of injected (anti-)squeezing. This means that if we measure the levels of squeezing
and anti-squeezing at the output of the interferometer we can probe the optical losses
and phase noise. However, the level of injected (anti-) squeezing is also dependent on the
OPO threshold power Pthr which adds an uncertainty on the estimation of optical losses
and phase noise.

In order to more precisely estimate the optical losses and phase noise, it is then preferable
to compute the measured squeezing as a function of measured anti-squeezing. This will
remove the dependency on the OPO threshold power.

This measurement has been performed twice in February and May 2019. Indeed, in
between these two dates, many commissioning activities have been performed to improve
the Virgo sensitivity for the O3 run. Related to the squeezing, the main effect was the
change of B1 photodiodes for higher quantum efficiency ones, which should translates into
lower optical losses.

These two measurements are presented in figure 4.13. Experimental data correspond
to the dotted points. They corresponds to the measured levels of squeezing and anti-
squeezing at the interferometer output for a given level of green pump power into the
OPO. The error-bars correspond to the standard deviation of the measurement.

The fitting uncertainties were estimated using a one sigma confidence interval.

Figure 4.13: Fitting of squeezing as a function of anti-squeezing for February and May 2019
scan of the OPO green pump power. The shaded areas correspond to the one sigma uncertainties
on the fit

For the February measurement (45± 1) % of optical losses and (55± 7) mrad of phase
noise is found. While for the May measurement (40± 2) % of optical losses and (52± 30)

1Note that the classical phase noise also participate to the optical losses through their equivalent losses
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mrad of phase noise is measured.

The main difference between these two measurements comes from the improvement of the
optical losses.

For the May measurement, it was not possible to inject the highest OPO green pump
power as in February. As a consequence, the phase noise is far less constrained in the fit
(as its effect increases with the level of produced squeezing).

To better quantify these differences, optical losses and phase noise possible origins have
been studied.

The optical losses

Optical losses have been grouped into two categories depending on their location with
respect to the interferometer :

• all optical losses between the squeezer and the interferometer are called injection
losses.

• all optical losses between the interferometer and the B1 photodiodes are called
readout losses.

This distinction is useful when trying to estimate their levels as the detection losses will
affect the shot-noise even without the squeezing injection.

The optical losses estimation is presented in table 4.2. From this table we can see that
there are various origins for optical losses.

First, non-perfect highly-reflective or anti-reflective coatings can be a source of losses.
The corresponding values in the table are either coming from measurements for critical
components (eg telescope lenses on the SDB1, optical window,...) or an estimate of the
value was used (eg steering mirrors on the ESQB have a good polishing quality so a
conservative value of 100 ppm of losses per reflection on such mirror was used).

Then, the non-perfect matching between either the squeezed beam or the OMC with
the interferometer is inducing losses. They have been measured with only the NI mirror
aligned. This is called the cold state as there is no power in the arm cavities. However,
during the steady state operation ∼ 100kW is circulating inside the arm cavities. This
creates thermal deformation of both the arm mirrors thickness and surface curvature
meaning that the arm mirrors effective radius of curvature is changed. This means that
the interferometer beam parameters are different between the matching measurements
and the steady state operation.

A measurement of the matching between the OMC and the interferometer has been per-
formed with the interferometer in nominal condition which showed an increase of 1% of
the matching losses due to the thermal effects inside the arm cavities.

Table 4.2 shows the squeezing injection and detection losses estimated as the product of
the efficiency of each component interacting with the squeezed beam. As precised on the
reference column, some of the optical components have been characterized at LMA while
other have been measured on the detector or on other experiments. The interferometer
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losses have been estimated from the GWINC model of the detector by computing the
degradation of high frequency squeezing without injection or readout optical losses and
without phase noise. The interferometer losses are mainly coming from the BS losses
(1510 ppm).

By comparing the optical losses derived from the optical properties of the component seen
by the squeezed beam from table 4.2 and the optical losses derived from the OPO green
pump power scan (extracted from figure 4.13), we can see that there are still 26 % of
unknown optical losses.

A part of this unknown losses could come from the fact that this table refers to the best
measured (or estimated) values of losses. Especially, the mode-matching between the
squeezed beam and the OMC is estimated in single bounce meaning that it could differ
in normal interferometer conditions. It has been estimated that the losses in this normal
conditions could rise to 8%. Also, the various Faraday isolators losses are estimated from
[77] where thermal control was present. Without such thermal control, as it is the case
for the O3 run, the Faraday isolators losses could rise to 2.5%.

Taking into account these degradations leads to 27.6% of optical losses. Despite this
change, there is still an important part of the optical losses which origin is not described.
As presented in the next section, a possible explanation could be technical noises that
induces equivalent shot noise at the B1 photodiodes while not being decreased by the
squeezing injection.

The technical noises

From the previous sections, it can be seen that the level of optical losses directly measured
with the injection of squeezing or anti-squeezing is larger than the level of optical losses
deduced from the optical properties of components encountered by the squeezed beam.
The difference between the two values could be explained by technical noises below the
shot-noise. They can indeed limit the shot-noise improvement when injecting squeezing
which can mimic the effect of optical losses for the squeezing injection.

To estimate this effect, a high-frequency noise budget for the February and May 2019
measurements has been computed. This has been performed using GWINC [75] and
applying the following steps :

First, the interferometer parameters that affect the shot-noise have been tuned to repro-
duce the conditions of the two measurements. Most of these parameters were extracted
from the GWINC configuration file for the nominal Virgo operation during the O3 run

The input power

The input power has been set to 18.4 ± 1 W as measured during the each mea-
surement. The input power uncertainty is coming from uncertainty on the various
coating reflectivities and photodiode quantum efficiency uncertainties.

The round-trip losses
The arm cavity round-trip losses has been set to 80 ppm so that the interferometer
PR gain is similar to the measured one (36± 0.2). This PR gain can be measured
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Source Value Reference

OPO escape efficiency 0.99 [40]

Squeezer box Faraday isolator 0.98 [40]

ESQB Faraday isolator [3 passes] 0.9269 [77]

Squeezer and interferometer matching 0.95 [82]

Alignment jitter 0.99 [82]

SDB1 Faraday isolator 0.975 [77]

All lenses on the path 0.9998 Mesured at LMA

All mirrors on the path 0.9999 Mesured at LMA

SDB1 viewport window 0.9999 Mesured at LMA

Injection efficiency 0.8325

Injection Losses 0.1675

OMC coupling 0.975 [39]

OMC intra-cavity 0.98 [39]

OMC and interferometer coupling 0.97 [82]

SDB1 pick-off 0.985 [82]

SDB1 Faraday isolator 0.992 [77]

B1 quantum efficiency 0.99 [61]

All mirrors on path 0.999 Conservative estimation

SDB1-SDB2 Window 0.9992 Mesured at LMA

All lenses on path 0.9982 Mesured at LMA

Readout efficiency 0.8794

Readout losses 0.1206

Interferometer efficiency 0.989

Interferometer losses 0.011

Total efficiency 0.7241

Total losses 0.2759

Table 4.2: Optical efficiencies and losses for components seen by the squeezed beam from
measurements. Best values are indicated. The interferometer losses are extracted from GWINC
modelisation
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by comparing the arm circulating power with the PR cavity aligned and locked or
with the PR cavity misaligned and not locked. The PR gain corresponds to the ratio
of these two powers. The PR gain is measured with a good precision as it can be
deduced from a relative measurement of the arm circulating power; thus removing
the systematical uncertainty of the measurement system.

The finesse
The arm cavity finesse has been set to 465 ± 5 as measured during the calibration
measurements.

The shot noise is then only dependent on the detection efficiency. As the high-frequency
sensitivity is the quadratic sum of shot-noise and technical noises, it means that by esti-
mating the level of technical noises it is possible to estimate the detection efficiency.

There are several noises that affect the high-frequency sensitivity :

The B1 photodiodes dark noise

The dark noise refers to the noise induced by the current flowing inside the photodiodes
even when no light hits it (hence the name). This current implies that part of the signal
detected by the B1 photodiodes is independent from the shot noise and therefore can not
be reduced by the squeezing injection. The dark noise can therefore be considered equiv-
alent to optical losses. It can be computed by looking at the high-frequency spectrum of
the B1 photodiodes with their shutters closed. It was measured to be 11 · 10−9mW/

√
Hz

in February and 7 · 10−9mW/
√
Hz in May 2019.

The B1 photodiodes flicker noise

Another noise arising from the B1 photodiodes is the flicker noise. This noise was es-
timated by computing the spectrum of the difference between the two B1 photodiodes
which is expected to contain only non common noises (electronic noise and shot noise).
In addition to the dark noise and shot noise exhibiting a white spectrum, a noise with
a 1

f
dependency appeared in the noise PSD. This frequency behavior is typical of the

flicker noise. This measurement allowed to extract its values : it was measured to be
37√
f/40

· 10−9mW/
√
Hz in May (ie with the high quantum efficiency B1 photodiodes) and

a third of it in February. This noise was removed in January 2020 by changing the B1
photodiodes pre-amplifiers.

The contrast defect

If there is a mismatch in geometrical properties of the two beams recombining at the BS
(eg due to asymmetry of the two arms reflectivity or arm test-masses RoC), a spurious
beam arises from the non-perfect destructive interferences. This effect (introduced in
section 1.3.2) is called Contrast Defect (CD) and induces on the interferometer readout a
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field that is responsible for part of the shot noise. This spurious shot noise is not reduced
by the squeezing injection (as it does not arise from the vacuum fluctuations entering from
the interferometer dark port) and therefore is equivalent to optical losses for the squeezing
injection. By varying the dark-fringe offset, it is possible to extract the contrast defect
power which was estimated as (±30) µW during the O3a run (ie with 18 W of input
power) and (260± 60) µW during the O3b run (ie with 26 W of input power).

All these technical noises can then be converted into equivalent strain and compared to
the shot noise level.

All the technical noises previously introduced, namely the levels of B1 dark noise, flicker
noise and contrast defect can be expressed in strain using the simple pole approximation of
the transfer function of the differential arm motions. As the arm cavities optical gain (OG)
is computed from the B1_DC channel which is half of the power on the B1 photodiodes,
the optical gain used in this transfer function has to be multiplied by two.

This gives the transfer function between the B1 power and the strain displacement as

h = 2OG
L

· 1
1 + ( f

fp
)2

(4.3)

where f is the frequency, L the arm cavity length and fp is the arm cavities pole.

In additions to these technical noises, there are two other important technical noises at
high-frequency to take into account :

The 56 MHz Relative Intensity Noise (RIN) and the frequency noise

The Virgo main laser frequency noise and 56MHz sideband RIN are two noises that are
subtracted when computing the interferometer strain sensitivity. These noises can indeed
be measured by two monitoring photodiodes, respectively the quadrature in-phase of the
B2 signal demodulated at 8 MHz and the B1s1 signal demodulated at 56 MHz.

The subtraction of these noises is performed using the coherence between theses signals
and the strain sensitivity. For the frequencies were the coherence is larger than 0.4, the
corresponding noise is subtracted from the strain sensitivity. This also implies that the
residual contributions of these noises to the strain sensitivity can be computed using their
coherences. Especially, the square-root of the coherence < PD,HREC > between the pho-
todiode channel (PD) used to subtract these noises with the reconstructed gravitational
wave amplitude HREC during the detector calibration gives directly their contribution to
the sensitivity hn as

hn =
√
< PD,HREC >·HREC (4.4)

These coherences have been measured during both the February and May measurements.

The combination of technical noises
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Finally, all the technical noises from the above list have been represented in figure 4.14
by the thin lines with their quadratic sum represented by the thick blue curve. For both
the February and May measurements, the measured high frequency strain sensitivity
should match the estimated strain sensitivity which is the quadratic sum of the quantum
and technical noises. Any remaining discrepancy should arise from the interferometer
detection efficiency, meaning that overlapping the estimated and measured high frequency
strain sensitivity will provide a measurement of it. This method gives ηF = (0.65± 0.11)
and ηM = (0.7± 0.12) for respectively February and May. The uncertainty is driven by
the error on the parameters and from the HREC amplitude uncertainty .

As already stated, the main change between February and May for the detection system
was the change of the B1 photodiodes for high quantum efficiency ones. From the esti-
mated change on this quantum efficiency, a 1.1 factor of improvement on the detection
efficiency can be expected between the two measurements. This is in good agreement
with the estimated improvement : ηM/ηF = 1.08.

The effects of the technical noises on the measurement of the squeezing level can be
converted into equivalent optical losses Leq as described in section ??. Indeed, the SNR
between the technical noises and the shot noise 2 gives directly access to the level of
equivalent losses as [55][84]

Łeq =
( 1
SNR

)2
(4.5)

This gives 13 % and 15 % of equivalent optical losses (or 87% and 85% of efficiency) for
February and May 2019 respectively. As the May 2019 corresponds to the interferometer
condition used for the O3 run, the May 2019 measurement are used by default in the
following.

Computing the product of the efficiency from table 4.2 to the one coming from technical
noises gives a total losses of 34.7 % and 38.2 % for the best measured and estimated
degraded parameters respectively.

This is in good agreement with the 40 % total losses extracted from the squeezing and
anti-squeezing injection presented in figure 4.13.

The phase noise

As presented in figure 2.11, phase noise can spoil the squeezing injection by mixing squeez-
ing with anti-squeezing.

There are three main sources of phase noise.

• First, the OPO can add phase noise to the produced squeezing. For example vari-
ations of the OPO crystal length or temperature as well as a frequency shift of the
OPO green pump power can shift the frequency of the generated squeezing causing
frequency noise.

2here the SNR is computed from the amplitude spectral density of these noises
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(a) February 2019

(b) May 2019

Figure 4.14: The high-frequency noise budget without squeezing injected during the February
and May 2019 measurements
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The AEI squeezer has been characterized following its installation in Virgo giving
3.5mrad of residual phase noise [40].

• Another source of phase noise is the residual phase from the control scheme. This
level has already been presented in sections 3.4.1 and 3.4.2. Note that part of the
PLL phase noise is attenuated by the coherent control. As this section used the
PLL phase noise, it means that the resulting phase noise is an upper limit of its
actual value.

• Finally, the phase noise of the interferometer output field might introduce phase
noise for the squeezing. Indeed, the interferometer output field, EB1, is used as
a Local Oscillator for the squeezing measurement. This field is composed of the
interferometer main field as well as fields due to the interferometer contrast defect
or control sidebands. An amplitude modulations of these two last fields that could
arise from any length fluctuations along their optical paths can translate into phase
modulation.
In order to understand how the combination of these fields can induce phase noise,
it is useful to use the phasor picture that was introduced in section sec:phasor.
First, the principal field at the interferometer output is the one due to the dark
fringe offset and contain the gravitational wave signal. It is labeled EDF and is used
as the reference for the rotating frame.
In addition to this field, and as introduced in section 1.3.2, the interferometer con-
trast defect is responsible for a field ECD that is in opposition of phase with the
interferometer main field. This means that any amplitude fluctuations of ECD is
equivalent to phase fluctuations on the interferometer output field EB1.
Furthermore, the interferometer control sidebands fields ESB, that are in phase with
the interferometer main field as they are circulating inside the arm cavities generates
similar effects.
The origin of this phase noise is graphically represented in figure 4.15 where the
interferometer output field EB1 is decomposed over its components. This represen-
tation can be used to understand the phase noise sources affecting EB1. Indeed,
the phase noise of this field can be understood as fluctuations affecting this field
orthogonally to the direction of the vector EB1.
The phase noise θ̃ due to these two effects can be expressed as in [65] and [64]:

θ̃ =

√√√√PSBPCD
P 2
DF

+ dP 2
SB

8PSBPDF
(4.6)

with PSB the average power in each sideband, dPSB the power difference between
sidebands, PCD the contrast defect power and PDF the dark-fringe offset power
(where all the power are measured at the B1 photodiodes). Also, as only one 56
MHz sideband is transmitted by the OMCs, there is a factor 2 difference with [65].

The table 4.3 summarizes the various known sources of phase noise and the phase fluctu-
ations rms they induce. The total phase fluctuations rms is extracted by performing the
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EDF

ECD

ESB

EB1

Figure 4.15: Graphical representation of the interferometer output field detected at the B1
photodiodes. Inspired from [64] where more details are available

Noise source Phase fluctuations rms [mrad]

Squeezer 5

PLL int 23.94

PLL ext 16.32

Coherent control 18

Interferometer output field 20

Total phase noise 40

Table 4.3: Known sources of residual phase noise

quadratic sums of all known phase fluctuations rms leading to 40 mrad of phase fluctua-
tions rms. Note that this value corresponds to an upper limit of the actual phase noise
level as the phase noise introduced at low frequency by the two PLL is suppressed by the
Coherent Control.

This is coherent with the phase noise extracted from the squeezing and anti-squeezing
measurement while varying the OPO green pump power. However, due to limitations of
the reachable level of green pump power, there is a large uncertainty on this measurement
(52± 30) mrad. In February 2019, larger amount of phase noise with smaller uncertainty
where measured (55± 7) mrad as larger pump power level were injected. The discrepancy
between this measurement and the total presented in this section might arise from the
residual phase noise at higher frequency than could be measured (limited due to the
spectrum analyzer bandwidth).

Reducing the residual levels of phase noise due to the phase control loops is a promising
way to reduce the overall phase noise.
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4.3.3 Conclusion

This section has presented the effect of the squeezing injection at the Virgo detector. This
leads to an improvement of the sensitivity of up to 2 Mpc on the BNS range corresponding
of up to 15 % improvement on the BNS event detection rate.

The measurement campaigns of February and May 2019 also allowed to characterize the
squeezing total optical losses and phase noise. For the O3 run, the optical losses were
(40± 2) % and phase noise (52± 30) mrad.

They are in good agreement with the expected values of optical losses and phase noise.

4.4 The radiation-pressure increase

During both February and May 2019 measurements, higher levels of green pump powers
have been injected into the OPO compared to the nominal situation during O3. Therefore
it was also possible to inject high-level of anti-squeezing. This section reports the first
measurement of radiation pressure noise increase at Virgo [85] which was also observed
at a similar time at the LIGO detectors [86].

This measurement is of particular interest for gravitational waves detectors as it demon-
strates the two aspects of quantum noise due to both the amplitude and phase quantum
fluctuations of the vacuum states entering from the interferometer dark port [87] [68] [69].

While shot noise and the effect of squeezing on it has been observed from more than
a decade ago, the radiation pressure noise due to amplitude fluctuations of the vacuum
state entering from an interferometer dark port has been more elusive. This is because,
at low-frequency where the radiation-pressure noise is dominating the quantum noise,
several other noises (Brownian thermal noise, scattered light and various technical noises)
are present and hide this radiation pressure noise.

In a more general manner, it was the first time that this effect has been observed on 40
kg-scale objects. Indeed, the radiation pressure noise is competing with the Brownian
thermal noise of the tested object. So far, the radiation pressure noise could only be
studied with light mass object used (to enhance the radiation pressure noise effect) in
cryogenic environment (to decrease the Brownian thermal noise). The first demonstration
was performed using ng-scale object cooled down to mK regime [88].

Since the interferometric gravitational wave detectors have been designed to be sensitive
to BNS and BBH gravitational wave signals, their peak sensitivity is below a few hundreds
Hertz. They are particularly suited to detect effects from radiation-pressure noise as they
are sensitive to atto-metter differential arm motions.

4.4.1 Virgo quantum noise model

During February and May 2019 measurements, it was possible to see an increase of the
Virgo sensitivity at low-frequency. The goal of the analysis presented in this section is to
find if this increase was due to the enhancement of the vacuum state amplitude fluctuations
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and therefore if the increase of the Virgo sensitivity at low-frequency corresponds to an
increase of the radiation pressure noise.

During the February 2019 measurements, there was a high seismic activity which increased
a lot the scattered-light noise. Figure 4.16 shows the typical scattered-light arches on
the Virgo sensitivity spectrum. The data used for this plot span over roughly 12 h
(corresponding to the data taking time of the February measurements). In this figure,
no squeezing was injected meaning that the scattered light originated from another part
of the Virgo detector. However, this was particularly troublesome as the low-frequency
spectrum could not be used in the analysis and the Virgo sensitivity spectrum worsening
due to scattered-light could mimic an increase due to the anti-squeezing injection.

Figure 4.16: Evolution of the Virgo low-frequency sensitivity spectrum during the 12 h dura-
tion of the February 2019 measurement. The typical arches due to scattered light are visible

In order to disentangle the effects of the squeezing injection from the effects of classical
noises (eg the scattered-light noise) on the sensitivity, it is first required to build a quantum
noise model that can accurately describe the action of the squeezing injection on the Virgo
sensitivity Sh = Sq + Sclass where Sq and Sclass are respectively the quantum noise and
classical noises PSD.

While the section 2.3 described the effect of the frequency independent squeezing injection
on the quantum noise of an ideal interferometer (ie no losses arising inside the interfer-
ometer), we need now to include these losses. Indeed, such losses might affect differently
the squeezing or the anti squeezing performances.

The quantum noise without frequency independent squeezing injection and interferometer
losses can be described as [67] 3:

Snosqzq =
h2
sql

2

[
ε̃+ εdet
K

+ ε

2K +
(

1− ε̃

2

)]
·
[
K + 1

K

]
(4.7)

3here εdet corresponds to the εOT of [67] to keep the same notations throughout this manuscript
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Symbol 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

ηd Detection efficiency 0.65 ±0.12 → 0.7 ±0.12

ηsqz Squeezing path total efficiency 0.55 ±0.01 → 0.60 ±0.02

Table 4.4: Virgo quantum noise parameters during February and May measurements. The
improvement on the two efficiencies comes mainly from the change of the B1 photodiodes for
higher-quantum efficiency ones

where K and h2
sql were derived in chapter 3 and ε is the arm cavity losses that depends

on the arm cavity round-trip losses εrt and the arm transmission Titm as :

ε = 2εrt
Titm

(4.8)

ε̃ = 2ε
1 + ( f

fp
)2

= 2ε· g (4.9)

where g is the optical response of the interferometer.

Using αr = 1 + ε
(

1
2 − g

)
and αs = ε̃

2 + 1 + εdet ∼ εg + 1
ηdet

, equation 4.7 can be rewritten
as

Snosqzq =
h2
sql

2 ·
[
αrK + αs

K

]
= αsSSN + αrSRPN (4.10)

The shot noise (SN) and radiation pressure noise (RPN) terms can be computed from
table 4.4 using

SSN (f) = 1
(4F)2 · π~λc

PinGPR

· 1
g(f) ;

SRPN (f) =
(4F
M

)2
· ~PinGPR

π5λc
· g(f)

f 4 (4.11)

4

4One can note that in the high frequency limit, K, g → 0 and equation 4.7 becomes :Snosqzq ∼
h2

sql

2ηd
· 1

K = SSN

ηd
which is the shot noise in presence of detection losses
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The quantum noise with losses and squeezing injection is expressed as [67] :

Sq(f,R, θ) = Snosqzq ·
[

cosh 2R− cos 2(Φ− θ) sinh 2R
]

(4.12)

where the squeezing injection efficiency ηinj influences the squeezing with :

e±2R = 1± ηinj
4x

(1∓ x)2 (4.13)

and R and θ are respectively the squeezing factor and angle, x is the OPO non-linear gain
and Φ = arccot (K)

Following some trigonometrical transformations gives :

Sq(f, θ, x) = αS(f)SSN(f)
{

1 + β(f)
αS(f) [Aθ(x)− 1]

}
+ (4.14)

+ αR(f)SRPN(f)
{

1 + β(f)
αR(f) [Aθ(x+ pi/2)− 1]

}
+

+ β(f)[Aθ−π/4(x)−Aθ+π/4(x)]
√
SSN(f)SRPN(f)

where Aθ is the squeezing enhancement factor defined as :

Aθ(x) = 1− 4x
(
< cos2 θ >

(1 + x)2 −
< sin2 θ >

(1− x)2

)
(4.15)

with the bracket indicating averages over the squeezing angle fluctuations and β = [1 −
εg]ηi
This model allows a generic description of the quantum noise as it covers squeezing in-
jection with any phase between the vacuum squeezed quadrature and the interferometer
readout quadrature as well as no squeezing injection in presence of losses.

4.4.2 Experimental results

Assuming that all noises are time-stationary, the difference between Virgo sensitivity PSD
with squeezing injected and without squeezing injected Sdiff(f, θ, x) is expressed as :

Sdiff(f, θ, x) = (Sq(f, θ, x) + Sclass)− (Sq(f, 0, 0) + Sclass) =
= β(f){SSN(f)[Aθ(x)− 1] + SRPN(f)[Aθ+π/2(x)− 1]} (4.16)

where the cross-correlation term, i.e. the third line of equation (4.14), has been omitted
for simplicity, as it is not relevant if the squeezing angle is a multiple of π/2.
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Equation 4.16 shows that Sdiff(f, θ, x) depends only on the quantum noise and the squeez-
ing enhancement factor as long as the classical noises can be assumed to be constant over
the two measurements and not affected by the squeezing injection. Note that following
figure 4.16, the time-stationarity can only be assumed over ∼30 Hz. The high level of
optical isolation with the three Faraday isolators chain satisfies the second condition.
Therefore, this equation can be used to probe quantum effects on the sensitivity.

Figure 4.17: Fits used to estimate the squeezing enhancement factor Aπ
2
. The blue and red

curves correspond respectively to Sasqzdiff and Ssqzdiff . The dotted black line and dashed black line
corresponds to low-frequency fit of Sdiff with phase squeezing injection using respectively ARPNπ

2

and ASNπ
2

The phase squeezing and amplitude squeezing corresponds respectively to a squeezing
angle of θ = π

2 and θ = 0. The effect of both squeezing and anti-squeezing injection
depends only on the same enhancement factors A0(x) and Aπ

2
(x). Furthermore, the

increase of the low-frequency sensitivity when injecting squeezing is equal to the high-
frequency sensitivity increase when injecting anti-squeezing. This relationship has been
checked for every level of OPO non-linear strength x.

The analysis of the anti-squeezing injection will be presented before the (similar) analysis
of the squeezing injection.

To estimate if ASNπ
2

(x) = Aπ
2
(x), a fit of Sdiff(f, θ = π

2 , x) has been performed between 1
kHz and 3.5 kHz. This threshold of 1 kHz allows to use data at high enough frequency
to not be affected by the radiation-pressure noise nor by the A0(x) value. In order to
remove too large peaks present in the sensitivity, a one-sigma threshold between adjacent
points has been applied to these data.

The fit output corresponds to the dotted black curve. Using this ASNπ
2

(x) parameter, it is
also possible to fit the low-frequency spectrum of Sdiff(f, θ = 0, x).

An identical analysis was performed when injecting squeezing but this time looking at
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the low-frequency sensitivity spectrum. The frequency window was chosen to be between
33 Hz and 48 Hz for the February 2019 measurement and between 28 Hz and 48 Hz
for the May 2019 measurement. The difference between the low-frequency threshold
for the February and May 2019 measurements is due to the scattered light present in
February that spoiled too low frequency (as shown in figure 4.16). This fit output gives
the parameter ARPNπ

2
(x) as represented by the dashed black curve.

This analysis have been repeated for February and May 2019 measurements allowing to
compare the values of ASNπ

2
(x) and ARPNπ

2
(x) from an OPO green power of 2.3 mW to 9

mW.

Data
Fit
Model

Figure 4.18: Linear fit of ARPNπ
2

versus ASNπ
2

. The dark curve corresponds to the squeezing
enhancement model and the blue curve to the linear fit of the data

This is represented in figure 4.18. Each red point corresponds to a different value of
OPO non-linear strength. Their error bars come from the one-sigma uncertainty in the fit
output represented by the black curves presented in figure 4.17. The highest data point
corresponds to the highest level of injected squeezing (more than 13.7 dB). Removing the
effects of high-frequency technical noises, it was possible to infer more than 5.5 dB of
squeezing level which is the highest level of inferred squeezing observed at Virgo output.
The dark curve shows the expected dependency between ASNπ

2
(x) and ARPNπ

2
(x) which

is expected to be linear. The dark shaded area comes from the quantum noise model
uncertainty. This gives a prediction of :

ARPNπ
2

= 1.0 ·ASNπ
2
± 0.2 (4.17)

Fitting ARPNπ
2

against ASNπ
2

using a first-order polynomial gives

ALFπ
2

= (1.1± 0.1) ·AHFπ
2
− (0.9± 1.5) (4.18)

As we can see, the fit of ARPNπ
2

against ASNπ
2

is consistent with the quantum noise uncer-
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tainty. The reduced χ2 of this linear fit is 2.8 but drops to 1.4 when adding to ARPNπ
2

the
variance of the un-squeezed reference spectrum in the 30-70 Hz range (which is slightly
affected by the non time-stationnarity of low-frequency technical noises).

This measurement confirms the observation of radiation-pressure noise enhancement with
the squeezing injection.

4.4.3 Conclusion

This section showed the first measurement of radiation-pressure noise enhancement when
injecting squeezing in a gravitational wave detector and more generally for kg-scale ob-
jects. This exhibits the need for frequency-dependent squeezing to further reduce the
quantum noise.

Furthermore, during this measurement, we injected up to 13.7 dB of squeezing into Virgo
interferometer. Removing the effects of high-frequency technical noises, it was also possi-
ble to infer more than 5.5 dB of squeezing at Virgo readout.

4.5 The O3 performances

Frequency-independent squeezing has been injected into the Virgo interferometer during
the one-year long O3 run. This section will present the performances of the squeezing
system throughout the O3 run.

After six months of observation LIGO and Virgo collaboration agreed to perform a month-
long break in October 2019. At Virgo, this time was spent by increasing the input
laser power from 18 W to 26 W, reducing the effects of scattered light, investigating the
infamous flat noise. In practice, this divided the O3 run into the O3a and O3b runs.

Relative to the squeezing system, the increase of the input power affects the quantum
noise. It means that the O3a and O3b runs had to be studied separately.

4.5.1 Median squeezing level

Since the squeezing level is estimated by comparing the 2650-3140 Hz strain sensitivity
BRMS level with and without squeezing, it means that it is not possible to directly
this value during O3a as squeezing was always injected and therefore no data without
squeezing injection were available.

In order to extract a reference level representative of the shot-noise level without squeezing,
one can use the fact that the arm cavities optical gain level is proportional to the shot-
noise level. Fitting the BRMS value as a function of the arm cavities optical gain will
therefore give a way to estimate the shot-noise level without squeezing as a function of
the BRMS value.

This estimation has been performed using all of the O3a data with various conditions to
only use reasonable data (ie only using data with the interferometer in good operation).
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These conditions are :

• The interferometer is in nominal observing conditions without squeezing being in-
jected.

• The interferometer is in science, calibration or locked mode with the calibration
down or in states where it doesn’t affect the high-frequency sensitivity. It is inter-
esting to add the calibration period as, since September 2019, 15 minutes of data
were acquired during the weekly calibration of the interferometer with the interfer-
ometer in nominal conditions without squeezing injected.

• Since the laser frequency is stabilized on the arm cavities common mode, the fluctu-
ations of this common mode induce laser frequency noise. The laser frequency noise
is mainly affecting the high-frequency sensitivity which can spoil the quantum noise
measurement. It is therefore required to select period when this common mode fluc-
tuations is not too high. The coupling of the common mode to the laser frequency
is characterized by the Common Mode Rejection Factor (CMRF). Empirically, the
periods with CMRF below 2.3 · 10−5 have been selected.

• The BNS range is over 60 % of the maximal BNS range during the period studied.
This is especially useful to only keep commissioning period with good interferometer
conditions.

The selected data are presented in figure 4.19 with their linear fit which gives the reference
level as a function of the arm cavities optical gain OG as

reference = −1, 822.10−30.OG+ 7, 093.10−21 (4.19)

Figure 4.19: 2650-3140 Hz BRMS as a function of the arm cavities optical gain during O3a.
The data were selected during period with the interferometer locked with a good CMRF
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The squeezing level can then be estimated as :

R−[dB] = 10.log10

(
BRMS

reference

)
(4.20)

where BRMS corresponds to the 2650-3140 Hz Hrec BRMS.

As already stated, the O3b run was performed with the increase of Virgo input laser
power from 18 W to 26 W. This means that the calibration of the reference shot-noise
level used to estimate the level of squeezing throughout the O3b run had to be performed
again.

Furthermore, the DARM offset has been reduced from 2 mW per B1 photodiodes to 1 mW
in December 6th 2019 in order to reduce the effects of B1 photodiodes flicker noise. This
lowered DARM offset has been kept until the change of B1 photodiodes in January 28th

2020 that removed their flicker noise. These activities impacted the squeezing reference
level and required to be analyzed separately.

These new reference levels are presented in figure 4.20. They allow to compute the level
of squeezing during the entire O3b run.

The median level of squeezing averaged every hour is represented by the black trace in
figure 4.21.

In this figure we can see that on average less squeezing was injected during O3b than
during O3a.

This behavior can be explained by looking at the squeezer performances, meaning looking
at the level of squeezing produced by the squeezer.

During the O3 run, phase scans have been performed allowing to extract squeezing and
anti-squeezing levels. As the anti-squeezing is far less sensitive to optical losses or phase
noise than the squeezing, the anti-squeezing can be used as a marker for the squeezer
performances. The results of the phase scans performed during the O3 run are presented
in figure 4.22. It can be seen that the anti-squeezing (blue dot) are slowly decreasing
throughout the O3 run. This indicates a possible degradation of the squeezer due to this
one-year long operation. Similar behavior was also observed at the GEO600 detector
requiring to replace the OPO crystal.

Another possible explanation comes from the increase of the Virgo input laser power.
Indeed, this increase leads to a decrease of the shot noise. Therefore, the shot-noise level
is getting closer to other noises that are independent of the input laser power. Regarding
the squeezing injection, the increase of the input laser power is equivalent to an increase
of the level of technical noises (that are independent from the input laser power). This
appears in figure 4.21 where the squeezing level decrease after the October commissioning
break.



4.5. THE O3 PERFORMANCES 121

(a) Reference level from the beginning of O3b to
the decrease of the DARM offset.

(b) Reference level from the decrease of the
DARM offset to the change of the B1 photodi-
odes.

(c) Reference level from the change of the B1
photodiodes to the end of O3b.

Figure 4.20: 2650-3140 Hz BRMS as a function of the arm cavities optical gain during O3b.
The data were selected during period with the interferometer in nominal conditions without
squeezing injected, a good CMRF and a good BNS range

4.5.2 Duty cycle

We can compare how much of the science time was spent with the squeezing injected.
During O3a, 98.6 % of the science time was spent with squeezing injected. This duty cycle
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Figure 4.21: Median level of frequency-independent squeezing detected at the Advanced Virgo
detector readout. The squeezing level has been averaged every hour. No data of the October
commissioning break separating O3a and O3b are represented. Also, the period without data
in O3a corresponds to the period with only one B1 photodiode

Figure 4.22: Squeezing and anti-squeezing measured while performing several phase scans
during the O3 run

gives information about the squeezing performances in science (or observation) mode.
This duty cycle might be slightly overestimated as it might hide some breaking of the
science operation due to the squeezer itself.

Another estimation of the squeezing duty cycle could be to compare the time spent with
the interferometer in nominal condition and squeezing injected and the O3a duration.
Virgo was in normal operation with squeezing injected during 74 % of the O3a duration.
This duty cycle gives information about the overall Virgo performances as well as the
duration over which the squeezer was used.
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During O3b, 96.2 % of the science time was spent with squeezing injected. The squeezing
was injected during a slightly shorter duration in O3b with respect to O3a. This might
be because during winter time, the higher seismic activities caused several misalignment
of the squeezer with respect to the Advanced Virgo detector. Furthermore there had been
troubles with the humidity control of the detection lab where the squeezer is installed
inducing issues with the squeezer internal alignment and forcing to turning it off.

Virgo was in normal operation with squeezing injected during 73 % of the O3b duration.

4.6 Conclusion

This chapter presented the impact of the frequency-independent squeezing injection to
Virgo sensitivity and therefore its BNS and BBH ranges. The performances of this injec-
tion have also been characterized before and during the O3 run.

Measurements performed before the O3 run allowed to measure the highest level of injected
squeezing into the Virgo detector, the highest level of inferred squeezing at Virgo readout
as well as the first observation of radiation-pressure enhancement at Virgo.

This observation highlights the need for the frequency-dependent squeezing injection to
improve Virgo sensitivity across its entire spectrum.
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5.1 Introduction

The previous chapters have presented how the frequency-independent squeezing has been
injected at Virgo during the O3 run. During these activities, the first observation of the
radiation-pressure noise increase due to the frequency-independent squeezing injection
has also been observed. This demonstrated the need for frequency-dependent squeezing
to further improve Virgo sensitivity.
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This chapter presents the sensitivity improvement of the Advanced Virgo + detector when
injecting frequency-dependent squeezing. Especially, the performances of a realistic Filter
Cavity are derived. And this allows to derive the Filter Cavity length choice.

5.2 From Advanced Virgo to Advanced Virgo+

From the end of the O3 run, the Advanced Virgo detector has entered in an important
phase of upgrade towards the Advanced Virgo+ detector. These upgrades planned up
to the O5 run should bring the Advanced Virgo+ sensitivity close to the maximal one
allowed by the site infrastructure.

These upgrades are divided into two phases Advanced Virgo+ phase I up to the O4 run
(around mid 2022 to mid 2023) and Advanced Virgo+ phase II from the end of the O4
run to the O5 run (around mid 2025 to mid 2026). Indeed, the aim of the transition from
Advanced Virgo to Advanced Virgo+ consists of a broadband reduction of the quantum
noise (Advanced Virgo+ phase I) before a thermal noise reduction (Advanced Virgo+
phase II).

The simulations presented in this chapter are using the Matlab GWINC code [75] which
requires as input the interferometer parameters. These simulations assumed for both O4
and O5 runs a pessimistic and optimistic scenario that, later on, are respectively labeled
high and low (corresponding to high and low strain sensitivity).

5.2.1 The phase I : lowering the quantum noise

During the O3 run, the Advanced Virgo detector reached a BNS range of 60 Mpc with
frequency-independent squeezing injected during the entire O3 run duration. This injec-
tion of frequency-independent squeezing allowed to decrease the shot-noise by up to 2.7
dB ( meaning that the radiation-pressure noise increased by the same amount ).

From the O4 run, the so-called Advanced Virgo+ Phase I, several upgrades are planned
to reshape and reduce the quantum noise.

Input power increase

In order to further decrease the shot-noise, the Advanced Virgo+ detector input power
will increase to 40 W for the O4 run. Note that this input power is similar to the ones in
the LIGO detectors during the O3 run (LIGO Hanford : 35 W and LIGO Livingston : 40
W). This power increase was anticipated during the O3 commissioning break of October
2019 when the Advanced Virgo detector input power was increased from 18 W to 26 W.

Going from 26 W to 40 W means that there will a reduction of 24% of the shot-noise
(and similar increase of the radiation-pressure noise).

As presented in figure 5.1, the increase of the interferometer input power decreases the
shot-noise while increasing the radiation pressure noise proportionally to the square root
of the input power.
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Figure 5.1: Virgo quantum noise while varying its input power

Since the radiation pressure noise is not yet limiting the low-frequency sensitivity, the
increase of the input power will improve Virgo BNS range.

The Advanced Virgo+ detector input power choice was driven by technical considera-
tions. Especially, it has been decided to not go to higher input laser power in order
to decrease the commissioning time required to control a high input power interferome-
ter. For instance, further increasing the input power means both higher probability of
parametric instabilities and more thermal deformations of the test-masses that make the
interferometer lock acquisition more complex.

For the O5 run, it is foreseen to further increase the input power to 60 W. The input
laser power foreseen for the O4 and O5 low and high scenarii are presented in table 5.1.

Scenario O3 O4 O5 high O5 low

Input power [W] 18 → 26 40 60 80

Table 5.1: Virgo main laser input power

The Signal Recycling mirror installation

Initially planned during the Advanced Virgo period, the SR mirror will be installed during
the Advanced Virgo+ phase I.

As already presented in section 1.3.3 the addition of the SR mirror to the Advanced
Virgo+ detector reshapes the quantum noise as shown in figure 5.2. It can be seen that
there is a trade-off in the SR transmittance choice between a better sensitivity around
100 Hz where most of the BNS SNR is expected versus a broader sensitivity.
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Figure 5.2: Virgo quantum noise while varying the SR mirror transmittance

Since the beam size inside the arm cavity will change between the O4 and O5 runs (see
next section for more details), the SR mirror will also have to be changed between these
two runs. The SR transmittance has therefore been optimized for the O4 run (ie phase
I).

The choice of the SR transmittance was driven by the BBH, BNS and supernovae [89]
ranges . Indeed, the combination of these three figures of merit allows to probe the entire
sensitivity spectrum of Advanced Virgo+.

Also, this choice has been made using both frequency-independent (corresponding to the
O4 high scenario) and frequency-dependent squeezing injection (corresponding to the O4
low scenario). As the low frequency technical noise could hide the benefit from the SR
installation, it has also been taken into account in the choice of the SR transmission.

Finally, a SR transmittance of 0.4 ensures to reach more than 98% of the maximal BNS
range for both frequency-independent squeezing and frequency-dependent squeezing with
and without low-frequency technical noise while not decreasing too much the supernovae
range. The low-frequency technical noise level were estimated from its value during the
O3 run. This noise is modeled as α· fβ with f being the frequency. The α and β values
for the O4 and O5 high and low scenarii are presented table 5.2.

The frequency-dependent squeezing injection

Another upgrade planned for the Advanced Virgo+ phase I is the injection of frequency-
dependent squeezed vacuum states through the detector dark-port instead of the frequency-
independent squeezed vacuum states injected during the O3 run.

Indeed, the performances of the frequency-independent squeezing are limited by the degra-
dation of the radiation pressure noise : Since most of the BNS and BBH signals are located
at low-frequencies, the increase of the radiation pressure noise affects more these ranges
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Scenario O3 O4 high O4 low and O5 high O5 low

α
√

2 3.1 · 10−17 3.1 · 10−17 1.4 · 10−17 0

β -4

Table 5.2: Virgo low-frequency technical noise estimation for the O3 run as well as the esti-
mation for the O4 and O5 high and low scenarii. The noise is expressed in equivalent strain as
α· fβ

than the shot noise decrease.

However, as already introduced in section 2.3, the injection of frequency-dependent squeez-
ing is able to reduce the quantum noise over the entire sensitivity of gravitational wave in-
terferometer. Figure 5.3 compares the quantum noise without squeezing, with frequency-
independent squeezing injection and with frequency-dependent squeezing injection. Last
chapter already presented how optical losses and phase noise affected the squeezing injec-
tion during the O3 run.

As a reminder, despite the fact that the squeezer is able to generate up to 13.7 dB of
squeezing (as measured in February 2019), only 6 dB to 8 dB of squeezing were generated
for the O3 run in order to improve the BNS and BBH ranges [82].

Section 5.3.3 will present the performances of a realistic Filter Cavity.

Figure 5.3: Virgo quantum noise with no squeezing, frequency-independent squeezing and
frequency-dependent squeezing injections without optical losses compared to the mirror coating
thermal noise
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5.2.2 The phase II : lowering the thermal noise

The mirror thermal noise is one of the limiting noise of the Advanced Virgo detector
sensitivity around 100 Hertz. Due to the broadband reduction of the quantum noise
during the Advanced Virgo+ phase I, the part of the sensitivity spectrum where the
thermal noise is limiting will also increase.

In order to reduce the thermal noise, the end test-masses will be changed for larger ones.
The end test-masses diameter becomes 55 cm, their thickness 20 cm and mass 105 kg.

Larger end-test masses allow for larger beams circulating inside the arm cavities. There-
fore, the coating Brownian noise of the test-masses will be reduced. Furthermore, the
suspension thermal noise is also reduced with heavier test-masses. This is also beneficial
for the radiation pressure noise that decreases with the mirror mass.

These two effects are represented in figure 5.4 where the coating noise and the quantum
noise are representing going from phase I to phase II arm cavity mirrors with other
interferometer parameters kept constant. During the phase II only the arm cavity end
mirror is larger and heavier. This is the chosen scenario for the O5 run in order to avoid
to deal with larger beam outside the arm cavities.

Figure 5.4: The Advanced Virgo+ coating thermal noise and quantum noise with phase I and
phase II arm cavity mirrors

5.2.3 Other upgrades

While the two previous sections presented the most important upgrades for the Advanced
Virgo+ detector, there will be also other upgrades that will improve the detector sensi-
tivity.
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• The Newtonian noise will become a limiting noise source at low-frequencies. In
Virgo, this noise arises mainly from the local seismic and acoustic fields.
The acoustic field can be reduced by decreasing the environmental noises such as the
vacuum system pump or the air conditioning system ventilation. The seismic field
can be reduced offline if one is able to estimate the seismic field fluctuations. Using
a 140 seismometers array inside Virgo main buildings, it is possible to measure the
seismic field and estimate its fluctuations.
Combining these two fields reduction, it should then be possible to decrease the
Newtonian noise by a factor 3 for the phase I and a factor 5 for the phase II with
respect to the O3 level [36].

• The detection systems will also undergo upgrades throughout these phases.
Related to the squeezing injection, the OMC will be changed from two cavities of
finesse 121 to one with finesse 1000. This will remove the optical losses due to the
second cavity. However, this means that the 7 MHz sidebands used for the coherent
control will be greatly attenuated by this new design. Therefore, the coherent control
is planned by either lowering the sidebands frequency to 4 MHz or to use the B1p
photodiode as a sensor for the coherent control error signal.
Furthermore, the B1 photodiode dark noise will be reduced to represent less than
1% of equivalent optical losses (compared to the 4% during the O3 run).

5.3 The Filter Cavity degradation mechanisms

As presented in section 2.2.4, optical losses and phase noise affect the performances of
the squeezing. This section describes the effects of optical losses and phase noise on the
frequency-dependent squeezing. This section is based on the model developed by Kwee
et al. [59].

5.3.1 The Filter Cavity round-trip losses

The frequency-dependent squeezing can be generated using a high-finesse detuned Fabry-
Perot cavity named a Filter Cavity.

Because of its high finesse and because squeezed vacuum states are highly sensitive to
optical losses, the Filter Cavity losses are playing a crucial role in the frequency-dependent
squeezing performances.

5.3.2 The optimal rotation

In section 2.3.3, it has been shown that a broadband reduction of the quantum noise is
achieved if

αp (Ω) = arctan (K (Ω)) (5.1)
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This condition means that in order to achieve a broadband reduction of the quantum
noise, the squeezing rotation αp(Ω) has to counter-act the opto-mechanical coupling of
the interferometer given by arctan(K(Ω)).

For a dual recycled interferometer with Fabry-Perot arm cavities, the opto-mechanical
coupling of the interferometer K can be approximated at low frequencies (where the
Filter Cavity is acting) by

K ∼
(

Ωsql

Ω

)2

with Ωsql = tSR
1− rSR

8
c

√
Parmω0

MTarm
= 2π· 43.6 Hz (5.2)

where tSR and rSR are the SR transmissivity and reflectivity, Parm is the circulating power
inside the arm cavities, Tarm the arm cavity input mirror power transmissivity, ω0 the
carrier field angular frequency andM the mirror mass. The value of the standard quantum
limit frequency is computed for the Advanced Virgo+ detector parameters presented in
table 5.3. As already presented, for the phase II the arm cavity end mirror are changed
for heavier ones. In that case, the mirror mass is computed as the mean of the mass of
the arm cavity input and end mirror : M = (m1 +m2) /2.

Parameter Symbol Value

Wavelength of the carrier field λ 1064 nm

Arm cavity length L 2998 m

Signal recycling cavity length LSR 24 m

Arm cavity half-width γarm 2π· 143.32 Hz

Arm cavity input mirror power transmissivity Tarm 0.0145

Signal recycling mirror power transmissivity t2SR 0.4

Arm circulating power Parm 190 kW [O4low] 390kW [O5low]

Mass of arm cavity input mirror m1 42 kg

Mass of arm cavity end mirror m2 42 kg [O4] 105kg [O5]

Table 5.3: Advanced Virgo parameters for O4 low and O5 low scenarii

Since the Filter Cavity has a high-finesse, the Filter Cavity Round-Trip Losses (RTL)
plays an important role when computing the squeezing angle rotation. Indeed, the RTL
represent the power lost at each round-trip of light inside the Filter Cavity. As the number
of round-trip increases with the Filter Cavity finesse, a high-finesse cavity is very sensitive
to RTL.

In this section, the optimal squeezing angle rotation is computed when taking into account
the Filter Cavity RTL.

Because the RTL are similar to a reduction of the Filter Cavity input mirror, both the
Filter Cavity bandwidth and detuning are changed. In presence of the round-trip losses,
they are expressed as
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γFC =
√

2
(2− ε)

√
1− ε

· Ωsql√
2

(5.3)

(5.4)
∆ωFC = γFC ·

√
1− ε (5.5)

Finally, ε is expressed as a function of Λ2
rt and the Filter Cavity free spectral range

fFSR = c
2LFC as [59]

ε = 4

2 +
√

2 + 2
√

1 +
( 2Ωsql
fFSRΛ2

rt

)4
(5.6)

Note that the lossless case can be computed by setting ε = 0.

It is then possible to explicitly compute αp which defines the squeezing rotation from
equation 5.10 in presence of Filter Cavity RTL [59] :

αp = arctan(K)

∼ arctan
(

(2− ε) γFC∆ωFC
(1− ε) γ2

FC −∆ω2
FC + Ω2

)
(5.7)

where the approximation holds for low losses Filter Cavity.

This shows that to achieve a broadband reduction of the quantum noise of an interfer-
ometer described by its opto-mechanical coupling K, it is required to use a the Filter
Cavity with a peculiar length LFC and finesse FFC . Their relationship is dependent on
the Filter Cavity RTL Λ2

rt.This implies that for a given level of RTL, there is an optimal
relationship between the Filter Cavity finesse and length given by

FFC = πc

2LFC
1
γFC

= πc

2LFC

√
(2− ε)

√
1− ε

2

√
2

Ωsql

(5.8)

This relationship is presented in figure 5.5 where the Filter Cavity RTL were supposed to
be 20 and 60 ppm. It is calculated for the phase I and phase II scenarii.

This figure shows that the Filter Cavity finesse decreases with its length with a linear
dependency above few hundred meters length. This is of particular interest as lower
finesse optical cavities are easier to realize and to operate than higher finesse one.

Another point is that with longer Filter Cavity, the influence of Filter Cavity RTL on the
optimal Filter Cavity finesse decreases. This is also of particular interest as a cavity RTL
can be easily spoiled by dust during its installation and commissioning.

Also, if the Filter Cavity RTL increase to the point where they reach the same order of
magnitude than the Filter Cavity input mirror transmission, they start to be the main
contributor to the Filter Cavity finesse value. This can be seen from the dashed lines in
figure 5.5 that corresponds to 60 ppm of Filter Cavity RTL : For Filter Cavity length at



134 CHAPTER 5. Filter Cavity design

Figure 5.5: Relationship between Filter Cavity finesse and length for the phase I and phase II
test-masses and assuming two values of Filter Cavity round-trip losses

the order of 10m that requires finesse at the order of 100 000 (without losses), the Filter
Cavity RTL are larger than the Filter Cavity input mirror transmissivity. This explains
the apparition of the plateau for small Filter Cavity length in figure 5.5.

The Filter Cavity transfer matrix with round-trip losses

The RTL can be assimilated by a decreased reflectivity of the input mirror. In that case
the approximated reflectivity of the input mirror given by equation 2.91 is changed to
account for the RTL by adding the Filter Cavity RTL to its input mirror transmissivity
as

r1r2 ∼ r1 ∼ 1− t21 + Λ2
rt

2 (5.9)

The Filter Cavity reflectivity is also changed as [59]

rFC (Ω) = 1− 2− ε
1 + iξ (Ω) (5.10)

where ε is a function of the round-trip losses

ε = 2Λ2
rt

t2+Λ2
rt

= cΛ2
rt

2LFCγFC
= fFSR

γFC
Λ2
rt (5.11)

where γFC is the Filter Cavity bandwidth, fFSR the Filter Cavity free spectral range and
LFC the Filter Cavity length.
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The actions of the Filter Cavity can be again derived following section 2.3.3. However,
because of the round-trip losses ρm 6= 0.

The Filter Cavity transfer function is expressed as in 2.3.3

TFC = 1
2

 r+ + r∗− i
(
r+ − r∗−

)
−i
(
r+ − r∗−

)
r+ + r∗−

 (5.12)

with

r± = (ρp ± ρm) ei(αp±αm) (5.13)

Combining these two equations gives

TFC = eiαm

 ρp cos(αp) + ρm sin(αp) ρp sin(αp) + iρm cos(αp)

−ρp sin(αp)− iρm cos(αp) ρp cos(αp) + ρm sin(αp)


= eiαmRαp

(
ρpI − iρmRπ/2

)
(5.14)

This shows that round-trip losses induces unbalanced reflectivities of the sidebands which
in turn combines squeezing with anti-squeezing.

5.3.3 The degradation mechanisms

In order to generate frequency-dependent squeezed vacuum states, the frequency-independent
squeezed vacuum states have to be propagated up to the Filter Cavity before reaching the
interferometer. This requires several optical components which can be source of losses for
the squeezed vacuum states that can each be modeled in the two-photons formalism by
their 2× 2 transfer matrix. Furthermore, the presence of optical losses can be assimilated
to the introduction of vacuum states that can co-propagate with the squeezed state.

It means that the performances of the frequency-dependent squeezing injection can be
understood by propagating several vacuum states through several optical components up
to the homodyne detector. This is represented in figure 5.6 where the vacuum states
propagate from the squeezer on the left to the photo-detector on the right. The photo-
detector uses the homodyne detector scheme described section 2.2.3. The local oscillator
beam corresponds to the interferometer readout beam.

There are three main vacuum fields to consider when dealing with losses. First, the
vacuum field ν1 incident on the squeezer that propagates to the Filter Cavity before being
injected into the Advanced Virgo+ interferometer and detected at its output. Then a
vacuum field ν2 that is injected by the injection losses ηinj and propagates towards the
interferometer and is detected at the interferometer output. Finally, a vacuum field ν3
that is injected by the detection losses ηdet and is detected at the photo-detector.

First, the vacuum field ν1 interacts with the squeezer described in section 2.1.4 by

TSQZ = Rφ ·Sσ ·R†φ (5.15)



136 CHAPTER 5. Filter Cavity design

Filter Cavity  fundamental mode

Filter Cavity  higher-order modes

Squeezer Interferometerv1

v2

v3
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inj

Local Oscillator

detector
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Figure 5.6: Model of the implementation of the frequency-dependent squeezing for the Ad-
vanced Virgo+ detector. Three vacuum fields propagate toward the photo-detector. The field
ν1 (red) passes through the squeezer and corresponds therefore to the squeezed field. The field
ν2 (blue) is introduced because of the injection optical losses. The field ν3 (green) is introduced
because of the readout losses. The gray boxes represent the main optical components used to
inject frequency-dependent squeezing into an interferometer as well as the homodyne detector
at its output required for the frequency-dependent squeezing measurement

For the O4 run, it is planned to use the AEI squeezer used during the O3 run that is able
to generate up to 14 dB of squeezing.

Several optical components, mainly steering mirrors, matching optics and Faraday iso-
lators, are required to inject this squeezed vacuum field into the Filter Cavity and the
interferometer. As there are no non-linear components and as their optical losses can
be considered frequency-independent, their action on the squeezed field can be expressed
by a single scalar Λ2

inj that regroups all the optical losses between the squeezer and the
interferometer at the exception of the Filter Cavity. By defining the injection efficiency
τinj =

√
1− Λ2

inj, they can be combined with the squeezer transfer matrix as :

Tinj = τinj ·Tsqz = τinj ·Rφ ·Sσ ·R†φ (5.16)

All the sources of injection losses are presented in table 5.4.

There are several changes planned between O3 and O5 runs. The squeezer box Faraday
isolator is replaced by a lower losses one [77]. 14 new mirrors are required to propagate
the squeezed beam to the Filter Cavity and back to the interferometer. Their respec-
tive losses were estimated at the conservative level of 100 ppm. The biggest unknown
concerns the value of mode-matching between the squeezed field and the interferome-
ter. But an improvement can be expected for the O4 run with the installation of the
new mode-matching telescope. For the O5 run, an active control of the mode-matching
should be implemented. This technique is based on the sensing of Laguerre-Gauss higher-
order modes that contains informations about the mode-mismatch. For the O5 run, an
adaptative wave-front correction system might be also implemented [90].

A realistic Filter Cavity will affect the incident squeezed field with three additional mech-
anisms with respect to a loss-less Filter Cavity.

As already discussed, the Filter Cavity RTL modify the Filter Cavity transfer matrix as
described by equation 5.14.

Another parameter that can affect the performances of the Filter Cavity is the mode-
matching between the squeezed beam and the Filter Cavity. Indeed, due to the high
finesse of the Filter Cavity, only the part of the squeezed beam that is on the Filter
Cavity fundamental mode has its phase modified by the Filter Cavity as described by
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Parameter O3 and O4 high O4 low O5

OPO escape efficiency 0.99 0.99 0.99

Squeezer box Faraday isolator 0.98 0.992 0.992

ESQB FI [3] 0.927 0.976 0.976

infra-red pick-off for sub-carrier - 0.994 0.994

All mirrors on the path 0.9988 0.998 0.998

SDB1 Faraday isolator 0.975 0.992 0.992

ESQB-SDB1 window 0.9958 0.9958 0.9958

Squeezer/Interferometer matching 0.95 0.97 0.99

All lenses on the path 0.9974 0.9974 0.9974

Injection efficiency 0.833 0.92 0.939

Injection Losses 0.167 0.08 0.061

Table 5.4: Injection optical losses from the O3 run to the O5 run. They are computed from
the product of the efficiency of the optical components from the squeezing source to the main
interferometer

equation 5.14. The part of the squeezed beam that is not coupled on the Filter Cavity
fundamental mode sees the cavity as a simple mirror and therefore bypasses the Filter
Cavity.

The detection of squeezed states is performed by a homodyne detector (presented in
section 2.2.3) where the squeezed beam beats with a local oscillator beam. It means that
the mode-mismatch between the squeezed beam and the local oscillator is also affecting
the squeezing performances.

The effect of these two sources of mode-mismatch can be described by expressing the
squeezed beam and the local oscillator beam in the orthogonal basis of spatial modes Un
such that

Usqz =
∞∑
n=0

an Un

Ulo =
∞∑
n=0

bn Un (5.17)

(5.18)

where an and bn are complex coefficients. It is convenient to use the basis where U0
corresponds to the Filter Cavity fundamental mode. The part of the squeezed beam
and local oscillator beam that are coupled to the Filter Cavity fundamental mode are
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expressed as

a0 =
√√√√1−

∞∑
n=1
|an|2

b0 =
√√√√1−

∞∑
n=1
|bn|2 (5.19)

The squeezed beam reflected by the Filter Cavity is therefore given by

U r
FC = rFC(Ω) a0U0 +

∞∑
n=1

anUn (5.20)

Finally, the field detected by the homodyne detector corresponds to the overlap between
the squeezed beam reflected by the Filter Cavity with the local oscillator beam. This is
given by

〈Ulo|U r
FC〉 = a0b

∗
0 +

∞∑
n=1

anb
∗
n = t00 rFC(Ω) + tmn (5.21)

In this equation, the complex parameter tmn describes the part of the squeezed beam that
is not matched to the Filter Cavity nor to the local oscillator beam or equivalently the
overlap between the mismatched part of the squeezed beam with the mismatched part of
the local oscillator beam.

This complex parameter tmn can be expressed as a phasor using tmn = |tmn|exp (i arg(tmn))).
In a similar fashion to the description of the Filter Cavity, the action of the mismatch is
described in the two-photons formalism by a rotation matrix

Tmn = |tmn|Rarg(tmn) (5.22)

This means that the mismatch is generating a frequency-dependent rotation of the squeezed
beam. Therefore, the mismatch is a source of frequency-dependent degradation for the
frequency-dependent squeezing generation.

From equation 5.19, the magnitude of the overlap between these two mismatched beams
is constrained by

|tmn| ≤
√

(1− a2
0) (1− b2

0) ≤ 1− t00 (5.23)

In practice, the mode-matching between the squeezed beam and the Filter Cavity a2
0 can

be easily measured. For instance this can be performed by using the BAB that is sensing
the squeezed beam geometrical properties as performed during the O3 run. On the other
hand, the mode-matching between the local oscillator beam and the Filter Cavity is not
easily measured. Indeed, the local oscillator beam is the interferometer beam that does
not interact with the Filter Cavity. However, it is easy to measure the mode-matching
c2

0 between the squeezed beam and the local oscillator at the photo-detector level. This
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allows to express the mode-matching between the local oscillator beam and the Filter
Cavity as [59]

b0 = a0c0 +
√

(1− a2
0) (1− c2

0)exp (i arg (tmn)) (5.24)

As the mode-matching is estimated using the power in the overlapped part of two beams,
the phase arg (tmn) is hard to estimate. In the following simulations, the conservative
choice of using arg (tmn) = π/2 (that corresponds to the maximum of equation 5.24) is
made.

Finally :

tmm = c0 − t00

t00 = a0 · b∗0 (5.25)

The action of a realistic Filter Cavity with RTL and non-perfect mode-matching is de-
scribed by

t00TFC + Tmn (5.26)

This vacuum field is injected into the interferometer which is described by the equation
2.82. Note that in this chapter, the interferometer is considered loss-less. This is valid as
the interferometer losses are small compared to the injection and readout losses.

Finally, the vacuum field is affected by the detection losses. The detection losses can be
treated in a similar manner to the injection losses. They can be gathered together using
their efficiency τdet =

√
1− Λ2

det.

Table 5.5 presents the estimated readout losses from the O3 run to the O5 run. As in table
5.4, the O4 high scenario corresponds to a pessimistic case where optical losses are higher
than for the O4 low scenario where optical losses are lower. Compared to the previous
chapter, the B1 photodiodes dark-noise has been taken into account as equivalent optical
losses. The upgrades between these two scenarii have been described in section 5.2.3.
Note that the effects of injection and detection losses has to be separated as they are
separated by components that mix the two quadrature of the propagating vacuum fields.

The propagation of this vacuum field from the squeezed to the homodyne detector is
therefore described by the following transfer matrix :

T1 = τdet ·TITF · (t00 ·TFC + Tmm) ·Tinj (5.27)

A second vacuum field ν2 is introduced by the injection losses before the Filter Cavity but
after the squeezer. Its interaction with the Filter Cavity is described by the sidebands
transmission coefficient defined in equation 5.21. The losses for this field can be described
in the two-photon formalism as the average of the lower and upper sidebands [59]. This
means that the propagation of this vacuum field is described by the transfer matrix :

T2 = τro ·TITF · Λ2 (5.28)
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Parameter O3 and O4 high O4low and O5

All lenses on path 0.997 0.997

SDB1 pick-off 0.985 0.9925

SDB1 Faraday isolator 0.975 0.992

All mirrors on path 0.999 0.999

OMC coupling 0.975 1

OMC intra-cavity 0.98 0.99

OMC-interferometer matching 0.97 0.985

SDB1-SDB2 window 0.99958 0.99958

Alignment jitter 0.99 0.99

B1 photodiode efficiency 0.99 0.99

Detection efficiency 0.880 0.927

Detection losses 0.120 0.073

Table 5.5: Detection losses foreseen for the O4 and O5 runs. They are computed from the
product of the efficiency of each component between the SR mirror and the B1 photodiode. The
optical losses of each mirror is based on a conservative estimate that each mirror has 100 ppm
of losses



5.3. THE FILTER CAVITY DEGRADATION MECHANISMS 141

where Λ2 depends on the sidebands transmissivity as

Λ2 =
√

1− |τ2(Ω)|2 + |τ2(−Ω)|2
2 (5.29)

The last vacuum field ν3 is introduced through the detection losses. The propagation of
this vacuum field is described by

T3 = τdet (5.30)

These three vacuum fields are incident on the homodyne detector. The quantum noise
detected by the homodyne detector is given by the beating between the vacuum fields
and the local oscillator beam which is defined by bζ = Alo (sin ζ , cos ζ). The single sided
PSD is then

N(ζ) =
3∑
i=1
|bζ ·Ti · νi|2 (5.31)

In equation 5.31, ζ represents the quadrature angle that is detected. As discussed in
section 2.2.4, the phase noise is a source of degradation for the squeezing performances.

The phase noise is taken into account by assuming fluctuations of the homodyne angle.
For low level of phase noise following a Gaussian distribution with a variance δζ, it is
possible to express its effect as :

δNζ = N(ζ + δζ) +N(ζ − δζ)
2 (5.32)

This equation describes the effect of frequency-independent phase noise similar to the
phase noise measured during the O3 run. It has been estimated at the level of 55 mrad.

In addition to this frequency-independent phase noise, the Filter Cavity length fluctuation
δL induces a frequency-dependent phase noise. Indeed, this length fluctuation will also
affect the Filter Cavity detuning which defines the squeezing angle frequency-dependent
rotation. This is expressed as :

δ∆ωFC = ω0

LFC
δLFC (5.33)

Finally, the squeezing level measured at the interferometer output can be computed by
normalizing it with the interferometer quantum noise without squeezing. This corresponds
to the equation 2.30.

The effects of these three vacuum fields on the frequency-dependent squeezing perfor-
mances can be decomposed through the five degradation mechanisms presented above.
Namely, the injection and detection losses, the Filter Cavity round-trip losses and length
fluctuations, the mode-mismatch between the squeezed field and the Filter Cavity, the
mode-mismatch between the squeezed field and the interferometer and the phase noise.
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Parameter O3 O4 high O4 low O5 high O5 low

Produced squeezing [dB] 8 8 12 12 12

Injection losses 0.167 0.167 0.08 0.06 0.06

Readout losses 0.12 0.12 0.07 0.07 0.07

Squeezed field-Filter Cavity mode-mismatch - - 0.03 0.01 0.01

Squeezed field-local oscillator mode-mismatch - - 0.03 0.01 0.01

Filter Cavity round-trip losses [ppm] - - 40 40 20

Filter Cavity length fluctuations [rms pm] - - 0.3 0.3 0.3

Frequency-independent phase-noise [rms mrad] 55 55 40 40 30

Table 5.6: Foreseen degradation parameters value for the O4 and O5 runs compared with the
values obtained from the frequency-independent squeezing injection during the O3 run. Both
the O3 and O4 high scenarii are using frequency-independent squeezing

In a similar manner to the observing scenarios for the O4 and O5 runs [50], the values
of the parameters responsible for frequency-dependent squeezing degradation have been
estimated for each run in a high and low configuration.

Table 5.6 shows the expected values of the parameters that affects the frequency-dependent
squeezing injection in the Advanced Virgo+ detector. This table allows to compute
the frequency-dependent squeezing degradation budget which corresponds to the level
of squeezing measured at the interferometer output. The injection and readout losses
and the frequency-independent phase noise are estimated from their measured level in
the O3 run. The values of mode-mismatch, Filter Cavity round-trip losses and length
fluctuations are justified in the next chapters.

Note that the technical noises do not appear in the table 5.6. Therefore in all the following
simulations, the level of squeezing is larger that what will be measured during the O4 and
O5 runs. The levels of squeezing presented in this table should be extracted from the
data by applying the method presented in section 4.4.

An example of the frequency-dependent squeezing degradation budget is presented in
figure 5.7 where the O4 low level of losses and a 300 m long Filter Cavity are assumed.

As expected, the high-frequency squeezing is mostly limited by the injection and readout
losses as the Filter Cavity acts as a simple mirror on this frequency region.

At lower frequencies were the Filter Cavity is interacting with the squeezed field, the
Filter Cavity round-trip losses and the mode-mismatch between the Filter Cavity and the
squeezed field are limiting the frequency-dependent squeezing performances.

However, one can see that with such parameters, the Advanced Virgo+ quantum noise is
improved by at least 2.5 dB over its entire sensitivity spectrum.
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Figure 5.7: The frequency-dependent squeezing degradation budget for the O4 low scenario
and assuming a 300m long Filter Cavity

5.3.4 The Filter Cavity length

With the model presented in the last section, it is possible to see that two out of the
5 frequency dependent squeezing degradation mechanisms are dependent on the Filter
Cavity length, namely the Filter Cavity RTL and the Filter Cavity length fluctuations.

It means that the Filter Cavity length can be optimized to avoid having these noises
limiting the frequency-dependent squeezing low-frequency performances.

The effect of the Filter Cavity length on the frequency-dependent squeezing performances
are presented in figure 5.8 where the Filter Cavity length is varying from 30 m to 1 km
and assuming again the O4 low scenario. It can be seen that the Filter Cavity RTL and
length fluctuations induced degradations from limiting the frequency-dependent squeezing
performances to a negligible level.

In particular, while the Filter Cavity round-trip losses are limiting the low-frequency
performances of the frequency dependent squeezing for a Filter Cavity length of 30 m
(figure 5.8a) and 100 m (figure 5.8b), these losses are reduced below the injection/readout
losses and the mode-mismatch losses for a Filter Cavity length of 300 m (figure 5.8c) and
1000 m (figure 5.8d).

This indicates that by increasing the Filter Cavity length, it is possible to improve the
low-frequency performances of the frequency-dependent squeezing. However, there is no
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need for excessively long Filter Cavity as other losses are then limiting its performances.

(a) 30 m long Filter Cavity (b) 100 m long Filter Cavity

(c) 300 m long Filter Cavity (d) 1000 m long Filter Cavity

Figure 5.8: The frequency-dependent squeezing degradation budget for the O4 low scenario
while varying the Filter Cavity length from 30m to 1000m

5.4 The impact of frequency-dependent squeezing on the
sensitivity

While figure 5.8 allows to compute the frequency-dependent squeezing performances, it
has to be remembered that this is only improving the quantum noise. However, for
the Advanced Virgo+ detector, the quantum noise is not limiting the entire sensitivity
spectrum. Especially at low and intermediate frequencies where suspension technical
noises or thermal noise are present.

In order to combine this frequency-dependent squeezing budget into the Advanced Virgo+
sensitivity, the model described in the previous section has been combined with the
GWINC program.
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The quantum noise and the sensitivity

As four different configurations of the Advanced Virgo+ detector have been taken into
account in these simulations, it is useful to compare for each of them the quantum noise
with frequency-dependent squeezing and the other noises inferred for these configurations.
While the respective low and high configurations corresponds roughly to the same inter-
ferometer configuration with increased losses for the high scenario, the phase I (O4) and
phase II (O5) will see drastic changes in the configurations meaning that the relative
strength of the quantum noise with respect to other noises will also change a lot.

(a) O4 high (b) O4 low

(c) O5 high (d) O5 low

Figure 5.9: Advanced Virgo+ limiting noises for the O4 and O5 runs. The quantum noise is
computed for 4 different Filter Cavity length : 30 m, 100 m, 300 m and 1000 m

Figure 5.9 compares the quantum noise with various Filter Cavity length to the others
limiting noises for the O4 and O5 run.

While we can see a clear improvement on the quantum noise by going from a 30 m long
Filter Cavity to a 100 m long one, going from 300 m to 1000 m does not bring signifi-
cant improvement. Furthermore, the suspension technical noise and the Newtonian noise
are limiting the low frequency sensitivity. Nevertheless as the Filter Cavity installation
requires heavy infrastructural work, its design should be made for all these configurations.

Comparing only the various quantum noises, these figures indicate already that there is
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no need to go for a Filter Cavity length above 300 m as the improvement on the low-
frequency quantum noise is not significant on a region where it is already not the limiting
noise.

On the other hand, if the suspension technical noise was removed from these figures (as
in figure 5.9d), one can see that by going from a 30 m long Filter Cavity to a 300 m
long Filter Cavity drastically reduces the spectrum region where the quantum noise is the
limiting noise. This means that there is a clear gain to aim for a few 100 m-scale Filter
Cavity.

All these noises can by summed together to compute the Advanced Virgo+ sensitivity
for these various scenarii. This allows to quantify more precisely the effect of the Filter
Cavity length on the Advanced Virgo+ sensitivity.

(a) O4 high (b) O4 low

(c) O5 high (d) O5 low

Figure 5.10: Advanced Virgo+ sensitivity for the O4 and O5 runs. The quantum noise is
computed for 4 different Filter Cavity length : 30 m, 100 m, 300 m and 1000 m

Figure 5.10 presents the sensitivity for the 4 scenarii and with various Filter Cavity length.
These figures highlight the fact that there is no improvement on the sensitivity by going
from a 300 m Filter Cavity to a 1000 m one. Indeed, only in figure 5.10d, the sensitivities
with 300 m or 1000 m long Filter Cavity are slightly distinguishables. Therefore, there
is a hint that a few 100 m-scale Filter Cavity is a good compromise between frequency-
dependent squeezing performances and excessively long Filter Cavity.
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5.5 The Filter Cavity length and the Advanced Virgo+
ranges

While comparing the effects of the Filter Cavity length on the quantum noise or on the
sensitivity allows to obtain a qualitative guess of the optimal Filter Cavity length, it is
now useful to look at the BNS and BBH ranges [91] to get more quantitative estimates.
Here the supernova range is not used as the Filter Cavity acts only at low frequencies.

(a) O4 high (b) O4 low

(c) O5 high (d) O5 low

Figure 5.11: Advanced Virgo+ BNS and BBH ranges normalized with their respective maxi-
mum for the O4 and O5 runs as a function of the Filter Cavity length

For each scenario, the BNS and BBH ranges have been computed varying the Filter Cavity
length from 30 m to 3 km which is the longest possible Filter Cavity within the Virgo
infrastructure.

Figure 5.11 presents the BNS and BBH ranges for each scenario normalized by their
respective maximum. As we could already see by looking at the quantum noise figure 5.9
or the Advanced Virgo+ sensitivity in figure 5.10, the improvement in the BNS and BBH
ranges is not linear with the Filter Cavity length independently on the scenario considered
: a significant improvement of the BNS and BBH ranges up to 100 m-scale Filter Cavity
followed by a slower increased up to km-scale Filter Cavity where the ranges almost do
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not change with the Filter Cavity.

From this figure, we can see that the inflection region where the ranges improvement slow
is around few 100 m for every scenario.

In more details, for every scenario where the suspension technical noise is present (meaning
O4 high to O5 high in figures 5.11a, 5.11b and 5.11c), more than 99 % of the maximum
ranges is achieved for a 300 m long Filter Cavity. For the O5 low scenario figure 5.11d
where no suspension technical noise are present and a factor 5 reduction of the Newtonian
noise is expected, a 300 m long Filter Cavity leads to 97 % of the maximum BNS range
and almost 98 % of the maximum BBH range.

However, reaching 99 % of the maximum ranges for this scenario requires to build a 1 km
long Filter Cavity. It does not seem realistic to quasi triple the Filter Cavity length and
therefore complicate the infrastructure work for such a little improvement. Also, a longer
Filter Cavity requires larger optics and more complicated alignment system.

Furthermore, the frequency-dependent squeezing degradation budget of a 1 km long Filter
Cavity presented in figure 5.8d shows that for these length range, the Filter Cavity length
induced degradation mechanisms are far below other degradation mechanisms. It means
that it should be more useful to further decrease the injection and optical losses or improve
the mode-matching and phase noise rather than aiming for excessively long Filter Cavity.

Therefore, it has been decided to use a 300 m scale Filter Cavity for the Advanced Virgo+
detector.

5.6 Conclusion

This chapter has derived a frequency-dependent squeezing noise budget using realistic
losses for the O4 and O5 runs. This degradation budget shows that the Filter Cavity
length have an important effect due to the Filter Cavity RTL and length fluctuations.
By looking at the Filter Cavity length effect on the foreseen BNS and BBH ranges, it
could be seen that a 300 m scale Filter Cavity reaches almost similar performances to a
3 km long Filter Cavity while bringing less constraints on optics sizes or control schemes.
Therefore, the Advanced Virgo+ Filter Cavity will be a 300 m scale Filter Cavity.

As will be presented in the next chapter, due to infrastructural constraints, the Advanced
Virgo+ Filter Cavity length has been set to 285 m.

The performances of such a Filter Cavity on the Advanced Virgo+ radiation pressure
noise and shot noise are presented in the table 5.7.

This allows to compute the planned BNS ranges for the Advanced Virgo+ detector for the
O4 and O5 runs presented in the observing scenario [50]. Note that in this document, the
O4 high scenario used a frequency-independent squeezing injection instead of a frequency-
dependent squeezing injection. However, losses are similar to the ones presented in this
chapter (meaning that high frequency performances should be similar).
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O4 high O4 low O5 high O5 low

Shot noise reduction [dB] 4.3 5.8 6.8 6.9

Radiation pressure noise reduction [dB] 3.4 3.6 5.3 5.5

Table 5.7: Foreseen reduction of the quantum noise at low-frequency (radiation pressure noise)
and high frequency (shot noise) using the parameters of table 5.6 combined to a 285 m long
Filter Cavity. The improvement of the radiation pressure noise is estimated around 10 Hz and
the one of the shot noise around 5 kHz to be far from the squeezing rotation frequency
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6.1 Introduction

With the Filter Cavity length chosen, it is now possible to derive the optical properties
of the Filter Cavity. This concerns mainly the design of the Filter Cavity mirrors to
reach the performances presented in the last chapter. In particular, this chapter will
compute the Filter Cavity round-trip losses from its mirror quality. This allows to derive
the requirements on the Filter Cavity optical design to allow a broadband reduction of
the Advanced Virgo+ Quantum Noise.
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These requirements are driven by the frequency of the rotation of the squeezing ellipse
and by the level of the Filter Cavity optical losses. The simulations performed to define
these requirements use the four scenarii of the squeezing degradation budget presented in
table 5.6 for both O4 and O5 runs.

6.2 The Filter Cavity optical configuration

The previous chapter has shown that the frequency-dependent squeezing angle rotation
can be achieved by reflecting a frequency-independent squeezed state on a high-finesse
detuned optical cavity.

In this section, we will study two Filter Cavity optical configurations : a plane-curved
cavity (PC) and a curved-curved cavity with identical RoC on both mirrors (CC).

6.2.1 The beam size

As the waist is not located at the same position for these two configurations (on the Input
Mirror Filter Cavity (IMFC) reflective surface for the PC configuration and at the cavity
center for the CC configuration) [92], the beam size on the mirrors will also be different.
The beam diameter on the Filter Cavity mirrors for each configuration is represented in
figure 6.1. The beam size on the Filter Cavity mirrors plays an important role in the
Filter Cavity losses. Especially, if the beam starts to reach size similar to the mirror one,
part of the beam power is lost outside the mirror. This is known as the clipping losses.

A point to notice is that for the CC configuration, the beam size will be the same on
both mirrors, therefore making the effects of the mirrors identical for both IMFC and
End Mirror Filter Cavity (EMFC).

For the PC configuration, as the waist is located on the IMFC, the beam size on IMFC
will be smaller than for the CC configuration while being larger on the EMFC. Having
a smaller beam on the IMFC could be helpful for the Filter Cavity telescope design as a
smaller beam size magnification means that the telescope is less sensitive to astigmatism.

However, to have a really smaller beam on the IMFC, one needs to have a quite small
EMFC RoC, therefore close to the cavity instability. For instance, in order to have a beam
diameter of 1 cm on the IMFC ( which is two times smaller that what can be achieved
with a CC configuration ), it is required to have the EMFC RoC at the order of 300 m.
This gives a stability condition of (1− L/RIM) (1− L/REM) = 0.05. This is really close
to the instability which is given by (1− L/RIM) (1− L/REM) = 0 or 1. Here the RoC of
the IMFC and EMFC have been introduced respectively as RIM and REM .

Furthermore, a larger beam on the EMFC means that the cavity will be more sensitive
to the clipping losses. A larger beam on the EMFC will also increase the optical losses
due to mirror surface flatness defects on larger scales.
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(a) Beam diameter on mirrors for the CC
configuration. In this configuration, the
beam diameter on the two mirrors can be
kept in the range of 2 cm.

(b) Beam diameter on mirrors for the PC
configuration. In this configuration, the
beam diameter on the IMFC can be re-
duced to 1 cm. But in this case the beam
diameter on the EMFC becomes very large.

Figure 6.1: The beam diameter on mirrors. The CC configuration is a curve-curve cavity with
the same RoC for both mirrors. The PC configuration has its IMFC flat.

6.2.2 The alignment

Another parameter directly linked to the Filter Cavity optical configuration is the align-
ment sensitivity to mirror tilts. Indeed, as shown in figure 6.2, a tilt of a cavity mirror
can shift and/or tilt the cavity optical axis. It means that the overlap between an input
beam and the cavity will not be perfect anymore and couplings with the cavity first HOM
will appear [93].

For the O4 low scenario, the mode-mismatch losses between the squeezer and the Filter
Cavity should be of the order of 1 %. We can therefore compare for the PC and CC
configurations, how such level of alignment is constraining the tilt of one of its mirror.

Using the fact that the cavity optical axis go through the centers of curvature of both
mirrors while being orthogonal to the mirror surfaces, one can define the relationship
between the cavity optical axis tilt α and shift a at the level of the cavity waist, and the
IMFC and EMFC tilts, respectively θ1 and θ2 as :

αCC
aCC

 =

 R
2R−L

R
2R−L

R
2 −R

2

×
θ1

θ2

 (6.1)

αPC
aPC

 =

 1 0

R− L −R

×
θ1

θ2

 (6.2)

where CC and PC subscripts indicate the optical configuration considered, R indicates
the RoC of both mirrors for the CC configuration or the EMFC for the PC configuration.

The power lost due to such misalignment, namely the part of the light which couples to
the Filter Cavity first order mode and therefore is lost for squeezing application, is defined
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CC Cavity

PC Cavity

Cavity Waist

Waist Shift

Optical axis shift

Mirror Tilt

Optical axis without mirror tilt

Optical axis with mirror tiltEM

IM

IM

Figure 6.2: The effect of mirror tilt on the optical axis position is presented for a cavity with
two curved mirrors with the same RoC [CC] and a cavity with the IMFC plane and the EMFC
curved [PC]. Positive angles are given by the direction of the black arrow. An optical axis (blue)
shift above the optical axis without mirror tilt (black) gives a positive shift. In the case of the
CC configuration, a tilt of the EMFC will shift and tilt the optical axis in the opposite direction
to an IMFC tilt.
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Figure 6.3: Misalignment losses induced by angular motions of the IMFC θ1 and angular
motions of the EMFC θ2. This figure corresponds to a CC configuration with R = 385 m

as

(
αxx

θdiv

)2
+
(
axx

ω0

)2
= mm (6.3)

with mm the part of the light coupled to the first order cavity mode, ω0 the cavity waist
size, θdiv = λ/ (2πω0) with λ = 1064 nm and the subscript xx represent either the CC or
PC configuration.

It means that for a fixed R and L there is maximum values of θ1 and θ2 such that the
misalignment losses will reach the level noted mm.

This relationship represented in figure 6.3 exhibits an elliptical shape. But because each
Filter Cavity mirror angular motions will be controlled with similar system, in order to
reach a certain misalignment we need to limit each mirror angular motion below this
ellipse semi-minor axis. Therefore, this represents the maximal allowed mirror angular
motion for any mm value. This is represented in figure 6.4.

One could notice that in figure 6.4a exhibits a discontinuity for R = L = 285 m. This
appears because at this value the ellipse is a circle and therefore the semi-minor axis and
semi-major axis are exchanged as presented in figure 6.5.

Figure 6.4 shows that the misalignment sensitivity on mirror tilts is similar for the PC
and the CC configuration. However, an automatic alignment system can provide a mirror
angular motions below 0.1 µm. It means that for any cavity optical configuration the
angular motions of the mirrors are responsible for less than 0.1 % of lost power on the
Filter Cavity fundamental mode. This level is far below the mode-mismatch requirement
of 1 % for the O4 low and O5 scenarii (see for instance table 5.6).

This section studied the differences of the CC and PC configuration on beam size and
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(a) CC configuration (b) PC configuration

Figure 6.4: Maximal mirror angular motions for two optical configurations as a function of
the mirror RoC and of the targeted misalignment losses. The Filter Cavity length is L = 285 m

Figure 6.5: The maximum angle for a CC configuration and a 2 % misalignment. The dotted
lines present arbitrary named semi-minor axis (big dots) and semi-major axis (small dots) which
are equal for R = L = 285 m where the discontinuity happens.
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misalignment. There is no clear advantages in misalignment between these two configu-
rations. Therefore, the following sections will study these two configurations. Especially,
the effects of the configuration on the Filter Cavity RTL will be presented.

6.3 The mirrors maps characterization

This section presents the characterization of realistic mirrors. Especially, the surface de-
fects that corresponds to the non-perfectly spherical surface of the mirrors are introduced
and characterized.

6.3.1 The surface defects

The surface of an ideal mirror describes a sphere that defines the RoC of this mirror.
However, it is in practice impossible to make mirrors whose surface perfectly describes a
sphere. The surface of a realistic mirror can thus be described by adding deviations of its
surface from this sphere. These deviations are called surface defects and allow to judge
the surface quality of the mirrors.

The mirror defects are represented by the mirror map, which is a n× n matrix with n =
Dmirror/dx with Dmirror and dx are respectively the mirror diameter and the resolution of
the map. Each matrix element contains the measure of the height h of the mirror surface
with respect to the perfectly spherical one.

A first way to judge the quality of the surface of a mirror is to use the peak-to-valley (PV)
value of the mirror map. Indeed, this value indicates what is the largest surface deviation
from a perfect sphere. The problem with this value is that its influence is strongly related
to its position on the mirror. For instance, if the surface defect that causes the PV value
is located outside the beam hitting the mirror, it will have no influence on the beam.

Therefore, it is interesting to introduce a second way to judge the quality of a mirror
independent of the position of the surface defects on the mirror surface : the root mean
square (RMS) of the mirror surface that allows to characterize the global fluctuations of
the whole mirror surface. This RMS value σRMS is expressed as

σRMS =
√√√√ 1
n

n∑
i=1

(
hi − h̄

)2
with h̄ = 1

n

n∑
i=1

hi (6.4)

where each hi describes the height of the ith element of the mirror map and h̄ is the mirror
map mean height.

The PV and RMS values of a mirror map allow both to judge the quality of this mirror
surface. However, they do not allow to judge the effects of surface defects on an incident
beam. To simulate these effects, it is interesting to study the mirror map in the spatial
frequency domain. This passage in the frequency domain is realized by applying a 2D
Fourier transform to the mirror map. This Fourier transform is defined for frequencies
between a minimum frequency fmin = 1/Dmirror which corresponds to the inverse of
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the mirror diameter and a maximum frequency fmax = 1/ (2dx) which depends on the
resolution of the map. It is then possible to introduce a 1D PSD depending on the mirror
map expressed in the spatial frequency domain. Finally, this PSD is connected to the
RMS of the mirror surface by

σ2
RMS =

∫ fmax

fmin
PSD(f) df (6.5)

The surface defects with low frequency (typically below 103 /m) contribute to the so-
called mirror flatness while the surface defects with higher frequency contribute to the
so-called mirror roughness. This distinction only arises because of different measurement
techniques used for low and high frequency surface defects [94].

A beam hitting a realistic mirror is scattered by the mirror spatial defects. The scattering
angle θ for a beam at normal incidence on the mirror surface is related to the light
wavelength λ and the spatial frequency of the surface defect f as in [95]

θ = λ· f (6.6)

This equation means that a fraction of the light incident on a mirror with surface defects
is not reflected at normal incidence. The amount of light not reflected at normal incidence
is given by

(
4πσ(f)
λ

)2

(6.7)

with σ is the amplitude of a spatial defect with spatial frequency f . As the mirrors have
a finite size, there is a scattering angle limit above which the light will directly exit the
cavity given by

θlim = Dmirror

2LFC
(6.8)

Combining equations 6.6 and 6.8 means that there is a limit to the spatial frequency
above which the light will directly exit the cavity given by

flim = Dmirror

2LFC λ
(6.9)

For a 285m long Filter Cavity with mirror diameter of 13cm, this gives flim = 214 m-1. The
Filter Cavity mirror diameters are related to the use of ring heaters which are introduced
in section 6.5.

Combining the equations 6.7 and 6.9, it is possible to estimate the fraction of power that
is directly reflected outside the Filter Cavity because of mirror surface defects with spatial
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(a) VIM06 surface as measured at LMA (b) EM03 surface as measured at LMA

Figure 6.6: The two mirror maps used in the following simulations. EM03 is Advanced Virgo-
like quality while VIM06 is Initial Virgo-like quality.

frequency above flim as

losses(f>flim) =
(4πσ(f>fLIM )

λ

)2
(6.10)

with σ(f>flim) the RMS for frequencies higher than fLIM .

We can therefore obtain directly from the mirror surface RMS an estimate of the light
that will be directly scattered outside of the cavity. This light directly scattered outside
of the Filter Cavity consists of losses for the squeezing application.

6.3.2 Realistic mirror maps

Two mirror maps have been studied : VIM06 of Initial Virgo-like quality and EM03 of
Advanced Virgo-like quality. The difference between these two mirrors arise from the
polishing technique used for each mirror. For instance, the VIM06 was polished using
standard polishing technique while the EM03 mirror was polished using the ion beam
polishing technique.

These two mirror maps have been measured at LMA and the results of this measurement
is represented in figure 6.6. In this figure, the piston, tilt and focus of the mirror maps
have been subtracted over 5 cm. Indeed, this study focuses on the power lost due to
surface defects. Furthermore, the effects of the piston, tilt and focus of the mirror can be
compensated by changing the macroscopic position of the mirror.

Note that in this figure that the color-scale that represents the surface height is different
for the two mirrors maps. For instance, the color-scale of the VIM06 map is going from
-6 nm to 5 nm while the color-scale of the EM03 map is going from -1 nm to 2 nm.

The surface quality of these two mirrors is summarized in table 6.1 using the parameters
introduced in the previous section.

On the EM03, the PV value arises from a small area on the bottom left part of the
mirror surface which is visible as a red dot pixel on a blue background in figure 6.6b. The
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Parameters VIM06 EM03

PV value [nm] 14.0 2.5

RMS value [nm] 2.3 0.4

Losses [ppm] 9.9 1.4

Table 6.1: PV and RMS values for the VIM06 and EM03 mirror maps used in this chapter.
The losses corresponds to the amount of light directly scattered outside the Filter Cavity and
are computed using the equation 6.10

remaining part of this mirror appears to have its height varying between -1 nm and 1
nm. This is not the case for the VIM06 where larger parts of the mirror surface seem to
exhibit large PV value. For instance in figure 6.6a, almost one third of the surface seems
to have negative height at the order of -2 nm while the other two-third seem to have
positive height above 2 nm. This difference appears more clearly in the mirror surface
RMS value.

The PSD of these two mirror maps are presented in figure 6.7. As expected from their
RMS values, the EM03 PSD is lower than the one of the VIM06 PSD for all the spatial
frequencies.

(a) VIM 06 surfacePSD (b) EM03 surfacePSD

Figure 6.7: The 1D PSD associated to the mirror maps VIM 06 (initial Virgo-like quality) and
EM03 (Advanced Virgo-like quality)

It is also possible to extract the amount of loss due to surface defects with too high spatial
frequencies as described in equation 6.10. This gives 1.14 ppm of losses for the EM03 map
and 9.9 ppm of losses for the VIM06 map. It can be noted that the ratio of losses for
these two mirrors follows the ratio of their RMS values.
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6.4 Single Round-Trip simulation

The previous section has presented how the mirror surface quality can induces Filter
Cavity losses. However, this estimation of the Filter Cavity losses was independent on
the Filter Cavity optical configuration. This section presents how the Filter Cavity optical
configuration can impact the Filter Cavity losses.

6.4.1 Fabry-Perot round-trip losses

The RTL of a Fabry-Perot cavity can be obtained via different methods. The simulations
performed in this section follow the description of [96] which compares different ways to
calculate the cavity RTL.

Because of energy conservation, the RTL of a Fabry-Perot cavity are defined as

Λ2
rt = Pin − Pr − Pt

Pcirc
(6.11)

with respectively Pin, Pr, Pt and Pcirc the input, reflected, transmitted and circulating
powers. Furthermore, we suppose the input power to be on the fundamental mode.

However, in the case of a Frequency-Dependent Squeezed states generation, any part of
the squeezed beam that is not in the Filter Cavity fundamental mode will degrade the
produced Frequency-Dependent Squeezed states as presented in figure 5.7. Therefore,
any part of the circulating or reflected beam that is not in the Filter Cavity fundamental
mode is also a source of cavity losses. Following equation 6.11, we can define the losses
on the fundamental mode as

Λ2
1 = Pin − P 00

r − P 00
t

Pcirc00
(6.12)

where P 00
x indicates the power that is on the Filter Cavity fundamental mode for either

the reflected, transmitted or circulating beam.

It is useful to make this distinction because the light directly scattered outside the cavity
will be a loss for both the fundamental mode and all modes. It therefore represents
the lowest RTL value achievable. On the other hand, losses that are present on the
fundamental mode and not on all modes are due to a cavity degeneracy as presented in
the following section.

As presented in the previous section, the mirror defects with spatial frequency higher than
flim scatter a fraction of the incident beam directly outside of the Filter Cavity. Their
induced losses have been computed in table 6.1.

In order to combine the effects of the mirror surface defects with the Filter Cavity optical
configuration, a single round-trip simulation has been performed. The apparatus of this
simulation is represented in figure 6.8.

A beam (on the Filter Cavity fundamental mode) is reflected by the cavity EMFC upon
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Einput

Figure 6.8: An input beam is reflected of the cavity EMFC where a non-perfect mirror map is
applied . Fields are calculated at the levels of each mirrors as well as the part directly scattered
outside the mirrors and during the beam propagation.

which a map (ie surface defects) is applied. The beam is then propagated for LFC =
285 m towards the IMFC. At the level of the IMFC, the fraction of the beam that is
scattered outside the IMFC is computed by applying a circular mask on the mirror with
the same diameter as the foreseen coating (13 cm). The beam is then reflected by the
perfect IMFC and propagated towards the EMFC. At this level, the fraction of the beam
directly scattered outside this mirror is computed in a similar fashion as for the IMFC.
The power lost during the propagation of the beam between these two mirrors is also
computed by comparing the power reflected by a mirror with the power of the beam after
its propagation over LFC .

This simulation is performed using the Matlab based code OSCAR [97]. OSCAR is a
Fast Fourier Transform (FFT) code that can in particular propagate electromagnetic
fields inside a Fabry-Perot with non-perfect mirror surfaces. In the following simulations,
the electromagnetic fields are computed over a square matrix with 512 points that is
representing a physical size of 18 cm. The 18 cm size is chosen with respect to the
effective mirror diameter (13 cm) in order to properly propagate the various beams inside
the Filter Cavity. Furthermore, the mirror maps piston, tilt and focus are subtracted over
the beam diameter on the mirror as they can be corrected by moving the mirror.

The results of this simulation for the CC configuration are presented figures 6.9 and
6.11 when applying respectively the VIM06 and the EM03 map on the EMFC. On this
simulation the RoC of both the IMFC and EMFC was equal to 550 m.

The results of this simulation for the PC configuration are presented figures 6.10 and 6.12
when applying respectively the VIM06 and the EM03 map on the EMFC. The color-scale
is identical for all these figures. As presented in figure 6.1, the main difference between
the CC and the PC configuration is that the PC configuration allows to different beam
sizes on the IMFC and the EMFC. Therefore, the simulation for the PC configuration
are performed using an EMFC RoC equal to 340 m. Indeed, for this RoC, the beam
diameter on the IMFC is 1.5 cm which is smaller than what can be achieved for the CC
configuration and the beam diameter on the EMFC is 3.2 cm which is larger than what
can be achieved for a stable CC configuration.

The table 6.2 summarizes the power lost due to scattering outside the Filter Cavity mirrors
when mirrors maps are applied to the EMFC.

Table 6.2 allows to compare the effect of the mirror surface quality for a given configuration
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(a) Light scattered outside the IMFC (b) Light scattered outside the EMFC

Figure 6.9: Light directly scattered outside Filter Cavity mirrors for the CC configuration
where the VIM06 map is applied on the EMFC..

(a) Light scattered outside the IMFC (b) Light scattered outside the EMFC

Figure 6.10: Light directly scattered outside Filter Cavity mirrors for the PC configuration
where the VIM06 map is applied on the EMFC.

(a) Light scattered outside the IMFC (b) Light scattered outside the EMFC

Figure 6.11: Light directly scattered outside Filter Cavity mirrors for the CC configuration
where the EM03 map is applied on the EMFC.
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(a) Light scattered outside the IMFC (b) Light scattered outside the EMFC

Figure 6.12: Light directly scattered outside Filter Cavity mirrors for the PC configuration
where the EM03 map is applied on the EMFC.

Mirror Map VIM06 EM03

Configuration CC PC CC PC

Losses at the IMFC [ppm] 6.72 5.14 0.48 0.48

Losses during propagation [ppm] 7.68 9.64 0.57 1.63

Losses at the EMFC [ppm] 0.44 4.53 0.04 1.67

RTL [ppm] 14.85 19.31 1.10 3.79

Table 6.2: Losses due to direct scattering outside mirrors for the CC and PC configurations
where the VIM06 and the EM03 maps were applied to the EMFC with RCC = 550 m and RPC
= 340 m. Piston, tilt and focus have been subtracted over the beam diameter on the mirror.

and to compare the effect of the optical configuration on the Filter Cavity losses.

As expected, the Filter Cavity losses increase for lower surface mirror quality. It also
appears that the PC configuration is suffering higher losses than the CC configuration.
From table 6.2, it can be seen that the Filter Cavity losses difference arises mainly from
the losses at the EMFC. This is due to the fact that the beam is larger on the EMFC
which further participates to the scattering of the circulating beam outside of the Filter
Cavity.

All these simulations were performed with only one map applied to the EMFC. For the
CC configuration, as both mirrors are identical, we expect similar results by applying
the map either to the IMFC or the EMFC. The total amount of RTL, the one with two
realistic mirrors, should therefore be twice the amount of RTL with only one map applied
[98].

However, for the PC configuration, as the beam size is different on the IMFC and the
EMFC, the total amount of losses is the sum of the losses with map applied to each of
these mirrors. Therefore, the single round-trip simulations have been performed a second
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time for the PC configuration and applying the mirror maps to the IMFC. This time, the
input beam is injected toward the IMFC. The results of these simulations are presented
in figures 6.13 and 6.14. The losses are then computed in similar fashion to the previous
simulations.

(a) Light scattered outside the IMFC (b) Light scattered outside the EMFC

Figure 6.13: Light directly scattered outside Filter Cavity mirrors for the PC configuration
where the VIM06 map is applied on the IMFC.

(a) Light scattered outside the IMFC (b) Light scattered outside the EMFC

Figure 6.14: Light directly scattered outside Filter Cavity mirrors for the PC configuration
where the EM03 map is applied on the IMFC.

The total amount of light scattered outside the Filter Cavity due to the mirror surface
defects is presented in table 6.3.

The total RTL in the table 6.3 represents therefore the RTL that can be expected for a
cavity with both realistic mirrors.

However, as we will see in the next section, the low frequency spatial defects have also to
be taken into account.



166 CHAPTER 6. The Filter Cavity optical design

Mirror Map VIM06 EM03

Configuration CC PC CC PC

Losses with the mirror map applied to the IMFC [ppm] 14.85 26.79 1.10 1.03

Losses with the mirror map applied to the EMFC [ppm] 14.85 19.31 1.10 3.79

RTL [ppm] 29.70 46.10 2.20 4.82

Table 6.3: Losses due to direct scattering outside mirrors for the CC and PC configurations
using the VIM06 and the EM03 maps. For the CC configuration, the RTL consist of twice the
losses obtained when applying the mirror map on the EMFC. For the PC configuration, the
RTL consist of the sum of the losses obtained when applying the mirror map on the EMFC and
the one with the map applied to the IMFC.

6.5 The Filter Cavity degeneracy

While the spatial defects with frequency higher than flim scatter light directly outside
the Filter Cavity, the lower frequency spatial defects also contributes to the Filter Cavity
losses. As presented in this section, the effect of surface defects with spatial frequency
below flim is to couple an incident beam to the Filter Cavity HOM. The resulting beam
might eventually be scattered outside the Filter Cavity.

The low-frequency spatial defects of a mirror change the cavity mode shapes [96], therefore
spoiling the matching between a beam in the cavity fundamental mode and the cavity
with real optics. As represented in figures 6.1a and 6.1b, changing the cavity mirror RoC
can lead to important change in the beam size on the mirrors. This means that the beam
will sense a larger surface of the mirrors and therefore more surface defects and thus more
cavity mode shape changes.

Following the equations 6.11 and 6.12, the RTL for both CC and PC configuration have
been computed over a broad range of RoC.

Figure 6.15 shows the evolution of the Filter Cavity RTL as a function of the RoC. It can
be seen that the RTL are highly dependent on the RoC. It has therefore been decided to
implement an active control of the Filter Cavity mirrors RoC. This can be achieved by
installing ring heaters around the Filter Cavity mirrors. They induce a thermal expansion
of the mirror therefore allowing to reduce the mirror RoC. The Filter Cavity ring heaters
are a scaled down version of the ring heaters used for the Advanced Virgo detector. Their
diameter was used to define the Filter Cavity diameter. They can reduced the Filter
Cavity mirrors RoC by up to 10 m.

Going back to figure 6.15, the RTL floor level corresponds to the light directly scattered
outside the cavity and it is in good agreement with the previous computations.

The discrepancy between RTL on the fundamental mode with the ones on all modes comes
from the fact that any fraction of the beam coupled with HOM will not be considered
as losses when all modes are taken into account while being losses for the fundamental
modes. The RTL floor level being due to direct scattering outside the cavity is therefore
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(a) CC configuration with only EM03

(b) PC configuration.

Figure 6.15: Total RTL for CC and PC configuration as a function of the mirror RoC. RTL
on all modes refers to equation 6.11 while RTL on fundamental mode refers to equation 6.12.
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the same when considering all modes or only the fundamental mode. This shows again
that the RTL floor level is higher for the PC configuration than for the CC configuration.

There are certain values of RoC for which this discrepancy is quite important. It corre-
sponds to cavity degeneracy where a HOM will be resonating inside the cavity. For each
of these RoC, a modal decomposition of the beam circulating inside the cavity has been
performed.

It means that there are RoC for which part of the light circulating inside the cavity will
be coupled with cavity HOM. These particular RoC corresponds to the peaks of figures
6.15. As the higher order the HOM, the lower the probability to excite it, a modal
decomposition of the HOM on the cavity mode basis has been performed for every peak.
Because of the long computation time, only HOM up to order 32 have been taken into
account.

As extra losses can be expected, due to absorption or transmission for example, it is
needed to roughly add between 5 and 10 ppm of RTL per mirror to the RTL budget
[98]. This brings therefore high constraints of PC configuration mirror quality. Another
advantage of the CC configuration is that we can order many identical substrates and
keep the most efficient pairs as the RoC is the same for the IMFC and the EMFC.

Therefore, the Filter Cavity optical configuration is chosen to be the CC configuration,
namely two curved mirrors with identical RoC.

It is of particular interest to have studied an Advanced-Virgo like quality mirror because
it is the state of the art for mirror polishing. The study of such mirror map allows to
clearly see HOM that are hidden by lower quality map such as VIM06. Therefore the
modal decomposition of each cavity degeneracy was performed with the Advanced-Virgo
like quality map (EM03).

Figure 6.16a shows the shape of the circulating beam inside a CC cavity with R = 571.9
m where the power in the fundamental mode is subtracted in order to better see the
HOM shape. One can notice that the beam size is bigger than the fundamental mode
one represented by the black circle. It means that HOM sense a larger part of the mirror
surface. But as the RoC corresponds to the RoC only over the fundamental mode beam
size, it means that a HOM will sense a different RoC. And the higher the mode the
stronger the effect on the RoC. Another point is that since the mirror surface quality
is different between the 2 maps, different effective RoC appear for every degeneracy. It
explains why some peaks seem to be shifted when comparing the VIM06 and the EM03 .

Figure 6.16b shows the modal decomposition of this circulating beam. The beam appears
to be mainly in the fundamental mode with the mode 3 and its harmonics resonant as
well. It can be deduced that the peak at R = 571.9 m is due to the mode 3 resonating
inside the Filter Cavity.

All the peaks, each representing the resonance of a particular HOM, have been also
decomposed in a similar manner as in figure 6.17. As we want to have Filter Cavity RTL
as low as possible, the Filter Cavity mirror RoC have to be chosen in order to avoid Filter
Cavity degeneracy. Taking into account that the higher the mode order, the lower its
resonance probability, it is possible to define a safe ranges of RoC.

An appealing region is the one between R = 550 m and R = 570 m, where only orders



6.5. THE FILTER CAVITY DEGENERACY 169

(a) Circulating beam shape with the fundamen-
tal mode subtracted. The black circle shows the
beam size if the Filter Cavity mirrors were per-
fects.

(b) Modal decomposition over 32 modes.

Figure 6.16: Shape of the circulating beam and its modal decomposition for a CC configuration
with R = 571.9 m.
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Figure 6.17: Modal expansion of beam resonating inside the Filter Cavity for the CC config-
uration. The numbers indicate the dominant mode (below the order 32) for each peak.

Figure 6.18: Normalized BNS and BBH ranges as a function of the Filter Cavity RTL for the
04 low scenario presented table 5.6

above 17 resonate while having a long enough range to be compliant with usual polishing.

Furthermore, the use of Ring Heater could decrease the Filter Cavity mirrors RoC allowing
to avoid Filter Cavity degeneracy with a precision at the order of 1 m which is roughly
the RoC range where a Filter Cavity degeneracy occurs. Thus this range can allow to not
have too stringent constraints on polishing while having total Filter Cavity RTL below 3
ppm.

The study of Advanced-Virgo like quality mirrors was useful to know what HOM can be
expected to be resonant inside the Filter Cavity for any given mirror RoC. But such quality
is not mandatory to reach the O4 Quantum Noise reduction. As seen in figure 6.18, going
from 20 ppm (Advanced Virgo-like quality) to 60 ppm (Initial Virgo-like quality), one
loses 2.5% of the BNS range for the O4 low scenario. It means that a good starting point
for the mirror surface quality could be to use Initial Virgo-like quality as the delay for
Advanced Virgo-like quality could be too long to perform the Filter Cavity commissioning
for O4.

Finally, the table 6.4 present the expected Filter Cavity RTL as a function of the mirror
surface quality.
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Mirror Map VIM06 EM03

Light scattered outside the Filter Cavity [ppm] 59.4 4.4

Mirror substrate absorption [ppm] <20 <20

EMFC power transmissivity [ppm] 5 5

Total RTL 74.4 29.4

Table 6.4: Total RTL of the Filter Cavity with the CC configuration. This value is the sum of
all sources of RTL

6.6 The etalon effect

Until now, we have studied the Filter Cavity as any Fabry-Perot cavity with the goal
of minimizing the RTL and mode-mismatch to be compliant with some scenarii. But
this cavity have the particular objective to rotate the Frequency-Independent Squeezing
ellipse to generate Advanced Virgo Frequency-Dependent Squeezed states. As shown in
the previous chapter, it means that the Filter Cavity finesse should be F = 10300.

The finesse of a cavity is directly linked to its IMFC transmissivity t2in and RTL with

F = 2π
t2in + Λ2

RTL

(6.13)

With Λ2
RTL = 40 ppm we should therefore have t2in = 610 ppm.

During the polishing, we can expect to have 1% error on t2in and thus in finesse. This
means that the squeezing ellipse will not be rotated exactly at the wanted frequency.

To compensate such effect, one can use the so-called etalon effect of the IMFC. The etalon
effect provides indeed a mean to tune the IMFC reflectivity.

If the two surfaces of the IMFC are parallels, the IMFC forms therefore a Fabry-Perot
cavity where the input mirror is defined by the anti-reflective surface of the IMFC, the
end mirror is defined by the highly-reflective surface of the IMFC and the cavity length
is defined by the IMFC thickness. By tilting the IMFC, it is possible to vary the optical
path of a beam incident on the IMFC. The reflectivity of a Fabry-Perot cavity has been
defined in equation 1.18 which showed that it depends on the optical path inside the
cavity.

This makes the IMFC reflectivity vary between rmin and rmax defined as :

rmin = rHR − rAR
1− rARrHR

(6.14)

rmax = rHR + rAR
1 + rARrHR

(6.15)
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where rHR =
√

1− t2in = 0.9996 and rAR = 0.01 are respectively the reflectivity of the
anti-reflective and highly-reflective surfaces of the IMFC. The etalon effect can therefore
provide up to 2% shift of the cavity finesse by controlling the IMFC equivalent reflectivity.

These two effects are presented in figure 6.19 which shows the BNS range as a function
of the IMFC transmissivity or equivalently the Filter Cavity finesse.

The error on IMFC transmissivity spoils less than 1% of the BNS range and therefore
there is no need to use the etalon effect. In order to avoid possible interactions between
the light incident on the Filter Cavity and the light on-going several reflections inside
the IMFC, the surface of this mirror outside the Filter Cavity is slightly tilted. This
corresponds to the addition of a wedge characterized by this tilt angle.

Figure 6.19: Effect of variation of t2IM and therefore the finesse on the BNS and BBH ranges
normalized with respect to the case without losses for the O4 low scenario presented in table 5.6

6.7 Conclusion and Mirror specifications

In this chapter, the optical configuration of the Filter Cavity and the requirements on
the mirror parameters have been studied. These parameters were defined to be compliant
with the goal of Quantum Noise reduction foreseen for Advanced Virgo O4 run. Finally,
table 6.5 summarizes all the foreseen parameters of the IMFC and the EMFC.

The main conclusions are that the Filter Cavity will be a Fabry-Perot cavity where both
mirrors have a RoC of 558 m. The RoC errors could lead to an unacceptable level of RTL.
Therefore, the use of Ring Heater is foreseen which fixed the diameter and thickness of
the mirrors.

The infra-red transmission of the IMFC is also of particular importance as it will define
the Filter Cavity finesse and therefore the frequency of rotation of the squeezing ellipse.
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The flatness and roughness of the mirror surfaces have been defined over an area of 50
mm in order to avoid point defects.

However, with usual uncertainty of the IMFC transmissivity, there is no need to use
particular control of the IMFC transmissivity. It means that the geometry of the IMFC
and the EMFC can be identical : a curved surface inside the Filter Cavity and a plane
surface outside the Filter Cavity. The green transmissivity has been chosen so to have
enough light to control the Filter Cavity [98]. 1

The wedge value is derived in next chapter based on the Filter Cavity implementation
inside the Virgo infrastructure.

Because of the IMFC wedge , there are spurious beams that are generated due to the
multiple reflections on an incident beam inside the IMFC (more details in the next chap-
ter). These spurious beams might be a source of back-scattering that affect the squeezing
performances. In order to avoid too large scattering, the quality of the mirror surface
facing outside the Filter Cavity can not be too bad. A good choice could be to have 2
nm roughness for these surfaces as it will not be limiting while not bringing too much
constraints on the polishing. Furthermore, in order to decrease the power in the spurious
beam, the surface outside of the Filter Cavity of the mirrors have anti-reflective coatings.

As it is also foreseen to use a pick-off of the green light used to generate Frequency-
Independent Squeezing to control the Filter Cavity, the Filter Cavity mirrors transmis-
sivity and reflectivity for green have been chosen so to have enough power to perform this
control.

The Filter Cavity mirrors are already polished and their coatings should start soon. As
the Virgo input power might change a lot for the O5 run, the squeezing rotation angle
will change as well. Depending on the input power change, it might be possible to use
the same Filter Cavity mirrors for both O4 and O5 runs.

1The need for this green transmissivity is introduced in the next chapter.



174 CHAPTER 6. The Filter Cavity optical design

Parameter IMFC EMFC

Material Suprasil Suprasil

Diameter 15 cm 15 cm

Thickness 9 cm 9 cm

Wedge 220 urad 220 urad

Surface 1 - Face inside of the cavity

RoC 558 m 558 m

Flatness (over 50 mm) 0.5 nm rms 0.5 nm rms

Roughness (over 50 mm) <0.1 nm rms

Transmission - 1064 nm 610 ppm 5 ppm

Transmission - 532 nm 3% 3%

Surface 2 - Face outside of the cavity

RoC >100 km >100 km

Flatness (over 50 mm) 6 nm rms 6 nm rms

Roughness (over 50 mm) 0.2 nm rms 0.2 nm rms

Reflexion - 1064 nm < 200 ppm <200 ppm

Reflexion - 532 nm < 500 ppm <500 ppm

Table 6.5: Filter Cavity mirrors parameters
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7.1 Introduction

The two previous chapters have presented the optical design of the Advanced Virgo+
Filter Cavity. This chapter presents how the frequency dependent squeezing can be
injected in the Virgo detector. In particular, the integration of the Filter Cavity and its
mode-matching telescope is presented.
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7.2 The integration overview

As described in the previous chapter, the Advanced Virgo+ Filter Cavity will be 285
m long. This places constraints on its integration within the Virgo infrastructure. This
section presents where the Filter Cavity will be installed and how its location will affect
the design of the optical system required for the injection of the squeezed states inside
the Filter Cavity and the interferometer.

7.2.1 The Filter Cavity location

As a reminder, figure 7.1 shows a simplified layout of the Virgo vacuum system. The
inset which contains the central interferometer vacuum chambers is so called the central
building.

It can be recalled that the squeezer source is installed close to the detection tower SDB1.
More precisely, the squeezer is installed on the right of the SDB1 labeled detection tower
in figure 7.1.

Figure 7.1: Simplified layout of the Virgo vacuum system. Credit : B. Lieunard

The Filter Cavity could be installed along either the north or the west arm in order
to benefit from the existing infrastructure. The west arm tunnel seems to be the most
convenient location to install the Filter Cavity as it could allow to go in straight line
from the squeezer to the Filter Cavity. However, due to the squeezer location, the Filter
Cavity would not be inside the west arm tunnel but rather be located close to it. It
means that in order to place the Filter Cavity inside the west arm tunnel, at least an
additional optical bench located inside the central building would be needed to shift the
optical path. Therefore, installing the Filter Cavity inside the west arm tunnel does not
bring any advantage for the optical path. The Filter Cavity will be installed along the
north tunnel as it is closer to the squeezer and does not require to add vacuum chambers
and vacuum pipes inside the central building.
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The Virgo north arm is composed of three main structures as shown in figure 7.2a from
[99]. The portion labeled A corresponds to a short slab of concrete so called carried beam.
The portion labeled B corresponds to a longer concrete slab named the load-bearing beam.
Both of these concrete slabs lay on 18 m deep pillars located every 15 m and labeled C in
the figure. It means that the coupling between the ground seismic motions and any optics
installed inside the arm depends on which arm portion they are installed. Therefore, a
seismic survey has been performed on these three different portions on the arm.

The resulting ground motion is presented in figure 7.2b. One can see that both the carried
beam (A) and the load-bearing beam (B) exhibit resonances around 10 Hz. On the other
hand, these resonances are reduced above the pillar (C ).

Following this measurement, it has been decided to install the Filter Cavity input and
end mirror on such pillars in order to avoid increased seismic motions of the Filter Cavity
mirrors. A 300 m scale length is achieved by installing the Filter Cavity input and end
mirror respectively 51.7 m and 336.7 m away from the Advanced Virgo+ beam-splitter
leading to the 285 m long Filter Cavity.

(a) Side view sketch of a portion of the 3km
long Virgo Tunnel from [99].

(b) Seismic motions of the two concrete slabs
and the supporting pillar inside Virgo north
arm.

Figure 7.2: Layout of the Virgo tunnel and its associated seismic noise

7.2.2 The benches overview

Because the Filter Cavity position is fixed inside the north arm and the squeezer is located
close to the detection tower SDB1, several new optical benches are required to inject the
squeezed vacuum states into the Filter Cavity and back to the interferometer.

Also, all the optics that the squeezed beam encounters are placed on suspended optical
benches inside vacuum chambers in order to reduce dust contamination as well as acoustic
and seismic motions coupling to optical components. This should decrease the effect of
scattered light from the squeezing system into the interferometer. This back-scattered
light was found out to be particularly sensitive to the squeezing alignment during the O3
run as presented in section 4.2.

These new optical benches are represented in figure 7.3 where one can see that the squeez-
ing system drastically changes from the O3 configuration. Indeed, the squeezed vacuum
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states are generated in the in-air External SQueezing Bench 1 (ESQB1). Then, they
propagate on two in-vacuum benches Suspended sQueezing Bench 1 (SQB1), Suspended
sQueezing Bench 2 (SQB2) before reaching the IMFC and EMFC. In addition, there are
also two in-air benches called the External SQueezing Bench 2 (ESQB2) and the End
Mirror Filter Cavity Bench (EMFCB) used to extract control signals. In the following,
the functions of these benches are described starting from the ESQB1 hosting the squeezer
to the EMFCB located after the Filter Cavity end mirror.

Figure 7.3: CAD drawing of the frequency-dependent squeezing system. Credit : B. Lieunard

The ESQB1

The ESQB1 is an in-air optical bench located nearby the detections towers SDB1 and
SDB2. One of the main function of this optical bench is to generate the frequency-
independent squeezed beam as well as the required control beams that consist of a green
beam produced by the squeezer SHG and a new infra-red laser source (the so-called sub-
carrier laser).

As described later in section 7.2.3, the green beam is used for the coarse locking and
angular control of the Filter Cavity as well as the relative alignment control of the sus-
pended benches. The sub-carrier field is used for the angular and longitudinal control of
the Filter Cavity as well as the alignment and mode-matching of the squeezed beam with
respect to the interferometer.

This bench hosts also the PLL to frequency lock the squeezer to the Advanced Virgo+
main laser, the injection Faraday isolator, a diagnostic homodyne detector, photo-detectors
sensing the green beam back-reflected from the Filter Cavity and matching and steering
optics.

In order to reduce the acoustic noise that can couple to optical components motions,
the ESQB1 is installed inside an acoustic enclosure. A similar acoustic enclosure was
used during the O3 run to isolate the ESQB which provided a good damping of the high
frequency acoustic noise.
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The SQB1

The SQB1 is an in-vacuum suspended optical bench located between the ESQB1 and
the SDB1. Its main function is to recombine the green control beam with the squeezed
beam and IR control beams as well as to inject and mode-match the frequency-dependent
squeezing back-reflected from the Filter Cavity with the interferometer. It also hosts one
of the two mirrors of the mode-matching telescope between the frequency-independent
squeezed beam and the Filter Cavity, the Faraday isolators chain, photo-detectors for the
SQB1 alignment and cameras looking at the interferometer spurious beam for the rough
alignment of the squeezed beam with the interferometer (as performed during the O3
run). The SQB1 vacuum chamber is represented in figure 7.4.

Both ESQB1 and SQB1 are installed inside a clean room to avoid dust contamination
during commissioning activities.

Figure 7.4: CAD scheme of the SQB1 vacuum chamber. Credit : B. Lieunard

The SQB2 and ESQB2

The SQB2 is an in-vacuum suspended optical bench located close to the NI tower based on
a similar design to the SQB1. Its main function is to inject and mode-match the frequency-
independent squeezed beam (and co-propagating control beams) into the Filter Cavity.
Another function is also to extract pick-offs of the control beams. For instance, the green
pick-off beam is sent to photo-detector on the SQB2 to control the SQB2 alignment while
the infra-red pic-off beam is sent to the ESQB2.

The ESQB2 is an in-air optical bench nearby the SQB2. Its main function is to provide
the infra-red photo-detectors required for the longitudinal and alignment control of the
Filter Cavity. Its hosting vacuum chamber is represented in figure 7.5.

The IMFC, EMFC and EMFCB

The in-vacuum IMFC and EMFC micro towers are hosting respectively the Filter Cavity
input and end mirrors. Both mirrors are suspended using an inverted pendulum. Two
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Figure 7.5: CAD scheme of the SQB2 vacuum chamber. Credit : B. Lieunard

windows are mounted on each micro-towers with adjacent optical benches hosting the
mirror local controls.

The in-air EMFCB is located in transmission of the EMFC. Its main function is to provide
the Filter Cavity transmission signals required to lock and control the Filter Cavity.
Figure 7.6 shows the vacuum chamber hosting the EMFC. On its left the smaller EMFCB
is also represented and the two optical benches hosting the mirror local controls are also
visible.

Figure 7.6: CAD drawing of the Filter Cavity mirrors suspension and picture of the micro-
tower hosting them. Credit : A. Bertolini

7.2.3 The optical paths

With the additions of several suspended optical benches and the Filter Cavity itself, the
control and relative alignments of these new components is required. It means that in
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addition to the new suspended benches, new optical beams are also required. These
optical paths are represented on the simplified optical layout in figure 7.7.

The squeezed beam

For the O4 run, it is planned to use the in-air AEI squeezer [40] as for the O3 run.
The squeezed beam generated by the squeezer OPO on the ESQB1 is represented by
the dashed red line in figure 7.7. The squeezer Faraday isolator that was located inside
the squeezer itself is changed to a lower losses one based on the EGO design [77] located
outside the squeezer. The squeezed beam then propagates toward the Filter Cavity before
its injection into the Advanced Virgo+ main interferometer. The mode-matching between
the squeezed beam and the Filter Cavity is performed using a two stage mode-matching
telescope.

First, the MM IR mode-matching telescope ensure that no clipping losses occur at the
SQB1 Faraday isolator. Then the two curved mirrors M4 on the SQB1 and M2 on the
SQB2 form a mode-matching telescope used to match this beam to the Filter Cavity. Fi-
nally, using the SQB1 Faraday isolators, this squeezed beam is sent to a mode-matching
telescopeMM ITF that insures that the squeezed beam has the proper geometrical param-
eters with respect to the interferometer. Finally, the squeezed beam is sent into the main
interferometer. In order to decrease optical losses, the squeezed beam is only interacting
with super-polished reflective optics (and the low losses Faraday isolators [77]).

It is also possible to rotate a half-waveplate located between the two Faraday isolators
(FI1 and FI2) of the SQB1 in order to send the frequency-dependent squeezing to a
characterization homodyne detector.

The coherent control beam

In a similar fashion of the O3 run, the coherent control beam is generated inside the
squeezer and phase-locked to the squeezer main laser using the PLL int. However, as the
Advanced Virgo+ OMC changes from two monolithic cavities with finesse of 121 to a single
monolithic cavity with finesse 1000, the 7 MHz sidebands used for the coherent control
will not be transmitted by the OMC. It is therefore planned to decrease the sidebands
frequency from 7 MHz to 4 MHz. Another solution could have been to use the 7 MHz
sidebands and extracting the error signals from the OMC reflection on B1p.

This beam co-propagates with the squeezed beam up to the Advanced Virgo+ readout
photodiodes B1 where the coherent control error signal is extracted.
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The local oscillator beam

The local oscillator beam used for the characterization homodyne detector is, again in
a similar fashion of the O3 configuration, a pick-off of the squeezer main laser. Using
matching optics and a refractive telescope not represented in figure 7.7, this beam is
mode-matched to the frequency-dependent squeezed beam before being combined on the
homodyne detector. Despite the higher optical losses of a refractive telescope compared
to a reflective telescope, this choice was made to save space on the crowded ESQB1
and because optical losses will not affect drastically the performances of the homodyne
detector.

The green beam

A pick-off of the green beam generated by the squeezer SHG is propagated outside the
squeezer in order to provide several control signals.

First, as in the TAMA prototype [100], this green beam can be used to control and lock
the Filter Cavity. On the ESQB1, the green beam passes through an EOM in order
to generate the sidebands required to lock the Filter Cavity using the PDH technique
[101]. Furthermore, an Acousto-Optic Modulator (AOM) is used in order to control
the Filter Cavity detuning. The green beam is mode-matched to the squeezed beam
using the refractive mode-matching telescope MM G. The green beam is overlapped with
the squeezed beam on a dichroic mirror located on the SQB1 using steering optics not
represented in the figure.

On the EMFCB, the green transmission of the Filter Cavity is also monitored to extract
a trigger for the PDH locking technique.

As this green beam propagates on the suspended SQB1 and SQB2 and because there is
no constraint of low optical losses for the green beam, it is possible to extract pick-off of
this beam on both SQB1 and SQB2. These pick-off beams can be used to control the
relative alignment between these benches.

First, the relative alignment between the ESQB1 and the SQB1 is controlled using a
pick-off of the green beam sensed by a pair of quadrant photodiodes. Then, the relative
alignment of the SQB1 and SQB2 is controlled using a pair of quadrant photodiodes
sensing a pick-off of the green beam incident on the SQB2. The two pairs of quadrants
located on the SQB1 and SQB2 that are looking at the green beam reflected by the Filter
Cavity are used for a finer alignment of the SQB1 and SQB2.

Finally, the PDH error signal to lock the Filter Cavity is extracted from the green beam
reflected by the Filter Cavity with the green Faraday isolator located on the ESQB1.

The sub-carrier beam

The sub-carrier (SC) beam generated on the ESQB1 provides another mean of controlling
the Filter Cavity.

This infra-red beam is generated by a low-noise Nd:YAG laser source installed on the
ESQB1 and labeled SC laser in the figure 7.7. The frequency of this laser is stabilized on
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the squeezer main laser frequency using the PLL SC.

This SC laser beam is then mode-matched to the OPO using the MM SC refractive tele-
scope. It then propagates to the OPO which means that the squeezed beam geometrical
properties are imprinted on the SC beam. Therefore, it can be used as a marker of
alignment and mode-matching of the squeezed beam with the Filter Cavity. This beam
co-propagates with the squeezed beam up to the SQB2 where a pick-off of this beam is
sent to the ESQB2 where a photodiode, quadrants photodiodes and cameras are available
to control the Filter Cavity. In order to perform the PDH locking of the Filter Cavity
[101], this SC beam is passing through an EOM to imprint sidebands used for this control.

The local control beams

There are two in-air optical benches located nearby both IMFC and EMFC that are
hosting a laser source on one side of the micro-tower and position sensor detectors on the
other side. This setup can be used to control the position of the mirror with respect to
the ground.

The phase control beams

In a similar fashion to the O3 configuration (see section 3.4.1), two PLL are used : one to
stabilize the frequency of the squeezer main laser with the Virgo main laser and another
one to stabilize the frequency of the squeezer main laser and the squeezer CC laser with
the wanted offset to perform the coherent control. As already described, the frequency
offset imprinted on the CC laser might be reduced from 7 MHz as in the O3 run to 4
MHz for the O4 run. This reduction of the sidebands frequency allows the sideband to
be transmitted by the OMC. The other solution consisting to use the signal in reflection
of the OMC.

An additional PLL is also installed on the ESQB1 to stabilize the SC laser frequency with
respect to the squeezer main laser one.

Comparison of green beam and sub-carrier locking

Both the green beam and the infra-red SC beam propagate into the Filter Cavity. They
can therefore both be used to control the Filter Cavity. This multi-wavelength strategy
is indeed useful as each beam brings different advantages.

On one hand, the Filter Cavity green finesse is much lower than the infrared one meaning
that it is easier to lock the Filter Cavity using the green beam. On the other hand, it
requires to well overlap the green beam with the squeezed beam. This overlap appeared
to be difficult to achieve in the 300 m long Filter Cavity of the TAMA experiment [100].

As derived in appendix 7.4, the thermal fluctuations of the IMFC and the EMFC can
induce phase fluctuations between two beams at different wavelengths. It means that if
the Filter Cavity is locked using the green beam, the squeezed beam will be affected by
phase fluctuations. For the squeezed beam, these phase fluctuations correspond effectively
to fluctuations of the Filter Cavity length which is a source of degradation for the squeezing
performances (for instance see section 5.3.3).
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Using the mirror parameters of the TAMA Filter Cavity [100] and an estimated tem-
perature fluctuation of 30 mK 1, the equivalent length fluctuations as a function of the
temperature is estimated to be of the order of 0.17pm. This is below the the length fluctu-
ations requirement for the O4 and 05 run (3pm). It means that the thermal fluctuations
are not problematic to lock the Filter Cavity with the green beam.

On the other hand, the infra-red SC beam sees a Filter Cavity with a really high finesse.
It implies that the Filter Cavity lock using solely the SC beam is difficult to achieve.
However, the SC beam is resonating inside the OPO and therefore has the same geomet-
rical properties as the squeezed beam. Therefore, the interaction of the SC beam with the
Filter Cavity provides directly the behavior of the squeezed beam with the Filter Cavity.

Finally, an interesting solution to control the Filter Cavity is to first lock the Filter Cavity
with the green beam and in a second step lock the Filter Cavity using the SC beam. This
multi-wavelength locking technique benefits indeed from the advantages of using the green
and the SC beams.

7.3 The matching telescopes

The previous section has presented the Filter Cavity location as well as all the optical
benches required to inject frequency-dependent squeezing into the interferometer. This
section discusses the parameters of the mode-matching telescope between the Filter Cavity
and the interferometer. The design of this telescope is driven by the goal of 1% of mode-
mismatch between the squeezed beam and the Filter Cavity and between the squeezed
beam and the interferometer.

7.3.1 The infrastructure and beam parameters

The locations of all the required optical benches and the Filter Cavity has been chosen
following infrastructural considerations. Here, the impact of the benches location on the
geometrical properties of the various beam is discussed.

The benches location and beam sizes

Figure 7.8 shows a view of the vacuum system required for the frequency-dependent
squeezing injection up to the Filter Cavity vacuum pipe.

With the location of the IMFC being defined by the north arm seismic properties and the
SQB1 location being chosen for its proximity with the SDB1 flange, it remains to define
the location of the SQB2.

As can be seen in figure 7.8, the vacuum pipe connecting the SQB1 and the SQB2 has to go
through the detection lab walls. Since this wall is made in concrete, heavy infrastructural
work is needed to pierce it. The SQB2 location has been chosen in order to minimize this
infrastructural work which allows in return to reduce the interferometer downtime.

1This temperature fluctuation correspond to the main interferometer vacuum chambers over one week.
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Figure 7.8: CAD view of central building area surrounding the ESQB1 and vacuum chambers
hosting the SQB1, the SQB2 with surrounding walls. Credit : B. Lieunard

This infrastructural constraints translate into constraints on the squeezed beam optical
path as illustrated in figure 7.9. The IMFC and the SQB2 are separated by a 41.26 m
long vacuum pipe whereas the SQB2 and the SQB1 are separated by a 11.25 m long
vacuum pipe with an angle of 38 ◦ with respect to the Filter Cavity pipe (or equivalently
the flange between the SQB1 and the SDB1).

From ESQB1
To Virgo Interferometer

Filter Cavity

SQB1SQB2IMFC

Squeezed beam

Beam from single reflection IMFC wedge

d = 41.26 m d = 11.25 m

M1

M2

M3

M4

M5 M6

M7 M8

M9

Figure 7.9: Simplified optical layout of the main beam represented in red dotted line with
the beam undergoing a single reflection on the anti-reflective surface of the IMFC and being
separated from the main beam due to the IMFC wedge. Note that the distances d correspond
to the distances between the center of the vacuum chambers

First, it means that the beam size is naturally increasing from the 1.2 cm beam size radius
on the IMFC to the SQB2 optics : the beam size on the SQB2 is at the order of 1.4 cm.

This beam size has to be compared with the optic diameter. Indeed, their comparison
allows to compute clipping losses which accounts as optical losses for the squeezed beam.

The optical losses or equivalently the power lost Plost by a Gaussian beam of power P0
and size w during its transmission through a circular aperture of radius r is expressed as
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:

Plost = P0 e
−2 r

2
w2 (7.1)

This relationship is represented in figure 7.10.

Figure 7.10: Normalized power loss of a Gaussian beam when propagating through a circular
aperture. The lost power is plotted as a function of the aperture radius expressed in beam radius

It can be seen that the clipping losses decrease quickly when the aperture radius increases.
For instance, the clipping losses start to be totally negligible when the aperture radius is
three times larger than the beam size. Indeed for this aperture size, less than 1 ppb of
the incident beam power is lost.

On the other hand, there is a maximal radius allowed for optics on the SQB1 or the SQB2.
Indeed, the beam height is defined by the beam height on the SQB1 Faraday isolators.
Therefore, the beam height on these benches has been set to 11.0 cm. As the usual mirror
size above few inches diameter is defined as multiples of 2" (which also means lower price
and lower polishing time), the maximal mirror diameter is 6". Indeed, in addition to the
mirror radius, one has also to take into account the height required for the mirror mount.

Combining these two constraints, the first mirror seen by the squeezed beam reflected of
the Filter Cavity has a 6" diameter.

The IMFC wedge

It has been presented last chapter in section 6.6 that there is no need for the etalon effect.
In order to avoid these unwanted multiples reflections inside the IMFC, it is foreseen
to tilt the anti-reflective surface of the IMFC. This tilt is called a wedge and allows to
separate the main beam from the unwanted beams that reflect inside the IMFC.

Furthermore, due to the anti-reflective coating, the larger the number of reflections on
this surface, the lower the power on the beam. Meaning that the beam that undergoes a
direct reflection on the IMFC surface 2 is the most powerful one.
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w

i

Figure 7.11: Effect of a wedge (represented by the gray angle) of the IMFC surface 2 on an
incident beam. Only the transmitted beam and the beam directly reflected of the surface 2
are represented. The blue angle represents the incident and reflection angle with respect to the
surface 2 normal (black dashed line). The dashed-dotted black line corresponds to the Filter
Cavity optical axis. The gray angles are equal to the wedge angle θW . The blue angles are equal
to the incident angle θi

Its separation with the main beam can be extracted from figure 7.11.

In this figure, θW corresponds to the wedge angle. In order to have the incident beam
aligned with the Filter Cavity optical axis, the beam incident on the IMFC can not be at
normal incidence. This implies that the transmitted angle θt is equal to the wedge angle
θW . Using the Snell-Descartes laws of refraction, the incidence angle is θi = n θW and
n = 1.45 is the refractive index of the IMFC

As the reflection angle θr is equal to θi, the longitudinal separation δ between the main
(incident) beam and the spurious reflected beam is expressed at a distance d from the
IMFC as

δ = 2 ·n· d· θW (7.2)

where d = 41.78 m is the distance between the IMFC and the mirror M1 on the SQB2.

The resulting longitudinal separation on M1 as a function of the wedge angle is presented
in figure 7.12.

The wedge angle is constrained by two parameters.

On one hand, it is needed to have the spurious reflected beam hitting the mirror M1 on
the SQB2. Indeed, with a waist of the order of 1.4 cm, it is still too large to be properly
dumped on this bench. Therefore, it has to be propagated through the Filter Cavity
matching telescope before being dumped on the SQB1 where it has a smaller size. This
constraints the beam separation on the M2 to a maximal value given by the M2 radius
dimension (3").

On the other hand, it is required that at least three times the spurious beam waist is hitting
the SQB2 mirror. It means that no light from the spurious beam is scattered outside
the M2 mirror. It has already been presented that the scattered light was troublesome
during the O3 run and with this condition, no scattered light from the spurious beam is
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W

Figure 7.12: Longitudinal separation between the main beam and the spurious reflected beam
as a function of the IMFC wedge at the mirror M1 on the SQB2

introduced on the SQB2.

Therefore, the IMFC wedge has chosen to be 220 µrad. This also allows to be insensitive
to the wedge polishing accuracy typically of 10 %.

7.3.2 The matching telescopes design

Goal and constraints

The goal of both the matching telescope between the squeezed beam and the Filter Cavity
as well as the matching telescope between the squeezed beam and the interferometer is
to reach more than 99 % of mode-matching.

Another requirement of this overall squeezing system is that it should be easy to switch be-
tween the frequency-dependent squeezing injection and the frequency-independent squeez-
ing injection.

A convenient way to realize the frequency-independent squeezing injection is to have the
waist of the squeezed beam located on the SQB1. Indeed, one can then easily inject the
frequency-independent squeezing by installing a single mirror at the waist position and
insuring the proper geometrical properties of the squeezed beam. More precisely, this
beam waist needs to be located between the SQB1 Faraday isolators and the mirror M3.
With this condition, the frequency-independent squeezed beam will still go through the
Faraday isolators chain. This insures a proper reduction of the scattered light which might
be increased by placing a mirror on the beam waist. Furthermore, the squeezed beam is
still propagating through the matching telescope for the interferometer which insures the
proper geometrical properties of the squeezed beam with respect to the interferometer.

Also, the beam size on the SQB1 has to be small enough to not be clipped inside the
Faraday isolators polarizers that are rectangles of size 25 mm × 55 mm.

Finally, a last constraint is coming from the polishing. Indeed, the RoC of the mirror
can be precise at the order of 2 %. Meaning that the telescope design has to be able to
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Parameter Interferometer beam on M9 Filter Cavity beam on IMFC

Sagital size [mm] 1.35 8.02

Tangential size [mm] 1.35 8.02

Distance to Sagital waist [m] 3.84 -142.15

Distance to Tangential waist [m] 3.77 -142.15

Table 7.1: Geometrical properties of the Filter Cavity and interferometer beam to match. The
sign follows the Optocad convention [102]

compensate deviations of any curved mirror RoC.

The starting parameters

The geometrical parameters of the squeezed beam are defined by the Filter Cavity length
and the IMFC and EMFC RoC. On the other hand, the interferometer main beam on
the SDB1 are given by an Optocad simulation of the entire interferometer [102]. As the
interferometer beam is present on the SQB1, its geometrical parameters are given on the
mirror M9 on the SQB1.

The geometrical parameters of the squeezed beam inside the Filter Cavity and the inter-
ferometer beam on the mirror M9 are given in table 7.1.

Using the ABCD formalism [92], it is possible to propagate the squeezed beam from
the Filter Cavity to the SDB1. At that point, the squeezed beam has to match the
interferometer beam geometrical parameters.

In between these two locations, only mirrors are present to avoid absorption losses. These
mirrors are either flat and used to steer the squeezed beam alignment or curved to mode-
match the squeezed beam to the Filter Cavity or to the interferometer. In this formalism,
the only mirror parameters that matter are its position with respect to the beam waist
and its RoC. The goal of this section is to derive the required parameters of the curved
mirrors between the Filter Cavity and the main interferometer.

A Gaussian beam is described using its complex beam parameter q which is defined as a
function of its distance to the waist z as : q = z + i· πω2

0
λ

where ω0 is the beam size at
its waist and λ the wavelength. By defining the complex beam parameter for both the
sagital and tangential directions, it is possible to take into account astigmatism effects.

The interaction of a medium with a Gaussian beam is described by a 2× 2 matrix. Table
7.2 presents the transfer matrices used to design the matching telescopes.

In this table, n is the refractive index, d the propagation distance, θ the incidence angle
on the mirror and r the mirror RoC.

The action of optical components on an incident Gaussian beam can be expressed by
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Action Matrix

propagation

1 nd

0 1


Sagital reflection

 1 0
2 cos(θ)

r
1


Tangential reflection

 1 0
2

r cos(θ) 1


Table 7.2: Transfer matrix used to design the matching telescopes

actions on its complex beam parameter qin such that :

qout = A· qin +B

C · qin +D
(7.3)

where the propagation of the Gaussian beam through the optical system is described by

the transfer matrix : Tprop =

A B

C D

.
Finally, the mode-matching between two optical beams (or equivalently between one beam
and the fundamental mode of a cavity) is described by their overlap integral :

MM = |
∫∫
E1 ·E∗2dS|∫∫

|E1|2dS
∫∫
|E2|2dS

(7.4)

where Ek is either a Gaussian optical field or the fundamental mode of an optical cavity.

From this equation, it is possible to estimate the mode-matching losses as :

Λ2
MM = 1−MM (7.5)

The matching telescope design

The matching telescope corresponds to the MM ITF, M2 and M4 of figure 7.7.

Indeed, it is the most constrained telescope for the frequency-dependent squeezing injec-
tion. Especially, the large angle between the SQB1 and the SQB2 could create a large
amount of astigmatism losses if no care is taken when designing this telescope.

The proposed matching telescope uses four curved mirrors labeled M2 located on the
SQB2 and M4, M6, M7 located on the SQB1. The last two mirrors correspond to the
MM ITF. Their respective parameters are described in table 7.3.
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Mirror RoC [m] Incidence angle [deg]

M2 25.5 -5

M4 2.125 -8

M6 -2.125 -9

M7 1.35 11

Table 7.3: Curved optics used to match the Filter Cavity to the interferometer

Parameter Interferometer beam Filter Cavity beam

Sagital size [mm] 1.35 1.35

Tangential size [mm] 1.35 1.36

Distance to Sagital waist [m] 3.84 -3.84

Distance to Tangential waist [m] 3.77 -3.71

Table 7.4: Beams parameters on the M9 mirror. Distance are with respect to the M9. The
sign follows the Optocad convention [102]

Using the Virgo description made in Optocad, it is possible to accurately position all the
optical benches required for the frequency-dependent squeezing injection into the Virgo
framework. This allows to check the effects of this telescope with the nominal beam
parameters.

As can be seen in figure 7.13, several of the constraints previously presented are achieved.

• First, this matching telescope insures 99.99 % of mode-matching between the Filter
Cavity and the interferometer. The geometrical parameters of the Filter Cavity
beam and the interferometer beams propagated up to the mirror M9 are presented
in table 7.4. Note that the difference in sign between the squeezed beam and the
interferometer beam arises only from the Optocad convention [102].

• The beam separation due to the IMFC wedge can be performed on the SQB1 before
entering the Faraday isolators. Indeed, at the position marked by the SQB1 Iris, the
beams are separated by more than 5 cm. This separation has to be compared with
their sizes that are below 1.7 mm. First, the comparison of the beam sizes with their
separation shows that there is enough space to put a diaphragm at this position to
dump the beams due to the IMFC wedge. Second, it also insures negligible clipping
losses of the main beam (as in 7.10).

• There is an intermediate waist located 67 mm before the SQB1 Faraday isolators
(coming from the Filter Cavity). It is marked by the green and pink triangles in
figure 7.13. It can also be seen that the sagital and tangential waist locations are
almost overlap (the sagital and tangential waist locations are separated by 0.5 mm).
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It implies that putting a mirror at this position (facing the SDB1) can insure an
easy injection of frequency-independent squeezing.
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7.3.3 The matching telescope tolerances

The mode-matching telescope is able to reach the mode-matching goal while insuring the
proper separation of the spurious beam and having an intermediate waist on the SQB1.
In practice, the curved mirrors RoC will have some errors arising from the polishing. A
reasonable polishing can lead to a precision on the RoC of curved mirror at the order of
±2%. While the matching telescope provides a high level of mode-matching with nominal
RoC, the deviation of any of the RoC with respect to their nominal values might affect
the mode-matching and not meet the 99 % requirement. It is therefore required to check
if the mode-matching telescope is able to reach the mode-matching goal even if some
mirrors RoC are not at their nominal value.

To compensate this effect, it is possible to change the position and the angle of incidence
of the mirrors. In this section, it will be checked that reasonable displacement and tilt of
the curved mirror of the matching telescope are enough to compensate RoC error at the
order of ±2%.

This section presents the tolerances of the matching telescope to any parameter changes
with respect to their nominal value. It also consider variations on the position and RoC
of either the IMFC or the EMFC.

As can already be seen in table 7.2, the difference between the sagital and tangential
reflection matrices on a curved mirror arises from the the angle of incidence on this
mirror. While, this does not have any effects for a flat mirror (RoC=inf) This shows that
by acting on the angle of incidence of a curved mirror, it should be possible to correct the
astigmatism induced by a non-nominal value of a mirror RoC. Furthermore, the position
of a curved mirror is also affecting the telescope performances. There are therefore two
degrees of freedom to act on in order to compensate a shift of its RoC : the position and
the angle of incidence of the mirror.

However, as presented in figure 7.9, the maximal displacement of the mirrors is limited
as several other optical components are also installed on the SQB1 and the SQB2.

Thus, this tolerance study considers that a mirror M is moved by a distance ∆d. Its angle
of incidence θ is changed to θ′ in order to keep the incidence position of the optical beam
on an identical position on a subsequent mirror M1. In order to keep identical the beam
reflected by the M1, the angle of incidence of the M1 is also changed. This is presented
in figure 7.14.

From this figure, it is possible to extract the impact of the displacement ∆d of the mirrorM
on the optical path. The angle of incidence on M is decreased by δθ = 1

2 arcsin( ∆d
d1 · sin θ ),

the distance d1 is changed to d′1 = d1 · sin θ
sin θ′ and the angle of incidence of M1 is increased

by δθ.

Applying these changes to the four curved mirrors of the matching telescope, it is then
possible to see if it is possible to compensate their RoC deviation.

The result is presented in figure 7.15. In this figure, each row corresponds to a variation
of the RoC of a particular mirror. Each column corresponds to a variation of the position
and incidence angle of a particular mirror as previously described.
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d1

d'1

Δd

θ

θ'

θ'1

θ1

M

M'

M1

Figure 7.14: Effects of the displacement of a mirror M on the optical path. The angles
of incidence of both M and M1 are also modified in order to keep the beam. The red trace
shows the original beam path while the blue trace shows the modified optical path due to the
displacement of the mirror M

Note that the effects of a 2 % error on the RoC of the IMFC and the EMFC are also
presented. However, because a shift of their positions had no effect on the mode-matching,
only variations of their RoC are represented.

On each sub-figure, the pink dot shows the mode-matching achieved in nominal conditions.
The red, black and blue contour lines corresponds respectively to 98 %, 99 % and 99.9 %
of mode-matching (the mode-matching goal being 99 %).

It can be seen that the variation of the M1 RoC degrades the most the mode-matching.
Also, the position of the M6 has a large impact on the mode-matching. It is therefore
foreseen to install the M6 on a translation stage in order to precisely control its position.
Furthermore, the M6 could be move to correct a too large deviation of the M2 RoC.

In the case of the largest variation of the M1 RoC, moving both the M2 and M6 allows
to meet the mode-matching goal.

7.4 Conclusion

This chapter has presented how the frequency dependent squeezing can be injected into
the Advanced Virgo interferometer. For instance, the 285 m long Filter Cavity can be
installed inside the Virgo north arm tunnel. The infrastructural work that minimizes the
interferometer downtime led to constraints on the optical paths. Taking these constraints
into account, it was possible to design a mode-matching telescope insuring more than
99% of mode-matching between the Filter Cavity and the interferometer (the goal of the
squeezing degradation budget) even when taking into account the unavoidable uncertain-
ties on the matching telescope RoC.
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Figure 7.15: Effects of position (columns) and RoC (rows) variations of each curved mirror of
the matching telescope on the mode-matching between the Filter Cavity and the interferometer.
The pink dot shows the nominal configuration. The red, black and blue contours correspond
respectively to 98 %, 99 % and 99.9 % of mode-matching (the mode-matching goal being 99 %).
All the RoC and position variations are in meter
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Conclusion

Since the first detection of gravitational waves in 2015 by the LIGO-Virgo collaboration,
the sensitivity of gravitational wave detectors has drastically improved. This has allowed
to increase the detection rate of gravitational waves from one per several months in 2015
to one per week in 2019.

All current gravitational wave detectors have a large part of their sensitivity limited by
quantum noise. Thus for the O3 observation period, the LIGO and Virgo detectors have
injected frequency-independent squeezed vacuum states.

To this purpose, it was first necessary to ensure that these squeezed vacuum states were
introduced into the interferometer with the right geometrical parameters and the right
phase with respect to the interferometer signal. Control loops were implemented to keep
these geometrical and phase parameters stable during the eleven month long observation
period. The duty cycle of the injection of squeezed vacuum states was greater than
96% over the O3 duration. The effects of light back-scattered into the interferometer
by the squeezer optical components have also been studied. This showed that only few
components were inducing such back-scattered light.

The mechanisms that affected the squeezed vacuum states performances, namely the
optical losses and the phase noise, have been characterized.

First, the level of effective optical losses has been measured to be at (40± 2) %. In
addition, the sources of these effective optical losses were analyzed and are divided as
follows: 16.7 % are due to injection losses, 12 % to detection losses and 15.2 % to high-
frequency technical noises equivalent to optical losses.

One of the main challenges for future observation periods is to reduce these optical losses.
For this purpose, it is planned to use temperature controls of the different Faraday isolators
and to change the design of the OMCs from two cavities to one. It could also be interesting
to implement an active mode-matching control in order to further reduce the mode-
mismatch between the OMC and the interferometer. It is planned to install such active
mode-matching controls for the squeezed beam. The reduction of high-frequency technical
noises appears to be particularly important to further improve the reduction of shot noise
at high frequency.

Finally, the level of phase noise have been measured to be at a 55 mrad]. The phase noise
is mainly due to residual phase fluctuations in the phase control loops. It will therefore
be particularly important to reduce these residual phase fluctuations that couple the
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squeezing to the anti-squeezing.

The squeezer used at Virgo was able to generate up to 13.7 dB of squeezing. During
O3, between 6 and 8 dB of squeezing have been injected into Virgo interferometer. This
allowed to reduce the shot noise by more than 2 dB during O3, and consequently to
increase the observation rate of gravitational waves emitted by binary neutron stars by
15 %. The maximal achieved high-frequency sensitivity improvement was more than 3
dB. It was also seen that by removing the effects of technical noises, up to 5 dB of shot
noise reduction could have been achieved.

The increase of the radiation pressure noise has also been observed for the first time at
the Virgo detector (and at a similar time in the LIGO detectors).

The use of the Filter Cavity for the O4 observation period will allow to exploit the full
potential of the squeezing source. The mechanisms that affect the Filter Cavity have
been studied and were used to estimate the frequency-dependent squeezed vacuum states
performances.

For instance it has been shown that a 285 m long Filter Cavity achieves a quantum noise
reduction similar to the one of a Filter Cavity with the maximal length possible within the
Virgo infrastructure. A 285 m long Filter Cavity allows the Advanced Virgo detector to
reach indeed 99 % of the binary black holes and binary neutron stars ranges that would be
achieved using a 3 km long Filter Cavity. This shorter cavity presents also the advantage
of being easier to implement.

The Filter Cavity finesse and detuning that allows to rotate the squezed vacuum states
have also been derived to be respectively 10300 and 25 Hz. The drawback of a such high
finesse is that the effects of the cavity round-trip losses are enhanced.

The Filter Cavity mirrors have been designed to achieve 40 ppm of round-trip losses. For
instance, the impact of the mirror surface quality on the cavity round-trip losses have
been studied. Two mirror surface qualities were considered and will be used respectively
for O4 and O5.

Two optical configurations have been studied for the Filter Cavity : one with a plane input
mirror and a curved end mirror and another one with two curved mirrors with identical
radii of curvature. The effects of these optical configurations on the beam size in the
Filter Cavity and on the Filter Cavity round-trip losses were studied. This study showed
that the optical configuration with two curved mirrors with identical radii of curvature is
less sensitive to round-trip losses and has therefore been chosen for the Filter Cavity.

The Filter Cavity mirror radius of curvature have been chosen to avoid degeneracies
where the squeezed beam can couple to the Filter Cavity higher-order modes. The radius
of curvature was chosen to be 558 m which allows to avoid degeneracies over the 20 m of
the radius of curvature uncertainties during the polishing.

Finally, the mode-matching between the squeezed beam reflected by the Filter Cavity
and the interferometer appeared to be a critical source of degradation of the frequency-
dependent squeezed vacuum states performances. A mode-matching telescope has there-
fore been designed. It is composed of four curved mirrors. Especially, the telescope tol-
erance to errors on the curved mirror radii of curvature have been studied. This showed
that more than 99 % of mode-matching between the squeezed beam reflected by the Filter
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Cavity and the interferometer is achievable despite the error on any of these four curved
mirror radii of curvature.

The injection of frequency-dependent squeezed vacuum states in the Virgo detector is a
particularly challenging task.

One of the challenges concerns the control of this cavity. For this purpose, different beams
will be used. The experiment of TAMA showed that it was possible to control the Filter
Cavity using a green beam. However, it appeared that this control is very sensitive to
the relative alignment between the green beam and the squeezed beam. It will therefore
be particularly important to ensure the relative alignment of these two beams. It is also
planned to use an infra-red beam to control the Filter Cavity which should ensure that
the Filter Cavity control beam is superimposed on the squeezing beam.

The light back-scattered from the squeezer optics to the interferometer was particularly
sensitive to the relative alignment between the squeezer and the interferometer. Starting
from the O4 observation period, the squeezing beam will be injected into the interferom-
eter through optics located on a bench suspended under vacuum. This should drastically
reduce the effects of back-scattered light.

To conclude, the injection of vacuum squeezed states should allow the Virgo detector
to reach a binary neutron stars range above 100 Mpc. It means that the number of
gravitational waves detected by Virgo will significantly increase. This is an important
step for ground-based gravitational wave detectors as it allows to probe ever more varied
and distant sources in the Universe.
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Appendix A : Phase shift induced by thermal
fluctuations

The mirror substrate is made of bulk silica (of molecular formula SiO2) because of its low
thermal noise. The mirror coating is made of ion beam sputtered [103] pairs of layers of
silica and tantala (of molecular formula Ta2O5) allowing for low optical and mechanical
losses. Each layer is described by its thickness and refractive index.

Substrat

Coating : N layers

ke layer 

SiO2

Ti:Ta2O5

Figure 7.16: View of a coated mirror. The substrate is made of silica (SiO2). The coating is
made of pairs of silica and Titania doped tantala (Ta2O5) layers. Each layer is defined by their
thickness and refractive index

Such a multilayer coating is described by its characteristic matrix [104] :

Bλ

Cλ

 =

 N∏
k=1

 cosδk i sin δk
nk

ink sin δk cos δk


 ·

 1

ns

 (7.6)

where Bλ and Cλ can be assimilated respectively to the normalized electric and magnetic
field amplitudes and ns is the substrate refractive index. The wavelength dependency
appearing in the Bλ and Cλ is due to the presence of the layer refractive index following
Cauchy formula. Also, the optical path inside each layer δk = 2πnk dkλ is dependent on
both the wavelength λ and the layer thickness dk.
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From this characteristic matrix, it is possible to compute the mirror complex amplitude
reflectivity as :

ρλ =
1− Cλ

Bλ

1 + Cλ
Bλ

(7.7)

Finally, we can express the coating induced phase shift as :

φMλ = arctan =(ρλ)
<(ρλ

) (7.8)

This exhibits that the reflection of a beam on a coating induces a phase shift between
optical beam with different wavelengths.

The thermal effects appear through the thermal expansion coefficient α and the thermo-
refractive coefficient β = ∂n

∂T
. These coefficients allow to express the refractive index and

thickness of the layer dependency to the temperature as [105] :

n(T ) = n− β T
d(T ) = d+ α T (7.9)

This formalism allows to compute the round-trip phase φλ accumulated by both the green
and infrared beams inside the filter cavity as the sum of the phase accumulated during
the beam round-trip inside the filter cavity with the phase due to thermal effects inside
the coatings of the IMFC and the EMFC.

φG = φIMFC
G + φEMFC

G + 2 2π
λG

·LFC (7.10)

φIR = φIMFC
IR + φEMFC

IR + 2 2π
λIR

·LFC (7.11)

As the filter cavity is locked using the green beam, the green beam is kept at resonance
meaning that φG = 2πN with N being an integer (assumed to be null in the following).

A thermal fluctuations ∆T induce a green phase fluctuation defined as :

∆φG =
(
∂φIMFC

G

∂T
+ ∂φEMFC

G

∂T

)
∆T + 2 2π

λG
δLFC = 0 (7.12)

In the following, the IMFC and the EMFC coating phase shift are combined into a single
term ∂φMλ

∂T
=
(
∂φIMFC

λ

∂T
+ ∂φEMFC

λ

∂T

)
. From this equation, it is possible to extract the filter

cavity length fluctuations induced by the thermal fluctuations ∆T . Note that the thermal
fluctuations in Virgo vacuum chambers are of the order of 30 mK over one week.

δLFC = −λG4π
∂φMG
∂T

∆T (7.13)
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This allow to compute the phase shift induced for the infrared beam as :

∆φIR = ∂φMIR
∂T

∆T + 2 2π
λIR

δLFC (7.14)

=
(
∂φMIR
∂T

− 1
2
δφMG
∂T

)
· ∆T (7.15)

From TAMA style coating [98], ∂φ
∂T

=65.3 µrad/K. This computation shows that the
effects of thermal induced phase shift on the relative phase between the green and the
infra-red beams used to control the Advanced Virgo+ Filter Cavity should be negligible.
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