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Gravitational astronomy began following the first direct detection of gravitational waves by the LIGO detectors in the US. Afterwards, the European Virgo detector joined the observation network, which enabled a much more precise localization of the gravitational wave sources. The detection of a coalescence of neutron stars initiated the so-called multi-messenger astronomy. In total up to the end of the last observing run O3, 90 coalescence events were revealed, reaching a rate of one event per week. The detectors were further improved in view of the next O4 run, to allow an even larger portion of the Universe to be seen. Three of the major upgrades made in Virgo are addressed in this thesis. The first is the implementation of an innovative quantum technique, known as frequency-dependent squeezing, to reduce the quantum noise over the entire detection band,. I contributed to the successful implementation of this technique up to the first measurement of squeezed states with rotation at a frequency of 25 Hz, which is what is needed to optimize the noise reduction in Virgo. The second contribution concerns the study and mitigation of scattered light from the detector's suspended benches. The scattered light that re-couples with the interferometer's main beam worsens its low-frequency sensitivity and risks hiding the benefit introduced by frequency-dependent squeezing. Projections of the scattered light noise arising from the suspended benches has been made after measuring the scattering property of some of the optics with a scatterometer developed at LAPP. Spurious beams that can create extra stray light have also been mitigated. The third contribution concerns the replacement of the two output mode cleaner cavities with a new high finesse low loss cavity.

The main motivation was to reduce optical losses that degrade squeezing performance. The new cavity has successfully been characterized, installed and commissioned . The upgrades described in this thesis for O4 will allow for greater sensitivity and thus reveal more distant events, allowing us to uncover some of the secrets that lurk in our universe.

Résumé

L'astronomie gravitationnelle a commencé après la première détection directe d'ondes gravitationnelles par les détecteurs LIGO aux États-Unis. Par la suite, le détecteur européen Virgo a rejoint le réseau d'observation, ce qui a permis une localisation beaucoup plus précise des sources d'ondes gravitationnelles. La détection d'une coalescence d'étoiles à neutrons a marqué le début de l'astronomie dite 'multi-messagers'. Au total, jusqu'à la fin du dernier cycle d'observation O3, 90 événements de coalescence ont été révélés, à un taux d'un événement par semaine. Les détecteurs ont été encore améliorés en vue du prochain cycle O4, afin de permettre l'observation d'une portion encore plus grande de l'Univers. Trois des principales améliorations apportées à Virgo sont abordées dans cette thèse. La première est l'implémentation d'une technique quantique innovante, connue sous le nom de 'frequency-dependent squeezing', pour réduire le bruit quantique sur toute la bande de détection. J'ai contribué à la mise en oeuvre de cette technique jusqu'à la première mesure d'états comprimés du vide avec une rotation à une fréquence de 25 Hz, ce qui est nécessaire pour optimiser la réduction du bruit dans Virgo. La deuxième contribution concerne l'étude et l'atténuation de la lumière diffusée par les bancs suspendus du détecteur. La lumière diffusée qui se recouple avec le faisceau principal de l'interféromètre détériore sa sensibilité aux basses fréquences et risque de masquer le bénéfice introduit par le squeezing en fonction de la fréquence. La projection du bruit de la lumière diffusée provenant des bancs suspendus a été réalisée après avoir mesuré la propriété de diffusion de certaines optiques avec un diffusomètre développé au LAPP. Les faisceaux parasites qui peuvent créer de la lumière parasite supplémentaire ont également été atténués. La troisième contribution concerne le remplacement des deux cavités nettoyeuses de mode de sortie par une nouvelle cavité à haute finesse et à faibles pertes. La principale motivation était de réduire les pertes optiques qui dégradent les performances du squeezing. La nouvelle cavité a été caractérisée, installée et mise en service avec succès. Les améliorations décrites dans cette thèse pour O4 permettront d'obtenir une plus grande sensibilité et donc de révéler des événements plus lointains, ce qui nous permettra de découvrir certains des secrets qui se cachent dans notre Univers.

Keywords: détection des ondes gravitationnelles, Advanced Virgo Plus, bruit quantique, cavités optiques, bancs suspendus, compression des états du vide en fonction de la fréquence, lumière diffusée, cavité nettoyeuse de sortie. Universe. Gravitational waves astronomy allows to better understand the small part of the cosmos currently known, but mainly it allows to investigate the missing 96% of the cosmos that is composed of dark matter (primordial black holes, exotic compact objects...), and dark energy (which could be explained by theories of modified gravity).

To detect gravitational waves, laser interferometers are used as they can measure a tiny displacement, 1000 times smaller than the size of a proton, between two freely falling masses suspended several kilometres apart. This is the principle used by Virgo (Europe) and LIGO (US) detectors. The sensitivity of the instruments must be improved to see further away in the Universe. The aim of this thesis is to implement a new technique that exploits fundamental principles of quantum mechanics, i.e. frequency-dependent vacuum squeezed states, to reduce one of the most limiting sources of noise in the detectors: the quantum noise.

The quantum noise arises in the interferometers because, as these use light to measure the deformation of the space-time caused by the passage of gravitational waves, they are limited by the quantum nature of light. Heisenberg's uncertainty principle states that it is not possible to know the phase and amplitude of light simultaneously with an arbitrarily small accuracy. For conventional light these uncertainties in phase and amplitude are equal and limit the accuracy with which we can measure the phase variations generated by the passage of a wave. In the 1980s, Carlton Caves proposed a method to improve the sensitivity of these instruments by exploiting the Heisenberg principle. It is possible to manipulate the states of light, producing squeezed states, with reduced uncertainty in phase, but increased in amplitude. The injection of these states in the GW detectors results in a reduction of the quantum noise at high frequency, because the gravitational wave signal is contained in the phase of the light. But the story is more complicated than that, because these phase-squeezed states undergo a rotation as they propagate in the interferometer. This results in a degradation of the quantum noise of the detector at low frequency. It is therefore needed to introduce a frequency dependence to the Contents squeezed states to achieve a broadband quantum noise reduction. This innovative technique has been developped and is being implemented in the current gravitational wave detectors Virgo and LIGO and will be used during the next observation run (O4).

This thesis is focused on the implementation of the frequency dependent squeezing system in the Virgo detector to improve its sensitivity over its entire detection band. I participated in the installation and commissioning of this system by moving to the Virgo site from April 2021 to March 2022. In November 2021, we measured the rotation of quantum states as a function of frequency on this system. The system has been optimized to measure the squeezing rotation at the frequency required for Virgo in February 2022.

This thesis also describes two important works on the mitigation of noise sources that would prevent to fully benefit of the squeezing performance: the scattered light noise and detection optical losses.

The scattered light noise worsens the sensitivity of the detector at low frequency and therefore would not allow to appreciate the reduction of quantum noise introduced by the squeezing rotation. In this thesis, the scattered light noise arising from the optical benches of the interferometer has been studied and mitigated.

The squeezing is very sensitive to losses. In particular, the high detection losses during the last observing run (O3) were mainly due to optical losse of the OMC (a cavity which cleans the beam carrying the GW signal). It has been replaced by a new cavity with improved performance for the next observing run (O4). I participated in the characterization, installation and commissioning of the new output mode cleaner cavity. In this thesis it is shown that this action resulted in a significant reduction of optical losses.

The outline of this thesis is presented in the following.

Part I -Gravitational waves detection

Chapter 1 recalls the derivation of gravitational waves from the general relativity theory and describes the sources that can produce them. This chapter summarizes the gravitational wave signal detected from the first detection of 2015 until now.

Chapter 2 explains the gravitational wave detection principle and describes the optical configuration of gound-based detectors, listing the noises that limit their sensitivity. Among them the quantum noise is presented, which worsens the detector sensitivity in the whole detection bandwidth.

Part II -Broadband quantum noise reduction in Advanced Virgo Plus via frequency dependent squeezing Chapter 3 recalls the quantization of the electromagnetic field. It explains how the quantum fluctuations of vacuum states couple with the interferometer introducing the quantum noise.

In this chapter it is demonstrated how squeezed vacuum states can reduce the quantum noise when introduced in the gravitational wave detectors. It is demonstrated the need to introduce a frequency dependence to the squeezed states in order to obtain a broadband noise reduction.

Chapter 4 describes the frequency-dependent squeezing system that has been implemented in Virgo to reduce quantum noise during the next observing run O4.

Chapter 5 presents the implementation of the frequency-dependent squeezing system in Virgo.

It describes the work on the installation and control of the suspended benches needed as an interface between the squeezed states source, the filter cavity and the interferometer. The technique to control the benches using position sensor devices is presented. This chapter describes the work on the alignment of the whole system and the control loops needed to perform the squeezing measurement. It details the sequence of the squeezing measurements and how we arrived to the first demonstration of squeezing rotation at few tens of Hz, which is the goal for Virgo.

Part III -Scattered light in Advanced Virgo Plus

Chapter 6 describes how the scattered light couples in the gravitational wave detectors, introducing noises at low frequency. It shows the scattered light noise coming from the suspended benches of the interferometer measured during O3. This chapter describes the work carried out in order to perform the scattered light noise projections for O4, aimed at mitigating the most limiting sources. It presents also the back-scattermeter experiment developped at LAPP and use to measure the amount of light scattered by Virgo optical elements.

Chapter 7 presents the work on the simulation and mitigation of secondary beams, called ghost beams, which can produce scattered light, on all the optical benches. It presents the optimization of the design of dumping elements, such as diaphragms and baffles.

Chapter 8 describes a different scattered light mitigation strategy implemented on the squeezing system. It explains how scattered light is limiting the squeezing measurements and the feedback control loop that was put in place to compensate for this noise.

Part IV -Preparation for squeezing injection into the interferometer

Chapter 9 describes the work performed for the matching of the squeezed beam to the interferometer.

Chapter 10 explains the need of replacing the two mode cleaner cavities of O3 with a single one with improved performances for O4. It describes the characterization, installation and pre-commissioning of the new cavity in Virgo. It shows that the measured detection losses are lower than the losses measured during O3, meaning that the performances of the squeezing will be much improved during O4.

Chapter 1.

Gravitational waves

Gravitational waves (GWs) are 'ripples' in the fabric of space-time caused by the most energetic and violent phenomena in the Universe. They were predicted by Albert Einstein in 1916 in his theory of general relativity [START_REF] Einstein | Die Grundlage der allgemeinen Relativitätstheorie, 20 Mär 1916[END_REF]. In this Chapter, it is described the derivation of the gravitational waves equation under the linear approximation and the sources that can generate them are illustrated.

Gravitational waves derivation from Einstein equation

The equation describing the gravitational waves can be derived from the general relativity equations of Albert Einstein [START_REF] Maggiore | Gravitational waves: Volume 1: Theory and experiments[END_REF]. This equation relates the space-time metric to the energy content:

G µν = R µν - 1 2 g µν R = 8πG c 4 T µν µ, ν = 1, 2 , 3, 4 (1.1) 
where G µν is called the Einstein tensor, R µν is the Ricci curvatre tensor, R is the Ricci curvature scalar, g µν is the metric, c is the speed of light, G is the Newtonian constant of gravitation and T µν is the stress-energy tensor.

The expansion of these equations is given in the approximation of being around the flat-space metric:

g µν = η µν + h µν (1.2)
where η µν = diag(-1, 1, 1, 1) is the flat Minkowski metric and |h µν | << 1 is the small perturbation term.

In this discussion the background curvature of the space-time that is crucial for the large scale effects, will be neglected. In other words, it is highlighted the existence of small perturbations of the metric that propagate in space and time superimposed on the almost static curvature due to the astrophysical objects. However there will be considered only the wave solutions characterized by much shorter wavelengths than the typical scale of background curvature. In many cases, the deviation from the flat metric induced by the presence of a matter-energy distribution is small enough to justify this approximation. By choosing an opportune set of coordinates and in absence of sources (T µν = 0, propagation in empty space) the field equation 1.1 takes the form of a classical wave equation [START_REF] Maggiore | Gravitational waves: Volume 1: Theory and experiments[END_REF] 2

F h µν = - ∂ 2 c 2 ∂t 2 + ∇ 2 h µν = 0 (1.3)
where 2 F is D'Alambert operator in flat space. The general solution is a wave propagating at the speed of light

h µν ( x, t) = µν e i(2πf t-k• x) (1.4)
where f is the gravitational wave frequency, µν is the polarization tensor and k is the wave vector.

Defining an opportune gauge, the transverse-traceless gauge or TT gauge, the metric for a wave propagating along the x direction can be written as

h T T µν =          0 0 0 0 0 0 0 0 0 0 h + h × 0 0 h × -h +          =          0 0 0 0 0 0 0 0 0 0 h yy h yz 0 0 h yz -h yy          (1.5) 
where h + and h × are the amplitudes of the plus and cross polarization of the wave. In the TT gauge the components of the metric tensor h µν are different from zero only on the plane orthogonal to the direction of propagation (transverse), and h µν is traceless. In conclusion, a gravitational wave has only two physical degrees of freedom which correspond to the two possible polarization states.

The wave can be considered as a linear combination of two different components 

h + = + e i(2πf t-kx) (1.6)

Gravitational waves sources

Gravitational waves are generated by massive objects in acceleration. To describe how they are generated, the multipolar expansion of the stress-energy tensor T νµ [START_REF] Misner | Freeman and company[END_REF] can be used. From this expansion, a convenient choice is to express the spatial components of the wave in the TT gauge [START_REF] Maggiore | Gravitational waves: Volume 1: Theory and experiments[END_REF] as

h T T µν (t) = 2G rc 4 Qµν (t - r c ) (1.8)
where Qµν is the second time derivative of the quadrupole moment of the mass distribution of the source, G is the Newtonian constant of gravitation, c is the speed of light and r is the distance between the source and the observer.

The traceless mass quadrupole moment of the system Q µν , with µ, ν = 1, 2, 3 is defined as a function of the source mass density ρ( x, t)

Q µν = V ρ x µ x ν - 1 3 δ µν x 2 d 3 x (1.9)
where δ µν is the Kronecker delta.

Moreover, the luminosity radiated by a moving system in terms of the quadrupole moment is

L GW = dE GW dt = G 5c 5 kh d 3 dt 3 Q kh 2 (1.10)
and it expresses the rate at which the energy E GW is carried away from the source. In the Universe there are many sources that can produce gravitational radiations. In some cases the phenomenon that occurs is so powerful that if produces signals that can be detected on Earth.

The sources of gravitational waves can be divided in two categories:

• Continuous signal emitters;

• Transient signal emitters.

Continuous signal emitters

This category includes all the sources that produce a quasi-monochromatic with a quasi-constant amplitude signal. Examples of continuous sources are binary star systems which rotate one around each other and compact stars that rotate rapidly around one of their axes, with a certain degree of asymmetry. Stochastic gravitational background signals can also be included in this category and they represent the gravitational analogue of the cosmic microwave background electromagnetic radiation.

Rotating neutron stars

A rotating neutron star with an asymmetry on its surface can emit gravitational radiation [5]. A subset of the expected population of neutron stars in the Galaxy has been observed as pulsating electromagnetic sources, commonly called Pulsars. They emit pulses of radiation at very regular intervals that typically range from milliseconds to seconds [START_REF] Abbott | First search for gravitational waves from known pulsars with Advanced LIGO[END_REF]. Pulsars have very high magnetic field (10 11 -10 15 Gauss) which direct jets of particles out along the two magnetic poles. Often the rotation axis does not coincide with the magnetic axis and the star emits electromagnetic waves along the direction of the magnetic field. An observer on Earth intercepts the beam a regular time intervals and then receives radio pulses with a period of recurrence equal to that of rotation of the star. In order to be a source of gravitational waves they have to show a certain degree of asymmetry, to allow the quadrupole moment to vary with time, as shown in Eq 1. [START_REF] Abbott | All-sky search for continuous gravitational waves from isolated neutron stars using Advanced LIGO and Advanced Virgo O3 data[END_REF]. The expected gravitational wave amplitude [START_REF] Abbott | All-sky search for continuous gravitational waves from isolated neutron stars in the early O3 LIGO data[END_REF][START_REF] Abbott | All-sky search for continuous gravitational waves from isolated neutron stars using Advanced LIGO and Advanced Virgo O3 data[END_REF] associated to a source at distance r from the observer and rotating at the frequency f rot around its symmetry axis z, is

h = 4π 2 G I zz f 2 GW c 4 r = 1
.06 × 10 -26 10 -6

I zz I 0 f GW 100Hz 2 1kpc
r (1.11) where I 0 = 10 38 kg • m 2 is a nominal neutron star moment of inertia, I zz is the moment of inertia along z, is the equatorial ellipticity (which takes into account the asymmetry of the system) and f GW = 2f rot is the frequency of the emitted gravitational radiation. Analysing observation data and for a frequnecy band of search of 20-2000 Hz, the limit on the amplitude of these signals is set to h ∼ 1 -2 • 10 -25 [START_REF] Abbott | All-sky search for continuous gravitational waves from isolated neutron stars in the early O3 LIGO data[END_REF][START_REF] Abbott | All-sky search for continuous gravitational waves from isolated neutron stars using Advanced LIGO and Advanced Virgo O3 data[END_REF].

Stochastic background

The stochastic gravitational background is composed of the combination of weak, independent, unresolved gravitational signals from different sources [5]. The main contribution is thought to come from astrophysical sources such as the superposition of signals from black holes and neutron star binaries, supernovae or depleting boson clouds around black holes. Another contribution could come from signals produced by cosmological sources, i.e. produced during the inflationary epoch in the early universe or from the coalescence of primordial black holes.

The difference between the cosmological stochastic background and the astrophysical one is that the former is expected to be stationary, Gaussian, non-polarized and isotropic, while the latter cannot be so, since the distribution of galaxies with a distance of up to 100 Mpc is not isotropic. The upper limit for this kind of sources has been set to be h ∼ 9 × 10 -24 -10 -25 [START_REF] Abbott | Upper limits on the isotropic gravitational-wave background from Advanced LIGO and Advanced Virgo's third observing run[END_REF][START_REF] Abbott | Search for anisotropic gravitational-wave backgrounds using data from Advanced LIGO and Advanced Virgo's first three observing runs[END_REF].

Transient signal emitters

This category contains all the sources that produce non-stationary signals, whose amplitude varies over time. Examples of this type of source are the coalescence of binary systems of astrophysical objects. Supernovae, spectacular stellar explosions, also fall into this category as they can produce gravitational wave signals.

Compact binary coalescence

The coalescence of binary astrophysical systems is currently the only source of gravitational waves that has been observed experimentally. The binary systems that can merge and generate gravitational radiation are:

• binary black holes (BBH);

• binary neutron stars (BNS);

• neutron star and black hole (NSBH).

The two objects rotate around each other, losing energy in the form of gravitational waves.

This decreases the distance between the two objects and increases the rotation frequency of the system. This leads to a reduction in the orbital radius of the binary system until the two objects collide one on each other, creating a single black hole. Coalescence occurs in three phases: inspiral, merger and ringdown (see Fig. 1.2). The effective mass of the system during the inspiral phase is called chirp mass and it is defined as

M = µ 3/5 M 2/5 = (m 1 m 2 ) 3/5 (m 1 + m 2 ) 1/5 (1.12)
where m 1 and m 2 are the masses of the two objects of the binary system, M = m 1 + m 2 is the sum of the two masses and µ = m 1 m 2 m 1 + m 2 is the reduced mass. In this part of the signal both the amplitude and the frequency of the emission are increasing, as the chirp of a singing bird, see Fig. 1.2. The amplitude of the gravitational signal [START_REF] Ferrari | General Relativity and Its Applications: Black Holes, Compact Stars and Gravitational Waves[END_REF], at a distance r from the source, is h(t) = 4π 2/3 G 5/3 M 5/3 ν(t) 2/3 c 4 r 1.02 × 10 -23 M M where ν(t) is the gravitational radiation frequency.

In the past years, 90 gravitational wave events of this category has been observed from LIGO and Virgo detectors (see Sec. 1.3).

Supernovae

Core collapse supernova (CCSN) explosion is an other possible source of gravitational waves and it represents one of the most spectacular events in the Universe.

Supernovae with a mass in the range 8M ≤ M ≤ 130M can release gravitational radiation during the core collapse of the massive star [13]. Most of the energy during this process is stored as heat in the proto-neutron star and then almost entirely released as neutrinos, with a small fraction being released as kinetic energy during the explosion or emitted as electromagnetic radiation. An even smaller fraction of energy can be released as gravitational waves. Gravitational radiation is however emitted if the core collapse supernova explosion shows an asymmetry. The spherical symmetry of the CCSNs system can be easily altered by the rotation of the star, convective motions in the proto-neutron star and standing accretion shock instability. The amplitude of the gravitational waves generated by this source varies depending on the deviation from spherical symmetry. For an explosion occurring at a distance of 10 kpc from the observer, the amplitude of the gravitational radiation has been estimated to be of the order of 10 -23 -10 -20 and the signal duration to vary between 1 ms and few seconds with a frequency of 1 -few kHz [13]. However, these signals have not yet been observed.

Gravitational waves detections

The first gravitational wave signal from a coalescence of two black holes was detected on 14

September 2015 (GW150914) by the LIGO detectors in the USA [START_REF] Abbott | Observation of gravitational waves from a binary black hole merger[END_REF]. Since then, a new era of observing the universe has begun. The detector Virgo, in Europe, had joined the detector network on 1 August 2017, leading to the first three-detector detection on 14 August 2017 (GW170814) [START_REF] Abbott | GW170814: a three-detector observation of gravitational waves from a binary black hole coalescence[END_REF]. On 17 August 2017 (GW170817), gravitational radiation from the coalescence of two neutron stars was detected from the gravitational wave detectors [15], in coincidence with other telescopes, such as Fermi [START_REF] Ajello | Fermi-LAT observations of LIGO/Virgo event GW170817[END_REF], which revealed its electromagnetic counterpart. This observation started the so-called multi-messenger astronomy. The third observing run led to the detection of several coalescence events, also leading to the detection of two mixed coalescences of a black hole with a neutron star in January 2020 (GW200105 and GW200115) [START_REF] Abbott | Observation of gravitational waves from two neutron star-black hole coalescences[END_REF]. In total, 85 events has been detected from 2015 until March 2020, when the third observation run ended, see Fig. 1.3: 3 events during O1 [START_REF] Abbott | GWTC-1: a gravitational-wave transient catalog of compact binary mergers observed by LIGO and Virgo during the first and second observing runs[END_REF]; 8 events during O2 [START_REF] Abbott | GWTC-1: a gravitational-wave transient catalog of compact binary mergers observed by LIGO and Virgo during the first and second observing runs[END_REF]; 39 events during O3a [START_REF] Abbott | GWTC-2: compact binary coalescences observed by LIGO and Virgo during the first half of the third observing run[END_REF][START_REF] Abbott | GWTC-2.1: Deep extended catalog of compact binary coalescences observed by LIGO and Virgo during the first half of the third observing run[END_REF]; 35 events during O3b [21]. The Fig. 1.4 shows the graphic of the masses of all the gravitational wave events announced from the first detection (O1) until the last events detected (O3b).

Observation prospects for O4 and O5

After run O3, the commissioning phase of the detectors began in order to perform upgrades that will allow a better sensitivity during the next observation runs. The timeline of the upgrades of LIGO, Virgo and KAGRA are shown in Fig. 1.5. For each observing run it is indicated the BNS range in Mpc as a figure of merit, which quantifies the distance of a detectable BNS system. The run O4 is planned to start in spring 2023 and the target sensitivity for LIGO is 160-190 Mpc, for Virgo is 80-115 Mpc and for KAGRA is 1-10 Mpc. The duration of the run is planned to be 12 months. Afterwards there will be a new commissioning phase for the The expected number of detections during O4 using the four gravitational wave detectors and with 90% credibility are [22] • from 0 to 62 BNS detections with a median 90% credible region for the localization area of 33 deg 2 ;

• from 0 to 92 NSBH detections with a median 90% credible region for the localization area of 50 deg 2 ;

• from 35 to 168 BBH detections with a median 90% credible region for the localization area of 41 deg 2 .

The large number of binary system detections expected in O4 will allow more precise measurements of the parameters of neutron stars and/or black holes, to characterize the astrophysical distribution of compact binaries in the universe and to test general relativity with these systems [23]. Furthermore, the detection of neutron star coalescences enables multimessenger astronomy and would allow the study of matter under extreme conditions, i.e. the neutron star equation of state. The compact binaries detections will be of key importance also to have a more precise determination of the Hubble constant. However, during O4 it might be possible to see other gravitational signals not yet detected by LIGO, Virgo and KAGRA such as bursts, continuous waves (both from unknown sources, from pulsars or nearby post-merger neutron stars) and the stochastic background [23].

Conclusion

This chapter introduces gravitational waves, derived from Einstein's equations of general relativity, and describes the sources emitting them. A century after their prediction, these extremely small signals have been detected, starting a new epoch in the observation of the Universe. In the next chapter, the principle that lead to the detection of gravitational waves on Earth in detailed. The improvements on the detectors needed to go further in the discovery of the cosmos will be described.

Chapter 2.

Ground based gravitational waves detectors

An extremely sensitive instrument is needed to detect gravitational waves. In the early 1960s, the physicist Joseph Weber was the first one who tried to directly detect gravitational waves, after demonstrating that a gravitational radiation can introduce vibration on an harmonic oscillator [START_REF] Weber | Detection and generation of gravitational waves[END_REF]. After several tentative experiments, it was realized that the best detector on Earth would be a Michelson interferometer with km-scale arms. Indeed, a laser interferometer can measure a change in the distance between two free-falling masses suspended several kilometers apart, 1000 times smaller than the size of a proton. In this chapter, the detection principle of an interferometric gravitational wave detector is described, pointing out the main techniques used to improve the sensitivity with respect to the basic configuration. Moreover, the main sources of noise disturbing the detection of gravitational waves are presented. Finally, the current configuration of the European gravitational wave detector Virgo is described.

Interferometric detection principle

One way to directly observe the amplitude of a gravitational wave is to measure the change in distance introduced between two free-falling masses that the passage of the wave causes.

L represents the distance between the two free test masses and δL the variation in length induced by a perturbation. The amplitude of the gravitational wave, expressed in dimensionless units, is called strain or h(t) and it is defined as

h(t) = 2 δL(t) L (2.1)
where the factor 2 indicates that the light is passing back and forth between the two masses.

The most sensitive ground-based instrument to detect gravitational waves is a km-scale Michelson interferometer. The mirrors that form this detector are suspended, and therefore decoupled from the ground motion, and behave as free masses in the horizontal plane. Fig. 2.1

shows the effect of the passage of a polarized h + gravitational wave propagating perpendicularly with respect to the interferometer plane. The arrival of a gravitational wave introduces a differential change in the length of the Michelson arms, which corresponds to the δL(t) of Eq. 2.1. The photodetector at the antisymmetric port detects the output power which is proportional to the difference in length between the arms.

Michelson interferometer

The simplest configuration of a Michelson gravitational wave detector is shown in Fig. 2.2 1 .

A beam is generated by a coherent light source and split in two by a 50/50 beam splitter.

The two resulting beams propagate perpendicularly along the two arms of the interferometer until they reach the two final mirrors that are denoted with NE (North End) and WE (West End). The arm along the north direction has length L N while the one in the west direction L W . The two arms have the same length L N = L W , which is 3 km in the case of Virgo. The beams recombine in the beam splitter with constructive or destructive interference depending on how the interferometer mirrors are positioned. The chosen configuration is the dark fringe, i.e. destructive interference, to be more sensitive to the gravitational wave signal, as it will be explained in this Section. In the following the relation between the detected output power and the difference in phase of the two beams recombined in the beam splitter is derived.

A laser beam of amplitude E in is sent towards the BS. The amplitude of the field transmitted by the beam splitter and then reflected by the NE after a round trip (RT), is where k = 2π λ is the wave number of the light with λ light wavelength, t BS is the transmittivity of the BS and r N E is the reflectivity of the North End mirror. The amplitude of the field reflected by the beam splitter and then reflected by the WE after a round trip (RT), is

E RT N = -t BS r N E e -i2kL N E in (2.2)
E RT W = r BS r W E e -i2kL W E in (2.3)
where r BS is the reflectivity of the beam splitter, r W E is the reflectivity of the West End mirror.

These two fields recombine into the 50/50 beam splitter. The resulting field at the output port of the detector has an amplitude of

E out = -r BS E RT N + t BS E RT W = r BS t BS r N E e -i2kL N + r W E e -i2kL W E in = r BS t BS E in e -ik(L N +L W ) r N E e -ik(L N -L W ) + r W E e ik(L N -L W ) .
(2.4)

The reflectance and the transmittance are defined as

|r i | 2 = R i and |t i | 2 = T i respectively.
The output power detected by the photodetector is

P out = |E out | 2 = P in R BS T BS (R N E + R W E + 2r N E r W E cos φ) (2.5)
where

φ = 2k(L N -L W ) = 2kδL. (2.6)
The output power is proportional to the differential length of the two arms.

The maximum detected power corresponds to φ = 0

P max = P in R BS T BS (R N E + R W E + 2r N E r W E ) (2.7)
and the minimum power to φ = π

P min = P in R BS T BS (R N E + R W E -2r N E r W E ). (2.8)
The contrast can be introduced from Eq. 2.7 and 2.8

C = P max -P min P max + P min = r N E r W E R N E + R W E . ( 2.9) 
The output power as a function of C is

P out = P in R BS T BS (R N E + R W E )(1 + C cos φ).
(2.10) P out depends only by the phase φ, that can also be expressed as

φ = φ 0 + φ GW (t) (2.11)
where φ 0 is the static term and φ GW (t) is the time -dependent phase introduced by the passing gravitational wave. If R N E = R W E and φ 0 >> φ GW (t) , Eq. 2.10 can be re-written as

P out = P in 2 (1 + C cos (φ 0 + φ GW (t))) = P in 2 (1 + C cos φ 0 -φ GW (t) sin φ 0 ) . (2.12)
This corresponds to a change in power introduced by the passage of the gravitational wave equal to

δP GW (t) = P in 2 • C • φ GW (t) • sin φ 0 . (2.13)
If the static part is zero, starting from the definition in Eq. 2.6, the passage of a gravitational wave introduces a relative deformation of the arms δL GW (t) which is revealed as a difference in phase

φ GW (t) = 2kδL GW (t) = 4π λ δL GW (t). (2.14)
Eq. 2.13 can be re-written using Eq. 2.14 and 2.1, as

δP GW (t) = P in 2 • C • sin φ 0 • 2π λ • h(t) • L (2.15)
where

L = L N = L W .
Any variation caused by an alteration in the distance between the mirrors, produces a very small shift in phase between the beams and, thus, a variation of the intensity of the light, which is proportional to the wave's amplitude. The variation of light detected δP GW (t) is proportional to the length of the arms and to the input power P in , meaning that to detect more signal it is needed to have long arms and an high input power. Two different configurations of the detector can be defined from the value of the static phase φ 0 in Eq. 2.12:

• φ 0 = π : dark fringe, i.e. no power at the output port of the detector;

• φ 0 = 0 : bright fringe.

Fabry-Perot cavities

In order to increase the effect that the passage of a gravitational wave has on the signal at the output port of the Michelson interferometer, a more complex configuration is used. Fabry-Perot cavities has been introduced along the interferometer arms in order to increase their effective length. The scheme of a simple Fabry-Perot cavity is shown in Fig. 2.3. The cavity is composed by two mirrors M 1 and M 2 of reflectivity and transmissivity r 1,2 and t 1,2 . The electromagnetic fields measured at different points of the cavity are

• E in : the input field;

• E 1 = t 1 E in -r 1 E 4 : the input field transmitted by M 1 ;

• E 2 = E 1 e -ikL : the field arriving on M 2 ;

• E 3 = -r 2 E 2 = -r 2 E 1 e -ikL : the field reflected by M 2 ;

• E 4 = -r 2 E 2 e -ikL = -r 2 E 1 e -i2kL : the field reflected by M 2 arriving back on M 1 ;

• E r = -r 1 E in + t 1 E 4 : the field reflected by the Fabry-Perot cavity;

• E t = t 2 E 2 = t 2 E 1 e -ikL
: the field transmitted by the Fabry-Perot cavity.

Combining these relations, the reflected, the transmitted and the circulating fields are derived:

• Field reflected by the cavity:

E r = r 1 -r 2 e -i2kL 1 -r 1 r 2 e -i2kL E in = r cav E in (2.16)
where r cav is the reflectivity of the Fabry-Perot cavity;

• Field transmitted by the cavity:

E t = t 1 t 2 e -ikL 1 -r 1 r 2 e -i2kL E in = t cav E in (2.17)
where t cav is the transmissivity of the Fabry-Perot cavity;

• Field circulating inside the cavity:

E 1 = E circ = t 1 1 -r 1 r 2 e -i2kL E in = g cav E in (2.18)
where g cav is the gain of the Fabry-Perot cavity.

The respective powers of these fields are shown in Fig. 2.4 for a 3 km long Fabry-Perot cavity.

The main quantities describing a Fabry-Perot cavity are [26]:

• Optical gain: amplification factor within the cavity

G = g 2 cav = t 1 1 -r 1 r 2 2 (2.19)
• Finesse: it is a measure of how wide the resonance peaks are in relation to their frequency distance and it can be expressed as a function of the mirror reflectivities when r 1 , r 2 ∼ 1 • Storage time: it is the average time spent by a photon inside the cavity before exiting through one of the mirrors

F = π √ r 1 r 2 1 -r 1 r 2 (2.
τ = F 2L πc = N L c = π 2f p (2.21)
where N is the average number of round trip inside a Fabry-Perot cavity and f p is the Fabry-Perot cavity pole cut frequency.

• Frequency response of the Fabry-Perot cavity:

g(f ) = 1 1 + f fp 2 (2.22)
• Free spectral range (FSR): it is the frequency distance between two successive resonances (see Fig. 2.5)

F SR = ∆ν = c 2L (2.23)
where c is the speed of light;

• Linewidth: it is the full width half-maximum (FWHM) of the resonance peak (see Fig. The power circulating inside the Fabry-Perot cavity, from Eq. 2.18, is given by

P circ = |E circ | 2 = t 2 1 1 -r 1 r 2 + 4 sin 2 (kL) • P in = G 1 + 2F π 2 sin 2 (kL)
• P in (2.25) where kL = ν c L, introducing the dependency on the frequency.

The resonance condition of the cavity occurs when the phase shift of the field after a round trip corresponds to an integer number of π, i.e. φ = kL = nπ.

The two Fabry-Perot cavities along the interferometer arms are shown in Fig. 2.6. The phase detected at the output port, using Eq. 2.16 instead of Eq. 2.2 in Eq. 2.4, can be written as

φ = φ 0 + φ GW (t) = φ 0 + 4π λ 2F π δL GW (t) = φ 0 + N 4π λ δL GW (t) (2.26)
where φ 0 represents the phase at the resonance.

This means that the small shift of the mirrors introduced by the passage of a gravitational wave is amplified by the Fabry-Perot cavity. The amplification factor is proportional to the Finesse of the interferometer arms. 

Power recycling cavity

Since the output power variation introduced by the gravitational wave is proportional to the input power (see Eq. 2.13), increasing the power circulating in the interferometer improves its performance. Furthermore, the detector operates close to the dark fringe condition (φ 0 << π in Eq. 2.13), i.e. there is almost no light coming out to the output port and this means that all the power is sent back to the laser. The power recycling technique can therefore be used by inserting a mirror (PR) between the laser and the Beam Splitter (BS) to send the light back to the interferometer, as shown in Fig. 2.7. The effect is that the interferometer input beam sees a Fabry-Perot cavity formed by the PR as an input mirror and the rest of the interferometer as an output mirror. Defined L P R as the distance between the PR and the BS, the field circulating inside the cavity is given by (from Eq. 2.18)

E P R = t P R 1 -r P R r + e -i2kL P R E in (2.27)
where r + is given by

r + = -r F P e -ik(L N I +L W I ) (2.28)
and r F P is the Fabry-Perot reflectivity. The circulating power can be obtained as in Eq. 2.25 and the resulting optical gain is (using Eq. 2.19)

G P R = t P R 1 -r P R r + 2 .
(2.29)

It represents the power amplification introduced in the interferometer by adding PR mirror. 

Signal recycling cavity

The final detector configuration is a dual-recycled Michelson interferometer, where in addition to the power recycling there is another recirculation cavity, the signal recycling (SRC) one.

This cavity can be described by considering the entire power-recycled interferometer as a single optical system and the signal recycling mirror (SR) as the second element of this cavity, positioned at the output port of the detector. The reflectivity and the transmissivity of the SR are denoted by r SR and t SR and the distance between the signal recycling mirror and the power recycled interferometer is denoted by L SR .

The signal recycling technique is generally adopted to increase the interferometer sensitivity or band-width to differential displacement. Only when a differential motion is present, a sideband signal at a certain frequency f is transmitted at the detector's antisymmetric port and its resonance condition in the SRC is altered. The sideband signal, which is generated in the long arms of the interferometer, sees an effective input mirror composed of the cavity made by SR and the Fabry-Perot input mirror. Thus tuning the SRC can change the reflectivity of the input mirror that the sideband signal sees and thus change the position of the Fabry-Perot cavity pole, defined in Eq. 2.1.2.

The field transmitted by the signal recycling mirror at the anti-symmetric port is given by [START_REF] Vajente | Note on signal recycling I: Field equations[END_REF] 

E t SR (f ) = t P R sin f ∆L c e -iφ±i f c L SRC 1 -r P R cos f ∆L c -r SR cos f ∆L c -r P R e -i2φ±i2 f c L SRC E in (2.30)
where the following quantity are defined as

• signal recycling cavity length

L SRC = L SR + L N I + L W I 2 (2.31)
• Schnupp asymmetry: static length difference between the small interferometer arms which is, in the case of Virgo, given by

∆L = L N I -L W I = 23cm (2.32)
• phase tuning of the signal recycling cavity

φ = kL SRC + π 4 (2.33)
Depending on the value of φ, the interferometer is in different configurations:

• φ ∈ ]-π, 0[ gives a resonant enhancement of the sensitivity at a single frequency (detuned signal recycling);

• φ = ±π gives an enhancement of the lower frequency gain (tuned signal recycling);

• φ = 0 gives a broad-band response of the interferometer (resonant sideband extraction regime), which is the configuration used in Virgo;

• φ ∈ ]0, π[ gives a low frequency gain increase.

Noise sources

Ground-based gravitational wave detectors must be sensitive to extremely small differential variations of their arms length, 1000 times smaller than a proton. Various noise sources mask these signals, mimicking the gravitational wave signal. It is therefore necessary to understand and reduce these noises as much as possible.

The noise can be described as a random time serie n(t) and its single-sided Power Spectral Density (PSD) is given by

S(f ) = lim T →∞ 2 T +T -T n(t)e -2iπf t dt 2 .
(2.34)

This quantity describes the variation of the time serie n(t) at the frequency f. The Amplitude Spectral Density (ASD) is given by

h(f ) = S(f ). (2.35)
The PSD associated to the noise n will be indicated as S n while its ASD as h n .

The noises can be divided in two group: fundamental and technical noises.

The fundamental noises are the ones intrinsic to the interferometer design. The main noises involved are the seismic, the thermal and the quantum noises (see Sec. 

Seismic noise

Seismic noise is due to ground vibrations coupling with the test masses. To attenuate this noise, the interferometer mirrors are decoupled from the ground by a complex suspension system, see Fig. 2.8. This noise comes from several sources. For example below 1 Hz, it is mainly caused by natural factors, such as ocean waves [START_REF] Ardhuin | Ocean wave sources of seismic noise[END_REF]. Above 1 Hz the seismic noise is mainly produced by human activities [START_REF] Acernese | Properties of seismic noise at the Virgo site[END_REF]. This noise must be attenuated by more than 10 orders of magnitude in order to reach a sensitivity of 10 

Newtonian noise

Newtonian noise (or Gravity gradient noise) is due to the fluctuations of the local gravitational field due to the seismic waves in the ground, that changes the mass density distribution around the mirrors and therefore introduces a displacement [START_REF] Hughes | Seismic gravity-gradient noise in interferometric gravitational-wave detectors[END_REF]. This noise dominates in the low frequency band and acts directly on the mirrors bypassing their isolation system, so a ground-based detector can not have a frequency detection band below this frequency. A way to beat this limit is to locate the instrument in a quiet place, for example underground as it has been done for the KAGRA detector [START_REF] Sato | Ultrastable performance of an undergroundbased laser interferometer observatory for gravitational waves[END_REF]. Indeed, it has been observed that the effects of the newtonian noise are reduced by about two orders of magnitude by going underground. In addition, one method of reducing Newtonian noise in current gravitational wave detectors is to measure it and subtract it from the detector's output data [START_REF] Badaracco | Machine learning for gravitational-wave detection: surrogate Wiener filtering for the prediction and optimized cancellation of newtonian noise at Virgo[END_REF].

Thermal noise

The Fluctuation-Dissipation theorem [START_REF] Callen | On a theorem of irreversible thermodynamics[END_REF] states that any physical system affected by some form of dissipation is subject to a fluctuation directly proportional to its temperature. This results in a motion of a thermal nature of the mirrors and of their suspensions. Furthermore, the equi-partition theorem [START_REF] Callen | On a theorem of irreversible thermodynamics[END_REF] states that every normal oscillation and vibration mode of the system is associated with energy fluctuations proportional to k B T where k B is the Boltzmann constant and T is the equilibrium temperature of the system. Thermal noise has two main origins: suspension thermal noise and mirror thermal noise.

The suspension thermal noise results from the excitation of the mechanical modes of the mirror suspensions. These excitations result in a fluctuation of the position of the test masses. Two different types of excitation are possible. The first is the pendulum thermal noise, where the longitudinal modes of the suspensions are excited at the resonance frequency (0.6 Hz for Virgo) and results in a longitudinal displacement of the mirror. This noise is dominant at frequencies below 50 Hz and has been reduced in the past by replacing the steel suspension wires with monolithic fused silica wires. The second consists of the excitation of the vibrational modes of the suspensions wires, which resonant frequencies are ∼450 Hz and its harmonics.

The mirror thermal noise can be due to both the vibration modes of the substrates of the mirrors and of their coating, which is the major contributor. Coating thermal noise is typically dominant between 30 Hz and 100 Hz.

One effective way to reduce this noise is to put the detector mirrors in a cryogenic environment, as was done with KAGRA [START_REF] Somiya | Detector configuration of KAGRA-the japanese cryogenic gravitational-wave detector[END_REF] and is planned for future detectors.

Shot noise

The gravitational wave signal is extracted from the measurement of power reaching the antisymmetric port of the detector. The statistical fluctuation in the power is coupled directly to the system, introducing what is called shot noise. More specifically, this noise arises from the quantum nature of the light being detected. In this section the semi-classical approach is followed. The photons arriving on the photo-detector, denoted by N, are discrete and independent events and they follow a Poissonian distribution

P (N ) = N N N ! e -N . (2.36)
where N is the average number of photons and σ 2 N = N is the variance, considering that N >> 1. Considering the laser energy in terms of photons as E ph = ω, with being the reduced Plank constant, the rate of measured photons n can be defined as

n = P out E ph = P out ω , ( 2.37) 
the average number of measured photons over a time T as

N = σ 2 N = nT = P out ω T (2.38)
and the statistical fluctuations as

σ N = N . ( 2.39) 
Therefore, from Eq. 2.12, the power fluctuation in the time interval T can be characterized as

δP shot = ω T σ N = ω P out ωT = P in 2T (1 + C cos φ) ω.
(2.40)

The signal-to-noise ratio in the frequency domain, for a Michelson interferometer, can be defined from the Eq. 2.40 and 2.13 as

SN R(f ) = δP GW (f ) δP shot (f ) = 1 2 P in ω C sin φ 0 √ 1 + C cos φ 0 φ GW (f ). (2.41)
which is maximum for

cos φ 0 = -1 + √ 1 -C 2 C . (2.42)
Therefore the best SNR is found at the dark fringe condition assuming C ∼ 1 (cos φ 0 = -1).

From Eq. 2.1 and 2.26, φ GW (f ) can be expressed as

φ GW (f ) = 2πL λ 2F π h(f ). (2.43)
The strain corresponding to the minimum detectable gravitational wave amplitude for a power recycled Fabry-Perot Michelson interferometer limited by shot noise (i.e. SNR = 1) is therefore

h shot (f ) = λ 4FL ω P in G P R 1 g(f ) (2.44)
where g(f ) is defined in Eq. 2.22.

Radiation pressure noise

The radiation pressure noise is due to the momentum transferred onto the test masses by the unequally spaced in time photons arriving on them. The transferred momentum introduces a fluctuating radiation pressure force on the suspended mirrors that is related to fluctuations in power of the incident beam according to

δF = 2δP in c (2.45)
where it has been assumed that the power arriving on the mirror is P in /2. Suspended mirrors of mass M are treated as harmonic oscillators far from their resonances, so that the displacement induced on the mirror at angular frequency f is

δx(f ) = δF (f ) M (2πf ) 2 = 1 M f 2 P in 4π 2 cλ , ( 2.46) 
where a simple Michelson configuration is considered. The fluctuations in the two arms are anti-correlated, i.e. an extra photon in one arm corresponds to a missing photon in the other.

Thus the induced variation of the average arm length L is 2x(f ). The radiation pressure noise for a power recycled Fabry-Perot interferometer is given by

h rp (f ) = 2 L x(f ) = 4F M L P in G P R π 5 cλ g(f ) f 2 . (2.47)
Total quantum noise strain is given by the sum in quadrature of shot noise and radiation pressure noise

h qn = h 2 shot + h 2 rp .
(2.48)

The radiation pressure noise follows 1/f 2 and thus predominates at low frequencies, while the shot noise has a pattern that does not depend directly on the frequency, but only on the frequency of the Fabry-Perot cavity pole, see Eq. 2.44, and thus dominates at high frequencies.

In addition, the radiation pressure noise is proportional to √ P in , while the shot noise to 1/ √ P in .

This shows that according to the semi-classical treatment, it is not possible to reduce both of these noises at the same time. For each frequency, one can find the power value that minimizes quantum noise, i.e. h qn . This curve is called the standard quantum limit (SQL) and is defined as

h SQL (f ) = 1 f M π 2 L 2 .
(2.49)

The quantum noise overall spectrum is shown in Fig. 2.10.

However, a technique has been developed in order to go below the SQL, by introducing in the detector particular quantum states of light called squeezed states. This technique will be described in detail in Part II as it is the main subject of this thesis.

Technical noises

In addition to the fundamental noises just described, which are intrinsic in the components of the interferometer, also the so-called technical noises are spoling the detector sensitivity. Their impact can be reduced by a proper understanding of the coupling mechanism and an adequate technical design. With experience, several noises have been identified and efforts have being made to mitigate them as best as possible.

Currently recognized technical noises include: scattered light noise, electronic noise, laser noises (such as frequency noise, power noise etc), contrast defect, control noise.

Scattered light noise, for example, is due to the fact that scattered light, as it re-couples with the detector's main beam, introduces low-frequency noise. Scattered light from the detector main mirrors was predicted and then mitigated by putting baffles along the arms [START_REF] Brisson | Virgo final design baffles[END_REF], so that it could be stopped before it could re-couple with Virgo's main beam mode. It is known that also the optics on the suspended benches, used for interferometer control and gravitational wave detection, generate scattered light, producing a clearly visible effect on the sensitivity curve [START_REF] Was | AdV+ noise review: DET -SDB1/SDB2/SPRB/SNEB/SWEB[END_REF]. This effect will be described in Part III.

Moreover, in the shot noise calculation it has been assumed that the contrast is equal to 1, but it is actually slightly less. This is due to the fact that the two beams recombining on the beam splitter, do not have the same geometric properties due to the defects in the mirrors.

This means that higher order modes which do not contain the gravitational wave signal arrive at the output port of the detector. This effect is called contrast defect. To make sure that only the carrier signal in its fundamental mode arrives at the photodiode, it is necessary to introduce a cavity that cleans the beam, the Output Mode Cleaner, as will be described in Part IV. 

The Advanced Virgo Plus detector

The European gravitational wave detector Virgo is located in the Tuscan countryside near Cascina, Italy. It takes its name from the Virgo cluster containing about 1500 galaxies, about 16.5 million Mpc far from the Earth, which is located in the Virgo constellation. The proposition to build this detector was made by the scientists Adalberto Giazotto and Alain Brillet in 1987.

Its construction began ten years later and it was inaugurated in 2003. Virgo is a power recycled Michelson interferometer with Fabry-Perot cavities along its 3 km long arms [START_REF] Accadia | Virgo: a laser interferometer to detect gravitational waves[END_REF], as described in Sec. 2.1.3. Several upgrades were needed to improve its sensitivity and thus to detect gravitational waves. The first upgrade Advanced Virgo lead to the first three-dectors detection in the August 2017 [START_REF] Acernese | Advanced Virgo: a second-generation interferometric gravitational wave detector[END_REF]. Advanced Virgo remained in operation until March 2020. From then until spring 2023, the interferometer is in the commissioning phase. This upgrade is called Advanced Virgo Plus (AdV+).

Upgrades towards AdV+

The main goal of AdV+ is to reduce the detector's sensing noise, noise that comes from quantum noise (see Sec. 2.2.4 and 2.2.5) by introducing three main changes to the Advanced Virgo configuration:

• the installation of the signal recycling mirror that allows the detection bandwidth to be increased by reshaping the quantum noise (see Sec. 2.1.4);

• the increase of the laser input power to reduce the effect of shot noise ;

• the injection of frequency-dependent squeezing to further reduce shot noise without increasing radiation pressure noise at low frequencies (see Sec. 2.2.4 and 2.2.5). Fabry-Perot cavities along the two arms of the interferometer 2 . The beams reflected by the North and West Fabry-Perot cavities recombine on the beam splitter, close to the dark fringe condition (see Sec. ). This mean that the beam at the output port has a low power (∼ 1 W). It passes through the signal recycling mirror (SRM) and propagates through the output Faraday

The optical configuration of

Isolator (on the detection bench SDB1). The main beam passes through the Output Mode Cleaner (OMC) cavity. The OMC is a small monolithic bow-tie Fabry-Perot cavity, whose aim is to filter the dark fringe beam removing the higher order modes and control sidebands (see respectively for the North arm and West arm. The beam reflected by the North Arm cavity is called B5. The detection system represents also the interface between the squeezing system and the interferometer, as it will be detailed in Ch. 9. The squeezing is injected through the Faraday Isolator on SDB1 and then enters the detector through its output port. 

Feedback control loop

The ITF has to be kept in a precise working position in order to correctly operate and thus enable the detection of gravitational waves. This means that the suspended mirrors and benches must be positioned in the configuration that allows the power amplification in the resonant cavities and to be close to the dark fringe configuration (see Sec. 2.1.1). However, seismic noise causes the suspended elements to move if they are not permanently controlled. Therefore, dedicated feedback control loops have to be implemented. The control theory of dynamic systems is fundamental to Virgo's operation, so we provide the main details in Sec. 2.4.1. In addition, the longitudinal control of a cavity will be analyzed using a widely used technique called Pound-Drever-Hall.

Feedback control loop principle

A feedback control loop is the process that takes the output of a system and feeds it back to its input to keep the system always at a given working point.

Physical systems are characterized by their ability to accept a parameter as input and produce an output in response. The systems considered in the following are linear, i.e. the input and output are linked by a linear relationship, and time invariant, i.e. their response does not change as a function of time. This type of system is called a linear time-invariant system (LTI) and can be described by a differential equation of the type:

a 0 • x(t) + a 1 • dx(t) dt + a 2 • d 2 x(t) dt 2 + ... + a n • d n x(t) dt n = b 0 • y(t) (2.50)
where y(t) is the input of the system and x(t) is the output of the system.

However, high-order differential equations can be difficult to solve in the time domain. One way to solve them is to consider the frequency domain and perform the Laplace transform and then recall the time domain response. The Laplace transform in the s-domain is defined by

L{f (t)} = F (s) = ∞ 0 f (t) • e -st dt (2.51)
where s is a complex number. The behavior of an LTI system in the s-domain is described by its Transfer Function (TF), which consists of the ratio between the system's input Y (s) and output X(s), in the s-domain:

G(s) = X(s) Y (s) . (2.52)
The TF of the system can be described by rational functions such as

G(s) = g • (s -z 1 ) • (s -z 2 ) • ... • (s -z N ) (s -p 1 ) • (s -p 2 ) • ... • (s -p N )) (2.53)
where g is the gain, z i are the values that null the numerator of the TF and are called zeros and p i are the values that null the denominator and are called poles. This is the great advantage of solving differential equations in the s-domain.

Most TFs can be described as the product of simple or second-order poles and zeros as in Eq. 2.53. The form of poles and zeros at frequency f 0 at first order is given by

Z 1 (s) = s -2πf 0 (2.54) P 1 (s) = 1 s -2πf 0 . ( 2 

.55)

A simple pole is called an integrator because at the output the signal is the integral of the input signal. A simple zero is called a differentiator because the output is the derivative of the input.

Poles and zeros of second order at frequency f 0 are described by

Z 2 (s) = s 2 + 2πf 0 Q • s + (2πf 0 ) 2 (2.56) P 2 (s) = 1 s 2 + 2πf 0 Q • s + (2πf 0 ) 2 (2.57)
where Q is the quality factor noticing that

• Q = 0 gives a simple pole/zero;

• Q > 0.5 gives an overshoot at f < f 0 and for f > f 0 TF follows a f 2 (zeros) or f -2 (poles) dependance.

The graphical representation of the transfer function of a system described with a zero or a pole, with different Q factors is shown in Fig. 2.12.

A feedback control loop can be described with this formalism by introducing several elements:

• the system to be controlled called plant, P(s), which in our case can be the length of a cavity;

Figure 2.12.: On the left, the transfer function of a second order system described by a zero with different Q values, both the magnitude and the phase, is shown. On the right, the transfer function of a second order system described by a pole with different Q values, both the magnitude and the phase, is shown.

• the sensor, S(s), that is used to extract the error signal: in our case, mainly photodiodes, quadrant photodiodes 3 and cameras are used;

• the error signal: the signal detected by the sensor which gives the information on the system's state. This signal must be bipolar, i.e. it must change sign around the point of interest, in order to give information on the direction of motion (a widespread technique is that of Pound-Drever-Hall to linearize the error signal, see Sec. 2.4.2);

• the feedback or correction filter, F(s): this is used to calculate the correction required to bring the system to the desired operating point;

3 Quadrant photodiodes are discrete sensors composed by four optically active areas separated by small gaps. They are used to detect the position of the laser beam arriving on their sensitive area. In this thesis they will be called simply quadrants.

• the actuator, Act(s): an element that acts on the plant to bring the system around the working point by applying the correction calculated by the filter F(s).

The schematic of a feedback control loop is shown in Fig. 2.13. The system's input is a perturbation, or noise, Y(s) that drives the plant away from its working point. The system output, X(s), is the error signal. The TF of the system measured when the loop is closed, i.e.

when the feedback is sent to the plant, is called Closed loop TF and it is therefore given by

T F CL (s) = X(s) Y (s) = P (s) • S(s) 1 + P (s) • S(s) • F (s) • Act(s) = g CL (s) • P (s) • S(s) (2.58)
where the noise suppression exerted by the loop is quantified by the factor g CL (s), which is called Closed loop gain. The g CL (s) function gives information on the frequency range in which the loop is acting to reduce the input noise. The frequency for which this gain factor is 1 is called the Unitary Gain Frequency (UGF). Furthermore, for the feedback loop to function as desired, it must be stable. The system is stable if when an input disturbance is applied, its output converges. Stability is given by the behavior of the denominator of Eq. 2.58: if the product P (s) • S(s) • F (s) • Act(s) becomes equal to -1, the TF diverges and the system therefore becomes unstable. The product of the feedback loop elements is called Open loop Transfer Function (OLTF) and corresponds to the behavior of the system when the feedback is disconnected from the input.

More details on control theory can be found in [START_REF] Doyle | Feedback control theory[END_REF].

Pound-Drever-Hall technique: longitudinal sensing

An example of the system the be controlled in gravitational wave detectors are the longitudinal degrees of freedom of optical cavities, such as Fabry-Perot cavities, recycling cavities, monolithic cavities as the output mode cleaner, etc. In the following, the lock of two cavities inherent to the work in this thesis will be described: the filter cavity in the quantum noise reduction system (see Sec. 5.3) and the new high finesse output mode cleaner cavity (see Sec. 10.3).

In order to be able to lock these cavities longitudinally, it is necessary to find a good error signal which gives us information about the length of the cavity with respect to its resonance point. A good error signal must be bipolar, i.e. it changes sign around the operating point; linear, i.e. it is proportional to the parameter we want to measure; and cross zero around the chosen operating point. The Pound-Drever-Hall (PDH) technique (see Sec. 2.4.2) is used to obtain an error signal that meets these characteristics and it controls the length of the cavity with respect to the laser frequency [START_REF] Black | An introduction to pound-drever-hall laser frequency stabilization[END_REF].

The PDH scheme is shown in Fig. 2.14. The laser, at ω-frequency, passes through an Electo-Optic Modulator (EOM) where it is frequency modulated, acquiring sidebands at a frequency ω ± Ω, chosen to be anti-resonant with the Fabry-Perot cavity. The field exiting the EOM, E in can be written as:

E in = E 0 • e i(ωt+m•sin(Ωt)) (2.59)
where E 0 • e iωt is the field entering the EOM, and m is the modulation depth and Ω is the modulation frequency. Expanding the exponential in terms of Bessel functions, one obtains

E in = E 0 • J 0 (m) • e iωt + J 1 (m) • e i(ω+Ω)t -J 1 (m) • e i(ω-Ω)t (2.60)
where it has been considered that the modulation depth is small, i.e. m < 1, meaning that all the power is in the carrier and sidebands fields. The carrier (corresponding to the J 0 (m) term ) must resonate in the cavity, while the sidebands (corresponding to the J 1 (m) terms) are reflected. The sideband shifted by +Ω with respect to the carrier is called the upper sideband and the sideband shifted by -Ω is called the lower sideband. The difference in phase between the sidebands and the carrier contains information about the length of the cavity and it is therefore the PDH error signal. The reflected field can be described as

E r = E 0 e iωt • r(ω)J 0 (m) + r(ω + Ω)J 1 (m)e iΩt -r(ω -Ω)J 1 (m)e -iΩt (2.61)
where r(ω), r(ω + Ω) and r(ω -Ω) are the reflectivities of the cavity given by Eq. 2.16 for the carrier field, upper and lower sidebands respectively. The signal that arrives on the photodiode is the reflected power, given by [42]

P r = P c • |r(ω)| 2 + P s • |r(ω + Ω)| 2 + |r(ω -Ω)| 2 + + 2 P c P s • Re (r(ω)r * (ω + Ω) -r * (ω)r(ω -Ω)) cos(Ωt)+ + Im (r(ω)r * (ω + Ω) -r * (ω)r(ω -Ω)) sin(Ωt) + (2Ω terms).
(2.62)

where

P c = |E 0 | 2 • J 2 0 (m)
is the power of the carrier field and

P s = |E 0 | 2 • J 2 1 (m)
is the power of the sideband fields. The first and second terms of Eq. 2.62 are the DC terms, i.e. the static power in reflection of the cavity; the third term represents the interference between the carrier and the sidebands, which is the term of interest. In order to extract the information carried by this term, it is necessary to demodulate the error signal, i.e. to multiply it with the signal used to generate the modulation frequency (cos(Ωt + φ 0 )) using a mixer, as shown in Fig. 2.14. The resulting signal contains a DC term carrying the phase information needed, and other terms in Ω and 2Ω that are filtered applying a low-pass filter. Depending on the chosen demodulation phase φ 0 , the two quadratures of the signal can be extracted: the in-phase quadrature (I) by multiplying by sin(Ωt + φ 0 ) (P DH I ) and the quadrature by multiplying by cos(Ωt + φ 0 ) (P DH Q ). The phase φ 0 is adjusted so that the error signal is fully in one of the quadratures and zero in the other when the cavity is close to the resonance. The analytical expression of the error signal is given by [START_REF] Black | An introduction to pound-drever-hall laser frequency stabilization[END_REF] Alternatively, instead of modulating the laser frequency, the cavity length can be modulated in order to obtain the error signal. This is fully equivalent and this technique is used for the control of the OMC cavity, as explained in Ch. 10.

P DH I = 4 • P c P s r 2 • t 2 1 • sin(2kδl) 1 + r 2 1 • r 2 2 -2 • r 1 • r 2 • cos(2kδl) P DH Q = 0.

Towards a third-generation of GW detectors

A new era of observing the universe has begun thanks to the ground-based gravitational wave detectors LIGO and Virgo. They have so far revealed 90 gravitational signals from the most distant regions of the cosmos. But this is only the beginning of this bright astronomical era:

in the coming years, thanks to their upgrades and together with two other gravitational wave detectors, KAGRA in Japan [START_REF] Somiya | Detector configuration of KAGRA-the japanese cryogenic gravitational-wave detector[END_REF] and LIGO India [START_REF] Saleem | The science case for LIGO-india[END_REF], it will be possible to discover more of the mysteries hidden in our universe.

Scientists are also already looking forward to the next generation of gravitational wave detectors, the construction of which is expected to start around the 2030s. The space-based LISA detector [START_REF] Amaro-Seoane | Laser interferometer space antenna[END_REF] has been proposed to detect gravitational waves in a different frequency region than current detectors, to pick up signals between fractions of mHz and a few Hz. The third generation of ground-based detectors will consist of the Einstein Telescope detector in Europe [START_REF] Punturo | The Einstein Telescope: a third-generation gravitational wave observatory[END_REF] and the Cosmic Explorer in the United States [START_REF] Reitze | Cosmic explorer: the US contribution to gravitational-wave astronomy beyond LIGO[END_REF]. The sensitivity of the different detectors is shown in Fig. 2.16. The expected number of coalescence events that will be detected is huge and for ET the detection rate for coalescence events [START_REF]ET design report update[END_REF] is

• 10 5 -10 6 BBH per year;

• 7 • 10 4 BNS per year;

• ∼ 100 -1000 BNS with electro-magnetic counterpart per year.

These new detectors could provide answers about the role of dark matter and dark energy in the universe. Thanks to the huge number of coalescences of black holes, it will be possible to study the physics of black holes in greater detail and to enable new theories of modified gravity to be tested. In addition, it will be possible to detect a large number of coalescence events of neutron stars, allowing to understand the behavior of matter under conditions of extreme density and pressure (which cannot be observed in th laboratory) and broaden the horizons of multi-messenger astronomy.

Einstein Telescope

The Einstein Telescope (ET) detector will be built underground to attenuate seismic noise, at a depth of 200-300 meters, like KAGRA. It will consist of three nested detectors, each consisting of two interferometers, each with a dual-recycled Michelson layout. Its geometry will be triangular, as shown in Fig. 2.17 with cavities along the arms 10 km long. Three of these detectors will be used for low frequencies and the others for high frequencies. The mirrors of the interferometers operating at low frequencies will be at cryogenics temperature in order to decrease the thermal noise. Frequency dependent squeezing will be used for quantum noise reduction. 

Conclusion

In this chapter the principle used to detect gravitational wave signals, namely laser interferometry, has been described. The different sources of noises that limit the sensitivity of the gravitational waves detectors have been introduced. Among them is the quantum noise, given by the shot noise which deteriorates the sensitivity at high frequency and by the radiation pressure noise which worsen the low frequency. A technique, known as squeezing, has been implemented to reduce the shot noise during the last observing run (O3), increasing the radiation pressure noise. In the next chapter we will describe how it is possible to reduce both contributions at the same time.

Part II.

Broadband quantum noise reduction in Advanced Virgo Plus via frequency dependent squeezing

Chapter 3.

Theory of quantum light in GW detectors

Quantum noise limits the sensitivity of both high-frequency and low-frequency gravitational wave detectors. This results from the quantum nature of the light arriving at the detector and mirrors. In this Chapter, the theoretical treatment of the quantization of light is described as well as its different states: Fock states, coherent states and squeezed states. In addition, the quantum theoretical description of an interferometer and of quantum noise is given, concluding explaining how squeezed states can be used to reduce the quantum noise.

Quantization of the radiation field

In vacuum electromagnetic radiation is described from Maxwell's equations by the vector potential A, having chosen the gauge ∇ • A = 0, as

-∇ 2 A + 1 c 2 ∂ 2 A ∂t 2 = 0. (3.1)
The quantization of the electromagnetic field proceeds by the replacement of the classical vector potential A by a quantum-mechanical operator Â. The classical theory can be expressed in a form from which the transition to quantum mechanics is straightforward. The electric field of an electromagnetic wave in free space in r = (x, y, z)

at time t is Ê(r, t) = i k ω k 2 0 âk u k (r)e -iω k t + â † k u * k (r)e iω k t (3.2)
where 0 is the vacuum permittivity and the sum over k runs over different modes of the electric field with angular frequencies ω k and spatial distribution functions u k (r). These functions are an orthonormal set which describe spatial modes properties such as propagation direction, mode shape, and polarization. In a classical description, âk and â † represent complex numbers describing dimensionless field amplitude, while in a quantum-mechanical approach they are replaced by operators. These operators follow the commutation rules

[â k , âk ] = â † k , â † k = 0 âk , â † k = δ kk . (3.3)
The Hamiltonian for the electromagnetic field, treated as an harmonic oscillator, can be written as

Ĥ = k ω k â † k âk + 1 2 (3.4)
where âk and â † that are ladder operators for quantum harmonic oscillator, represent here the creation and annihilation operator of a photon with wave vector k. It is clear that these operators are not Hermitian and that means they cannot represent observable quantities. Their properties of destroying or creating a quantum of energy is, however, easly appreciated in a physical sense. It is convenient to introduce the quadrature operators

X1 = 1 2 â † + â X2 = 1 2 i â † -â (3.5) 
with reverse relations

â = X1 + i X2 â † = X1 -i X2 (3.6)
in order to obtain an Hermitian operator condition between them. It is easy to show that the Hamiltonian of eq. 3.4 can be expressed as (fixing k)

Ĥ = ω X2 1 + X2 2 (3.7)
and that the quadrature-operator commutation relation is where X1 and X2 correspond to field amplitudes of oscillations with a phase difference of 90°a nd ∆ X1 and ∆ X2 are the field fluctuations in the quadrature space.

X1 , X2 = i 2 . ( 3 

Fock states

The photon number operator is defined as The action of the operators âk and â † on a Fock state is given by

nk := â † k âk (3.
âk |n k = √ n k |n k -1 (3.15) â † k |n k = √ n k + 1 |n k + 1 (3.16)
where one photon with wave vector k is annihilated and created respectively in eq. 3.15 and 3.16. Photon number states are a useful representation of optical fields with very low photon numbers. In the following the index k will be omitted, since only a single optical mode is considered.

Coherent states

The continuous-wave laser beams are well described by coherent states |α , where α is a complex number. In contrast to Fock states, where the photon number is know accurately but the phase remains unknown, knowledge about both the amplitude and phase of a coherent state can be obtained. However, the Heisenberg uncertainty principle puts an upper bound on the accuracy of this knowledge. The generation of a coherent state is described by the displacement operator 

α| â † = α| α * . (3.20)
The annihilation and creation operators are non-Hermitian operators. 1 It is useful to express coherent states as a function of number states as

|α = e -|α| 2 /2 ∞ n=0 α n √ n! |n . ( 3.21) 
The projection of a coherent state in an eigenstate of the number operator |n is

n|α = α n √ n! e -|α| 2 /2 (3.22)
and the mean value of the photon number n of the coherent state |α is

n = n = α|n|α = α|â † â|α = α|α * α|α = |α| 2 α|α = |α| 2 . (3.23)
The probability distribution function of the photons in coherent state is Poissonian and given by 

P (n) = | n|α | 2 = e -|α| 2 |α| 2n n! . ( 3 

Squeezed states

The squeezed states are a special class of minimum uncertainty states. The Heisenberg uncertainty principle presented in the equation 3.27 places a relation on the product of the variances of the two quadratures but not on the individual variances. The fluctuations of a quadrature can therefore be lower than those of a coherent state, squeezed quadrature,

∆ X1 < 1 4 (3.29)
while those in orthogonal quadrature are greater, anti-squeezed quadrature,

∆ X2 > 1 4 . (3.30)
The generation of a squeezed vacuum state is described by applying the squeeze operator Ŝ(ξ)

to the vacuum state

|ξ := Ŝ(ξ) |0 (3.31) 
with

Ŝ(ξ) := exp 1 2 ξ * â2 - 1 2 ξâ †2 , ξ = re 2iθ (3.32)
where ξ is the squeezing parameter, r is the squeezing factor and θ is the squeezing angle.

The effect achieved on the vacuum state |0 is to reduce, i.e. squeeze, the fluctuations in one quadrature direction, as shown on the left side of Fig. The variances for these states are obtained from Eq. 3.33 and 3.34 3.35) where θ corresponds to the squeezing quadrature and θ + π/2 to the anti-squeezing one. The variances express the compression factor of these states, which corresponds to how much the fluctuations are reduced in one direction and increased in the perpendicular direction. For a general quadrature angle φ that is not aligned with the squeezing angle θ the variance becomes ∆ Xφ (3.37)

∆ Xθ 2 = 1 4 e -2r , ∆ Xθ+π/2 2 = 1 4 e 2r ( 
The effect on the vacuum squeezed state |ξ is to displace it by |α in the quadrature space, as shown on the right side of Fig. 3.3. This means that a squeezed state is a bright state, so it contains photons. The expected photon number of a bright squeezed state is

n = n = α, ξ|n|α, ξ = |α| 2 + sinh 2 r. (3.38)
These states can also be rotated by an angle θ in the quadrature space as shown in the right-hand side of Fig. 3.4. The variances of these states are the same as for the squeezed vacuum, as shown in Eq. 3.35 and 3.36.

The squeezing level is generally given in decibel (dB) which can be obtained from Eq. 3.35 by the relationship

V [dB] = 10 log    ∆ Xθ 2 ∆ Xθ+π/2 2    = 20 log e -2r .
(3.39)

Generation of squeezed states

Vacuum squeezed states and bright squeezed states can be generated by a non linear process in dielectric medium, the optical parametric amplification. A medium is said to be nonlinear when the polarization density P (t) responds nonlinearly to an applied electric field E(t) [START_REF] Boyd | Nonlinear optics[END_REF] as

P (t) = 0 χ (1) E(t) + χ (2) E(t) 2 + χ (3) E(t) 3 + ... (3. 40 
)
where 0 is the permittivity of the vacuum and χ (n) is the n-th order of the optical susceptibility, with typical values of χ (1) ∼ 1, χ (2) ∼ 10 -12 m V and χ (2) ∼ 10 -12 m 2 V 2 for the usual nonlinear solid state optical material. For this optical process, susceptibilities of order greater than two, can be neglected. The focus of this section concerns the generation of vacuum squeezed states, since they will be largely used in the following sections. The non-linear crystal is pumped with an electromagnetic field of pulsation ω p which introduces a separation of charges and thus a nonlinear dielectric polarization. Vacuum fluctuations, shown in Fig. 3 The interaction between the vacuum fluctuation field and the pump field inside the non linear crystal, results in a phase-dependent amplification and de-amplification of the quantum uncertainty at the frequency ω. The stronger the pump field, the stronger the parametric amplification will be. The object in which this process take place is called Optical Parametric Oscillator (OPO). More details on the graphical description of the optical parametric generation of squeezed states can be found in [START_REF] Bauchrowitz | A graphical description of optical parametric generation of squeezed states of light[END_REF].

This phenomenon can be treated with a quantum formalism by considering the Hamiltonian of interaction between the vacuum field and the pump field inside the OPO [START_REF] Scully | Quantum optics[END_REF], defined as

Ĥ = ωâ † â + ω p b † b + i χ (2) â2 b † -â † 2 b (3.41)
where â and b are the annihilation operators of the vacuum field (ω) and the pump field (ω p )

respectively. The operator b can be expressed as b = βe -iωpt and the interaction term, the third term of Eq. 3.41, becomes

ĤI (t) = i χ (2) β * â2 e i(ωp-2ω)t -βâ † 2 e -i(ωp-2ω)t (3.42)
that generally is time dependent. Considering the degenerate process where ω p = 2ω, Eq. 3.42 becomes

ĤI = i χ (2) β * â2 -βâ † 2 (3.43)
that is time-independent. The evolution operator associated to the interaction Hamiltonian is ÛI (t, 0) = e -i ĤI t = e χ (2) (β * â2 t-βâ † 2 t) (3.44) and it has the form of the squeeze operator introduced in Eq. 3.32, ÛI (t, 0) = Ŝ(ξ), for ξ = 2χ (2) βt, showing that squeezed vacuum states can be generated by the parametric amplification process. Moreover, being ξ = 2χ (2) βt, it is demonstrated that the level of produced squeezing is proportional to the pump field amplitude.

Detection of squeezed states

To be able to characterize squeezed states, it is necessary to measure fluctuations in both quadratures. For this purpose, an homodyne detector is used, as illustrated in [START_REF] Yuen | Noise in homodyne and heterodyne detection[END_REF]. Its scheme is shown in Fig. 3.6. The beam to be measured recombines with a reference beam, called local oscillator (LO), which has the same frequency and tunable phase shift φ, with a 50/50 beam splitter (balanced detection). The two fields entering the beam splitter can be expressed, using The two output fields can be described using the so-called beam splitter model Let's define the beam quadratures as

   ĉd    =    r t t -r       â b   (3.
δ Xa 1 = δâ † + δâ δ Xa 2 = i(δâ † -δâ) (3.50)
and

δ Xb 1 = δ b † + δ b δ Xb 2 = i(δ b † -δ b) (3.51)
neglecting O(δ 2 ) terms. Considering that the local oscillator is much brighter than the squeezed beam (|α| 2 << |β| 2 ), the differential output current is

i -∝ i c -i d ∝ β(δ Xa 1 cos φ + δ Xa 2 sin φ) = βδ Xa φ . (3.52)
The squeezed field fluctuation in the quadrature Xa φ is amplified proportionally to the LO amplitude and the LO noise is completely suppressed. By means of the phase-shifter device along the LO path, it is therefore possible to detect the uncertainty of an arbitrary quadrature δ Xa φ .

Squeezing degradation mechanisms

Squeezed states are subject to several degradation mechanisms that limit the experimentally achievable quantum noise reduction [START_REF] Kwee | Decoherence and degradation of squeezed states in quantum filter cavities[END_REF]. These can be divided into two main categories: optical losses and phase noise. Optical losses reduce the squeezing of the squeezing quadrature and phase noise, on the other hand, introduces jitter on the squeezing ellipse which couples the two quadratures. Other sources of degradation, less limiting than those just mentioned, are also present. These include classical noise related to the electronics used to detect the signal, known as dark noise [START_REF] Appel | Electronic noise in optical homodyne tomography[END_REF]. In addition, squeezed states are very sensitive to scattered light. The recombination of the scattered light produced within the optical system with the squeezed field, degrades these states [START_REF] Chua | Impact of backscattered light in a squeezing-enhanced interferometric gravitational-wave detector[END_REF]. More details will be given in Part III.

Optical losses

Optical losses in the propagation of a quantum state can be described with the beam splitter model introduced in Eq. The output field d can be written as

d = √ 1 -L • â - √ L • b (3.53)
where â is the input vacuum squeezed field and b is the vacuum state. The quadrature variance of this output field is

∆ XL d 2 = (1 -L) ∆ Xa 2 + L ∆ Xb 2 (3.54)
considering that the fluctuations of b are uncorrelated to those of â. The squeezed state variance ∆ Xa 2 can be expressed as V -and V + for the squeezing and anti-squeezing quadratures respectively, while a vacuum state has variance V vac .

Eq. 3.54 can be therefore re-written as

V L ± = (1 -L)V ± + LV vac (3.55)
or also using the squeezing ratios

R L ± = V L ± V vac = (1 -L)R ± + L. (3.56)
The reduction of the squeezing level due to losses is illustrated in Fig. 3.8 where the squeezing level is defined using Eq. 3.56 and is expressed in dB using Eq. 3.39. 

L = 5% L = 10% L = 20% L = 30% L = 40% L = 50%

Phase noise

Homodyne detection is used to detect squeezed states, as seen in Sec. 3.3, and the quadrature that is detected is fixed by the relative phase between the local oscillator and the squeezed field.

The local oscillator is represented by the ITF beam when the squeezing is injected in Virgo. The relative phase is controlled by a feedback loop, but unfortunately there are fluctuations in this phase that mix the measured quadrature with its orthogonal quadrature. These fluctuations can be modeled as normally distributed around θ = 0, with a root-mean-square (RMS) deviation θ and the variance of the resulting measurement can be written as given in [START_REF] Aoki | Squeezing at 946nm with periodically poled ktiopo 4[END_REF] V

θ ± ∼ V ± cos 2 θ + V ∓ sin 2 θ. (3.57)
The different phase noise sources are described in [START_REF] Dwyer | Squeezed quadrature fluctuations in a gravitational wave detector using squeezed light[END_REF]. The degradation of the squeezing level due to phase noise is illustrated in Fig. 3.9 where the squeezing level is defined using Eq. 3.56

and is expressed in dB using Eq. 3.39. Squeezing is indicated with a negative scale, i.e. below shot noise and anti-squeezing above. Squeezed states in the presence of much phase noise are converted to anti-squeezing. 

Total degradation

The combined effect of optical losses and phase noise on a squeezed state, can be written, from Eq. 3.56 and 3.57, [59]

R L, θ ± = (1 -L) R ± cos 2 θ + R ∓ sin 2 θ + L. (3.58)
The effect of the combination of optical losses and phase noise, as described in Eq. 3.58, is shown in Fig. 3.10. 

Two-photon formalism

The squeezed states are generated by a particular device, the parametric amplifier as seen in Sec. 3.2, in which photons in the output modes are created or destroyed two at a time.

It is therefore needed a new formalism to describe them, know as the two-photon formalism, introduced by Caves and Schumaker in 1985 [START_REF] Caves | New formalism for two-photon quantum optics. i. quadrature phases and squeezed states[END_REF][START_REF] Schumaker | New formalism for two-photon quantum optics. ii. mathematical foundation and compact notation[END_REF].

It is useful to start with the simple case of the classical field interpreted as a continuousmode field. A laser beam, as seen in the previous section, can be described by a classical carrier at frequency ω 0 surrounded by quantum fluctuations. Vacuum states, on the other hand, have classical carriers equal to zero and have only the fluctuations. Following [START_REF] Kimble | Conversion of conventional gravitational-wave interferometers into quantum nondemolition interferometers by modifying their input and/or output optics[END_REF], the continuous-mode electromagnetic field can be expressed (from Eq. 3.2 and passing from discrete to continuous variables) as

Ê(r, t) = u(r) Ê+ (t) + Ê-(t) (3.59)
with

Ê+ (t) = 2π ω 0 Ac ∞ 0 âω e -iωt dω 2π , Ê-(t) = Ê+ (t) † (3.60)
where A is the effective area of the beam and âω is the annihilation operator of each mode, which verifies the following commutation relations

[â ω , âω ] = â † ω , â † ω = 0 âω , â † ω = 2πδ(ω -ω ). (3.61)
Since the amplitude and phase fluctuations of the electromagnetic field can be considered as a modulation of the amplitude and phase respectively, it is useful to express the field as a sum of sidebands at distance Ω from the carrier (with Ω << ω 0 )

Ê(t) = 2π ω 0 Ac e -iω 0 t ∞ 0 â+ e -iΩt + â-e iΩt dΩ 2π + c.c. ( 3.62) 
where â+ and â-are the sideband operators defined as

â+ = âω 0 +Ω â-= âω 0 -Ω (3.63) 
and following the commutation relations

â+ , â † + = â-, â † -= 2πδ(Ω -Ω ). (3.64)
Passing through an optical parametric amplifier, creates a correlation between the sidebands at Ω and -Ω. For this reason, the field is described with the two-photon formalism where the creation and annihilation operators of the two photons are

â1 = â+ + â † - √ 2 â2 = â+ -â † - √ 2i (3.65)
and they follow the commutation rules

â1 , â † 2 = -â2 , â † 1 = i2πδ(Ω -Ω ) (3.66)
where all the other combinations are zero. The operator â1 represents the amplitude quadrature and the operator â2 represents the phase quadrature. The electromagnetic field can be re-written from Eq. 3.62 and 3.65 as

Ê(t) = cos(ω 0 t)   2π ω 0 Ac ∞ 0 â1 e -iΩt + â † 1 e iΩt dΩ 2π   + sin(ω 0 t)   2π ω 0 Ac ∞ 0 â2 e -iΩt + â † 2 e iΩt dΩ 2π   .
(3.67)

The terms multiplying cos(ω 0 t) and sin(ω 0 t) are the amplitudes of the field quadratures, respectively.

Quantum description of ITF

It is possible to describe the interferometer with the formalism just introduced, in order describe quantum noise, the main subject of this part of the work. In the following a Michelson interferometer with Fabry-cavities in the arms, as in Sec. 2.1.2, with input field E in at angular frequency ω 0 , is considered. The gravitational wave frequency, which lies in the range of 10 -1000

Hz, is denoted by f GW = Ω 2π . The interaction of the wave with the optical system introduces sidebands at the angular frequencies ω 0 ± Ω into the output field at the dark port. As explained in [START_REF] Caves | Quantum-mechanical noise in an interferometer[END_REF], vacuum fluctuations enter from the anti-symmetric port of the detector and modulate the interferometer field in particular in the range of the gravitational wave signal, therefore introducing quantum noise. Quantum noise has been introduced in Sec. 2.2.4, 2.2.5 with a semi-classical approach but the most practical way to describe it, when considering squeezing, is with the quantum formalism, as it will follow in this section. The vacuum fluctuations at the dark port of the detector can be expressed with the two-photon formalism as a field Êvac (t) entering from the output port equal to the field of Eq. 3.67. This field recombines through the beam splitter with the main field inside the arms and then it is reflected back by the interferometer to the output port. The output field carrying the information on the recombination of the vacuum field with the interferometer [START_REF] Kimble | Conversion of conventional gravitational-wave interferometers into quantum nondemolition interferometers by modifying their input and/or output optics[END_REF] is given by

Êout (t) = cos(ω 0 t)   2π ω 0 Ac ∞ 0 b1 e -iΩt + b † 1 e iΩt dΩ 2π   + sin(ω 0 t)   2π ω 0 Ac ∞ 0 b2 e -iΩt + b † 2 e iΩt dΩ 2π   .
(3.68)

The input-output relations at the sideband angular frequency Ω are [START_REF] Kimble | Conversion of conventional gravitational-wave interferometers into quantum nondemolition interferometers by modifying their input and/or output optics[END_REF] b1 = â1

e 2iβ b2 = (â 2 -K(Ω)â 1 )e 2iβ + 2K(Ω) h(Ω) h SQL (Ω) e iβ (3.69)
where â1 and â2 are the amplitude and phase operator defined in Sec. 3.5, and where the following quantities are involved:

• β = arctan Ω γ : the net phase gained by the sideband at Ω inside the arm-cavities;

• γ = T c 4L : half bandwidth of the arm cavity of length L and input mirror power transmittivity T ;

• h(Ω) : Fourier transform of the gravitational wave field;

• h SQL (Ω) : standard quantum limit (SQL) for GW detectors defined in Eq. 2.49;

• K(Ω) : the effective coupling constant, which relates the motion of the suspended mirrors to the output signal as

K(Ω) = 2(P in /P SQL )γ 4 Ω 2 (γ 2 + Ω 2 ) = Ω SQL Ω 2 γ 2 Ω 2 + γ 2 ;
(3.70)

• Ω SQL : standard quantum limit frequency, i.e. the frequency where the radiation pressure noise starts to dominates over the shot noise;

• P in : input light power;

• P SQL : power needed at the input of the interferometer to reach the SQL at the sideband frequency Ω = γ

P SQL = mL 2 γ 4 4ω 0 . (3.71)
From Eq. 3.69, it can be noticed that the gravitational wave signal is carried by the quadrature b2 , i.e. by the phase quadrature. Moreover, it can be noticed that this quadrature depends on both the quadratures of the vacuum state entering from the dark port. The quantum noise spectral density, derived from Sec. 2.2.4 and Sec. 2.2.5, can be expressed using Eq. 3.69 as

S qn (Ω) = 1 K(Ω) + K(Ω) h 2 SQL 2 = S shot (Ω) + S rp (Ω). (3.72)
The two components of quantum noise can be recognized from Eq. 3.72: the shot noise at high frequencies

S shot = 1 K(Ω) h 2 SQL 2
and the radiation pressure noise at low frequencies

S rp = K(Ω) h 2 SQL 2 .
In this Section, a Fabry-Perot recycled Michelson interferometer has been considered while the quantum description of a signal-recycled interferometer is given in [START_REF] Buonanno | Quantum noise in second generation, signal-recycled laser interferometric gravitational-wave detectors[END_REF].

It is convenient to express the input-output relations of Eq. 3.69 with a matrix formalism

as b = T itf a + b GW    b1 b2    = T itf    â1 â2    =    e 2iβ 0 -K(Ω) • e 2iβ e 2iβ       â1 â2    +     0 √ 2K h(Ω) h SQL (Ω) e iβ     . (3.73)
From here it is evident the effect of the interferometer on a vacuum quantum field.

Squeezed states to reduce quantum noise

It is now interesting to investigate what happens for the particular quantum states described in Sec. 3.1.3, the squeezed vacuum states. Actually, thanks to these states, as predicted by Caves in 1981 [START_REF] Caves | Quantum-mechanical noise in an interferometer[END_REF], it is possible to reduce the quantum noise defined in Eq. 3.72 and to demonstrate this it is very practical to use the two-photon formalism expressed in matrix form, as in Eq.

3.73. Actually, vacuum squeezed states can be described by the matrix a as

   â1 â2    = R(θ)S(r)R(θ) †    â1 â2    = =    cos 2 (θ)e r + sin 2 (θ)e -r cos(θ) sin(θ)(e r -e -r ) cos(θ) sin(θ)(e r -e -r ) sin 2 (θ)e r + cos 2 (θ)e -r       â1 â2    (3.74)
where R(θ) is the rotation matrix and S(r) is the squeeze operator for θ = 0

R(θ) =    cos θ -sin θ sin θ cos θ    S(r) =    e r 0 0 e -r    . (3.75)
By substituting Eq. 3.74 in Eq. 3.73, the effect of the interferometer on squeezed vacuum states is obtained.

Frequency independent squeezing (FIS)

If the angle of the ellipse of squeezed vacuum states introduced by the detector output port is fixed, one has the so-called frequency independent squeezing. By choosing θ = π 2 , one is introducing vacuum states with reduced phase fluctuations â2 , called X2 in Sec. 3.1.3. Therefore, from Eq. 3.74 and 3.73, the following quantum noise spectral density is obtained [START_REF] Caves | Quantum-mechanical noise in an interferometer[END_REF][START_REF] Kimble | Conversion of conventional gravitational-wave interferometers into quantum nondemolition interferometers by modifying their input and/or output optics[END_REF]] 

S θ= π 2 qn (Ω) = 1 K(Ω) e -2r + K(Ω)e 2r h 2 SQL 2 = S shot (Ω)e -2r + S rp (Ω)e 2r . ( 3 
S θ=0 qn (Ω) = 1 K(Ω) e 2r + K(Ω)e -2r h 2 SQL 2 = S shot (Ω)e 2r + S rp (Ω)e -2r . (3.77) 
In this case the radiation pressure noise is reduced but the shot noise is increased. The interesting result is that introducing frequency-independent squeezed states into the interferometer can reduce quantum noise at high or low frequencies, depending on the direction in which the states are squeezed. The respective amplitude spectral density h θ qn (Ω) = S θ qn (Ω) is shown on the left side of Fig. 3.11.

Frequency dependent squeezing (FDS)

From Eq. 3.76 and 3.77, one can infer that having squeezed states whose θ can rotate with a frequency-dependence to the sideband frequency Ω, can allow a quantum noise reduction over the entire detection spectrum. The condition for achieving broadband quantum noise reduction for a Fabry-Perot recycled ITF is given by [START_REF] Kimble | Conversion of conventional gravitational-wave interferometers into quantum nondemolition interferometers by modifying their input and/or output optics[END_REF] θ(Ω) = -arccot K(Ω).

(3.78)

In this case, the power spectral density of the quantum noise results to be The method currently used to introduce to squeezed vacuum states, a frequency dependence, was introduced for the first time in 2001 by Kimble et al. [START_REF] Kimble | Conversion of conventional gravitational-wave interferometers into quantum nondemolition interferometers by modifying their input and/or output optics[END_REF] and consists in reflecting FIS state by a detuned high finesse Fabry-Perot cavity. In this way, only quantum fluctuations that have a frequency within the bandwidth of the cavity enter the cavity and are therefore dephased. Instead, the other fluctuations are reflected directly from the cavity. This cavity is therefore called a filter cavity because it filters the incident field. For the rotation to occur around the right frequency, it is necessary for the cavity to be detuned with respect to its resonance by ∆ω f c = ω f c -ω 0 , where ω 0 is the carrier frequency and ω f c is the frequency for which the cavity is resonant. This causes sidebands at ω 0 ± Ω to see a different cavity reflectivity because of this asymmetry, as shown in Fig. 3.12. In the following the cavity will be considered lossless. The reflectivity of a Fabry-Perot cavity is defined in Eq. 2.16 following the one-photon formalism and can be expressed as [START_REF] Evans | Realistic filter cavities for advanced gravitational wave detectors[END_REF] 

S broad qn (Ω) = 1 K(Ω) e -2r + K(Ω)e -2r h 2 SQL 2 = S shot (Ω)e -2r + S rp (Ω)e -2r . ( 3 
r f c (Ω) = r 1 -r 2 t 2 1 e -iΦ(Ω) 1 -r 1 r 2 e -iΦ(Ω) (3.80)
where r 1,2 are the reflectivities of the cavity input and end mirrors respectively and Φ(Ω) = 2kL f c (Ω -∆ω f c ). To describe the effect the filter cavity has on vacuum squeezed states, it is appropriate to use the two-photon formalism [START_REF] Evans | Realistic filter cavities for advanced gravitational wave detectors[END_REF][START_REF] Kwee | Decoherence and degradation of squeezed states in quantum filter cavities[END_REF]. The filter cavity transfer function is

given by [START_REF] Evans | Realistic filter cavities for advanced gravitational wave detectors[END_REF][START_REF] Kwee | Decoherence and degradation of squeezed states in quantum filter cavities[END_REF]]

T f c (Ω) = 1 2    r f c (Ω) + r f c (-Ω) * i (r f c (Ω) -r f c (-Ω) * ) -i (r f c (Ω) -r f c (-Ω) * ) r f c (Ω) + r f c (-Ω) *    .
(3.81)

Figure 3.12.: Filter cavity transmitted power: ω f c is the resonance frequancy and ω 0 is the carrier frequency. The difference between the cavity and the carrier frequencies is the filter cavity detuning ∆ω f c = ω f c -ω 0 . The sidebands at ω 0 ± Ω are experiencing an asymmetric reflection due to the detuning. Figure from [START_REF] Kwee | Decoherence and degradation of squeezed states in quantum filter cavities[END_REF].

Since the reflectivities of the cavity are complex numbers, they can be expressed as

r f c (Ω) = ρ(Ω)e iα(Ω) r f c (-Ω) = ρ(-Ω)e iα(-Ω) (3.82)
and it is also convenient to define the sum and difference for the amplitude and phase of the reflectivities as

ρ p,m = ρ(Ω) ± ρ(-Ω) 2 α p,m = α(Ω) ± α(-Ω) 2 . (3.83)
Considering that the cavity has high finesse and is close to resonance, the following relationships apply

e iΦ ∼ 1 -iΦ r 1 r 2 ∼ 1 - t 2 1 2 (3.84)
that combined with Eq. 2.16, yields to

r ± = -1 + iΦ(±Ω)/t 2 1 1 + iΦ(±Ω)/t 2 1 . (3.85)
For a cavity with high finesse and near resonance, it is proven that r -= r + , meaning that

ρ p = ρ m .
Using all these conditions in Eq. 3.80 and by substituting in Eq. 3.81, one gets

T f c = ρ p e iαm     e iαp + e -iαp 2 - e iαp -e -iαp 2i e iαp -e -iαp 2i e iαp + e -iαp 2     = ρ p e iαm R αp (3.86)
with α p (Ω) given by [START_REF] Kimble | Conversion of conventional gravitational-wave interferometers into quantum nondemolition interferometers by modifying their input and/or output optics[END_REF] 

α p (Ω) = arctan 2γ f c ∆ω f c γ 2 f c -∆ω 2 f c + Ω 2 . (3.87)
This shows that the effect of the filter cavity, in the two-photon formalism, is to introduce a rotation with angle α p to the states reflected from it, in analogy with Eq. 3.75.

For a lossless cavity where Ω << γ f c the detuning and the cavity linewidth have to be the same and equal [START_REF] Kimble | Conversion of conventional gravitational-wave interferometers into quantum nondemolition interferometers by modifying their input and/or output optics[END_REF] in order to have anti-squeezing for low frequencies and squeezing for high frequencies:

∆ω f c = γ f c = Ω SQL √ 2 . (3.88)
In conclusion a detuned filter cavity transforms FIS states into FDS states.

Conclusion

This chapter derives a quantum model of the interferometer. This model allows to describe the quantum noise as quantum fluctuations of the vacuum states entering the output port of the detector. The shot noise is represented by phase quadrature vacuum fluctuations and the radiation pressure noise by amplitude quadrature vacuum fluctuations. However, vacuum squeezed states are needed in order to reduce the detector quantum noise. The generation and the detection principle of these quantum states has been presented. In particular, an homodyne detector is used in Virgo to characterize these states, as it will be detailed in the next chapter.

The degradation mechanisms of these states, such as optical losses and phase noise have also been detailed. Several sources of optical losses relative to the Virgo systems will be discussed in the following chapters. We have shown that by using a filter cavity it is possible to introduce a frequency dependence to the squeezed states and therefore obtain a broadband reduction of quantum noise in the detectors. This is what has been implemented in Virgo. The experimental setup of the whole frequency-dependent squeezing system is reported in the next chapter.

Chapter 4.

Quantum noise reduction system overview in AdV+

In Advanced Virgo frequency independent squeezing was injected during O3 run, reducing the quantum noise due to shot noise at high frequencies and consequently increasing noise at low frequencies [START_REF] Acernese | Increasing the astrophysical reach of the Advanced Virgo detector via the application of squeezed vacuum states of light[END_REF][START_REF] Acernese | Quantum backaction on kg-scale mirrors: observation of radiation pressure noise in the advanced Virgo detector[END_REF]. The path to achieve ellipse rotation for FDS in the frequency band useful for gravitational wave detectors, i.e. 10 -100 Hz, is composed of gradual achievements. Frequency dependent squeezing was first demonstrated in 2005 by Chelkowski et al, via a 0.5-meter filter cavity and 1.47 MHz linewidth [START_REF] Chelkowski | Experimental characterization of frequency-dependent squeezed light[END_REF]. Subsequently, in 2015 Oelker et al achieved a rotation at 1.2 kHz with a 2-meter filter cavity with finesse of 30000 [START_REF] Oelker | Audioband frequency-dependent squeezing for gravitational-wave detectors[END_REF]. Finally, the rotation of squeezing states in the frequency range of gravitational wave detectors interest was demonstrated in 2020 at Massachusetts Institute of Technology (MIT) and at National Astronomical Observatory of Japan (NAOJ). At MIT, a rotation at 30 Hz was demonstrated using a 16-meter filter cavity [START_REF] Mcculler | Frequency-dependent squeezing for advanced LIGO[END_REF]. At NAOJ, we demonstrated a rotation of the squeezing ellipse at 90 Hz with a 300-meter suspended cavity [START_REF] Zhao | Frequency-dependent squeezed vacuum source for broadband quantum noise reduction in advanced gravitational-wave detectors[END_REF]. The latter result represents a 1:1 scale prototype of the setup being implemented in the actual detectors for quantum noise reduction for the observing run O4.

In this chapter, the transition from FIS to FDS in the Virgo detector is described. At first, the limitations of FIS system used during the run O3 are presented. Subsequently, the improvements on the system and the description of the experimental setup of FDS on the Virgo site are described.

Frequency independent squeezing during O3

During the run O3, frequency independent squeezing was successfully injected in Advanced Virgo to reduce quantum noise in the high frequency detection bandwidth. The conceptual scheme of the system implemented in the detector is shown in Fig. In AdV, the input beam had a power of 18 W. The gravitational wave signal is detected at the output port of the interferometer using a DC readout technique. An in-air optical bench hosts the squeezed light source. The laser that generates the squeezing is locked to the Virgo's laser frequency with a phase lock loop (PLL) so that the squeezing can interact with the interferometer beam to reduce quantum noise. The squeezed light first passes through a Faraday Isolator (FI) inside the Vacuum Squeezed Source. Then, the beam passes through a triplet of low-loss Faraday Isolators with an isolation factor of 40 dB and 1% single-path losses each. FIs are needed to attenuate the effect of backscattered light from the interferometer (see Part III). FIS is then injected into the interferometer through a Faraday Isolator located on the suspended detection bench SDB1. The squeezed beam needs to be well aligned and matched to the ITF beam. The alignment is performed with remotely controllable piezo-electric actuators mounted on two mirrors located on the External Squeezer Bench.

With this technique, a shot noise reduction of (3.2 ± 0.1) dB has been observed in the region between ∼300 Hz and 3.2 kHz, as shown in Fig. 4.2. The injection of FIS in Advanced Virgo has been operated with a duty cycle of 99% for the recorded science data during the obserbing run O3. This lead to a 5%-8% improvement of the binary neutron star horizon, which corresponds to 16%-26% increase of detection rate [START_REF] Acernese | Increasing the astrophysical reach of the Advanced Virgo detector via the application of squeezed vacuum states of light[END_REF]. 

Frequency independent squeezing limitations

However, this technique has some limitations.

At first, as can be seen from the spectrum in Fig. 4.2, the radiation pressure noise increases slightly for frequencies below 80 Hz: the red curve representing the interferometer sensitivity with squeezing lies above the black curve that shows the sensitivity without squeezing. This

was not an issue during O3, but it is a problem for an interferometer radiation pressure limited, as it will be the case for AdV+ in O4. In this case, it is needed to inject squeezed states of light that rotate as a function of frequency (FDS). This is done for AdV+.

Moreover, scattered light from different sources is another limitation that has been observed.

The effect on the sensitivity due to scattered light scales as the square root of the power of the scattered field and with the effective displacement noise of the scattering surface (as will be discussed in Part III). Faraday Isolators are used to attenuate the back-scattered light. On one hand, we need to minimize their number as they introduce optical losses, on the other hand, we also need to ensure that they attenuate the scattered light enough not to introduce additional noise. Furthermore, during O3 it was observed that the scattered light from the last FI on the squeezing bench near the detection towers back-scattered the spurious beam from the interferometer. This is mainly due to the fact that the FI was attached to the ground and therefore vibrates more than suspended elements. In view of O4, a study was therefore carried out on the optimal number of FIs on the squeezing system and how many should be suspended [START_REF] Conti | Stray light noise in AdV from frequency dependent squeezing[END_REF]. The ideal compromise is to have three suspended attenuation stages and one ground-attached FI. In addition, numerous spurious beams were observed in the FIS, which is why a mitigation campaign was conducted during commissioning for O4, as it will described in Chapter 7.

Finally, the optical losses degrading squeezing were quite high during O3: (36.5 ± 4.5)%

were measured [START_REF] Acernese | Increasing the astrophysical reach of the Advanced Virgo detector via the application of squeezed vacuum states of light[END_REF]. The measured phase noise is (45 ± 40) mrad rms [START_REF] Acernese | Increasing the astrophysical reach of the Advanced Virgo detector via the application of squeezed vacuum states of light[END_REF]. Improvements of the optical elements to reduce losses have been done on the FDS system for the run O4.

Frequency dependent squeezing for O4

The conceptual scheme of the FDS system in AdV+ is shown in Fig. 4.3.

The frequency-independent squeezed vacuum states are generated by the same source used during O3, which is located on an in-air external bench (EQB1) attached to the ground. As can be seen in the scheme, the beam passes through a low-loss Faraday Isolator on EQB1 bench.

The new FI has losses of 1%, which is lower than the 2% losses of the previous one. Subsequently, the beam passes through vacuum-suspended benches (SQB1, SQB2) where it is reflected by a Faraday Isolator. Then the squeezed states are reflected by a 285-meter vacuum-suspended detuned cavity, where they acquire the frequency dependence (see Ch. 5). Then they are sent towards the interferometer by passing through two Faraday isolators on the suspended benches.

Losses budget and improvements

The fact that the Faraday Isolators are suspended and one has been replaced reduce optical losses and scattered light in the system compared to FIS system in O3 run. In addition, replacing the optics in the system with better quality optics further reduces optical losses. Actually, the optical elements of the suspended system, such as mirrors, lenses and waveplates are optimized in number to reduce optical losses at each surface. Moreover, the mirrors are super-polished (flatness < λ/50 RMS, roughness < 0. ppm. In addition, the output mode cleaner cavities have been replaced with a single low losses high finesse cavity (see Part IV). Phase noise, on the other hand, may be higher due to the contribution of the control loops needed to control the more complex system.

One must also consider the losses introduced by the filter cavity. The optical losses introduced by the cavity degrade squeezing in both ways: either by mixing the two quadratures (phase noise) or by mixing the standard vacuum with the squeezed vacuum (optical losses). It has been shown that the filter cavity losses are inversely proportional to the cavity length [START_REF] Khalili | Optimal configurations of filter cavity in future gravitational-wave detectors[END_REF]. The round-trip losses for our 285-meter-long cavity, considering the flatness and the roughness of its mirrors, are 40 ppm, which is very low and compatible with the losses budget [START_REF] Capocasa | Estimation of losses in a 300 m filter cavity and quantum noise reduction in the KAGRA gravitational-wave detector[END_REF][START_REF]Advanced Virgo Plus phase I -design report[END_REF].

Furthermore, the beam must be matched not only to the interferometer, but also to the filter cavity. The fraction of squeezing field not matched with the cavity bypasses the cavity without experiencing frequency rotation introduces optical losses. Moreover, the residual longitudinal movement of the cavity mirrors, i.e. the length noise, results in a fluctuation of the optimal detuning frequency of the cavity, increasing the phase noise. This prevents optimal squeezing angle rotation and prevents maximum quantum noise reduction. The design specifications for the squeezing noise sources described above are summarized in Tab. 4.1.

Filter cavity parameter Value

Round-trip losses 40 ppm

Mode matching 98%

Longitudinal residual motion 0.3 pm rms 

Frequency dependent squeezing infrastructure on site

The implementation of the FDS system in Virgo required considerable infrastructure work.

A scheme of the system at the site is shown in Fig. 4.5. The squeezing is produced on the in-air EQB1 bench. It then passes onto the suspended SQB1 bench via a viewport. EQB1 and SQB1 are located in the detection lab, called like this because it also hosts two other benches of the detection system: SDB2 and EDB. The SQB1 bench is then connected to SQB2 via a 12-meter pipe. Both suspended benches are inside in-vacuum mini-towers. SQB2 is located in a purpose-built clean room. SQB2 is linked by a 40-meters pipe to the cavity's input mirror (FCIM). After the 285-meters filter cavity pipe there is the filter cavity's end mirror (FCEM). The cavity mirrors are suspended and hosted inside in-vacuum micro-towers, inside clean areas. In the same clean area of FCEM, there is an in-air bench (FCEB) receiving the beam in transmission from the filter cavity. 

Frequency dependent squeezing optical setup

The simplified optical scheme of the system is shown in Fig. 4.6, where the several beams needed to control the system are identified with different colors:

• the green auxiliary beam (green line);

• the sub-carrier beam (orange line);

• the vacuum squeezed beam (dashed red line);

• the local oscillator (blue line);

• the spurious beam coming from the interferometer (purple line).

A fraction of the green and sub-carrier beams (called pick-off) is extracted in order to control the benches and the filter cavity in their nominal positions. The pick-off beams are sensed on photodiodes (PDs), position sensor devices (PSDs), quadrants (QDs) and cameras (CAM), that are shown on Fig. 4.6.

Green auxiliary beam (GR)

The auxiliary green beam has a wavelength of 532 nm and it is produced by a second harmonic generator (SHG) in the AEI squeezer box. It is used to pump the Optical Parametric Oscillator (OPO) to produce the squeezed vacuum states. A green pick-off exits the squeezer box and propagates within the FDS system. This beam is used for the initial lock of the filter cavity.

Actually, the cavity finesse for the green beam is ∼100, while for the infrared it is ∼11000, making it easier to pre-lock the cavity with this beam and then switch to locking with the infrared beam. The green beam is also used for the automatic alignment of the filter cavity and for the control of the benches with the Position Sensor Devices (PSDs), as it will be discussed in Sec. 5.2.2.

Vacuum squeezed beam (SQZ)

The squeezed beam has a wavelength of 1064 nm, the same as Virgo in order to effectively reduce quantum noise. To this purpose, its phase is locked to that of Virgo's main laser by means of the Phase Lock Loop (PLL).

Bright Alignment Beam (BAB)

A bright beam mimicking the squeezing beam is used in order to align the optics and it is called Bright Alignment Beam (BAB). It is produced when the OPO crystal is not pumped with the green beam but with an infrared beam. This beam is amplified in the cavity and the transmitted beam is called BAB and it has the same optical properties and alignment as the squeezed field and a power of a few mW.

Local oscillator beam (LO)

The local oscillator is a pick-off of the main beam of the squeezer laser (at the same frequency as the Virgo laser) that propagates on EQB1 to the homodyne where it is used for squeezing measurements.

Coherent Control beam (CC)

In order to stabilize the angle of the squeezing ellipse, an infrared auxiliary beam mimicking the squeezing beam, called coherent control (CC), is required. This beam is produced by a laser inside the AEI squeezer box and is shifted in frequency with respect to the squeezing beam by a PLL. The frequency shift of the CC beam with respect to the squeezing field has been chosen to be 4 MHz in order to be transmitted by the OMC cavity and not to spoil the non linear process in the OPO.

Sub-carrier beam (SC)

In order to lock the FC more precisely than with the green beam, it is necessay to use an IR beam mimicking the squeezed beam. Indeed, the sub-carrier beam has the same wavelength as the squeezed beam. This beam is superimposed on the squeezing beam at the level of the OPO and propagates with it towards the whole system. This beam must be totally reflected by the OPO cavity, in resonance inside the FC, and totally reflected by the output mode cleaner (OMC) so that it does not pollute the GW signal. The frequency offset to satisfy these three requirements is ∼1.26 GHz, fixed with a PLL. However, during squeezing measurements, it is therefore not possible to lock the cavity with the SC because it would otherwise reach the homodyne detector on EQB1. The lock is kept on the green in that configuration.

ITF spurious beam

The output beam of the interferometer contains both s-polarized light, which contains the GW signal and p-polarized light, which accounts for the ITF defects. The Faraday Isolator on the detection system rejects the p-polarized light which is sent to the squeezing system. This beam is the ITF spurious beam and it has the same properties as the s-polarized beam. It is measured on the squeezing system in order to adjust the alignment and the mode matching of the squeezed beam with the interferometer before its injection (see Ch. 9). SQB1 hosts two cameras, used as sensors for the alignment loop, and two piezo-actuated tip-tilt platforms acting on two steering mirrors, to adjust the alignment.

External Squeezing Bench 1 (EQB1)

The External Squeezing Bench 1 (EQB1) is an L-shaped ground-attached bench located in the detection laboratory in the Virgo central building. Its dimension and shape have been chosen

as a compromise between the available space and functional requirements. The ground seismic vibrations of the bench are attenuated thanks to elastomeric dumpers made by sorbothane cylinders, located under the table legs. This bench hosts several elements, as shown on Fig. 4.6:

• the vacuum squeezed source;

• phase locked loops optics and electronics;

• the sub-carrier field source;

• the homodyne detector;

• optics to steer and match the vacuum field, the sub-carrier field and the local oscillator for the homodyne detection on EQB1;

• optics and electronics for steering, mode matching and frequency shift the green field used for the first stage longitudinal and angular control of the filter cavity;

• optics for the delay line that simulates entirely on EQB1 the squeezing path up to the filter cavity for diagnostic purposes.

Vacuum squeezed source

The vacuum squeezed source is contained in a 1 m 2 box on EQB1 bench and its optical scheme during O3 is shown in Fig. 4.7 and all the details can be found in [START_REF] Mehmet | The squeezed light source for the advanced virgo detector in the observation run o3[END_REF]. Inside the squeezer there are two lasers: the main laser that produces the vacuum squeezed states and the coherent control (CC) laser that is needed to control the ellipse angle. These two lasers are locked in phase with a phase locked loop (PLL) with a shift of 4 MHz. A fraction of the infrared beam at 1064 nm from the main laser is converted in green at 532 nm with a second-harmonic generation (SHG) cavity. The generated 532 nm field passes through a Faraday Isolator to protect the SHG from back reflections and a compact Mach-Zehnder interferometer (MZ) in the green path is used to control and stabilize the pump power impinging onto the OPO, as described in Sec. 

Sub-carrier source

The sub-carrier (SC) field is produced by a Mephisto laser. Its power has been chosen to be 10 mW [START_REF]Advanced Virgo Plus phase I -design report[END_REF]. The SC enters the squeezer box after being reflected by the FI on EQB1.

Here it is aligned and matched inside the OPO cavity to be completely superimposed to the squeezed beam. It is then reflected from the OPO and propagates to the cavity and then to the interferometer, where it will be reflected by the OMC.

Homodyne detector on EQB1

As described in Sec. 

Requirements

In order to perform precise squeezing level measurements, the homodyne needs to be well tuned in terms of contrast, Common Mode Rejection Ratio (CMRR) and Clearance.

The contrast is the quantity, already defined in Eq. 2.9, that determines how well overlapped the two beams are at the homodyne photodiodes, i.e. LO and the squeezing beams.

The Common Mode Rejection Ratio (CMRR) is the measure of the ability of the balanced homodyne to reject noises common to both photodiodes [START_REF] Mckenzie | Technical limitations to homodyne detection at audio frequencies[END_REF]. A high CMRR is necessary to subtract the classical noise present on both fields entering the beam splitter to a level below the shot noise level. An imbalance in the intensity of the beams arriving at the homodyne photodiodes leads to a worsening of the CMRR. The beam splitter has therefore to be precisely 50/50. A CMRR > 60 dB is required for good detection of squeezed states.

The clearance is the ratio between the homodyne dark noise (i.e. electronic noise) and the shot noise one wants to measure [START_REF] Mckenzie | Technical limitations to homodyne detection at audio frequencies[END_REF]. The clearance must be higher than the amount of squeezing one wishes to measure. The homodyne detector on EQB1 has therefore a clearance of 23 dB for detecting a maximum level of squeezing of 12 dB.

Homodyne channels

With the homodyne, several signals can be extracted from the photodiodes: a continuous DC signal, a demodulated RF signal and a signal in the AUDIO band (i.e. from few Hz to 10 kHz).

The subtraction of the signals detected by the two photodiodes gives the differential channels.

The DC signal is the total the power arriving on the photodiodes and is therefore used to optimize the contrast.

The RF differential signal is used to control the angle of the squeezing ellipse by means of the coherent control loop, described in Sec. 5.4.2.

The AUDIO differential signal is used to measure the squeezing level in the Virgo detection band and characterize the rotation of the ellipse as a function of the frequency.

Filter Cavity

The filter cavity allows the rotation of squeezed states as a function of frequency to achieve a broadband reduction of quantum noise, as shown in Sec. 3.7.2. The ellipse rotation must occur around 25 Hz, which corresponds to the frequency where the shot noise and the radiation pressure noise are equal. The parameters of the cavity, its design, the specifications of the mirrors and their suspensions, have been chosen for this purpose. The in-air filter cavity end bench (FCEB) is located in transmission of the end mirror and it hosts photodiodes and cameras used for the alignment of the filter cavity.

Cavity general specifications

The filter cavity is a 285-meter-long suspended Fabry-Perot cavity (see Sec. 2.1.2) with a curved-curved configuration, i.e. with both mirrors having the same radius of curvature of from entering the Faraday Isolator on SQB1 (more details in Part III). In Fig. 4.9, a picture of the filter cavity tube is shown. The optimal finesse (at 1064 nm)ok of the cavity to rotate the ellipse at the standard quantum limit (SQL) [START_REF] Kwee | Decoherence and degradation of squeezed states in quantum filter cavities[END_REF] is computed to be 11000 for AdV+. The filter cavity and mirrors main parameters are summarized in Tab. 4.3. 

Cavity parameter

Mirrors and suspensions of the filter cavity

The quality of the filter cavity mirror surfaces is the main contribution to the round-trip losses.

The main specifications of the input and end FC mirrors are summarized in Tab. 4.4, giving both the requirements for AdV+ and the measurements performed at LMA [START_REF] Pinard | Input mirror characterization Advanced Virgo + filter cavity reference LMA : C20083 + C20087[END_REF][START_REF] Pinard | End mirror characterization Advanced Virgo + filter cavity reference LMA : C20092 + C20087[END_REF].

In order to obtain a residual cavity length rms motion of the sub-picometer order, some requirements on the cavity suspension system are set. Actually, a large dynamic range for positioning all the six degrees of freedom of the mirrors, a high accuracy to control locally the mirror with optical levers, an inertial dumping and seismic isolation at micro-seismic peak for scattered noise mitigation, are required. The compact suspension system is shown in Fig. 4.10.

On the bottom, there is the inverted pendulum. On top of it, there is a cage hosting a double pendulum structure. This system is then inserted in a micro-tower in vacuum [START_REF]Advanced Virgo Plus phase I -design report[END_REF]. : Suspension scheme for both the input and the end mirrors [START_REF]Advanced Virgo Plus phase I -design report[END_REF]. On the left, the block scheme of the mirror suspension system is presented. At the bottom there is the inverted pendulum on top of which there is the actuation cage and the marionette system holding the mirror. In the center, the cross section of the design is shown. A baffle in front of the mirror is installed to absorb scattered light. On the right, the details on the double pendulum sitting on the inverted pendulum bench is shown. The marionette actuation coils holder is attached on the cage frame. The stiffeners support on the backside supports the mirror ring heater and the coils for mirror actuation.

Suspended Squeezing Benches

The two suspended benches send the FIS produced on EQB1 to the filter cavity, called SQB1 and SQB2. Then they inject the squeezing reflected from the cavity (FDS) into the interferometer, as shown in Fig. 4.6. The goal of these benches is to mode match the beam in both directions, i.e. to the FC and to the ITF, with the telescopes they host. The infrared beam propagates from EQB1 towards the suspended bench SQB1, where it passes through a FI. Afterwards, it propagates towards SQB2 and then arrives at the input mirror of the filter cavity. The squeezing beam is almost totally reflected as it sees the detuned cavity. The sub-carrier beam, on the other hand, enters the cavity. The beams are then reflected from the cavity and go to the interferometer, passing again through SQB1 and SQB2. This time the beam passes through two FIs on SQB1 before being injected to the ITF. There are also cameras and actuators on SQB1

for the alignment of the squeezing system with the interferometer, sensing the ITF spurious beam. A pick-off of the reflected beam is extracted on SQB2 and reaches EQB2, where sensors for the FC length and alignment control loops with the sub-carrier are present. The optics on these benches ensure the beam to have the right properties to match the filter cavity and the interferometer. Most mirrors are motorized with picomotors, so that it is possible to align the beams remotely especially when the towers are in vacuum. In addition, some optics, mirrors or lenses, are installed on translation stages, driven by lead (Pb) Zirconate Titanate (PZT) piezoelectric actuators, to translate the optic along the beam direction. In Fig. 4.11 and 4.12, picomotors are circled in blue and PZTs in purple, for SQB1 and SQB2 benches respectively.

Both benches, SQB1 and SQB2, are suspended and controlled in vacuum.

Suspended Squeezing Bench 1 (SQB1)

SQB1 has dimensions 1. PSDs, which measure the beam position to control the bench in position as will be described in the next chapter. The infrared beam returning from the FC can be sent either towards the ITF or towards the HD by tuning the half-wave plate (HWP) between the two FIs. In the first case, the beam is transmitted by both Faraday Isolators and injected into the interferometer via the telescope consisting of SQB1_M33 and SQB1_M34. This telescope is needed to match the beam coming from the filter cavity to the ITF. In the second case, it is reflected by the second Faraday Isolator towards M21 and is directed back towards EQB1 and the HD. The green beam reflected by the filter cavity is detected by a third PSD. In addition, there are two cameras on the bench, looking at the spurious beam coming from the interferometer. This spurious beam will be used to pre-align the squeezing system with respect to the interferometer beam. Moreover, a retro-reflecting mirror is placed (not on the scheme) between M22 and M23, to send FIS to the interferometer or to the homodyne, short-cutting the filter cavity. It is mounted on vertical translation stage. 0.1% for the infrared, which adds as optical losses for the squeezing. The green pick-off reaches the third PSD while the infrared pick-off is sent towards EQB2 and is used for control purposes.

SQB1 and SQB2 suspensions

The benches are suspended using a type of seismic attenuator called multiSAS. It consists of a multi-stage hybrid vibration isolator in which bulk attenuation is provided passively by means of a chain of low natural frequency mechanical oscillators, called filters. The scheme of the bench suspension is shown in Fig. 4.13.

SQB1 and SQB2 local controls

The position control of these benches is done with pairs of coils, called Linear Variable Differential Transformers (LVDTs) [START_REF] Tariq | The linear variable differential transformer (lvdt) position sensor for gravitational wave interferometer low-frequency controls[END_REF]. For each bench, sixteen coils are required, eight of which (primary coils) are attached directly to the bench, while the other eight (secondary coils) are attached to the bench frame which sits on the bottom of the vacuum chamber. Their secondary coils are On the left, a picture of a pair of LVDT coils is shown [START_REF] Voet | Coil driver/LVDT electronics for suspended benches -documentation[END_REF]. The primary coil is the one in the center and the secondary one is the cylinder containing it. On the right, the reference system of the benches coordinates is shown.

Conclusion

This chapter reports the results obtained in Virgo from the injection of frequency-independent squeezed states during O3. It describes the improvements brought to reduce the losses and the introduction of the filter cavity in order to generate frequency dependent squeezed states . The different parts of the system and all the auxiliary beams used to control, characterize and align it (CC, SC, LO, BAB, GR) have been described. The next chapter will describe the commissioning of this system in Virgo.

Chapter 5.

Quantum noise reduction system commissioning

In this chapter, I described the work done regarding the commissioning of the quantum noise reduction system for Advanced Virgo Plus. The main work concerns the squeezing suspended benches, for which I participated in the pre-installation and pre-alignment of the optics on SQB1 and SQB2 benches at LAPP. I then participated in the installation of the two suspended benches at the Virgo site, where we suspended and controlled them inside the vacuum towers.

In this context, I was in charge of testing and installing the PSD sensors used to control the suspended benches by referring to the green beam going to and coming back from the filter cavity. Part of my work was to figure out how to utilise these sensors into the overall control scheme of the system. Moreover, I worked on the commissioning of the entire FDS system, which started once the SQB1 and SQB2 benches were controlled, with the alignment of the green beam from EQB1 to the cavity and then reflected back onto EQB1. After that, I also participated in the alignment of the infrared beam. I contributed to the lock of the filter cavity with the green, despite it was not the main focus of my work. Once the system was aligned and the cavity locked, I worked on the optimization activities that led to the first FDS measurements with the homodyne detector. In this context, I worked on the control loops needed for these measurements, in particular the coherent control loop that controls the angle of the squeezing detection quadrature. Finally, on this system I developed a feedback loop to control the scattered light that prevented the rotation of the ellipse around 25 Hz from being seen on the homodyne, as will be described in Part III.

SQB1 and SQB2 pre-installation at LAPP

We installed the optics on SQB1 and on SQB2 following the nominal positions of the elements shown in the optical layout described in Sec. 4.5.1 and 4.5.2. The optics on the two benches allow the beam coming from the squeezer to be matched to both the filter cavity and the interferometer. To meet the required parameters of the beams, optical simulations were carried out using the OptoCad software [START_REF] Schilling | OptoCad -A Fortran 95 module for tracing Gaussian TEM00 beams through an opticalset-up[END_REF]. For the alignment of SQB1 and SQB2, we used a collimated diode laser capable of generating both green and infrared light. For SQB1, we also performed a pre-mode matching of the beam: we reproduced the interferometer beam in order to pre-tune the telescope consisting of M33 and M34.

SQB1 installation and pre-mode matching at LAPP

Here we describe the pre-mode matching of the M33-M34 telescope. To pre-mode match the beam and complete the installation of the optics on the bench, we followed several steps, which we describe below. The laser diode is connected with a fiber to a collimator, which directs the beam towards the optical set-up.

In the following, the beam measurements were all carried out in the same way. We placed a CMOS camera at different distances from the collimator and measured the beam size in the horizontal and vertical directions (w x (z) and w y (z)) as a function of position along the beam direction z, using a software called GxClient. This software displays the camera images and fits the beam profile with a Gaussian function. The beam radius along the propagation direction z is defined as

w(z) = w 0 1 + z z R 2 (5.1)
where

z R = πw 2 0 n λ (5.2)
is the Rayleigh range, w 0 is the beam waist, n is the medium refractive index and λ is the beam wavelength. By fitting the measured w x (z) and w y (z) with this function we can extract w 0 and its position z x and z y , as illustrated in Fig. 5.2.

Telescope preparation

In order to perform the pre-mode matching of the M33-M34 telescope, we need to simulate the beam coming from the interferometer. In order to do that, we designed and installed a telescope after the laser diode. The nominal parameters of the beam we want to reproduce, i.e. the one coming from the interferometer to SQB1, are:

w 0x = w 0y = 1.35mm at z = -3.8m (5.3)
taking as reference position the last mirror on SQB1, M31.

Using the method described above, we measured the parameters of the beam exiting the collimator and we obtained:

• w 0x = 0.393 mm at z x = -312.7 mm;

• w 0y = 0.392 mm at z y = -317.8 mm.

With JaMmt (Just an other Mode matching tool), a software developed in java by AEI, I simulated possible telescopes compatible with the available optics in the laboratory and the space constraints on the optical bench. I chose the following telescope design, shown in Fig. 

Installation and tuning of the telescope

We installed this telescope and remeasured the size of the beam coming out of the telescope, setting as position zero the position of the mirror M31 on SQB1, and we obtained:

• w 0x = 1.457 mm at z x = -3.430 m;

• w 0y = 1.463 mm at z y = -3.669 m.

We then tuned the positions of the lenses to obtain parameters closer to those expected and positioned the telescope optics at:

• Lens 1 at d 1 = 50 mm from the collimator;

• Lens 2 at d 2 = 653 mm from the collimator.

The beam exiting the telescope finally has the following properties: 

Installation and alignment of ITF-SQZ telescope on SQB1

Then we started to install and align the optics on the SQB1 bench in their nominal positions as shown in Fig. 4.11. We started by installing the mirrors M31, M32, M33 and M34. The last two mirrors are the two mirrors composing the telescope used to match the FDS beam with the interferometer. We have therefore pre-tuned this telescope. We adjusted the positions of its mirrors in order to obtain the output beam (in the filter cavity direction) matching the theoretical parameters. The beam after the M33-M34 telescope should satisfy

• w 0x = 0.640 mm at z x = 506 mm;

• w 0y = 0.720 mm at z y = 485 mm. This means that the beam should have the waist right at the exit of the second Faraday Isolator.

We adjusted the M33 and M34 positions in order to match the required parameters and we obtained:

• w 0x = 0.594 mm at z x = 681 mm;

• w 0y = 0.600 mm at z y = 639 mm which we consider as good enough for a pre-mode matching.

Installation and alignment of Faraday Isolators and path EQB1 -FC

In order to go on with the optics installation, we moved the laser diode to simulate the beam coming from EQB1. We installed the first mirror M11 which directs the beam to the first Faraday Isolator. The two FIs have been pre-aligned previously by an other team from Virgo and are mounted on a breadboard so that the relative alignment of both FI is preserved. In order to align the two FIs we sent the beam through them from the FC side. After that we checked that the beam was passing through the four optics that were previously aligned (M31, M32, M33, M34) after the double Faraday, in the ITF direction. Then we aligned the mirror M11 to have the beam reflected from the FI going to the FC direction. We adjusted a waveplate on the beam path in order to maximize the transmission of the Faraday. Then we proceeded with the installation of the following 3 mirrors on the FC side: M23, M22 and M21. The mirrors have been quite well aligned except M21 which is aiming at SQB2 and is hard to align without a reference. Moreover, we aligned the mirrors of the periscope around the Faraday Isolator in the ITF direction and we installed the 2 cameras on the bench.

Installation and alignment of the path to EQB1 homodyne

We turned the half wave plate between the two Faraday Isolators to get a beam going towards EQB1. The beam was reflected by the retro-reflecting mirror, placed between M22 and M23 on a motorized vertical translation stage. We could then install the 3 remaining optics on that path: M12, M13 and M14.

Installation and alignment of the green path

The last optics we installed are the optics on the green path. We installed and roughly aligned GM11, GM12 and the lens GL11. The PSDs were not available at the time of the installation at LAPP so they have been tested and installed directly on site later on.

Picomotors and PZTs identification and configuration

Finally, we connected and tested the picomotors and the PZTs. All of them work properly.

The bench SQB1, after the installation of all the optics described above, inside the clean room at LAPP, is shown in Fig. 5.4. 

SQB2 installation at LAPP

On SQB2 we didn't perform the pre-mode matching of the beam because it was not possible to generate a beam of the right dimension on the bench, as it arrives from SQB1 on SQB2 with a radius of ∼ 10 mm. Since there are only mirrors and lenses on this bench as shown in Fig. 4.12, the alignment was easier. Since the mode matching is not necessary, we used a green laser diode to align the optics. We positioned the laser to simulate the direction of the beam coming from SQB1. We then installed the optics on the path to the cavity, inserting M2 and M1 in that order. We then aligned the forward green pick off, installing GM11, GL11, GM12 GL13 and GM13. The PSDs were installed later on the site. We then aligned the beam in reflection from the cavity. To do this, we installed a mirror in front of M1, at the edge of the bench, to reflect the beam as if it was reflected by the input mirror of the filter cavity. We aligned the beam reflected from this auxiliary mirror so that it was superimposed to the incoming beam.

Next, we installed M21, M22, and GM12. Then we completed the installation of the infrared pick-off to EQB2 with L2, M23 and L3.

Calibration of the LVDTs

Once the optics have been installed on the bench, we installed the LVDT pairs both on the bench and the frame. Then we calibrated their error signals in order to reconstruct the degrees of freedom of the bench in radians (angular) and meters (longitudinal). The error signal expressed in Volts, as a function of meters, can be expressed as

k µm V = ∆x LV DT (V) ∆x LV DT (µm) (5.4)
where k µm V is the calibration factor. To calculate the k factor, we moved the secondary coils of each LVDT by a known amount using a screwdriver to make small, precise steps and read the relative displacement in volts from the coils. The calibration factor is computed as an average of a set of measurements. We repeated this procedure for both benches and the results are shown in Tab. 5.1. Then we convert the horizontal and vertical LVDT signals into the angular and longitudinal degrees of freedom of the bench, shown in Fig. 4.14. This is done using a conversion matrix, calculated from geometric considerations of the bench and of the LVDTs. We want to control the bench at a given position, which represents the reference position of the bench. A setpoint at which we want to control the bench is therefore added to the error signal, generated by the coils as described in Sec. 4.5.4. After filtering the error signal, the correction is sent to the secondary coils to control the bench at this nominal position. The correction for longitudinal degrees of freedom is sent to the LVDTs located on the bench suspension (multiSAS), see Sec. Finally, the benches were lifted by a hook to be weighed in the clean room of LAPP, as shown in Fig. 5.5. The suspensions at the site are designed to suspend a weight of (326 ± 1) kg.

LVDT pair k SQB1

To reach this weight, it has been necessary to add ∼50 kg for SQB1 and ∼100 kg on SQB2 using counter weights on the bench (cylinders of different sizes and weights) and metal plates inside the electronic box under the bench. 

SQB1 and SQB2 installation on site

After completing the pre-installation work at LAPP, we installed the benches on site inside the vacuum chambers. In Fig. 5.6, the photos of SQB1 on the left and of the SQB2 on the right are shown. The benches are inserted inside the vacuum chambers in the clean rooms of Virgo.

The bench is mechanically fixed to a frame with a blocking system. The bench can be released by acting on the blocking system and it needs to be balanced before to be suspended. The bench is suspended by a wire made of maraging steel located in the center of the bench for SQB1 and slightly off-centered for SQB2. To control it in its nominal position, LVDTs are used as described in Sec. 4.5.4. In Fig. 5.6 the vertical coils of the LVDT are visible on the photo on the right: the secondary coil is attached to the frame and contains the main coil attached to the bench. 

Angular control of suspended benches with LVDT

We installed the wire connecting the bench to the suspension. To suspend the bench, it is needed to release its blocking system and to balance the counterweights on the bench to avoid contact with the frame. Then we engaged the bench's local angle feedback loop to control it in its nominal position. The correction sent to the magnets should be within ±10 V. We checked that the angular degrees of freedom of SQB1 and SQB2 can be successfully controlled both in air and in vacuum with the LVDTs. As an example, in Fig. 5. 

Relative residual motion of the suspended benches

LVDTs are, however, referred to the ground. The benches are controlled in such a way as to minimize the residual motion with respect to the ground. high seismic activity. The residual angular noise of the two benches is around 1-2 µrad and the residual longitudinal noise is < 10 µm.

Fig. 5.9, shows the same plots in low seismic conditions. SQB1 and SQB2 angular and longitudinal residual noises are a factor 10 -20 higher in high seismic activity.

To eliminate the coupling of residual bench noise with the ground motion, we have conceived a new control system for the suspended benches, which uses the green auxiliary beam arriving on the benches as a reference. The error signal is then extracted from the position of the beam on the Position Sensor Devices (PSDs) from which it is possible to reconstruct the degrees of freedom of the bench, as will be described below. 

Angular control of suspended benches with PSDs

As part of the overall control strategy for the squeezing system, it was decided to install Position Sensor Devices (PSDs) on the suspended benches. One of the reasons was because the sensing done with these sensors refers to the green beam that impinges on them. The LVDTs, on the other hand, refer to the ground, as described in Sec. 5. 

PSD test and characterization

We initially tested and characterized one of the PSDs in the electronics lab in Virgo, using the setup shown in Fig. 5.11. We connected the PSD to a Data AcQuisition (DAQ) box in the lab:

one pin connected to a DAC to supply it with ± 10 V and the four pins connected to an ADC.

The formulas to reconstruct the positions of the beam on the PSD from the detected currents are:

x = L X 2 • (I X2 + I Y 1 ) -(I X1 + I Y 2 ) I X1 + I X2 + I Y 1 + I Y 2
(5.5) 

y = L Y 2 • (I X2 + I Y 2 ) -(I X1 + I Y 1 ) I X1 + I X2 + I Y 1 + I Y 2 (5.6)
where L X = L Y = 5.7 mm (see Fig. 5.10).

Finally, we verified that the PSD was sensitive to both horizontal and vertical beam shifts.

We mounted the sensor on a small bread board, sending a fiber laser on it through a focusing lens and a steering mirror, as shown in Fig. 5.11. Then by moving the horizontal and vertical knobs of the mirror, we moved the beam first along one direction and then the other. The signals read by the PSD as a result of a horizontal (x) or vertical (y) shift of the beam are shown in Fig. 5.12 and Fig. 5.13 respectively. It can be seen that the horizontal to vertical coupling is ∼1% and that the vertical to horizontal coupling is ∼6%. The residual coupling between the two degrees of freedom may be due to the steering mirror in front of the sensor that makes the beam arriving not perfectly perpendicular to the PSD surface. In conclusion, the PSD works correctly.

PSD installation on the benches

After characterizing and testing a PSD, we installed the three PSDs on SQB1 and the three PSDs on SQB2, in the positions shown in Fig. 4.11 and 4.12. This was done after aligning the FDS, as will be explained in the next Section. We connected the PSDs to the DAC and ADC inside the electronic box under the suspended benches. We verified that the PSDs operate both in air and in vacuum on the benches. Due to the fact that the green beam was moving a lot at the beginning of the commissioning. we decided to add mirrors to be able to realign the beam once the bench was in vacuum. We therefore decided to add a one-inch mirror in front of each of them, equipped with remotely controllable picomotors, as shown in Fig. 5.14.

Reconstruction of benches dofs with PSDs

With the PSD signals, it is possible to reconstruct the degrees of freedom of the bench by constructing the sensing matrix M s according to the following relationship: .

--→ dof = M s • ---→ P SD (5.7)
(5.8)

We describe in the following the method that was followed to reconstruct the degrees of freedom of the benches, giving the example in detail of SQB1.

Scans of the degrees of freedom of the benches

The coefficient matrix is calculated from the longitudinal and angular scans of the benches, performed using the LVDTs. We moved one degree of freedom at a time, e.g. SQB1 TX, around its nominal position. During these scans, the cavity is kept locked with the green beam since PSD3 detects the beam reflected by the filter cavity. The amplitude of the scans has been chosen in order to not misalign the beam arriving at the filter cavity too much, to avoid its unlock. Also, the scan amplitude was within the linear range of the LVDTs, in order not to lose control of the bench during the scans. The filter cavity alignment loops are open during these scans. This was done because the actuators on the green would have moved the beam arriving from EQB1.

Coefficients of M c from the fit of PSD signals

We As expected a TX rotation is mainly seen as a vertical displacement of the beam on the PSDs and the coupling to the horizontal is very small.

We carried out the same analysis for all the degrees of freedom of the bench (TX, TY, TZ, X, Y, Z) in order to complete the coefficient matrix.

Coefficient and sensing matrices

The coefficient matrix M c relative to all the degrees of freedom of the bench SQB1 is 

                P SD1H P SD1V P SD2H P SD2V P SD3H P SD3V                 =                 -0.
                •                 T X T Y T Z X Y Z                
.

(5.9)

The sensing matrix is the inverse of the transpose of the coefficient matrix and from Eq. 5.9

one gets 

                T X T Y T Z X Y Z                 =                 0.
                •                 P SD1H P SD1V P SD2H P SD2V P SD3H P SD3V                
. (5.10)

Offline reconstruction of the bench dofs from M s

Before actually using the values for the sensing of the benches, which would have required machine time, we simulated the reconstruction of the degrees of freedom of the benches with Matlab. We used the sensing matrix to reconstruct the bench scans. We reconstructed the degrees of freedom of SQB1 using the matrix Eq. 5.10 and multiplying it by the PSD signals during the scans used for the fits, as described in Eq. 5.7. For example, SQB1 TX degree of freedom is properly reconstructed if reproduce the displacement measured by the LVDT during the scans.

The reconstructions of the degrees of freedom of SQB1, using the complete matrix in Eq. Normally, a movement of a vertical degree of freedom of the bench, i.e. TX, TZ or Y, gives a vertical displacement of the beam on the PSD. Similarly, for a scan of a horizontal degree of freedom of the bench, i.e. TY, X or Z, we see a horizontal displacement of the beam on the PSD. This is evident from the fits in Fig. 5.15, where by moving the bench in TX, we see the beam moving mostly vertically on the PSDs.

An interesting test is to see if it is possible to improve the reconstruction removing the couplings between the H and V degrees of freedom of each PSD. We decided to set to zero the coupling factors < 5% for each PSD and to consider only those > 5%.

The complete sensing matrix, recalled M A in Eq. 5.10 would become: 

                T X T Y T Z X Y Z                 =                 0.
                •                 P SD1H P SD1V P SD2H P SD2V P SD3H P SD3V                
. (5.11) and the reconstructions obtained from this matrix are shown by the yellow curve in Fig. 5.16. It can be seen that for some degrees of freedom, e.g. X, the reconstruction is slightly better. For the others, the improvement is not very evident. This is why we have derived reduced coefficient and sensing matrices, to be able to decouple the degrees of freedom of the bench better.

Reduced coefficient and sensing matrices

We have decomposed the sensing matrix in Eq. 5.10 into smaller matrices, thus reconstructing less degrees of freedom of the bench with less PSD signals. We performed several Matlab reconstruction simulations to check which of the reduced matrices best reconstructed the degrees of freedom. Since we only control the angular degrees of freedom of the bench with the LVDTs, we ensured to reconstruct the angular degrees of freedom TX, TY and TZ in the best possible way. After analyzing and studying different combinations, we verified that they worked. Two examples of simplified sensing matrices, to reconstruct the dofs of SQB1 are given below:

• Sensing matrix M B : reconstructing TX, TY, X, Y with PSD1 and PSD2 

         T X T Y X Y          =          0 1.
         •          P SD1H P SD1V P SD2H P SD2V         
(5.12)

whose reconstructions with Matlab are shown in Fig. 5.17;

• Sensing matrix M C : reconstructing TX, TY, TZ, X with PSD1 and PSD2 

         T X T Y T Z X          =          0 
         •          P SD1H P SD1V P SD2H P SD2V          (5.13)
whose reconstructions with Matlab are shown in Fig. 5.18.

In this case only PSD1 and PSD2 are used, so only the green beam going to the filter and not the one reflected. 

Sensing of the bench dofs with different matrices

Once the matrices were inserted into the interface used for the control of the benches, the Virgo processing monitoring, we checked which degrees of freedom were actually well reconstructed. To do this, we scanned the bench and saw if the sensing with LVDTs and PSDs were equivalent.

We then selected the matrix for each degree of freedom that would best reconstruct it. In Fig. 5.19, reconstructions of the angular degrees of freedom of the SQB1 bench are shown using the M A , M B and M C matrices (given in Eq. 5.11, 5.12 and 5.13 respectively). The first line of plots gives the values read from the LVDTs while the other plots represent the dof reconstructions.

From this analysis, it can be concluded that TX and TY are well reconstructed with the M B matrix. The degree of freedom TZ is not reconstructed well in any case, the only matrix that reconstructs its movement is M A , but it is very noisy. This is due to the geometry of the system, as TZ is the angle around the beam propagation axis who arrives from EQB1. Therefore PSD1 and PSD2 are not very sensitive to a displacement of the the bench in TZ.

PSD3 is more sensitive as it sees the beam arriving from the FC which is not along TZ, but it is at 39 deg. 

Attempt to control SQB1 TX and TY dofs with PSD signals

Once we verified that it is possible to reconstruct the SQB1 TX and TY degrees of freedom with the matrix M B , we tried to use these signals as sensing in the angular control loop. The error signal is the sum of the signal given by the LVDTs (at high frequency) and the one given by the PSDs (at low frequency). The correction is sent to the coils of the LVDT as usual. We measured the transfer function of the loop by injecting noise in the TX signal reconstructed with the PSD. We found an UGF ≤ 10 -3 . However, we found a conflict with the cavity alignment loop on the green as it acts on the mirrors on EQB1. So if this loop is active, it misaligns the beam too quickly on the SQB1 PSDs and they cannot follow it. This causes the bench control loop corrections to diverge. We decided to switch off the cavity alignment loop and test the operation of the SQB1 loop using LVDT and PSD sensing. In There are 10 hours of data in the plots, from which it can be deduced that the period of the oscillations is about 2 hours. So the PSDs correct, as expected, for slow drifts of the beam but the EQB1 beam is not a good reference as it drifts. The use of these signals is still under discussion and alternative strategies of global system control are being considered. 

SQB2 analysis

We also performed the same study for SQB2. We calculated the sensing matrices and studied the reconstructions on matlab. From these, we realized that it is only possible to reconstruct TY but not TX and TZ in a decoupled manner. In fact, the incident beam arrives at an angle of 39 deg on SQB2 and this couples the TX and TZ degrees of freedom on the PSD1 and PSD2 sensors. In Fig. 5.21 are shown the reconstructions of the TX, TY, TZ and X degrees of freedom using PSD1 and PSD2 on SQB2. It is evident that TX and TZ cannot be reconstructed using signals from these sensors. An option with which the signals are better reconstructed is to use PSD3 on SQB1, which reads the beam arriving from the cavity on a different axis.

Otherwise, it might be possible to reconstruct a degree of freedom that is a combination of TX and TZ, which would correspond to rotating the reference axis. 

FDS system alignment

The installation of the whole FDS system (EQB1, suspended benches and filter cavity) was completed with SQB2 in April 2021. Subsequently, we controlled the vacuum benches with LVDTs as described in Sec. 5.2.1. We then started the alignment of the green and infrared beams over the entire system, from EQB1 to the end bench located in transmission of the cavity (see Fig. 4.5). In the following we describe the procedure used to complete the alignment of the system shown in Fig. 4.6 and in more details in Fig. 4.11 and Fig. 4.12.

Auxiliary green beam alignment

We started by aligning the green beam as it follows a less complex path and it is used for the first stage of the filter cavity lock, on which the infrared beam will then be aligned.

Green alignment from EQB1 to SQB2

The green beam exits the squeezer box and propagates through the optics on EQB1. It then reaches the viewport between EQB1 and SQB1, which is now open and controlled in-air. We moved the last mirror on EQB1, called M7, to center the beam on SQB1 mirrors: GM11 and GM12. The beam is therefore sent towards SQB2 from GM11. We moved this mirror with its picomotors in order to make the green beam arriving on SQB2. We saw the beam hitting the baffle inside the linking tube (see Chapter 7) by eye. This gave us an idea on how to align the beam. Afterwards, the beam arrived to SQB2, where we checked the beam shape with a sheet of paper and we removed the visible clipping acting on GM11. We also centered the beam on SQB2_M2 and SQB2_M1, the 6 inches mirrors. The beam was therefore sent towards the link tube between SQB2 and the filter cavity.

Green alignment from SQB2 and FCIM

We then aligned the green beam from SQB2 to the cavity mirror input (FCIM). Initially, from a visual inspection, we saw some diffused light, probably coming from one baffle inside the pipe (see Chapter 7). Moreover, it was evident that the beam was reflected by the link tube in the east direction (by analysing how the scattered light was diffused). The observable we could use remotely was a camera installed on the south-western viewport of the input mirror tower.

Otherwise, we went to see directly by eye from the viewport. We initially tried to align by acting on the position of the suspended bench SQB2, along TY i.e. horizontally. Moving it 8 mrad was not enough so we decided to move the bench back to its original position and move the 6-inch mirror SQB2_M1. By manually steering SQB2_M1 while looking at FCIM from the sout-western viewport, we eventually found the beam hitting the mirror cage, as shown on the left picture of Fig. 5.22. However, trying to centre the beam on the FCIM, we found that it was clipped vertically, on the upper part of the pipe. We then started to move SQB2_M2, adjusting SQB2_M1 accordingly, to prevent the beam from hitting the input mirror cage. We realised that this is possible by having the beam very low on SQB2_M1, as shown on the right picture of Fig. 5.22. We then investigated the problem and discovered that the bench had been installed a few centimetres too high with respect to its nominal position. We measured the height of SQB2 in the Virgo Reference System (VRS) with a theodolite optical level. The bench was (16 ± 1) mm too high. We have therefore lowered the SQB2 bench by 17.25 mm by acting on the length of the frame's four legs. We then aligned the green beam so that it was centred on both SQB2_M1 and FCIM.

Green alignment from FCIM to FCEM

Once the beam arrives centered on FCIM, we need to center it on FCEM. We tuned the angle of SQB2_M1 to steer the beam while looking at the inner face of FCEM through the south-eastern viewport of its micro-tower. We immediately saw the green beam on the mirror cage, as shown on the left of Fig. 5.23. We aligned the beam on the centre of FCEM and we roughly aligned the beam on the terminal bench to reach the camera.

FCIM reflection alignment until SQB2

To complete the alignment to the input mirror, we need to overlap the green beam reflected from the FCIM with the incoming green beam. This optical procedure is called autocollimation. In the middle, the green beam retro-reflected from the FCIM seen on SQB2_M1. On the right, the FCEM reflection in the tube in front of the micro-tower.

FCEM reflection alignment

With the FCIM misaligned, we started the alignment of the autocollimated beam on FCEM.

We scanned the angles of the FCEM, to try to find the reflection on SQB2. We didn't find any reflection so we decided to open the flanged port about 3 m before the end micro-tower to find the position of the reflection. We tried to autocollimate the beam as we did for the input: letting the incoming beam pass through a hole on a piece of paper and find the reflection on the other side, as shown on the right of Fig. 5.23. The reflected beam was a couple of centimeters far in both direction with respect to the incoming beam. We superposed the incoming and the reflected green beams by acting on TX and TY of the FCEM marionetta. After several attempts, we managed to send the beam towards SQB2. At this point we aligned this beam as best as we could with the incoming beam and we realigned FCIM as well. At this point we could see interferences on the camera at the FC transmission, on FCEB.

FC reflection up to the sensors on EQB1

Once we have autocollimated the green beam with the cavity, we have aligned the reflection from the FC mirrors up to the photodiode and the two quadrants on EQB1. The last ones are used to lock the cavity on the green.

Filter cavity locked on the green beam

Once the system is aligned and the longitudinal lock loop on green is ready, we lock the cavity (see Sec. 2.4). The green beam is modulated at 5.5 MHz using an Electro-Optical Modulator (EOM) on EQB1. The reflected beam from the cavity is detected by the photodiode on EQB1 that demodulate the 5.5 MHz signal, see Sec. 2.4.2. The actuation is sent to the coils of the cavity end mirror, in order to displace the mirror along the cavity axis direction. At the beginning the residual cavity length fluctuation, i.e. the lock precision, was 50 Hz rms. The unitary gain frequency of the loop is ∼100 Hz.

IR beam alignment to the FC

Once the cavity is locked on the green, we have a reference on which to align the infrared beam.

The OPO is set in BAB mode, i.e. instead of squeezing, there is an infrared beam resonating within it, called the Bright Alignment Beam (BAB). The sub-carrier beam (SC) is also aligned in the OPO, so aligning the BAB or SC is equivalent. We started by aligning the BAB which has a power of 1 mW and then we checked the alignment of both beams in the cavity.

BAB overlapped with the green beam on SQB1

We started the alignment with the benches controlled in-air. We sent the BAB from EQB1 to SQB1, aligning via the mirrors on EQB1 and the mirror on SQB1, the beam with the first Faraday Isolator. The BAB should overlap with the green beam on the dichroic mirror M21.

We acted on the mirrors before M21 in order to center the BAB on the mirror. Then we acted on M21 in order to overlap it with the green beam towards SQB2.

BAB and green beams superposition into the filter cavity

By acting on SQB1_M22, we overlapped the green and the BAB also on SQB2_M2 and M1.

Then, by acting on SQB1_M21 we overlapped the two beams at the end of SQB2, right before the linking tube towards the FCIM. Iterating the steps, we managed to have the BAB (seen with a IR viewer ) well aligned with the green beam at the open flange before FCEM.

BAB reflection alignment on SQB2 and EQB1

Since the BAB is superimposed with the green beam, we were able to immediately see the reflection on SQB2, despite it was not perfectly aligned with the green beam. We started by autocollimating the BAB from FCIM, keeping the cavity aligned on the green beam. We aligned the reflection by using SQB1_M21 and M22 to get the reflection out of the Faraday Isolator and tuned the waveplate to send it towards EQB1. We centered the beam on M12, M13 and M14 on SQB1. The alignment was difficult because M12 and M14 do not have picomotors.

The beam was then aligned on two cameras and one photodiode on EQB1.

BAB and SC alignment in transmission from the cavity

On EQB1, there are remotely controllable shutters to prevent beams from propagating into the filter cavity:

• Green shutter: to stop the green auxiliary beam;

• IR shutter: to stop all the IR beams (SC, BAB/squeezing);

• SC shutter: to stop the SC beam;

• LO shutter: to stop the local oscillator beam.

We aligned both BAB and BAB + SC on the cavity by moving SQB1_M22 and M21 to maximize the flashes in transmission from the cavity. The SC beam had a power of 25 mW.

In order to find the TEM00 (defined in Appendix A) of both the SC and the BAB we slowly scanned the frequency of the green beam with an Acousto-Optic Modulator (AOM) on the green EQB1 path, while the filter cavity was locked on the green. This results in a change of the cavity length. The higher order modes displayed on the camera on FCEB give us an idea of the type of misalignment or mode mismatch of the infrared beam in the cavity. Initially only modes of high order are visible, but acting on the IR mirrors on SQB1 (M21, M22 and M23) the lower order modes are found. The free spectral range scans for the green and BAB in the cavity are shown in Fig. 5.24.

Aligning the SQB1 retroreflector mirror

Next we aligned the retro-reflector mirror on SQB1, placed between M22 and M23. This mirror is mounted on a vertical translation stage and has picomotors. We checked that its reflection arrived at the same position on the cameras and had the maximum power on the photodiode by acting on its picomotors.

Alignment of the sensors on EQB2

We aligned the optics and the sensors for the filter cavity on EQB2, when the cavity was stably aligned with the IR beam. 

Lock of the filter cavity with the IR beam

Using the signals from the photodiode on EQB2, we performed the hand-off of the cavity lock from the green to the SC beam. The SC is modulated at 11 MHz using an EOM in front of the laser source on EQB1. A pick-off of the SC beam reflected from the filter cavity arrives on the photodiode on EQB2. The signal is then demodulated generating an error signal. This error signal must be the same as the green error signal used for the cavity lock. The correction signal is sent to the filter cavity end mirror's coils to act on the longitudinal direction.

Conclusion on system alignment

Once the whole FDS system was installed and the optical components pre-aligned, we performed the global alignment as described above. The main difficulty was to align the beams on such a large distance, of the order of hundreds of meters. This work took a few months. Once the alignment of the system was completed, it was possible to finalize all the control loops that allowed us to perform the FIS and FDS measurements on our system, as will be described in the next paragraph.

FIS measurements preparation on EQB1 homodyne

Once the system was aligned and the cavity locked on the green, we started squeezing measurements on the homodyne detector on EQB1. We started with the frequency independent squeezing measurements to characterize the losses and try to optimize the system before proceeding with the frequency dependent squeezing measurements. We can make FIS measurements in two different ways. The first way is with FIS propagating to the back-reflecting mirror on SQB1 and then being reflected towards the homodyne on EQB1. The second way is FIS propagating only on EQB1 through a delay line. The delay line is an alternative optical path on EQB1 that mimics the propagation of the beam on the whole system. Two one-inch mirrors, mounted on a horizontally translating, remotely controllable slide, reflect the beam onto EQB1 towards the homodyne detector. This slide is placed in front of the viewport between EQB1 and SQB1.

These two detection configurations are useful to characterize squeezing losses separately for EQB1 and SQB1.

Two fundamental ingredients are needed to make FIS measurements: alignment of the squeezed field with respect to the local oscillator and the control of the quadrature angle at which we want to measure squeezing. These processes are automated by means of control loops: automatic alignment of the homodyne (HD AA) and the coherent control loop (CC loop).

Homodyne automatic alignment

In order to perform squeezing measurements on the homodyne detector on EQB1, it is necessary for the squeezing beam and the local oscillator beam to be perfectly superposed. A misalignment between them results in optical read-out losses (see Sec. 3.4). The squeezed beam is superimposed on the coherent control (CC) beam. Pre-alignment is initially done through two cameras on EQB1, one on the near-field and one on the far-field. A mirror mounted on a horizontal, remotely controllable slide (HD_MIR) in front of one of the homodyne photodiodes (see Fig. 4.3.3), reflects the beam and sends it to the cameras. It is possible to perform this alignment either with the OPO set in squeezing mode or in BAB mode. In squeezing mode we can superimpose either the CC and the LO fields, either the SC and LO fields (since the SC is brighter than the CC and matched with the OPO). In BAB mode we directly overlap the BAB with the LO on the cameras. Next we sent the two overlapped beams on both homodyne photodiodes, PD1 and PD2. These are mounted on a triaxial stage that allows them to be remotely moved horizontally, vertically and along the beam direction, in order to finely align the beam over their sensitive area. The alignment between CC and LO is done by maximizing the interference amplitude between the two beams measured with the RF difference channel ( 4MHz) of the homodyne detector (see Sec. 4.3.3). The amplitude of the interference between the two fields is calculated from the two quadratures of the signal used for the CC loop (see Sec. 5.4.2) demodulated at 4 MHz (see Sec. 2.4.2). In order to maximize this quantity which indicates the superposition of the two beams, we introduce dither lines1 on the mirrors on the path of the CC. These modulations are sent by a PZT on the horizontal (TX) and vertical (TY) degrees of freedom of the M4 and M6 mirrors, which are located in front of the homodyne. 

Coherent control (CC) loop

In order to generate squeezed vacuum states with a certain orientation and detected in a given quadrature, it is necessary to introduce phase controls. We call them coherent controls. These are explained in this section.

Theory of the CC loop

We have already introduced the coherent control field (see Sec. 4.2.3), which is a phase-shifted with respect to the main squeezer laser. This field is a single sideband field at a frequency of ω 0 + Ω, where ω 0 is the squeezer laser frequency and Ω = 4 MHz is the frequency shift.

The expectation values of the upper and lower sideband annihilation operators of this field, following the formalism described in Sec. 3.5, are

â+ = âω 0 +Ω = α Ω â-= âω 0 -Ω = 0 (5.14)
where α Ω represents the real value of the single sideband field. From these relations the two-photon operators â1 and â2 defined in Eq. 

E CC (t) ∝ 1 + g √ 2g α Ω cos (ω 0 t + Ωt) - 1 -g √ 2g α Ω cos (ω 0 t -Ωt -2φ) . (5.19)
Eq. 5.19 shows how the coherent control field is (de-)amplified by the non-linear process occurring in the crystal. The field coming out of the OPO has two sidebands at ω 0 ± Ω. From this expression, it is possible to extract the angle of the squeezing ellipse φ produced in the OPO.

The error signal is given by the demodulation of the interference between the two sidebands in reflection from the OPO that contains the difference in phase between the green pump and the CC field. The loop correction is sent on a phase shifter on the green path before the cavity inside the AEI box.

Finally, the phase difference between the LO field and the squeezed field on the homodyne must be stabilized. This phase depends on the phase between the green pump field and the LO field, denoted by Φ. The LO field arriving at the beam splitter of the homodyne can be expressed as [START_REF] Chelkowski | Coherent control of broadband vacuum squeezing[END_REF] E LO (t) ∝ α LO e -iω 0 t e -iΦ + c.c. (5.20) and is superimposed on the CC field coming out of the OPO described in Eq. 5.19. The two fields arrive superimposed on the PD1 and PD2 photodiodes of the homodyne with the following field amplitudes [86]

E P D1,P D2 (t) = 1 √ 2 E LO (t) ± E CC (t) ∝ 1 √ 2 α LO e -iω 0 t e -iΦ ± 1 + g √ 2g α Ω cos (ω 0 t + Ωt) - 1 -g √ 2g α Ω cos (ω 0 t -Ωt -2φ) + c.c.
(5.21)

The interesting signal is the difference of the two photocurrents I P D1,P D2 = |E P D1,P D2 |2 which is (removing the high frequency signal at 2Ω):

I DIF F = I P D1 -I P D2 ∝ 2 √ 2α LO α Ω (-1 + g) √ g cos (Ωt + 2φ + Φ) . (5.22)
Demodulating this photocurrent at the frequency Ω, one finds the error signal for the relative phase Φ between pump green and LO fields [START_REF] Chelkowski | Coherent control of broadband vacuum squeezing[END_REF]:

S CC/LO err ∝ √ 2α LO α Ω (-1 + g) √ g sin (2φ + Φ) . (5.23)
Since the squeezing angle φ is controlled acting on the optics located on the green path before the OPO, the LO and CC relative phase Φ can be controlled using this signal by acting on different PZT actuators along the LO path and/or the squeezing path as described below.

Experimental CC loop

The FDS system in homodyne detection configuration is shown in Fig. 5.25, where the squeezing propagates to the filter cavity and then back towards the homodyne detector on EQB1 where it combines with the local oscillator. The same principle is applied to the beam that is reflected by the back-reflector mirror on SQB1 or the delay line on EQB1.

Here we describe the coherent control loop used to fix the angle of detection, i.e. Φ, of the squeezing ellipse on the homodyne. In order to have the right bandwidth and to increase the range of actuation, it was necessary to design a Nested loop, as shown in Fig. 5.26.

This loop consists of a first loop called CC fast, which operates with a bandwidth of ∼1 kHz but with no sufficient range. Therefore, an additional loop (CC coarse) is used to keep the correction of the fast CC around zero, increasing the dynamic range of the loop. The plant of the loop is the difference in phase between the LO and CC fields Φ(t) LO-CC of Eq. 5.23.

The sensor used is the differential homodyne signal demodulated at the radio-frequency (RF) Ω = 4 MHz. Depending on the quadrature of the squeezing we want to detect we introduce a set point 2 , i.e. a fixed relative phase between the two fields Φ which coincides with the angle of the detected ellipse. The error signal obtained from the difference of the detected signal and the set-point is filtered by the CC fast filter and a part of the signal becomes the correction that is sent to an actuator on the LO path (EQB1_CC_AEI). The dynamic range of this actuator is ∼9 µm and its bandwidth ∼10 kHz. The other part of the CC fast correction signal becomes the error signal of the CC coarse loop and the purpose is to keep it around zero. This is filtered by the Filter Coarse. The coarse correction is then sent to two actuators on EQB1 on the LO path: EQB1_LO_M1 whose dynamic range is ∼3 µm and bandwidth ∼1 kHz, and EQB1_LO_M2 whose dynamic range is ∼5 µm and bandwidth ∼100 Hz.

The loop was characterized by measuring its transfer function (TF), from which the unitary gain frequency (UGF) is obtained (see Sec. 2.4). To do this, the loop was closed on the delay line, so that only the CC fast is sufficient to correct the plant. The CC coarse does not change the UGF as it has an effect at low frequencies. To calculate the TF of the CC fast, we injected a noise with amplitude of 50 µV onto the PZT of the mirror in the squeezer. We measured a UGF of 3 kHz as shown in Fig. 5.27. This is an UGF higher than before (1 kHz) which is a good result. We also implemented an alternative filter that has higher gain at low frequency, which we call boost filter. The simulation of the boost is shown in the yellow curve of Fig. 5.27. This loop allows to fix the phase of the squeezing angle and therefore to characterize the squeezing level, both for FIS and FDS. 

The story of FIS measurements

The first FIS measurements on the homodyne have been performed in February 2021. The measurements were repeated in the summer of 2021 before and after the OPO was replaced.

The crystal used in O3 is degraded due to long use and therefore cannot produce the necessary level of squeezing for Virgo. Tab.5.2 shows the measurements before and after replacing the OPO both with the homodyne inside the squeezer and with the homodyne on EQB1 using the delay line. Between the two homodynes there is therefore only the propagation on EQB1 as a difference. But from the very little amount of squeezing measured on EQB1 HD, it has been found out a 39 ± 5 % of optical losses and a phase noise of 10 mrad. The contrast of the homodyne was 95% during these measurements. The reason for such high losses turned out to be due to several factors:

• initially, to align the homodyne, two mirrors on different paths were used: one on the LO and one on the squeezing path. This misaligned the beam on the HD beam splitter, changing the splitting ratio, and on the HD photodiodes, reducing the contrast (see Sec.

4.8);

• polarization losses introduced by a mirror on the delay line before the homodyne;

• the beam splitter of the homodyne was a commercial one and not the one coated at LMA so it was unbalancing the homodyne photodiodes, reducing the CMRR (see Sec. 4.3.3). We then resolved some of these issues before proceeding with the subsequent squeezing measurements. Homodyne alignment is done either by hand or using the auto-alignment loop described in Sec. 5.4.1 with the PZTs on the M4 and M6 mirrors both on the squeezing path.

Old OPO

Homodyne

The delay line mirror that introduced polarization losses was replaced.

A second measurement campaign was carried out in autumn 2021, measuring again FIS from the delay line. The contrast of the homodyne was 99%. We were able to measure 5 dB of squeezing and 7 dB of anti-squeezing above 5 kHz, but for lower frequencies, large structures can be seen that worsen the measurement and an increase in shot noise and squeezing level was observed between 1 and 5 kHz, as shown in Fig. 5.28. This effect is due to the low CMRR during the measurement, i.e. CMRR < 40 dB. To solve the issue we replaced the beam splitter of the homodyne with an other one having a splitting ratio very close to 50/50. After this action we reached a CMRR > 60 dB.

The third squeezing measurement campaign was performed shortly afterwards, this time measuring FIS reflected by the retro-reflector mirror on SQB1. We carried out the measurements with different levels of squeezing generated by the OPO, changing the power of the green pump The expected optical losses are:

• 6% in the propagation on SQB1 both ways (from power measurements);

• 4-5% from the HD contrast;

• 1% from the HD photodiodes efficiency;

• 2% from the propagation on EQB1 and the OPO escape efficiency;

• 1% from dark noise (LO operated at 25% of its maximum power) which sums up to (14.5 ± 0.5)% and agrees with the squeezing measurement.

After this measurement we decided to send the squeezing directly to the filter cavity, which is locked with the green auxiliary beam, to measure the rotation as a function of the detuning frequency of the cavity.

First demonstration of squeezing ellipse rotation

We characterized first the filter cavity performances: lock precision and round trip losses. The lock precision is the rms value of the residual frequency noise of the cavity and is calculated from the error signal used for the lock: either the signal of the SC or the projection on the IR if the cavity is locked with green. It has been obtained an IR length noise of 8 Hz locking on IR and 11 Hz length noise on the green beam. The round-trip losses (RTL) of the cavity were measured with the reflection measurements of the SC beam on EQB2 by comparing the reflected power when the cavity is locked or unlocked [START_REF] Capocasa | Estimation of losses in a 300 m filter cavity and quantum noise reduction in the KAGRA gravitational-wave detector[END_REF]. It has been measured RTL of (31.0 ± 1.5) ppm, with expected value of 40 ppm.

We then moved the retro-reflecting mirror to bring the squeezed field up to the filter cavity, which is locked with green since we cannot keep the SC beam on during squeezing measurements on the EQB1 homodyne. In this way we obtained the first measurements of the rotation of the squeezing ellipse at 361 Hz, shown in Fig. 5.31. From this measurement, the estimated optical losses are 21% : 6-8% due to HD homodyne, 13-15% are propagation losses. The estimated phase noise is 30 mrad. The two limitations of this measurement are:

• the fact that rotation cannot be measured at 25 Hz due to the low-frequency noise;

• the anti-squeezing curve does not reach the shot noise level in correspondence of the rotation hole by 1.3 dB.

The first limitation is due to the scattered light produced by the local oscillator beam on the homodyne photodiodes, as we will describe later in Part III. The second problem is due to the low lock precision which increases the phase noise in the ellipse and marginally to the RTL of the cavity.

Lock precision

In order to improve lock precision, the bandwidth of the longitudinal cavity loop must be increased. Using only FCEM as an actuator, it is not possible to go above 100 Hz of UGF. We therefore decided to send the correction also on the frequency of the squeezer's main laser, by acting on the frequency of the PLL between Virgo and the main laser. The conceptual diagram of the loop is shown in Fig. 5.32. Thus, a bandwidth of 100 Hz was measured for the part acting on the cavity mirror and ∼ 1 kHz for the part acting on the laser frequency. The UGF of the filter cavity length control is calculated to be ∼1 kHz. In this way a lock precision of 1

Hz has been achieved.

This allow to have the detuning of the filter cavity more stable in frequency and to have a deeper and less broad 'hole' of the anti-squeezing at the detuning frequency. This can be seen as an improvement of the phase noise losses. 

FDS measurements at 25 Hz on EQB1

In summer 2022, FDS measurements on the EQB1 homodyne were repeated. The main improvements compared to the measurements carried out in autumn 2021 were:

• the reduction of propagation losses, having better aligned the double pass into the Faraday Isolators of the FDS on SQB1;

• the much improved lock precision thanks to the cavity lock loop shown in Fig. 5.32, leading to a phase noise reduction;

• the improved IR mode matching in the filter cavity, leading to an optical losses reduction;

• the fact that the measurements were carried out in summer where seismic noise is lower and therefore the bump noise due to scattered light is at lower frequencies;

• the fact that the automatic cavity control is done with wavefront sensing instead of dither lines on the cavity mirrors (more details in Part III). The estimated optical losses are 14% : 7% are propagation losses, 3-4% due to HD contrast. The comparison between the expected and measured losses for FDS is shown in Tab. 

Conclusion

In this chapter, we have described the FDS system installation and its commissioning. We described the installation of the optics on the suspended benches (SQB1 and SQB2) interfacing the squeezed state source with the filter cavity and the interferometer, first at LAPP and subsequently on the Virgo site. We then described how these suspended benches are controlled, both with the usual LVDT control system and with the PSDs, a new method we are implementing.

Then, once the installation was complete, the beams were aligned towards the FDS system for the first time. Once the system was aligned and properly controlled, we were then able to carry out several campaigns of squeezing measurements with the homodyne detector. We started by measuring and characterizing the FIS states and then measuring the rotation of the squeezing ellipse. The first demonstration of the rotation of the ellipse took place at 361 Hz, but without reaching the shot noise level. This was due to both the low lock precision of the filter cavity and the light scattered by the homodyne photodiodes. After improving the lock precision and performing the measurements in a better environmental condition, we were able to obtain an FDS measurement at 25 Hz, 2 dB below the shot noise level. The next steps are to reduce the scattered light noise at low frequency to be able to see the squeezing rotation at low frequency. One strategy to solve this issue is the implementation of an active control loop, as will be described in Part III. Before injecting squeezed states into the ITF, the squeezed beam must be matched to the ITF beam. This will be described in Part IV.

Part III.

Scattered light in Advanced Virgo Plus

Chapter 6.

Stray light in GW detectors

Stray light is one of the major limitations of the sensitivity of interferometric gravitational wave detectors, as introduced in Sec. 2.2.6. The laser beam propagates through several optical elements that can back-reflect and scatter it. This light can recouple with the interferometer's main beam, adding a spurious field to the main one which degradates the detector performances [START_REF] Soni | Reducing scattered light in LIGO's third observing run[END_REF][START_REF] Longo | Scattered light noise characterisation at the virgo interferometer with tvf-emd adaptive algorithm[END_REF][START_REF] Was | End benches scattered light modelling and subtraction in advanced virgo[END_REF].

To describe the coupling mechanism, one introduces the field E in inside the interferometer at a reference point, the field E out which is exiting from one of the ports of the detector and E r the back-scattered field that re-couples with the interferometer beam at the same point where E in is calculated. These fields are shown in Fig. 6.1. The phase φ r (t) of the field E r encodes the relative (not constant) motion z r (t) between the interferometer and the scattering object, defined as

φ r (t) = 4π λ • z r (t). (6.1)
The stray light field sums with the interferometer beam E in as described in [START_REF] Canuel | Displacement noise from back scattering and specular reflection of input optics in advanced gravitational wave detectors[END_REF] 

E in + E r = E in + f r • E out • e i(φ 0 +φr(t)) = = E in • 1 + f r • P out P in • e i(φ 0 +φr(t)) (6.2)
where φ 0 is a static phase which depends on the scatterer position in the interferometer, f r is the fraction of stray light power exiting the detector output port which is recoupled back into the main mode. It is considered that f r Pout P in << 1. From Eq. 6.2 one can deduce that the effect of the scattered light noise is therefore given by amplitude and phase noise contributions, respectively described as

δP (t) P = f r • P out P in • cos(φ 0 + φ r (t)) = f r • P out P in • cos 4π λ (z 0 + z r (t)) (6.3) n φ (t) = f r • P out P in • sin(φ 0 + φ r (t)) = f r • P out P in • sin 4π λ (z 0 + z r (t)) . (6.4)
These noises encode the coupling of the scattered light with the interferometer and they can be propagated to the detector sensitivity using the linear response of the system, as [START_REF] Canuel | Displacement noise from back scattering and specular reflection of input optics in advanced gravitational wave detectors[END_REF] h

r (f ) = f r • P out P in • K n φ (f ) • F sin 4π λ (z 0 + z r (t)) + K δP P (f ) • F cos 4π λ (z 0 + z r (t)) (6.5) 
where F represents the Fourier Transform, K n φ (f ) and K δP/P (f ) are the phase and amplitude quadrature transfer functions (TFs) from the port where the scatterer is located to the GW signal, i.e. the linear response of the interferometer phase and amplitude noises. The noise on the sensitivity depends therefore on √ f r , z r (t) and these TFs.

The factor f r receives several contributions

f r = f sc + f sp + f Rayleigh + f extra (6.6)
where f sc accounts for the light scattered by the surface, f sp for the specular reflection, f Rayleigh represents the light scattered by atoms or molecules (in crystals for example), f extra is the extra contribution of scattered light coming from spurious beams. Fig. 6.2 illustrates the specular reflection, given by the factor f sp and the scattering contributions, given by the other terms.

The factor f sc is an intrinsic contribution of each optical element and is related to the bi-directional reflectance distribution function (BRDF) of the surface by means of the simplified relationship [START_REF] Canuel | Displacement noise from back scattering and specular reflection of input optics in advanced gravitational wave detectors[END_REF], demonstrated in [START_REF] Was | High-angular-resolution interferometric backscatter meter[END_REF], For a rough surface with defects, the TIS can be calculated from

f sc ∼ BRDF(θ) • λ 2 πω 2 (6.7)
T IS = 4πσ RM S λ 2 (6.9)
where σ RM S is the surface micro-roughness. If the surface scatters uniformly in all directions, then a good approximation of the BRDF is

BRDF(θ) = T IS π . (6.10)
The contribution of f sc cannot be eliminated but it can be reduced by replacing components that back scatter less light. Since it is not easy to make numerical simulations of this quantity, the strategy used is to directly measure this parameter experimentally as will be described in Sec. 6.2.

The factor f sp is the light back reflected towards the interferometer by specular reflection in case the considered optic is almost perpendicular to the beam. The quantity that defines the overlap between the beam reflected by the optic and the incoming beam is called Overlap Integral (OI), given by

OI = | E 2 |E 1 | 2 = E * 1 E 2 dA 2 E 1 2 dA E 2 2 dA (6.11)
where E 1 is the input field, E 2 is the back-reflected field and A is the beam cross-section. Eq.

6.11 can be computed analytically assuming the input beam to be a pure Gaussian beam [START_REF] Canuel | Displacement noise from back scattering and specular reflection of input optics in advanced gravitational wave detectors[END_REF] 

f sp = α | E 2 |E 1 | 2 = αR 2 z 2 R exp - 2πD 2 z R β 2 2λ 1 D 2 + z 2 R + 1 (D -R) 2 + z 2 R (D 2 + z 2 R ) (D -R) 2 + z 2 R (6.12)
where α is the reflectivity of the optics, R is the radius of curvature of the reflecting surface, D is the distance between the surface and the beam waist position, z R is the beam Rayleigh range and β is the small angle at which the optic is tilted. These parameters are illustrated in Fig. 6.3. The elements that reflect the most are the lenses. Since this amount decreases exponentially as a function of the angle β at which the elements are tilted, the lenses have almost all been tilted by at least a hundred µrads to make this contribution negligible. The factor f extra refers to all the other contributions. Actually, in Virgo's optical systems, spurious beams can be generated and then they can be reflected by vacuum chambers, optical mounts, optics or other elemets, generating scattered light. This propagates through the system and can re-couple with the interferometer beam. By tracing these beams, called ghost beams, it is possible to mitigate them before the generation of scattered light (see Ch. 7).

Scattered light from suspended benches in O3

The relative motion of the scattering optics z r (t) is related to the relative displacement between the suspended benches on which the optics are installed and the interferometer, introduced by the seismic activity.

From Eq. 6.5, it can be noticed that

• for small displacements of the scattering object, z r (t) << λ 4π , h r (t) depends linearly on z r (t);

• for a large displacement of the scattering object, z r (t) > λ 4π , the coupling to h r (t) is non-linear and the so-called fringe wrapping occurs. In particular, if the scattering object moves with a sinusoidal motion of amplitude > λ 4π , the spectra F[sin(φ 0 + φ r (t))] and F[cos(φ 0 + φ r (t))] of Eq. 6.5 become of same amplitude and with a shoulder shape (as illustrated in Fig. 6.4) with a cut-off at [START_REF] Bertolini | SBE technical noise[END_REF] 

f max = 2v sc λ (6.13)
where v sc is the velocity amplitude of the scatterer. In this regime, the strain h r (f ) can be approximated as [START_REF] Tournefier | Diffused light mitigation in Virgo and constraints for Virgo+ and AdV[END_REF] h

r (f ) ∝ f r f max • T F (f ) for f < f max . (6.14)
During O3, measurements were made to estimate the effect of scattered light from suspended benches on Virgo's sensitivity curve. To do this, suspended benches were shaken to artificially increase z r (t), resulting in the curves shown in Fig. 6.4: in red the reference sensitivity of the ITF, i.e. without injecting noise, in blue h(t) during the noise injection and in yellow the reference h(t) plus the scattered light projection using Eq. 6.5.

From the measurements and Eq. 6.14 it was possible to estimate of the value f r for each bench, as reported in Tab. 6.1. SNEB and SWEB are symmetrical and therefore have the same optical configuration but the results show a different f r value. The reason is that on SNEB the reflections of quadrant photodiodes were not properly dumped and so there was much more scattered light on this bench.

These values of f r can be compared with the expectation from the scattering of all the optical elements of these benches using Eq. 6.7 and 6.12. From this computation it comes out which are the most critical elements on each bench. This is useful in order to mitigate the noise coupled with the interferometer. Using these estimates we simulate the projections of the scattered light noise expected for O4 to see if it limits the sensitivity. In order to get an experimental estimate of the scattered light produced by the different optical elements on the suspended benches, we developed a back-scatterometer in the laboratory at LAPP that can measure the f sc factor directly. This is presented in the next section.

High-angular resolution back-scattermeter

In order to measure the amount of light backscattered from an optic and that re-couples with the main beam, we built an interferometric back-scattermeter at LAPP. The experimental setup is shown in Fig. 6.5. A laser beam at λ = 1064 nm propagates towards a 50/50 beam splitter where the transmitted part will be used as a local oscillator (LO) for homodyne detection (see Sec. 3.3). The reflected beam, on the other hand, propagates up to the scattering sample of which one wants to measure f sc i.e. the BRDF. The dimension of this beam is amplified from a waist of 300 µrad to 2.1 mm using a telescope composed of three lenses. The sample is free to move along the direction of the beam, as it is mounted on a small bench suspended with four metal wires. The free motion of this suspension creates a sinusoidal motion ∆L(t) of few hundred wavelengths (fringe wrapping case). The sample is tilted to an angle at which we want to measure the BRDF. The scattered light is reflected back to the homodyne where it couples with the LO. The LO field can be written as

E LO = E LO • e iφ LO (6.15)
and from Eq. 6.2, the scattered light field can be written as

E sc = 1 √ 2 • E LO • f sc • e iφr(t) (6.16)
where the factor 1 √ 2 comes from the splitting of the scattered light field, as shown in Fig. 6.5. The two photodiodes of the homodyne reveal the powers associated with the fields described in Eq. 3.48 and 3.49 in Sec. 3.3. Calling P 1 (t) and P 2 (t) the powers detected by each photodiode, the differential channel is:

P 1 (t) -P 2 (t) = 1 2 E LO + E sc 2 - 1 2 E LO -E sc 2 = = 2 • R E LO • E sc = P LO • 2 • f sc • cos(φ r (t)) (6.17)
where the static phase of the LO has been omitted. This signal can be normalized by the total power received by the photodiodes P 1 (t) + P 2 (t) ∼ P LO obtaining [START_REF] Was | High-angular-resolution interferometric backscatter meter[END_REF]:

A(t) = P 1 (t) -P 2 (t) P 1 (t) + P 2 (t) = 2 • f sc cos 2π ∆L(t) λ (6.18)
where 2π λ ∆L(t) = φ r (t), with ∆L(t) being the position modulation of the scattering sample. For ∆L >> λ the factor f sc associated to the scatterer can therefore be computed as the variance of the quantity A(t) defined in Eq. 6.18.

The system was aligned positioning a mirror at the location of the scattering sample, obtaining a contrast of 88%. The power spectral density of the differential homodyne signal from a scattering object is spread between 0 Hz and a few kHz. This measurement is contaminated by the speckle, which is the particular random realization of the back-scattered light. This random effect was mediated by scanning the scattering sample in translation. We scan the target surface with a motorized mirror, spanning ±3 beam radii and we assumed the surface to be uniform in the area of the scan.

Back-scattering as a function of the beam radius

We used this setup to verify the relationship in Eq. 6.7, i.e. the dependence of f sc with the beam size at the scattering surface w(z). To do this, we measured the backscattering from a PTFE target, i.e. integrating sphere plug, as a function of the beam size. PTFE is close to being a perfect scatterer, i.e. scattering light in all directions with a BRDF = 1 π . The beam size was measured with a CCD camera at the different positions where the scattering sample was subsequently placed. Fig. 6.6 shows the measured f sc factor as a function of the beam size.

The red curve represents the theoretical curve expected from Eq. 6.7. The blue data shows the measured f sc as a function of the beam size with a configuration of four lenses. It can be seen that the data are in agreement with the theory for a beam radius greater than 200 µm while they are a factor 2-3 below it near the waist. This could be due to the aberration in the beam converged using a single plano-convex lens. In black the data for the configuration with a single lens of 175 mm focal length and shorter optical path are shown. In this case the aberration effect is reduced and there is an agreement with the theory for all the radii down to a waist of 145 µm. In conclusion, the experimental results show agreement with Eq. 6.7 and showing that the factor f sc is inversely proportional to the square of the beam size at the scattering object.

Back-scattering as a function of the incident angle

Then we used our setup to measure the scattering as a function of the incidence angle. The beam is sent on the scatterer with an angle of incidence θ. In order to take this into account, the Eq. 6.7 can be re-written as

f sc = BRDF(θ) cos(θ) λ 2 πω 2 . (6.19)
We started with a multi-band anti-reflective coated vacuum window as a scattering sample, with a measured reflectivity of 700 ppm at 1064 nm for 0 degree of incidence angle. The sample was rotated by small angles horizontally and the f sc factor was measured for each angle. This was translated into BRDF using Eq. 6.19 and the result for different angles is shown in Fig. 6.7. The specular reflection tail of the Gaussian beam is dominant for θ < 500 µrad as the beam leaving the telescope has a divergence of 160 µrad. The angular errors are due to the sum in quadrature of the ± 30 µrad beam incidence angle variation during the sample surface scan and of the ± 30 µrad positioning error of the kinematic mount micrometer. For angles between 1 mrad and 10 mrad, the BRDF is proportional to 1 θ 2 , which is typical of polished optics [START_REF] Canuel | Displacement noise from back scattering and specular reflection of input optics in advanced gravitational wave detectors[END_REF]. However, for angles greater than 50 mrad, the BRDF becomes independent of the incidence angle. The setup at LAPP allows to measure the light back-scattered from optical components with a 160 µrad angular resolution and incidence angle larger than 500 µrad [START_REF] Was | High-angular-resolution interferometric backscatter meter[END_REF].

In particular, it is able to measure back-scatter at angles of few mrad that are relevant for beam expanding telescope lenses in gravitational wave detectors. With this setup it is possible to measure the scattering of coated optics, which depends on surface defects and roughness, but also on the anti-reflective coating. We characterized the back-scattered light produced by several elements of the Virgo benches (photodiodes, quadrant photodiodes, beam dumps), as reported in Tab. 6.2. These values will be used in Sec. 6. 

Scattered light projections for O4

It is possible to simulate the projections of the scattered light noise arising from the suspended benches for O4 using Eq. 6.5. This work has been performed for the benches SDB1, SDB2, SNEB, SWEB and SPRB, defined in Tab. 2.1. In the following, the method used to compute the scattered light noise projections associated to the suspended benches is described, see Sec.

6.3.1. Moreover, it will be described the procedure used to estimate the factors f r coming from each suspended bench in O4, see Sec. 6.3.2. Those values are compared with the measurements and estimate of O3. Finally the noise projections for O4 are shown in Sec. 6.3.7.

Method

The ingredients of Eq. 6.5 are the transfer functions of the interferometer, the relative displacement between the detector and the scatterer z r (t) and the factor f r .

The ITF transfer functions, K n φ (f ) and K δP P (f ), depend on the detector optical configuration and where the scatterer is located within the ITF. They can be computed with Optickle [START_REF] Evans | Optickle[END_REF], a Matlab based software used to generally model the electro-opto-mechanical response of a GW detector. On the top of Fig. 6.8, it is shown the example of the transfer functions for the bench SDB1, K n φ (f ) in blue and K δP P (f ) in red using the ITF configuration of O4.

The relative non-stationary displacement between the intererometer and the considered suspended bench z r (t) can be measured by sensors placed on the superattenuators of the ITF mirrors and on the bench suspensions. The effect of scattered light on the sensitivity curve of the detector is bigger with high microseism since the cut-off frequency of the scattered light shoulder is proportional to the velocity of the scattering object, as shown in Eq. 6.13. If the microseism is high, the velocity of the suspended bench is greater and thus the low-frequency region worsened by the scattered light noise is larger. We chose to consider the data in a high-seismic period during the O4 commissioning, verifying the signals of the seismometers located near the towers under investigation. In Fig. 6.9, the signals of the seismometers in the central building (CEB), which houses SDB1 and SDB2 benches, and in the terminal buildings (NEB/WEB), which house SNEB and SWEB, are shown for the time chosen for the projections.

The seismic motion at the chosen time is about 5-10 times higher than during quiet times.

The example of scattered noise projection from SDB1, using the f r values measured during O3 (see Sec. 6.1), considering the transfer functions of O4 (on the top of Fig. 6.8) and the z r (t) motion shown in Fig. 6.9), is presented on the bottom of Fig. 6.8. It can be seen that at low frequency the sensitivity curve could be spoiled by the scattered light noise coming from the suspended bench SDB1 if the f r value is the same as in O3.

To better understand the limiting elements, we computed the expected f r values considering all the individual optical elements on the benches. The factors f sp have been calculated using 6.12 and the factors f sc using Eq. 6.7 where the BRDF is measured with the back-scatterometer described in Sec. 6.2.1 or from literature. Since the optics on the bench do not directly receive all the incoming power on the bench, the f r factors must be normalized by a factor

α 2 p = P optic P 0 2 (6.20)
where P optic is the power arriving on the scattering object and P 0 is the power at the interferometer port where the transfer function is computed. This factor takes into account all the splitting elements on the beam path and the square accounts for the fact that the beam passes twice through these elements, on the incoming and returning ways. The difference between the optical configurations between O3 and O4 lies in the replacement of some beam splitters along the optical path and thus the α p values vary between O3 and O4. It is interesting to compare the f r values measured during O3 with the values computed with the optical configuration of O3 to see if they are consistent. However, the interest for O4 is the estimation of f r with the new configuration to predict the effect of scattered light during the next run. The estimation of f r for the different benches are described in the next sections.

Estimation of f r : general considerations

We calculated the estimate of f r for SDB1, SDB2, SNEB and SWEB, studying all the elements considered most critical, such as non-tilted lenses whose retro-reflection is maximally re-coupled with the incoming beam, or elements whose BRDF is high such as the sensors. This study was carried out considering both the optical configuration of O3 and O4, in which the α p factor changes. The elements with a large f sc value due to an elevated BRDF common to the benches studied are the photodiodes, quadrants and beam dumps in Silicon. The cameras have a large BRDF but since the fraction of power α p reaching them is several order of magnitude smaller than the other elements, their contribution is negligible on all the benches. On SDB1, the TGG crystals inside the Faraday Isolator and the OMC cavity are found in addition. The Faraday Isolator on SDB1 attenuates by a factor α F I = 10 4 all the back-reflected and back-scattered light from the elements positioned after it, on the B1p optical path. This is the case for most of the elements on SDB1 and all the elements on SDB2. Concerning the lenses, where possible they were tilted during the commissioning of O4 in order to prevent their back reflection from re-coupling with the main beam. However, there are large lenses perpedicular to the incoming beam at the entrance of most of the considered benches that cannot be tilted due to mechanical constraints. These elements are found to contribute to the scattered light with a large f sp factor, considering a null angle of incidence.

Estimation of f r for SDB1

The O4 optical configuration of SDB1 is shown in Fig. 6.10.

As shown in Fig. 6.10, there are two separate and distinct beams arriving from the interferometer: B1p and B5. Since their transfer functions are different, the two optical paths must be considered separately. B1p passes through the Faraday Isolator which attenuates by a factor α F I = 10 4 any back-reflection generate after it that would return back to the ITF, while B5 bypasses it. The elements studied on SDB1 are:

• TGG crystal of the Faraday Isolator both the surface scattering and the Rayleigh scattering;

• OMC cavity both the surface scattering and the Rayleigh scattering;

• Meniscus lens, i.e. L1, the first big lens at the entrance, perpendicular to the incoming beam (for both B1p and B5 beams);

• Silicon beam dump on B1s optical path;

• B5 quadrants. The f sc contributions arising from these elements are computed using Eq. 6.10 and 6.7 and they are reported in Tab. 6.3. The f sp contributions from the two surfaces of the meniscus lens are computed using Eq. 6.12 and they are reported in Tab. 6.4. The beams and the optics characteristics used for the computations are reported in these tables as well.

Element The only difference between O3 and O4 consists in the replacement of the two low finesse output mode cleaner cavities (OMCs) with a high finesse one (see Ch. 10). This changes the amount of scattered light produced by the OMC since the back-scattered light is amplified by the cavity by the square of the number of round-trips N [START_REF] Raab | Estimation of special optical properties of a triangular ring cavity[END_REF], defined as

α p w(z) α F I BRDF (θ) f sc TGG surface 1 1.3 mm no 4 • 10 -6 8.5 • 10 -13
N = F π (6.21)
where F is the finesse of the OMC cavity. In O3 the finesse of the cavities was ∼ 125, meaning

N (O3) ∼ 40.
In O4 the finesse of the cavity is ∼ 1000, meaning N (O4) ∼ 320. The BRDF coming from the internal surfaces of the cavity is computed from Eq. 6.9, considering a surface micro-roughness σ RM S = 0.1 nm for O4 and σ RM S = 0.3 nm for O3 [START_REF]Advanced Virgo Plus phase I -design report[END_REF].

On the other hand, the BRDF associated to the Rayleigh scattering has been computed fusing the TIS = 7 • 10 -7 cm -1 [START_REF] Chen | Rayleigh scattering in fused silica samples for gravitational wave detectors[END_REF] of the Fused Silica, using Eq. 6.10 and multiplying it for the cavity geometrical length 25 cm. As reported in Tab. 6.3, the two contributions are comparable.

Similarly to the OMC cavity, f r is calculated for the TGG crystal. The BRDF associated with the crystal surface scattering is calculated by Eq. 6.9, considering a surface micro-roughness σ RM S = 0.2 nm [START_REF] Genin | Change request: Low-loss faraday isolators for squeezed light injection[END_REF]. The BRDF associated to the Rayleigh scattering has been computed from the TIS = 5 • 10 -4 cm -1 [100], using Eq. 6.10, multiplying it by the cavity length 18 cm and by a factor 0.5 due to a partial rotation of the polarization in the TGG crystal. As reported in Tab. 6.3, the main contribution is given by the Rayleigh scattering of the TGG crystal.

Along the path of B1p/B1/B1s, the contributions coming from the TGG crystal, the OMC cavity and the meniscus lens are of the same order of magnitude and can be summed up to obtain a factor f r ∼ 1.5 • 10 -9 for O4 and f r ∼ 6.4 • 10 -10 for O3. These values are close to the value measured in O3 (see Tab. 6.1). The fact that the O3 simulated value is lower than the measured one may be attributed to neglected effects such as dust contamination, which can increase the BRDFs. The next step will be to measure in the laboratory the BRDF of the TGG crystal and the OMC cavity with the set up described in Sec. 6.2, in order to have a more accurate value. Moreover, in order to reduce the contribution of the meniscus lens, it has been considered to replace its mechanical support so that it can be remotely rotated to reduce the scattered light noise it might introduce.

Along the path B5, the three lenses on the B5 path have been tilted during the O4 commissioning to make their contribution to f sp negligible. The quadrants are tilted and the reflections have been properly stopped. In conclusion, the meniscus lens and the quadrant QD1 contibutions are of the same order of magnitude and the overall contribution is f r ∼ 4.1 • 10 -10 , for both O3 and O4.

Estimation of f r for SDB2

The optical design of the SDB2 bench for O4 is shown in Fig. The elements studied on SDB2 are:

• B1p quadrants QD1 and QD2;

• B1p photodiodes PD1 and PD2;

• B1 photodiodes PD1, PD2 and PD3;

• B1s photodiodes PD1 and PD2;

• B5 quadrants QD1 and QD2;

• B5 photodiode PD2.

Photodiodes measuring the p-polarization have not been considered as the re-coupling to the s-polarized main beam is assumed to be negligible .

Since this bench is located after the FI on SDB1, all the back-scattered light along the B1p/B1/B1s optical paths is attenuated by the factor α F I = 10 4 , while the scattering produced by the optics along the B5 path is not attenuated. The BRDFs of these elements has been measured at LAPP and their values are listed in Tab. 6.2. The lenses on the different optical paths have been suitably tilted during the commissioning for O4 to make their contribution to f sp negligible. In Tab. 6.5, the f sc contributions of the elements listed above are shown.

Element The main contribution on the main path is given by the B1p quadrants and the B1 

α p O3 α p O4 w(z) BRDF (θ) f sc O3 f sc O4 B1p 

Estimation of f r for SNEB and SWEB

The optical design of the SNEB bench in O4 is shown in Fig. 6.12 and SWEB has a similar optical layout. We replaced serveral splitters on this bench in order to adapt it for the ITF higher power configuration [START_REF] Polini | on behalf of DET sub system. DET: last installations on suspended benches -Virgo Week presentation[END_REF]. The end benches receive the beam in transmission from the 3-km arm cavity of the interferometer. The beam passes towards a telescope and then reaches some sensors, i.e. photodiodes and quadrants, used to control the detector. The power ratio α p is computed with respect to the entrance of the bench. The most critical elements are the two lenses (L1a and L1b) at the entrance, the lens L2, the sensors and a Silicon beam dump. These elements are the same on SNEB and SWEB benches and the only difference are the anti-reflecting parameters for lenses L1a and L1b as they were produced at different times and not in the same coating run. In Tab. Table 6.7.: Values of f sp computed for the critical lenses on the bench, i.e. the lenses that might not be tilted, from Eq. 6.12, considering an incidence angle β = 0. The lenses L1a and L1b at the entrance of SNEB and SWEB are studied. The difference between the two benches is only the reflectivity α since the lenses have been coated at different times. Moreover the lens L2, whose parameters are the same for SNEB and SWEB, is studied. This lens has high f sp if not tilted, so it must be tilted for the run O4.

As was described in Sec. 6.1, the f r value measured during O3 for SNEB was one order of magnitude bigger than the one of SWEB due to a quadrant shutter open on SNEB. The major contributors to f r are the lenses L1a and L1b at the entrance of the benches and the quadrants which gives a factor f r = 1.7 • 10 -8 for SNEB and f r = 2.2 • 10 -8 for SWEB for O4

(assuming the quadrants to be open). In O3 the limiting factor were the lenses L1a and L1b as the quandrants were supposed to be closed (since they were not used). However, during the measurement in O3 the shutter of a quadrant of SNEB was open giving a computed factor f r = 5.2 • 10 -8 on SNEB (lenses and one quadrant). For SWEB the shutters were closed so the computed value for O3 is f r = 7.2 • 10 -9 . The comparison between measurements and computations for O3 are therefore in agreement (see Tab. 6.1). For O4, if the quadrants are needed, they will be the limiting element on these benches.

Estimation of f r for SPRB

The optical design of the SPRB bench is shown in Fig. 6.13 for O3 and O4. It receives the pick-off of the power recycling cavity. The power ratio α p is computed with respect to the entrance of the bench. The most critical elements are the two lenses (L1a and L1b) at the entrance, the quadrants and the photodiodes. The f r value was not measured during O3, but according to the results shown in Tab. 6.8

and Tab. 6.9, this factor should be f r = 1.63 Table 6.9.: Values of f sp computed for the critical lenses on the bench, i.e. the lenses that might not be tilted, from Eq. 6.12, considering an incidence angle β = 0. The lenses L1a, L1b at the entrance of SPRB and the lens L2 are studied. The lens L2 has an high f sp if not tilted and it was tilted during O3 by 6 deg but it has been needed to reduce its angle to limit B4 beam astigmatism. (*) in this case, Eq. 6.12 has been adapted for the case of RoC close to infinity.

other benches, the transfer function at the SPRB port is less critical than the others, keeping low the projection in Eq. 6.5.

Noise projections and conclusions

The results obtained from the estimates of the f r parameters for each bench (for the optical configurations of both O3 and O4) are shown in Tab. As a first result, it has been confirmed that on SDB1, SNEB/SWEB and SPRB, one of the limiting factors are the specular f sp reflections of the lenses. These factors are strongly angle-dependent, and in Fig. 6.14 the trend of f sp as a function of the tilt angle of the lenses is shown. The continuous lines refer to the first surface and the dashed line to the second surface. The large input lenses of SDB1 (L1) and SWEB/SNEB (L1a and L1b) are perpendicular to the beam within the mechanical precision. Their contribution is of the same order of magnitude of the most critical elements if they are not tilted. One solution could be to mount them on motorised mechanical supports that allow to tilt them remotely by minimizing their impact on the sensitivity curve. The L2 lens on SWEB (and SNEB) was not tilted during O3, except for an error in the positioning. The first surface of this lens gives an f sp ∼ 10 -4 but it drops very fast with the angle. Since we don't see its contribution on the measurements performed in O3, we assume that this lens is tilted by at least a fraction of deg. The second surface of this lens (dashed light blue in Fig. 6.14) may contribute to the f r of SWEB (or SNEB). Therefore, this lens should be tilted by β > 0.5 deg to be sure that this element will not introduce scattered light. On SPRB, the lens L2 was tilted by 6 deg and therefore it was not contributing to the scattered light noise. However, during the commissioning of O4 it has been required to reduce β of L2 to reduce the astigmatism of the beam B4. In order to be safe (keeping f r < 10 -7 ), the tilt angle should be β > 2 deg.

The projections of scattered light noise, calculated from Eq. 6.5, using the f r factors measured in O3 and those estimated for O4, are shown in Fig. 6.15. where available (curves in red) and the values calculated for O4 (curves in blue using the main beam and black using the B5 beam). For all these projections the O4 transfer functions have been used.

From the comparison between the projections using the values of f r measured in O3 and calculated for O4, it can be concluded that the effect of the scattered light coming from SDB1 and SDB2 will be the same as that measured during O3. The scattering noise can worsen therefore the sensitivity of the detector up to ∼ 15 Hz. The limiting elements on SDB1 main path are the TGG crystal, the OMC cavity and the meniscus lens. Concerning the meniscus lens, it is planned to install it on a remotely rotating mount in the future, so as to reduce the coupling of its back-scattering with the interferometer beam. However, it is complicated to improve the situation as it is not trivial to change the TGG crystal and OMC cavity with elements that scatter less. What will be done is to measure at LAPP (see Sec. 6.2.1) their BRDFs, since in these calculations we used values found in literature. One option to reduce the effect of the scattered light from SDB1 would then be to act on the relative movement between the scatterer and the interferometer, z r (t). In the fringe wrapping approximation the observable to act on is the speed of the bench to reduce the cut-off frequency f max below 10 Hz (see approximation in Eq. 6.14). To do this, one must act at the suspension level.

The scattered light noise from SDB2 is dominated by the back-scattering of the B5 beam. This value is expected to be a factor of 2 higher in O4 than in O3, due to the replacement of the beam splitters on the bench. Since the sensitivity can be spoiled up to 15 Hz, one solution will be to replace the B5 quadrants on SDB2 with others whose BRDF is smaller.

Concerning SWEB, the projection for O4 is a factor of 2 above the one that uses the factor f r of O3 (considering that the quadrants will not be shuttered during O4). The limiting elements on SNEB, SWEB and SPRB are the lenses L1a and L1b and the quadrants. The solution to reduce the factor f r arising from these benches is therefore to place the lenses on a motorized mount, as said for L1 on SDB1, and to replace the quadrants with less scattering ones. The effect of the terminal benches and SPRB, would worsen only the optimistic estimate of the detector sensitivity, which is 10 times better than the O4 goal. This means that the intervention on these benches is less urgent than on SDB1 and SDB2.

Conclusion

This chapter describes scattered light noise and how it worsens the sensitivity of gravitational wave detectors. Scattered light noise coming from Virgo suspended benches is one of the major sources of this noise. The scattered light is generated by the optics on the benches and is modulated by their relative motion with respect to the interferometer. This chapter reports the measurements of the scattered light noise coming from the suspended benches performed during O3 where it was demonstrated that this noise worsen the low frequencies. This would prevent to notice the low frequency sensitivity improvement that will be introduced by the frequency-dependent squeezing. Hence, we studied the scattered light noise projections for O4

to check its impact on Virgo sensitivity. To obtain accurate estimates of the amount of light scattered by the optical elements on the benches, we built an interferometric scatterometer at LAPP to perform such measurements. The result of the study shows that the suspended benches of the detection system can limit the sensitivity of Virgo during O4. The limiting elements on the benches have been identified and this gives the possibility to mitigate the most critical sources. The next step is to measure the scattered light noise arising from each bench by using the sensitivity curve of Virgo and compare it with the simulations in order to identify possible additional sources of noise. 

P GB = η R • η 2 T • P in (7.1)
where P in is the input beam power. An estimate of the fraction of the power of a ghost beam that re-couples with the main interferometer beam is given by

f extra = P GB P in • f sc (Al) (7.2) 
where f sc (Al) is the scattered light from the aluminum given by Eq. 6.7, which well approximates the scattering elements on the benches.

Mitigation strategies

It has been decided to dump the beams that could hit critical elements, such as highly diffusing ones, or the more powerful ones by using absorbing surfaces along their path. Several mitigation strategies have been adopted, depending on several constraints such as space and weight availability on suspended benches. The mitigation strategies used on all the benches of the Virgo detector during commissioning for run O4 are described below.

Wedges optimisation

Most bench optics have a wedge, i.e. the two surfaces of the component are not parallel but have a small angle between them, called wedge angle. This is so that the ghost beam coming out of the optical component is angularly separated from the reflected beam, so that it can be better dumped. The wedge can be oriented in any direction, but we have chosen to orient it horizontally so that the ghost beams propagate parallel to the bench plane and are easier to stop. of the wedge (in the middle). The optimal wedge angle in this case is -0.5 deg as the ghost beam is stopped by an already planned diaphragm, whereas with a wedge of 0.5 deg it would have been very difficult to stop it due to space constrains. In the absence of a wedge, the ghost beam would instead propagate inside the Faraday Isolators and risk to produce additional scattered light. Using simulations on Optocad, we optimized the wedge of all the optics on Virgo's benches so that the most powerful ghost beams could be stopped. 

Dumping elements

After tracking the ghost beams and identifying those with the highest power or going in the most dangerous directions, we decided how to stop them. First of all, we had to optimize the number of beam dumps due to space and weight constraints of the suspended benches, i.e.

we made sure that one beam dump could stop several spurious beams. Several beam dumps are shown in Fig. 7.3: the small beam dumps with black absorbing screws (6-4), diaphragms (8) and baffles (2) inserted inside the tubes (more on the design of the latter two are given later). In addition, when there was no space we glued absorbing glass onto the mounts of the elements, as shown in Fig. 7.3 (on the mount of a lens (3), on a quadrant (5), on the in air box of a photodiode ( 7)). To stop the transmitting spurious beam from the second surface of the mirrors, absorbing discs were inserted behind the mirrors, as shown in Fig. 7.3 [START_REF] Einstein | Die Grundlage der allgemeinen Relativitätstheorie, 20 Mär 1916[END_REF]. The study of ghost beams was carried out on the benches of the detection system (SDB1, SDB2, SNEB and SWEB) [START_REF] Polini | Detection system ghost beam review (SDB1, SDB2)[END_REF], injection (SIB1, SIB2, EIB) [START_REF] Polini | PSL/INJ ghost beam review (LB, EIB[END_REF], squeezing benches (EQB1, SQB1, SQB2), in the link tubes and filter cavities [START_REF] Polini | Note on ghost beams study on frequency dependent squeezing system[END_REF]. Thus, the mitigation strategies described were implemented in all these cases. In Fig. 7.4, the example of some mitigations implemented on the detection bench SDB1 is shown: the positions of the small beam dumps mounted with absorbing screws and of the absorbing glasses glued on the quadrants. The diaphragm and baffle optimization will be detailed in Sec. 7.2. 

Diaphragm and baffle design

The diaphragms shown in Fig. 7.3 [START_REF] Abbott | All-sky search for continuous gravitational waves from isolated neutron stars using Advanced LIGO and Advanced Virgo O3 data[END_REF] were designed and installed on the SQB1 and SQB2

benches and the baffles shown in Fig. 7.3 (2) inside the pipes and filter cavity of the FDS system (see Fig. 4.5). Actually, these benches have less stringent space constraints and by using diaphragms, it is possible to stop ghost beams very efficiently. However, SQB1 and SQB2

present an additional difficulty in that the beams propagate in two directions: towards the filter cavity and towards the interferometer, as shown in Fig. 4.11 and 4.12. This means that each surface generates two ghost beams. For this reason the absorbing glasses are installed on both the sides of the diaphragm, to catch ghost beams in both directions and scattered light.

In order not to introduce propagation losses in the FDS system, it was necessary to study the optimal size of aperture of the diaphragms and baffles. A Gaussian beam propagating through a circular aperture suffers from power losses, that can be seen as optical losses, and diffraction losses, which represent mode mismatch losses. Since the squeezed beam is very sensitive to these losses, it is important to keep them under a safety threshold. Since the squeezed beam propagating over the system is subject to few ppm of optical losses due to residual transmission of the AR coatings of the mirrors, the threshold for losses due to the clipping of the Gaussian beam tails across an aperture has been set to 1 ppm. Moreover, the requirement for the mode matching (see Appendix A) losses on the FDS system is about 1%.

Considering a factor 10 of margin, the mode mismatch introduced by the diffraction of the Gaussian beam propagating through all the circular apertures must be less than 0.1%. If we consider an order of 10 dumping elements on the beam path, the mode mismatch introduced by each aperture mush stay below 0.01%. We designed the diaphragms and the baffles taking into account those specifications as detailed in Sec. 7.2.1 and 7.2.2.

More details on this study can be found in [START_REF] Polini | Note on optimal aperture radius for diaphragms and baffles[END_REF].

Power losses through a circular aperture

The transmitted power of a Gaussian beam propagating along z through a circular aperture of radius a is given by

P T (a, z) = P 0 1 -exp - 2a 2 w(z) 2 (7.3) 
where P 0 is the incident power and w(z) is the beam radius at the aperture plane.

As we cannot be sure that the beam is perfectly centered, it is necessary to study what happens if the Gaussian beam is laterally misaligned by a quantity d with respect to the axis of the diaphragm's or baffle's aperture of radius a, as shown in Fig. 7.5. The trasmitted power of a Gaussian beam, propagating along z through a circular aperture of radius a and laterally displaced by the quantity d is given by [START_REF] Khwaja | Low-cost gaussian beam profiling with circular irises and apertures[END_REF] P T (a, z)

= P 0 exp - 2d 2 w(z) 2 ∞ k=0 2 k d 2k w(z) 2k (k!) 2 γ k + 1, 2a 2 w(z) 2 (7.4)
where γ is the lower incomplete Gamma Function

γ k + 1, 2a 2 w(z) 2 = Γ (k + 1) -Γ k + 1, 2a 2 w(z) 2 (7.5) 
where Γ(z) is the gamma function and Γ(z, x) incomplete gamma function. The optical losses of the Gaussian beam propagating through the aperture normalized for the incident beam power as a function of the ratio between the aperture a and beam w(z) radii, for different values of the lateral displacement d are shown in Fig. 7.6. In the absence of beam displacement, i.e.

d ∼ 0 • w(z), the power loss requirements are satisfied for a ratio a w(z) > 2.6. However, in the FDS system, we expect displacements of d ∼ 1 • w(z) for the diaphragm and d ∼ 1.5 • w(z) for the baffles. Fig. 7.6 showns that to be within the requirement we should consider a w(z) > 3.5 for the diaphragm aperture and a w(z) > 4 for the baffles.

Diffraction losses through a circular aperture

A Gaussian beam can be weakly diffracted by a circular aperture. The diffracted beam from the aperture can be approximated to a Gaussian beam because we are in the far-field approximation [26]. Considering therefore that the beam incident on the aperture has a waist w 0 , we denote by w 0 the waist of the diffracted beam. The ratio between these two parameters is given by [START_REF] Belland | Changes in the characteristics of a gaussian beam weakly diffracted by a circular aperture[END_REF] 1 -

w 0 w 0 ∼ exp - 2a 2 w(z) 2 cos p a 2 2πw(z) 2 with p = √ 2zλ w 2 0 ( 7.6) 
where p = 0 corresponds to the case where the waist is on the aperture plane. Fig. 7.7 shows different curves for different values of the parameter p = 0, 1, 5, 7, 10. The difference in the waist size between the incident and diffracted beams, is small for a w(z) > 2.8 where the contribution of the cosine starts to get smaller.

The mode mismatch associated to the Gaussian beam diffraction of the beam propagating through a circular aperture can be estimated from the Overlap Integral (OI) (see Eq. 6.11) between the input beam and the diffracted beam. The OI has been computed with OSCAR (Optical Simulation Containing Ansys Results) [START_REF] Degallaix | Oscar a matlab based optical fft code[END_REF], a Matlab based FFT code. Fig. 7.8 shows the mode mismatch, computed as MM = 1 -OI, as a function of the ratio a w(z) . Since it is several orders of magnitude lower then the threshold at 0.01% for a w(z) > 2.6, we can conclude that the diffraction losses are negligible for the diaphragm and baffles in the FDS system. 

Positioning optimization

The position of the diaphragms and baffles has been chosen to minimize their number and to ensure that most of the considered ghost beam is blocked. Since the beams propagate in the two directions, we put the absorbing glass on both sides. In addition to avoiding clipping • Y > 3.5 for diaphragms and Y > 4 for baffles, with the same logic used in Sec. 7.2.

The diaphragms were arranged in such a way as to meet these requirements and an example of their arrangement on the SQB1 bench is shown in Fig. 7.10.

Moreover, in order to make the diaphragm manufacturing easier, we have standardized the aperture sizes. Actually, we chose three sizes of apertures in order to meet the requirements of main beam clipping and ghost beam stopping. The radius of the apertures are a = 4, 5.5, 6.5 mm.

The diaphragms are absorbing glasses coated with AR coatings, with residual reflectivity measured at LAPP of η R (diaphragm) < 1% for an incident beam with λ = 1064 nm and angle of incidence ≤ 10 deg. Their external size is 75 × 50 mm for most of them and 110 × 50 mm for some others where the distance between the main and ghost beam is bigger, as summarized in Tab. 7.1.

More details on this analysis can be found in [START_REF] Polini | Note on ghost beams study on frequency dependent squeezing system[END_REF]. Table 7.1.: Dimentions of each diaphragm. We need two for each of them since each of them is coated only on one side but we want to catch light on both faces, to be sure to dump as much stray light as possible. (*) refers to the oblong one shown on the right of Fig. 7.12.

Ghost beams from filter cavity mirrors

The ghost beams arriving from the mirrors of the filter cavity are more powerful than the ones generated by the optics on the benches. This is due both to the residual transmissivities and reflectivities reported in Tab. 7.2 and to the main beam power amplified inside the cavity.

Parameter @ 1064nm @ 532nm T IM 620 ppm 6.3%

T EM 5 ppm 6.3% R IM 200 ppm 200 ppm
R EM 1000 ppm 1000 ppm The incident power (sub-carrier beam) on the external surface of the input mirror (IM) is P in = 10 mW. The optical gain of the filter cavity at 1064 nm is given by

G opt = t IM 1 -r IM • r EM 2 = T IM (1 -r IM • r EM ) 2 = 6347, (7.7) 
from the parameters in Tab. 7.2. The power circulating inside the cavity (for the subcarrier beam, see Sec. 4.2.3) is

P circ = G opt • P in = 63W. ( 7.8) 
The four more powerful ghost beams generated by the filter cavity mirrors are shown in Fig. 7.11 and are referred to as

• ghost beams 'a' and 'b' which are going back towards SQB2 and SQB1 benches;

• ghost beams 'c' and 'd' which are propagating inside the cavity. The power of these ghost beams is computed with the values in Tab. 7.2 and it is given in Fig. 7.11. The power P GBc has been computed assuming that the beam resonating inside the cavity and the incoming beam interfer constructively inside the input mirror, as an upper limit.

This means that the power inside the IM considered is P in = 10 mW.

The position of the diaphragms and baffles was chosen so as to contain ghost beams and not clip the incident beam, as described in Sec. 7.2.3 and taking into account space constraints.

The ghost beams 'a' and 'b' are dumped on diaphragms on SQB1 as shown in Fig. 7.12.

The diaphragm SQB1Iris21 has been designed asymmetric in order to let the ghost beam 'b'

propagate till SQB1Iris in order to be properly dumped. A more detailed analysis can be found in [START_REF] Polini | Note on ghost beams study on frequency dependent squeezing system[END_REF]. A similar analysis has been carried out for the ghost beams generated on the optics of the suspended benches which propagate inside the linking tubes: between SQB1 and SQB2 and between SQB2 and FCIM. More details are in Appendix B. 

Ghost beam study on the green path

To complete the study of ghost beams on the FDS system, we studied also the ghost beams on the green path [START_REF] Polini | Note on ghost beams study on frequency dependent squeezing system[END_REF]. The motivation is to prevent these beams from reaching the PSDs that will be used to control SQB1 and SQB2, see Sec. 5.2.2, in order to avoid the degradation of the control loops accuracy. The wedges of the mirrors have been optimized and it has been decided to add diaphragms in front of the PSDs with AR coating on the external side. The external size for the diaphragms on the green path is 75 × 50 mm.

Conclusion

In this chapter, an other contribution to the scattered light noise has been considered. Spurious beams generated by the imperfect coatings of the optics, called ghost beams, can be scattered and can recouple with the main interferometer beam, introducing noise. We have traced the ghost beams generated on Virgo's optical benches and developped dumping and mitigation strategies, such as wedges optimization, diaphragms and baffle design. We have optimized positions and the aperture size of the diaphragms to minimize losses and efficiently dump the ghost beams.

Chapter 8.

Active control of scattered light on the FDS system

Scattered light has been observed to be an issue to measure the frequency dependent squeezing at the needed frequency on the homodyne detector on EQB1 on the FDS system, as mentioned in Sec. 5.6. In this chapter I will explain how the scattered light evidence has been found and how this problem was mitigated.

Scattered light evidence

The first evidence of scattered light was found by sending only the LO on the EQB1 homodyne detector. By measuring the shot noise on the differential audio channel of the homodyne, we noticed an excess of noise, a bump at low frequencies (the orange curve in Fig. 8.1).

We investigated the origin of this noise by studying the spectrogram of the homodyne channel and the interference fringes in the time domain. The spectrogram shows typical stray light arches and the time series of the signal the typical interference structure, as shown on the right side of Fig. 8.1. To confirm that this was scattered light noise, we inserted the delay line on EQB1, which prevents scattered light from propagating to the filter cavity. In this case there is no evidence of the low-frequency bump, as shown by the blue curve on the differential audio channel in Fig. 8.1. In this case the residual motion between the scattering object and the suspended elements is z r (t) = constant, meaning that there is no scattered light noise. So the conclusion of this qualitative analysis is that there is a scattering element on the system producing a scattering field E sc . As illustrated in Fig. 8.1 this field propagates on the suspended optics, i.e. up to the input mirror of the filter cavity (FCIM) that reflects it back to the homodyne detector. E sc sees an optical path modulation z r (t) due to the fact that EQB1 is attached to the ground and the FCIM is suspended. From a more quantitative analysis, we deduced that this field was generated by the photodiodes of the homodyne detector on EQB1. Using Eq. 6.18, from the spectrum of the homodyne in Fig. 8.1, we can deduce that the scattered light recoupling factor is f sc ∼ 10 -10 .

This value is compatible with the computation carried out using Eq. 6.7 assuming that the beam is scattered by the photodiodes (BRDF = 50 ppm, w(z) = 15 µm and α F I = 10 3 , the attenuation of the EQB1 Faraday Isolator). The scheme on the left side of Fig. 8.1 shows the LO beam in blue being reflected by the homodyne photodiodes. The scattered field in light blue propagates until the FCIM and then it is reflected and detected by the homodyne detector.

It has been observed that when the cavity is close to resonance, the effect of scattered light is amplified between 20 and 200 Hz, making it impossible to perform squeezing ellipse rotation measurements at frequencies lower than a few hundred Hz. This effect is shown on the spectrum on the right bottom side of Fig. 8.2. The different curves represent the spectra for different detunings of the filter cavity, from resonance condition till 300 Hz detuning. The sharp structures are due to some modulation lines applied on the last two mirrors on the green path on EQB1, called dither lines. These are used for the beam pointing control loop used to align the cavity when it is locked with the green beam. The frequencies of the dither lines are 45, 60, 75 and 90 Hz. The EQB1 mirrors angularly displace the green beam arriving on the cavity.

However, there is a longitudinal coupling due to the not perfect mechanics of the piezo and to the off-centered beam on the mirrors. This results in an additional longitudinal correction for the longitudinal control loop of the filter cavity, which at the time of the measurement only acted on the end mirror. However, the infrared beam does not suffer from the disturbance introduced by the dither lines as they are only on the green path. Therefore, the correction of these lines by the longitudinal lock loop introduces noise at the frequencies of the dither lines on the infrared beam. Moreover, this effect is amplified by the low lock precision of the filter cavity as it will be explained in Sec. 8.2. This residual length fluctuation of the filter cavity is seen by the scattered field as an additional phase modulation α(t) (see Sec. 8.2). 

Scattered light amplification due to FC lock precision

When the cavity is out of resonance the scattered field goes to the input mirror of the filter cavity where it is reflected towards the homodyne. When the cavity is on resonance or close to resonance, the scattered field enters the cavity and it experiences an additional phase modulation. The scattered field phase noise is therefore amplified by the filter cavity.

The principle of scattered light field detection with balanced homodyne was described in Sec. 6.2. The quantity detected by the differential homodyne channel is given by Eq. 6.17. In our case the relative phase between the LO field and the scattered field is

φ r (t) = φ LO + ∆Φ(t). (8.1) 
The time-dependent term modulates the optical path seen by the scattered field and is defined as

∆Φ(t) = φ(t) + α(t) (8.2)
where φ(t) is the phase introduced by the relative motion between the ground-attached bench EQB1 and the suspended optics and α(t) is the phase introduced by the residual filter cavity fluctuations due to the not perfect lock precision. These two terms are illustrated in Fig. 8.2.

When the cavity is out of resonance the only phase seen by the scattered field is the one introduced by the motion between EQB1 and FCIM, φ(t). This phase can be derived from the interference fringes measured on the homodyne detector (see Fig. 8.1), with the cavity out of resonance. The maximum relative motion between the bench ground-attached EQB1 and the suspended optics corresponds to z max = 10 -15 µm. The phase encoding this relative motion, from Eq. 6.1, is therefore

φ max = 4π λ • z max ∼ 4π × 10. (8.3) 
When the cavity resonates or is close to resonance, this phase shift takes into account also the second term of Eq. 8.2. The phase α(t) can be estimated as

α(t) = 4π λ • 2 π • F • δl(t) (8.4)
where 2 π • F is the number of round-trips that the scattered light does inside the filter cavity (F = 11000 is the filter cavity finesse) and δl is the residual relative motion between the mirrors of the cavity, given by the lock precision. The residual motion of the cavity mirrors can be derived from the relation

δl rms l = δν rms ν = 15Hz 3.10 14 Hz (8.5)
where l ∼ 300 m is the cavity length, δν rms = 15 Hz is the measured lock precision of the cavity for the infrared light and ν is the laser frequency (1064 nm for the infrared). One gets δl rms = 1.5 • 10 -11 m and therefore, from Eq. 8.4, one obtains

α rms ∼ 4π × 10. (8.6) 
It can be seen that the values α rms and φ max are of the same order of magnitude. This means that the contributions coming from the relative motion of the gound-attached system and the suspended optics and the one coming from the cavity mirror relative fluctuations provide the same level of scattered light noise.

In order to reduce this noise, it is necessary to improve the filter cavity lock precision δl rms and to compensate the phase φ(t) seen by the scattered light field. due to the relative motion.

Stray light loop (SLL) design

Even if this problem will not be present in Science Mode since the homodyne detector will not be used and the LO can be turned off, it prevents from characterizing of the squeezing rotation at a few tens of Hz before the injection in the interferometer.

In order to eliminate scattered light noise, it is possible to act on two different observables:

the amount of scattered light re-coupled in the homodyne f sc and the relative motion between the system and the scattering object z r (t), as shown in Eq. 6.5.

The first mitigation actions were aimed at reducing the value of f sc . At first we tuned the half wave plate inside the EQB1 Faraday Isolator (see Fig. 4.6). After that we performed a fine tuning of HD photodiodes alignment. Then we installed two irises and a quarter wave plate in front of HD photodiodes to stop back-reflections that could contribute. Finally, we increase the size w(z) of the beam arriving on HD photodiodes in order to reduce the factor f sc , as suggested by Eq. 6.7. The PDs were installed on the waist of the beam. Therefore, we displaced the PDs along the beam direction by few tens of µm, to increase the size on their sensitive area. All these indirect mitigations didn't bring any improvement. An other option would be to change both the telescope and the photodiodes to allow for a considerably larger beam size. As this would have been a major modification with a big impact on the planning, we decided not to do this during the commissioning of the FDS system. Finally, it was decided that a Faraday Isolator will be installed in the path of the scattered light on EQB1 to mitigate the problem, while inducing ∼2% additional optical losses.

The second actions were aimed at reducing the relative motion between FCIM and the scatterer, i.e. the HD photodiodes on EQB1. In order to do that we implemented a feedback control loop: the Stray Light Loop (SLL). The idea is to actively compensate for the optical path difference seen by the scattered light, which results in the phase ∆Φ(t). This is performed by acting on the optical path by means of a piezo-electric actuator that actively changes the optical path of the propagating beam (see Fig. 8.3).

The major difficulty encountered during the implementation of this feedback loop was the interplay of the SLL with the CC loop (described in Sec. 5.4.2). Actually, the two loops act on the same observable, i.e. the optical path difference between the LO and the squeezing field to be detected. Therefore, we ensured that the two loops did not work in conflict but that the action of the SLL reduced the correction sent to the actuators of the CC loop. We designed the SLL so that its Unitary Gain Frequency (UGF) was lower than that of the CC loop (UGF ∼ 1 kHz) so that it acts more slowly.

The scheme of the feedback control loop implemented on the system is shown in Fig. 8.3.

The plant of the system is the low frequency bump detected by the differential audio channel of the homodyne, i.e. the phase difference between the LO and the scattered light fields introduced by the relative motion of the suspended and ground-attached parts of the FDS system. To generate a good error signal, a dither line is applied to the mirror M4 on the path of the scattered light (which coincides with the path of the squeezing reflected by the filter cavity).

The error signal is obtained by demodulating the audio differential signal of the homodyne at the frequency of the dither line. The filter applied to the error signal has been optimised to correct with a high gain at low frequencies, introducing what we call a boost (see Sec. 8.4.4).

The obtained correction is sent to the piezo-electric actuator on the mirror M4 along the beam direction (and in case of high seismic motions also on the mirror M6). In this way the corrected observable is the optical path. Those actuators have a dynamic range of 30 µm each and a bandwidth of ∼100 Hz. It is also necessary to introduce a compensation line on the LO path to compensate for the effect of the dither line and avoid introducing additional phase noise in squeezing measurements, as it will be described in Sec. 8.4.3. The compensation line is added on the piezo of the mirror LO_M1 or LO_M2, which have a dynamic range of 3 µm and 5 µm respectively.

SLL closed : preliminary results

The SLL loop was initially closed by sending only the LO on the homodyne and with a lock precision on the green of about 10-15 Hz. We tested the behaviour of the loop for two particular cavity conditions, both far and near its resonance condition. In Sec. 8.2 we saw how the effect of scattered light introduces additional structures when the cavity is close to the resonance. In conclusion, the SLL works but it reintroduces the noise at higher frequencies. Therefore, the control filter needs to be optimized, as it will be described in Sec. 

SLL optimization

In order to maximize the active scattered light reduction, we characterized and optimized the loop. We measured its Transfer Function, optimized the dither line amplitude, compensated the 500 Hz line acting on the LO path and tuned the correction filter.

SLL Transfer Function

To characterise the loop, it is necessary to measure its UGF (see Sec. the TF amplitude for every sine frequency injection. The UGF of the loop is at ∼12 Hz. This is fine and it is of the order of magnitude that we expect in order not to be in conflict with the CC loop. 

Dither line amplitude optimization

The amplitude of the 500 Hz dither line sent to the M4 mirror has to be optimized in order to maximize the Signal-to-Noise ratio (SNR) of the error signal. It has been done with the SLL closed sending only the LO beam on the homodyne. The SNR is calculated as the ratio between the error signal level at low frequency and the sensing noise, which corresponds to the signal in the absence of the dither line. The sensing noise and error signal for different dither line amplitudes are shown in Fig. 8.7. For amplitudes higher than 15 mV, the SNR doesn't improve significantly. The optimal amplitude in this configuration of the system is therefore 15 mV that corresponds to a displacement of 0.13 µm and to a SNR ∼ 10.

Compensation of the dither line

In order to avoid to introduce additional phase noise to the squeezing detected by the homodyne, the dither line applied on M4 must be compensated. The effect of phase noise can be seen from the beatnote signal between the CC field and the LO beam. Since with the CC loop open this noise is too high, it is convenient to close this loop to stabilize the phase and keep the error signal in its linear region. To compensate for the 500 Hz line which is introduced on the squeezing/CC path, a modulation at the same frequency must be introduced in the LO optical path. The optimisation is done by minimizing the 500 Hz line in the CC error signal.

The parameters to be tuned are the amplitude and the initial phase of the compensating line.

The amplitude can be derived by intercalibrating the two actuators in question, the one on M4 to which the dither line is applied and the one on LO_M2 to which the compensation line is 

Correction filter optimization

It is needed to find a filter which allows to reduce the noise at low frequency and does not add noise at high frequency. A simple low pass filter, i.e. an integrator (see Sec. 2.4.1), it is not the optimal solution since it does not suppress all the low frequency noise. It is therefore needed a more complex filter.

The dither line sent on M4 has an amplitude of 15 mV and the compensation line sent on LO_M2 has an amplitude of 100 mV, as described above. We optimized the gain of the loop at the beginning, using as filter an integrator. The optimal gain value corresponds to the higher bump attenuation without re-injecting noise at higher frequencies. Then we added a pair of simple pole and zero (see Sec. • SLL cloded, integrator, gain = 500 (yellow);

• SLL closed, boost : pole at 0.01, Q = 0 and zero at 10 Hz, Q = 0, gain = 2500 (light green);

• SLL closed, boost : pole at 0.01, Q = 0 and zero at 7 Hz, Q = 0, gain = 2500 (green);

• SLL closed, boost : pole at 0.01, Q = 0 and zero at 5 Hz, Q = 0, gain = 2500 (light pink);

• SLL closed, boost : pole at 0.01, Q = 0 and zero at 3 Hz, Q = 0, gain = 2500 (grey).

The best configuration is with the boost: pole at 0.01, Q = 0 and zero at 5Hz, Q = 0, gain = 2500 (light pink), since it introduces less noise at high frequency (as seen in the error signal). 

SLL closed with high lock precision

As described in Sec. 8.2, the lock precision of the filter cavity introduces additional scattered light noise. Therefore the longitudinal control of cavity with the green beam has been improved by sending the correction of the locking loop on both the end mirror of the cavity and the frequency of the laser. The lock precision is increased in this way from 10 Hz to about 1 Hz, as described in 5. 

Squeezing measurements with SLL closed

After optimizing the loop using only the LO beam, the final step is to run the SLL together with the CC so that squeezing measurements can be made without the scattered light noise at low frequency. Since both loops act on the same physical observable, i.e. the relative optical path between the squeezing beam and the LO beam, the direction of the loops has been set to make them agree by acting on the gains of the two loops. We tuned the filter of the SLL to optimize the suppression of the scattered light bump in squeezing mode and with the CC However, it was not possible to go any further in optimizing the loop due to a hardware problem in our system. Indeed, the actuator range of the coherent control is not sufficient to guarantee a stable CC loop behavior during the measurements. This prevents from being able to fine-tune the SLL filter and compensate the dither line at 500 Hz. Actually, the CC coarse corrections on the LO_M1 and LO_M2 actuators diverge periodically (every ∼ 40 secs, depending also on seismic motion conditions), without unlocking the CC loop, but making the SLL unstable. The solution to this problem is to replace these low dynamic range actuators (∼ 3 -5µm) with a higher dynamic range actuator such as the one used on M4 (∼ 30µm).

Conclusion

In this chapter is reported an evidence of scattered light on the frequency-dependent squeezing system, generated by the homodyne detector photodiodes. This noise, even if it will not be present in Science Mode, does not allow to characterize the rotation of the squeezing at low frequencies. In this chapter it is described a feedback control loop implemented to correct the phase variation introduced by the relative motion between the scatterer and the system. The control loop has been successfully tested and optimized. Nevertheless, it is supposed to work at the same time as the loop fixing the detection angle of the squeezing (the coherent control loop). In order to finish this optimization it is needed to replace a piezo-electric actuator with one with higher dynamic range. The next step will be to substitute the actuator and tune the performances of the loop in order to be able to fully correct the scattered light noise. In this way it will be possible to characterize the frequency-dependent squeezing before injecting it in the interferometer, as it will be described in the next chapter.

Chapter 9.

Matching of the squeezing beam to the ITF

The squeezed beam must be well matched with the interferometer beam, i.e. it must be aligned and mode matched. A misalignment and mode mismatch (see Appendix A) between the two beams worsen the squeezing performance in the form of optical losses as described in Sec. 3.4.1.

The optical losses introduced in this way must remain below 1% [START_REF]Advanced Virgo Plus phase I -design report[END_REF].

In order to be able to estimate the mode matching, it is necessary to measure the parameters of the interferometer beam and of the squeezing beam before it is injected. Then, the matching is improved by adapting the telescope on the squeezing path in order to properly match it to the ITF beam.

In this chapter we describe how the mode matching between the squeezing beam and the interferometer beam has been measured and optimized.

ITF-FDS system interface

The squeezing produced on the FDS system (both FIS and FDS) needs to be injected into the interferometer through the anti-symetric port of the ITF. The interface between the two systems is composed of optics on the SDB1 and SQB1 benches, which are connected by a minilink, as shown in Fig. 9.1.

The squeezed beam is sent from SQB1 into the Faraday Isolator on SDB1 and then towards the interferometer, as shown by the purple arrows.

The pre-alignment and pre-mode matching of the squeezed beam sent towards SDB1 were performed at LAPP, simulating the interferometer beam through a telescope, as described in Sec. 5.1. However, the system alignment and matching need to be verified and optimized on site where the actual parameters of the squeezed beam and the interferometer beam can be directly measured. The latter is the spurious beam indicated by the pink arrows in Fig. 

Squeezed beam alignment and mode-matching

Once the FDS system was commissioned and well aligned (see Sec. We started by measuring the size of the beam reflected from the filter cavity and directed towards EQB1. We positioned a beam profiler at different positions and from the Gaussian fit of these data we determined the beam parameters as explained in Sec. 5.1.1. The parameters from the fit of the data measured between M13 and M14 on SQB1, are:

• w 0x = 590 µm located at 1081 mm from M13;

• w 0y = 660 µm located at 1155 mm from M13;

and are in agreement with the expected design values:

• w 0x = 640 µm located at 1211 mm from M13;

• w 0y = 720 µm located at 1461 mm from M13.

The beam waist is located close to M23 mirror.

Afterwards, we tuned the second waveplate inside the double FI on SQB1 in order to transmit the beam in the direction of the interferometer. Then we diverted the beam after the last mirror on the bench, SQB1_M31, with temporary mirrors to measure the beam profile, as shown on the left of Fig. 9.2.

The expected values for the beam going to the interferometer must be the same as the ones of the beam coming from the interferometer, since they must be matched. From the simulation, the expected parameters of the two beams are

• w 0x = w 0y = 1350 µm located at ±3650 mm from M31

where the sign of the distance is positive for the squeezed beam and negative for the ITF beam, due to the different propagation direction during the measurements.

The profile of the beam going to the ITF is shown in Fig. 9.3. The fit gives the following parameters :

• w 0x = 1419 µm located at 3257 mm from M31;

• w 0y = 1482 µm located at 3232 mm from M31.

The profile of the beam going to the ITF is considered to be close enough to what we expected. with the input mirror aligned and all the other mirrors misaligned. This configuration is called single bounce. From the data of the beam profile the fit which gives the following parameters, as shown in Fig. 9.4:

• w 0x = 1025 µm located at -1967 mm from M31;

• w 0y = 950 µm located at -2036 mm from M31;

which is very far from the expected values.

However, this value is similar to the beam parameters from the ITF measured in O3, which were [START_REF] Sorrentino | B1 beam size measurement[END_REF]:

• w 0x = w 0y = 950 µm located at -1600 mm from the steering mirror on the external squeezer bench (similar reference as M31). The mode matching between the beams coming from and going to the ITF is computed from their overlap integral (see Eq. 6.11) and it is 84%.

Two mirrors of the telescope on SQB1, M33 and M34, are mounted on translation stages (of range ±1.25 cm) as shown in Fig. 4.11 to match the two beams. However, it is not possible to correct such a high mode mismatch by acting only on the translation stages. According to the simulations performed with Optocad it is necessary to replace one mirror of the telescope, M34, with another one with a different radius of curvature (RoC).

Telescope adaptation

The beam coming from the interferometer does not have the expected size and it is not yet understood why. Nevertheless, in order to match the squeezing beam to the ITF beam, it was decided to modify the telescope on SQB1. According to the simulations, the mirror M34, that initially had a RoC = -1.35 m, needs to be replaced by a mirror with RoC = -2.125 m.

After replacing this mirror, the beam reflected by the filter cavity and directed towards the interferometer was measured again. The fit of the measured beam profile data indicates that the beam has the following parameters, as shown in Fig. 9.5 :

• w 0x = 1081.3 µm located at 2351 mm from M31;

• w 0y = 1043.2 µm located at 2426 mm from M31. These values are compatible with those of the beam arriving from the interferometer, which have been re-measured during the same intervention:

• w 0x = 920.6 µm located at -1902.4 mm from M31;

• w 0y = 1076.8 µm located at -1968.3 mm from M31.

The overlap integral (see Eq. 6.11) between the two beams gives a mode matching between the incoming beam and outgoing beam of ∼ 99.3%. The mode mismatch is therefore ≤ 1% which is the specification for the mismatch losses. This is a good result that will allow the fine alignment of the BAB in the OMC and the implementation of control loops between ITF and FDS system in the coming months.

Conclusion

In this chapter the interface between the squeezing system and the interferometer has been described. The matching between the squeezed beam and the interferometer beam has been measured to be 84% which was too low compared to the required level of 99% needed not to limit the losses. We showed that it is necessary to modify the telescope in order to improve the mode matching. After the adaptation of the optical configuration, a mode matching of 99.3% has been measured which is compatible with the expected level of losses. Moreover, the interferometer beam needs to be matched with the cavity which cleans the output beam containing the GW signal, the output mode cleaner cavity. Therefore, the fine mode matching tuning of the squeezing with the ITF beam will be performed by using the transmission from this cavity. More details on the output mode cleaner will be given in the next chapter.

Chapter 10.

New high finesse Output Mode Cleaner for AdV+

The output mode cleaner (OMC) cavity cleans the beam transmitted at the anti-symmetric interferometer port of all higher-order modes and RF sidebands (introduced for the interferometer control, see Ch. 2.4.2). The replacement of the two low finesse output mode cleaner (OMC) cavities with a high finesse one was one of the major upgrades between the O3 and O4 observation runs. The main motivation for this upgrade is to reduce losses at the output port of the interferometer in order to reduce the quantum noise. In Tab. 10.1 the losses budget measured during the observing runs O3 and expected for O4 for the detection system is detailed.

The total losses should be reduced by a factor 2. Losses budget of the detection system between the observing runs O3 and O4, both pessimistic and target scenarios. In the pessimistic scenario the two cavities will not be replaced with the single one.

DET components

During O3, one of the main limitations was the relative mode mismatch losses between the two mode cleaners. With only one cavity this problem is solved. Moreover, by motorizing the half-waveplates placed before the OMC, it is possible to fine tune the polarization matching between the beam coming from the interferometer and the OMC, when the bench is in vacuum and suspended. After these improvements, detection losses have been measured to be reduced by a factor 2 as will be shown in this chapter.

OMC design

The OMC is a Fabry-Perot cavity placed at the output port of the ITF with the aim to clean the carrier beam containing the gravitational wave signal, as shown in Fig. 10.1. The input beam comes from the interferometer and it contains the carrier and the higher order modes. The cavity cleans the beam and transmits the TEM00 that will reach the B1 detector. The reflected beam contains the higher order modes.

The input beam is filtered by the cavity and only the TEM00 mode (see Appendix A), carrying the GW infomation, is transmitted when the OMC is on resonance. The reflected beam contains instead the higher order modes and the RF sidebands. To design this cavity, several parameters were chosen to meet different requirements: the geometry of the cavity, the radius of curvature of the spherical surface and the finesse. This cavity must be designed to ensure that no noise is introduced that worsens the sensitivity of AdV+. In particular the dominant noises associated to the OMC cavity are the cavity length noise and the thermo-refractive noise.

The cavity geometry parameters and radius of curvature remain the same as for the cavities used in O3 and a more detailed discussion can be found in [START_REF] Tournefier | Advanced Virgo output mode cleaner: specifications[END_REF]. The main parameters are listed below, justifying their choice.

Geometry

The Output Mode Cleaner is a bow-tie monolitic cavity in fused silica, Suprasil 3001, as the previous cavities used in Virgo. This material guarantees low absorption and it is very homogeneous. The cavity consists of four polished surfaces, three of which are flat and one of which is spherical, as indicated in Fig. 10.2. The cavity dimensions after the polishing, are the same as for the cavities used during the last run and they are shown in Fig. 10.2. The specifications on surface polishing quality of each of the four surfaces are:

• The clear aperture diameter is 8 mm;

• The micro-roughness within clear aperture is σ RM S ≤ 0.1 nm RMS.

The dimensions of the cavity are detailed in Fig. 10.2 and one can define:

• The geometrical length as In Tab. 10.2, the comparison of the main characteristics between the cavities used in the past (two identical cavities) and the new OMC cavity that will be used during the observing run O4 is shown.

L geo = L + √ l 2 + L 2 2 = 62 ± 0.
The internal losses in the cavity are mainly due to the scattering by the four internal surfaces, as detailed in Sec. since they depend on the number of round-trips the beam does in the cavity. The scattering losses are also proportional to the square of the micro-roughness of the surfaces, as shown in Eq. 10.12. Therefore, to counterbalance the increase of internal losses due to the higher finesse, the value of micro-roughness rms has been improved by a factor 3. This compensate the increase in finesse from 123 to 1000.

The transmission factor for each mode of the cavity is given (similarly to Eq. 2.25) by

T (ν, N ) = 1 1 + 2F π 2 sin 2 2πL opt ν c -N arccos 1 - 2L geo ρ . ( 10.1) 
where ν is the beam frequency (ν 0 for the carrier, ν 0 + ∆ν with ∆ν = 6 MHz, 56 MHz for the RF sidebands) and N = n + m is the order of the higher order mode as indicated in Fig. 10.14.

Radius of curvature

The radius of curvature ρ of the spherical surface of the cavity is related to the waist size of the transmitted beam by the following relationship:

w 2 0 = λ nπ 2L geo (ρ -2L geo ) (10.2)
where λ = 1064 nm is the beam wavelength.

The radius of curvature has been chosen as a compromise to satisfy three criteria:

• to minimize the filtering of the higher order modes (HOMs) and the RF sidebands (SBs);

• to limit the scattered light noise;

• to keep the thermo-refractive noise a factor 10 below the sensitivity curve of AdV+ (see Sec. 2.2.3).

These criteria are briefly described in the following.

power that pollutes the gravitational wave signal, especially if the cavity is not exactly at the resonance, as shown in Fig. 10.3. The coupling of this noise to the GW signal depends on the precision of the OMC cavity locking. The deviation in length of the cavity with respect to the strict resonance condition (lock precision) is indicated with ∆l 0 (largely exaggerated for illustration in Fig. 10.3) and corresponds to a power difference ∆P 0 with respect to the maximum transmitted power P max , as indicated in Fig. 10.3. The variation δl(f ) around the working point given by the lock precision is the cavity length noise and corresponds to an additional power variation δP (f ). The power transmitted by the OMC cavity is given, accordingly to Eq. 2.17, by The specification of the maximum cavity length noise that can be tolerated has been chosen so that the projection of this noise onto the detector sensitivity curve is a factor of 10 below the shot noise curve over the entire bandwidth of the interferometer. The lock precision is the rms of the error signal of the OMC and it constant. The length noise includes the thermo-refractive noise δ tr defined in Eq. 10.3. This noise is frequency dependent between 10 Hz and 10 kHz and it has been measured during O3 not to spoil the sensitivity of the detector.

P T = P max -∆l 0 -δP = P max 1 + 2F π 2 sin 2 2π λ (∆l 0 + δl) . ( 10 
The replacement of two cavities of finesse 123 with a single cavity of finesse 1000, is increasing the impact of the length noise, from Eq. where 1/ √ 2 takes into account the fact that during O3 we had two cavities. This worsening factor can be, however, compensated by the possibility of improving the lock precision ∆l 0 of the cavity. Indeed, the OMC lock precision has been measured at LAPP [START_REF] Ducrot | Etude des cavités optiques de filtrage de sortie du détecteur d'ondes gravitationnelles Advanced Virgo[END_REF] to be ∆l 0 ∼ 6 × 10 -13 m. (

During the run O3, it has been measured that the lock precision of the two cavities was ∆l 0 ∼ 4 • 10 -11 m [START_REF] Gouaty | AdV+ noise review: DET -OMC length noise[END_REF]. This means that the lock precision can be improved by a factor 100.

As shown in Fig. 10.3, the lock precision can be expressed also as a frequency variation ∆ν 0 .

This means that by improving the stabilization of the Virgo laser frequency (by acting on the control filter), the lock precision can be improved until we reach the value measured at LAPP (see Eq. 10.8). Assuming this improvement, for O4 the OMC length noise will be a factor 5 below the design sensitivity at 30 Hz and a factor 10 at 100 Hz, that is within the requirements.

RF sidebands filtering

The cavity finesse was chosen in such a way as to appropriately filter the incoming sidebands so as not to increase the shot noise level. During O3 only the 56 MHz sidebands had to be filtered out, while in O4 the 6 MHz sidebands, which are necessary to control the Signal Recycling cavity (see Sec. 2.1.4), also had to be filtered out, requesting a higher cavity finesse. In Fig.

10.14, it can be seen from the cavity transmitted modes how close is the 6 MHz sideband to the carrier, stressing the need of properly filter not to introduce noise.

The requirement we want to meet is that the shot noise (∝ √ P ) due to the amplitude fluctuation of the sideband at 6 MHz (h SB shot ) is 5 times lower than the shot noise of the carrier (h car shot ). The attenuation factor T SB is given by Eq. 10.1, by setting N = 0 and ∆nu = 6 MHz. The sideband power transmitted by the OMC can be computed from

P T SB = P in • m 2 2 • T SB (10.9)
where P in is the input power (40 W during O4) and m is the modulation index, defined in Sec. Using the values in Tab. 10.5, the ratio between the carrier and the sideband shot noises, without considering the squeezing injection, is

h car shot h SB shot ∝ P Tcar P T SB = √ 5mW √ 44µW ∼ 10. ( 10.10) 
The shot noise of the carrier is however lowered by the presence of squeezing. In AdV+, we expect up to 4.5 dB of shot noise reduction [START_REF]Advanced Virgo Plus phase I -design report[END_REF], leading to a reduction factor of 10 4.5/20 = 1.7 .11) In conclusion, the shot noise introduced by the power fluctuations of the 6 MHz sidebands transmitted by the new OMC is 6 times lower the AdV+ shot noise which is in agreement with the requirements. Moreover, the power of the 56 MHz sidebands after the OMC, according to the values in Tab. 10.5, is of the same order of magnitude of the 6 MHz sidebands which is therefore also low enough.

h car shot h SB shot ∝ P Tcar P T SB = √ 5mW • 1.7 √ 44µW ∼ 6. ( 10 

OMC mechanical support and control

The cavity lies on an aluminium stand, as during O3. The cavity length needs to be controlled with a feedback control loop (see Sec. The temperature variation changes the optical path length by changing the refractive index n = f (T ) of the cavity material. The response time of the Peltier cells is about 10 seconds. Therefore this kind of control is slow but very stable.

The piezo-electric actuator changes the geometrical length of the cavity by compressing it from the top. It is used as a complementatry actuator for the control of the cavity length, as its response in time is much faster than that of the Peltiers. The screw holding the piezo is screwed into an invar bridge with low thermal expansion.

An aluminium cover is placed around the cavity, in order to perform a heat shield, to protect it from handling around the bench and to prevent scattered light coming from optics around to enter it.

OMC characterization at LAPP

Before installing the new OMC on site, we tested and characterized two high finesse cavities in the optical laboratory at LAPP, in order to chose the one with the best performance. In the following, we describe the general procedure for characterizing these cavities and give the results concerning the cavity we have chosen to install on the site.

OMC test optical set-up

The set-up used to test the OMC cavities is shown in Fig. 10.5 and uses two cavities: the high-finesse to be tested and a low-finesse. 

Alignment of the OMC

The first thing we did after installing the monolithic cavity was to align it (see Appendix A).

The alignment is performed acting on the two steering mirrors in front of the cavity. As figure of merit for the alignment, the shape of the transmitted beam from the cavity is observed. We vary the laser frequency in order to see the shape of the beam transmitted with a IR laser detection card. The shape of the transmitted beam looks like that of an ellipse. In fact, the misaligned beam has higher order modes which, depending on their orientation, tell us whether our beam is vertically or horizontally misaligned within the cavity. So if the ellipse we see in transmission is oriented more vertically than horizontally, we act on the vertical degrees of freedom of the steering mirrors to make the ellipse more horizontally oriented. We iterate this procedure until the size of the major axis of the ellipse has decreased. This means that the beam begins to be well aligned with the OMC, and therefore the transmitted modes have a lower power and are difficult to be seen on the IR card. Therefore, in order to proceed with the fine alignment of the cavity, we put in transmission a beam splitter which sends the beam to both a photodiode and a camera, as shown in Fig. 10.5. In this way the higher order modes can be seen on the camera and their respective power monitored by the photodiode. By varying the laser frequency, we are able to scan the Free Spectral Range of the cavity (F SR OM C = 834 MHz) and to identify the higher order modes transmitted by the cavity, as shown in Fig. 10.6.

By using the same steering mirrors, we reduce the order of the higher modes and their power. Again, to reduce a vertical mode we act on the vertical degrees of freedom and the same for the horizontal ones. Once almost all the power is on the TEM00, the cavity is aligned. The misalignment is computed as the ratio between the power of the first Hermite-Gaussian (HG) high order mode and the fundamental one. The mode matching was already good and we didn't need to tune the telescope. The mode mismatch is characterized with the Laguerre-Gaussian (LG) higher order modes. The OMC alignment is further fine tuned locking the cavity on the TEM00 and maximizing the transmitted power. The lock of the OMC cavity is described in the following section. 

Lock of the OMC

Once the cavity is aligned, its length must be controlled so that the TEM00 mode resonates, i.e.

the cavity must be locked, see Sec. 2.4. The frequency of the laser we use for our experiment fluctuates a lot due to thermal variations, mechanical vibrations and changes in the length of the laser cavity for example. So before locking the high finesse OMC cavity, we took care of stabilizing the laser frequency by using an additional auxiliary cavity, i.e. the low finesse OMC.

The error signal of this loop is derived with the Pound-Drever-Hall (PDH) technique, described in Sec. 2.4.2. The beam is modulated at 3231.3 Hz by acting on the laser frequency instead of using the electro-optical modulator. The actuation of the frequency stabilization loop was sent to the laser crystal). The scheme of the laser frequency stabilization loop, using the OMC low finesse as a reference, is shown on the top of Fig. 10.5. Once the laser frequency is stabilized, we can control the length of the OMC high finesse cavity, using the same PHD technique. We modulate the OMC cavity length with the piezo-electric actuator (see Sec. 10.2) at 1959 Hz.

In this case the feedback is sent directly to the OMC actuators (Peltiers and piezo), in order to act on its length. The cavity has been locked acting first only on the Peltier cells and then also on the PZT, to have a lock in full-bandwidth. The scheme of the high finesse OMC cavity length control loop is shown on the bottom of Fig. 10.5.

Internal losses

The parameters of the OMC (geometry, materials, etc.) have been optimized to satisfy the constraints on the HOMs and sidebands filtering but also to minimize losses and noises.

OMC internal losses have different origins:

1. absorption losses in the substrate due to the chosen material. The absorption of Suprasil 3001 is (0.3 ± 0.2) ppm/cm, which for a cavity round trip length of 4 • L geo = 24.8 cm gives absorption losses of (7.5 ± 5) ppm per round trip.

2. absorption losses in the coatings has been measured to be less than 2 ppm ((1 ± 1) ppm) per coating [START_REF] Ducrot | Etude des cavités optiques de filtrage de sortie du détecteur d'ondes gravitationnelles Advanced Virgo[END_REF], so (4 ± 4) ppm in total per round trip.

3. scattering losses due to mirror defects (polishing and surface treatment) for each surface can be computed from the relation [START_REF] Straniero | Realistic loss estimation due to the mirror surfaces in a 10 meters-long high finesse fabry-perot filter-cavity[END_REF] L rough = 4πσ RM S λ 2 ∼ (0.7 ± 0.4)ppm (10.12) where σ RM S = (0.07 ± 0.01) nm RMS [START_REF] Gouaty | Specifications for the polishing of the Advanced Virgo "mode cleaner" cavities[END_REF], see Sec. 10.1.1. Considering the 4 surfaces of the cavity, the scattering losses are (2.8 ± 1.6) ppm per round-trip. This is, however, a lower value than what was measured at LMA [118] of 3.5 ± 0.5 ppm per surface which corresponds to 14 ± 2 ppm for the four faces. This value is higher because it takes into account point defects and other imperfections that are neglected by the value obtained from Eq. 10.12. In estimating total losses we will consider scattering losses equal to 14 ± 2 ppm per round trip as it is more realistic.

4.

the Rayleigh scattering has been measured to be (0.70 ± 0.02) ppm/cm [START_REF] Chen | Rayleigh scattering in fused silica samples for gravitational wave detectors[END_REF] for fused silica therefore, for a round trip, is (17.0 ± 0.5) ppm.

5.

the HR mirror residual transmission accounts for only (2.5 ± 0.4) ppm of losses.

The overall value of the round-trip losses is given by the sum of all the contributions and it is given by (45 ± 12) ppm, as summarized in Tab. 10.6. The round-trip losses must be multiplied by the number of round trips defined as

N = F π ∼ 318 for F = 1000. ( 10.13) 
The total expected losses are therefore (1.4 ± 0.4)%.

In addition, there are astigmatism losses, estimated to be (50 ± 5) ppm for the previous low finesse cavities [START_REF] Casula | Advanced Virgo output mode cleaner: refinement of the design and polishing specifications[END_REF]. These losses are intrinsic to the geometry of cavity, so they are assumed to be the same. Its contribution is negligible compared to the other losses.

• the temperature T of the OMC cavity (as explained in Sec. 10.2) here we use the temperature.

In From the scans one can derive the value of the FSR and linewidth (FWHM) of the OMC cavity, see Eq. 2.23 and 2.24 in Sec. 2.1.2 and therefore one can compute the value of the finesse.

We analysed the scans of the OMC. It was not possible to analyze more that 24 hours of data at the time so we took three different datasets and we performed the average. Fig. 10.8

shows three histograms, one per dataset. The finesse is computed as the median value of each dataset and the error is estimated from the dispersion of the data. We then considered the average of these three values and we calculated the statistical error. The final value of the finesse is 1055 ± 15, which is consistent with the specifications. From this formula we can derive ρ from the measurement of the waist of the beam transmitted by the OMC. To have a more stable lock of the OMC, we locked the laser on the high finesse mode cleaner cavity. We measured the beam size at different positions along the beam propagation.

We placed the camera on the beam and then we averaged 60 seconds of data for several positions.

For every acquired image of 60 s, we fit the image profile (with a gaussian) and derive the beam size. After having determined the value of the beam size for every position of the camera, we used the same procedure explained in Sec. 5.1.1. The beam transmitted by the OMC cavity, as shown in Fig. 10.9, is described by the following parameters:

• w 0x = (330 ± 15) µm at z 0x = (38 ± 15) mm;

• w 0y = (340 ± 9) µm at z 0y = (29 ± 9) mm.

Using the Eq. 10.2, we obtain:

• ρ = (2079 ± 300) mm (using w0x);

• ρ = (2225 ± 200) mm (using w0y).

Since there is a dependence on the fourth power of the waist on that formula, the uncertainty on ρ using this method is quite large. By acquiring a long period of scan data, we measured ∆ν. We divided the data in several datasets and then we compute the average of the median value of each of the three datasets.

The histograms of the datasets is shown in Fig. 10.10. The estimation of the radius of curvature is (1686.3 ± 2.3) mm, where the error is statistical. This value is much more precise than the estimation of the radius of curvature from the transmitted beam size and it is in agreement with the expected value ρ = (1700 ± 8) mm. 

Conclusions

We tested two different cavities in the laboratory to choose the one with the best substrate.

We have reported here the values for the cavity with the best results that was then installed on the site. The values measured for this cavity were:

• Losses = (2.05±0.10)% which is slightly higher than the theoretically calculated (1.4±0.4)% but within the specifications;

• Finesse = 1055 ± 15 in agreement with the finesse expected from the surface reflectivities 1032 ± 34 and the specifications;

• Radius of curvature = (1689.3 ± 2.3) mm (from scanning the cavity) in agreement with the design value (1700 ± 8) mm.

The parameters obtained are in agreement with what we expected from the specifications.

Therefore, we approved the cavity characterized at LAPP and it was decided to install it on Virgo.

OMC installation and pre-commissioning

In November 2020 we installed the new cavity on the SDB1 detection bench, replacing the two low finesse cavities used during the previous observing run. The cavity was installed on one of the two supports already on the bench while the support of the second cavity was removed.

Several modifications were made to the optical set-up on the bench to allow the new cavity to be integrated. After the hardware intervention, we proceeded with the alignment and matching of the cavity with the interferometer beam. Misalignment and mode mismatch count as detection losses for the squeezing. In this section, we report the results obtained concerning these losses during the commissioning for O4.

Optical configuration change

In Fig. 10.11 the optical set-up of the bench SDB1 during the previous observing run O3, on the left, and the optical configuration that will be used during the observing run O4. The main difference is that instead of two cavities there is only one cavity, meaning that we don't have two reflected beams coming from the cavities to be sent to the detectors. Since the power is high on the reflected beam, only a pick-off of the reflected beam is detected, while most of the power is going on a beam dump.

Advanced Virgo, run O3 Advanced Virgo Plus, run O4 Learning from past experience, it was also decided to install two motorised wave plates to fine-tune the polarisation of the incoming beam in the OMC, as shown in Fig. 10.12 (left). As the telescope mirror is very large and therefore heavy, moving it along the beam axis, on its translation stage, leads to an unbalance of the suspended bench. In order to balance it remotely, we installed a motorized counterweight under the bench, as shown in Fig. 10.12 (right). 

OMC alignment on SDB1

The OMC cavity has been aligned following the same procedure used at LAPP as described in Sec. 10.3.2. We started with the SDB1 bench tower open, i.e. being able to see the transmitted beam with an infrared card. We worked with the bench suspended and controlled, acting on the picomotors on the two mirrors in front of the OMC to move the beam horizontally and vertically.

Once the shape of the output beam was a sufficiently Gaussian, we began to look at sensors positioned on SDB2, the bench that follows SDB1 and on which the cameras, photodiodes are located. The beam transmitted by the OMC, is the one containing the gravitational waves signal, called B1. We maximize the ratio between the transmitted and the reflected powers of the OMC cavity by rotating the mirrors just before the OMC (with picomotors), as shown in Fig. 10.13. By doing this, we minimize also the reflected power and maximized the transmitted power. To calculate the alignment of the OMC, we scan the length of the cavity by acting on its temperature, to see the ratio between the mode of order 1 and TEM00. The best condition we reached in this configuration was 0.4% of losses due to misalignment.

From the powers of the fundamental mode, the first and second higher order modes, shown in Fig. 10.14, the following values are derived

• Misalignment losses ∼ 0.4%;

• Mode mismatch losses ∼ 2.5%.

We then worked on reducing the mode mismatch of the interferometer beam with the OMC cavity. 

OMC mode matching on SDB1

The ITF incoming beam must be mode matched with the OMC cavity, to avoid to introduce mismatch losses. This is done acting on the telescope elements on SDB1. The last interferometer mirror that the beam encounters is the Signal Recycling (SR) and then it arrives at the SDB1 telescope composed of a meniscus lens (of diameter 150 mm) and two parabolic mirrors (MMT_M1, of diameter 150 mm and MMT_M2, of diameter 30 mm). To improve the matching we tried two different strategies: acting on the distance between SR and the meniscus lens or acting on the position of the parabolic mirrors. The motorized counterweight has been used to compensate for the meniscus lens movement keeping the suspended bench balanced and controlled. We optimized the matching by maximizing the ratio between transmitted and reflected OMC powers and minimizing higher order mode amplitude. The best situation with this method has been obtained by displacing the meniscus lens by +4.5 mm. Since we could not further displace the lens, we moved the bench in the beam direction (z-axis) by +5. 

Second method: displacement of parabolic mirror

We restored the nominal positions of the bench SDB1 along z-axis (-5.5 mm) and SR mirror (+3 mm). The second method to improve the mode matching consists in longitudinally displacing the parabolic mirror MMT_M1 (and angularly MMT_M2 to correct for the tilt of the beam induced by the MMT_M1 displacement), as shown in Fig. 10.17. The optimal situation obtain with this method has been a misalignment of 0.5% and a mode mismatch of 2%, see Fig. 10.17.

We concluded that it was good enough as a pre-mode matching. 

Polarization tuning and sideband filtering

A fine tuning of the polarization has been performed thanks to the tuning of the polarization plates (see Fig. 10.12), reaching a polarization mismatching between the beam and the OMC cavity of only ∼ 0.08%. During O3, this value was ∼ 2%, so the situation has greatly improved thanks to the installation of the motorized plates.

The transmission of the 6 MHz sideband has been measured to be 3.7 • 10 -3 , as expected with the increase of the finesse (see Sec. 10.1.3).

Detection losses budget

We measured the losses between the interferometer and the OMC, in single bounce configuration.

These losses account for the misalignment, the mode mismatch, the polarization detuning. The values are reported in Tab. 10.7 for O3 and O4, considering the best measured values. During O3 the losses were 12.5%, while we measured 3.2% for the new OMC.

This results confirm that the installation of the new high finesse OMC cavity will allow to reduce detection losses as expected and therefore improve the squeezing performances. 

Losses sources

Conclusion

In this chapter the need for a new high finesse Output Mode Cleaner cavity has been explained.

The main motivation was to reduce the optical losses to avoid to spoil the level of squeezing and allow the improvement of the quantum noise reduction. We have characterized the new OMC cavity, showing that it fulfills the requirements (finesse, geometry, internal losses). Then we installed it and aligned it on the detection bench of Virgo. Finally, we measured the losses due to its matching with the ITF beam. The results shows that the detection losses are a factor 2 lower than in O3.

In addition to what is written in this chapter, we also worked on the commissioning of the OMC in dark fringe configuration and we performed the first DC read-out of the interferometer.

This means that the squeezing is ready to be injected in the detector. Once the squeezing beam will be injected and aligned on the OMC, the longitudinal and angular control loops of the squeezing with respect to the interferometer will be engaged.

Part V.

Outlook

The direct detection of gravitational waves has ushered in a new epoch for the observation of the universe, making it possible to investigate its hidden mysteries. In order to be able to see sources from ever more distant regions of the universe, gravitational wave detectors must be further improved. So far, a total of 90 coalescence events have been revealed, most of which are black hole collisions, two black hole-neutron stars coalescences and a two neutron stars coalescence. The latter allowed the beginning of the so-called multi-messenger astronomy.

During the last O3 data take LIGO and Virgo detectors revealed one coalescence event per week.

During O4, the sensitivity of Virgo will increase from 60 Mpc to about 100 Mpc, increasing the amount of observable events thanks to the reduction of several sources of noise. Among them, it is necessary to reduce quantum noise over the entire detection band by introducing frequency-dependent squeezed quantum vacuum states in the interferometer. The ellipse angle of the squeezed states needs to be rotated at the frequency where shot noise and radiation pressure noise have the same amplitude, i.e. 25 Hz for Virgo, to provide a broadband quantum noise reduction. During O3, the introduction of frequency-independent states improved Virgo's sensitivity at high frequencies by 3 dB. However, it was not possible to inject all the squeezing produced in order to avoid worsening the low-frequency sensitivity. To avoid this, it is necessary to introduce a filter cavity that rotates the squeezed states as a function of the frequency.

This also makes it possible to increase low-frequency sensitivity if there are no other limiting noises. One of these noises is the scattered light from the optics on the suspended benches that re-couples with the interferometer's main beam. This noise source was studied, projecting its effect on Virgo's sensitivity curve.

In addition, the losses introduced on the squeezed states limit its performance: (36.5 ± 4.5)% optical losses and (45 ± 40) mrad phase noise were measured. One of the largest contributions to optical losses comes from detection losses. In order to reduce these, the two output mode cleaner cavities were replaced with a single high finesse cavity.

The frequency dependent squeezing technique was successfully implemented and commissioned in Virgo. The first demonstration of squeezed state rotation took place at a frequency of 361 Hz, but without reaching the level of shot noise. The aim is to produce frequency dependent squeezing states at 25 Hz in order to achieve a broadband quantum noise reduction in Virgo. After optimizing the system, 2 dB of frequency dependent squeezing was measured at low frequencies with rotation at 25 Hz. From this measurement, 14% optical losses (which, however, does not take into account losses in the interferometer) and 30 mrad phase noise were estimated. The noises affecting the squeezing needs to be reduced as much as possible to optimize its performances.

As far as scattered light is concerned, a complete simulation and mitigation study was conducted on all Virgo's suspended benches. In order to simulate the scattered light from the individual suspended optical elements more accurately, a back-scatterometer at LAPP was constructed with which we measured the BRDF of most of the critical elements. It was shown that the suspended detection benches SDB1 and SDB2 are the largest contributors to this noise.

Furthermore, an active scattered light control loop was successfully implemented to reduce it on the squeezing system.

To reduce optical detection losses between O3 and O4, the two OMC cavities were replaced with a new high finesse cavity to allow filtering of the 6 MHz sidebands needed in O4 to control the interferometer. This eliminates losses due to mode mismatch between the two cavities, which accounted for 2.5% during O3. Mode matching and polarisation matching were also improved thanks to the motorized counter-weights and waveplates installed on the bench hosting the cavity. During commissioning, a mismatch of less than 1%, a mode mismatch of less than 1% and polarisation mistuning of less than 0.1% were achieved. In conclusion, the optical detection losses were reduced by half compared to O3. After optimizing the interferometer beam matching with the OMC, the DC readout of the interferometer was performed and the first sensitivity curve of the detector was extracted. The detector is therefore ready for the injection of the squeezing, since it has been obtained a pre-matching of 99% between the squeezing and the interferometer beam.

The next steps are to optimize the matching of squeezing with the interferometer, implementing longitudinal and angular control loops to keep the system stable during the data taking. Next, we will see the effect of frequency-dependent squeezing on Virgo's sensitivity curve. By producing 12 dB of squeezing, we aspire to see a 4.5 dB increase of the sensitivity at high frequency.

In order to benefit from the effect of low-frequency squeezing, we plan to continue the mitigation of stray light from suspended benches. I have shown that it is needed to continue the characterization of the optical elements (OMC cavity and Faraday Isolator TGG crystal) and take some further actions in order to reduce the impact of scattered light (install beam dumps in front of quadrant ohotodiodes). Finally, measurements of the scattered light coupling factors on Virgo's sensitivity curve are to be performed.

It is planned to improve the squeezing impact on the sensitivity curve of Virgo in O5 and post-O5. The level of squeezing produced in O5 and in post-O5 will be 12 dB, I.e. the same as in O4. Measured squeezing at high-frequency is expected to be 5.5 dB for O5 and 7.5 dB in post-O5. In order to improve the system, optical losses can be further reduced by placing the squeezer in a vacuum, so that an attenuation stage can be removed, i.e. removing a Faraday

Isolator and replacing the Faraday Isolators with low-loss ones. To reduce the detection optical losses, it is planned to replace the monolithic OMC cavity with a four mirrors bow-tie ring cavity, as in LIGO, to eliminate optical losses by absorption in the fused silica. The solution of the scalar wave equation can be described by a set of complete and orthogonal functions, called propagation modes.

A.1. Hermite-Gaussian modes

The modes that describe the misalignment of a Gaussian beam with respect to an optical cavity are called Hermite-Gaussian (HG) modes and are expressed with Cartesian coordinates. HG modes are the solutions of the scalar wave equation with electic field distribution given by

E nm (x, y, z) = E 0 • w 0 w(z) • H n √ 2 x w(z) • e -x 2 /w(z) 2 • H m √ 2 y w(z)
• e -y 2 /w(z) 2 • e -ikz • e -ik(x 2 +y 2 )/2R(z) • e i(1+n+m) arctan(z/z R ) The modes illustrated are visible, for example, in transmission from an optical cavity. For the beam in the cavity to be well aligned with it, it is necessary to act on the shift and/or tilt of the incident beam to reduce the order and power of the HG modes. In case of small misalignment of the input beam the first order mode dominates and the mode is vertical (horizontal) in case of vertical (horizontal) misalignment. The beam misalignment is given by the power ratio between the HG higher order modes and the fundamental mode TEM00 of the cavity. If the first order HG mode is smaller than the second order mode it points to an astigmatism of the input beam. 

A.2. Laguerre-Gaussian modes

If the beam is not perfectly matched to a cavity, take the example of where α ∼ 1 and << 1 for small mistuning and the mode mismatching is 2 (defined by the amplitude of the second order mode of E 01 )).

The modes describing the mismatch mode of a beam in a cavity are called Laguerre-Gaussian (LG) modes and are expressed in cylindrical coordinates.

LG modes are the solutions of the 

B.2. SQB2-FC linking tube

The pipe connecting SQB2 and the filter cavity input mirror tower is 40 meters long.

The ghost beams generated by the SQB2_M1 and SQB2_M2 mirrors cannot be stopped directly on the bench and therefore propagate into the pipe. Their propagation is shown in Fig.

B.3. To dump them two baffles are needed, one at 2.75 meters from the beginning of the tube and the other at 4.80 meters. Since the power of the ghost beam coming from SQB2_M2 is more powerful than the one coming from SQB2_M1, it should be stopped more carefully.

According to Eq. B.1, the optimal aperture radius of the baffle is a = 86 mm. 4.9. Picture of the filter cavity tube, parallel to the North Virgo arm. . . . . . . . 4.10. Suspension scheme for both the input and the end mirrors [START_REF]Advanced Virgo Plus phase I -design report[END_REF]. On the left, the block scheme of the mirror suspension system is presented. At the bottom there is the inverted pendulum on top of which there is the actuation cage and the marionette system holding the mirror. In the center, the cross section of the design is shown. A baffle in front of the mirror is installed to absorb scattered light. On the right, the details on the double pendulum sitting on the inverted pendulum bench is shown. The marionette actuation coils holder is attached on the cage frame. The stiffeners support on the backside supports the mirror ring Values of f sc of the optical elements on SDB2 computed from Eq. 6.7. . . . . . 6.6. Values of f sc of the optical elements on SNEB and SWEB computed from Eq. 6.7.160 6.7. Values of f sp computed for the critical lenses on the bench, i.e. the lenses that might not be tilted, from Eq. 6.12, considering an incidence angle β = 0. The lenses L1a and L1b at the entrance of SNEB and SWEB are studied. The difference between the two benches is only the reflectivity α since the lenses have been coated at different times. Moreover the lens L2, whose parameters are the same for SNEB and SWEB, is studied. This lens has high f sp if not tilted, so it must be tilted for the run O4. . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.8. Values of f sc of the optical elements on SPRB computed from Eq. 6.7. . . . . . 6.9. Values of f sp computed for the critical lenses on the bench, i.e. the lenses that might not be tilted, from Eq. 6.12, considering an incidence angle β = 0. The lenses L1a, L1b at the entrance of SPRB and the lens L2 are studied. The lens L2 has an high f sp if not tilted and it was tilted during O3 by 6 deg but it has been needed to reduce its angle to limit B4 beam astigmatism. (*) in this case, Eq. 6.12 has been adapted for the case of RoC close to infinity. . . . . . . . . . 
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  and h × = × e i(2πf t-kx) (1.7) corresponding to two independent polarization states. The effect of the two polarizations on a ring of freely falling particles is shown in Fig. 1.1.

Figure 1 . 1 .

 11 Figure 1.1.: A monochromatic gravitational wave of pulsation ω = 2π/T propagates along the x direction. The lower panel shows the effects of the + and × polarizations on a ring of freely falling particles, in a local inertial frame. Figure adapted from [3].

Figure 1 . 2 .:

 12 Figure 1.2.: Estimated gravitational wave amplitude from the first event detected by LIGO detectors, named GW150914. The signal is produced from a coalescence of two black holes. The three phases of the merger (inspiral, merger and ringdown) are shown associated to the time evolution of the signal [12].

Figure 1 . 3 .:

 13 Figure 1.3.: Cumulative count of events and (non-retracted) alerts during O1, O2, O3a and O3b observing runs. (Credit: LIGO-Virgo-KAGRA Collaborations)

Figure 1 . 4 .:

 14 Figure 1.4.: Scheme of the masses of all the gravitational wave events detected from O1 to O3b. The masses of objects detected by gravitational wave signals (black holes in blue and neutron stars in orange) and by electromagnetic radiation (black holes in red and neutron stars in yellow) are shown on the vertical axis. Each vertical arrow represents the coalesce of a binary system in which the lowest-mass object coalesces with the second one on the arrow, creating a higher-mass object where the arrow ends. (Credit: LIGO-Virgo / Aaron Geller / Northwestern University)

Figure 1 . 5 .:

 15 Figure 1.5.: Sensitivity of the detectors LIGO, Virgo and KAGRA as a function of time. (Credit: LIGO-Virgo-KAGRA Collaborations)
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 21 Figure 2.1.: The effect of a passing gravitational wave polarized h + which arrives perpendicular to the interferometer plane.

Figure 2 . 2 .:

 22 Figure 2.2.: Michelson interferometer scheme. The beam of a coherent light source is split at a 50/50 beam splitter (BS). The two beams travel along interferometer arms of length L W = L N and then they are reflected by two end mirrors: the West End (WE) and the North End (NE). The two beams interfere constructively or destructively based on their phase relation. The photodetector is at the antisymmetric port of the interferometer.
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 23 Figure 2.3.: Simple scheme of a Fabry-Perot cavity.
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 24 Figure 2.4.: Circulating (blue), transmitted (black) and reflected (red) powers by a 3 km long Fabry-Perot cavity with R 1 = 0.7 and R 2 = 0.8 as a function of the frequency.

Figure 2 . 5 .:

 25 Figure 2.5.: Power transmitted by a 3 km long Fabry-Perot cavity with R 1 = 0.7 and R 2 = 0.8 as a function of the frequency. The Free Spectral Range (FSR) is defined as the distance between two consecutive maxima. The linewidth δν is full width half-maximum (FWHM) of the resonance peak.

Figure 2 . 6 .:

 26 Figure 2.6.: Michelson interferometer with Fabry-Perot cavities along the arms. The Fabry-Perot cavity on the West arm is composed by the West Input mirror (WI) and the West End mirror (WE). The one on the North arm is composed by the North Input mirror (NI) and the North End mirror (NE).

Figure 2 . 7 .:

 27 Figure 2.7.: Michelson interferometer with Fabry-Perot cavities along the arms and two additional mirrors: the Power Recycling (PR) and the Signal Recycling (SR). The PR amplifies the light circulating in the interferometer. L P R is the distance between the the PR mirror and the Beam Splitter (BS). L N I and L W I are the distances between the North Input and the West input mirrors fro the BS. The SR amplifies the signal arriving at the detection port.
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 28 Figure 2.8.: Virgo super attenuator [30].

Figure 2 . 9 .:

 29 Figure 2.9.: Sensitivity curve of Advanced Virgo Plus with 40 W of injected power. The fundamental noises are underlined while the technical noises are responsible for the total noise curve (in black) to be higher than the estimated noises.

Figure 2 .

 2 Figure 2.10.: Quantum noise spectrum: radiation pressure noise (green curve) dominating at low frequency and shot noise (red curve) dominating at high frequency. The overall effect of quantum noise on the sensitivity curve is expressed by the blue line. The standard quantum limit (SQL) is the dashed black curve. Figure from [38].
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 2 Figure 2.11.: Advanced Virgo Plus optical configuration.

Figure 2 .

 2 Figure 2.13.: Feedback control loop scheme.

Figure 2 .

 2 Figure 2.14.: Pound-Drever-Hall (PDH) technique scheme. The laser is modulated with an EOM,which introduces sidebands at the modulation frequency. They are reflected by the cavity since they are in anti-resonance, while the carrier beam resonates. The signal detected by the photodiode in reflection is demodulated by multiplication with the modulation frequency. A low-pass filter is applied to obtain the PDH error signal. This signal is filtered and the correction is applied to the coils of the end mirror of the cavity.

(2. 63 )

 63 These signals are shown in Fig.2.15. As one can see, when the cavity crosses the resonance, the error signal is linear and bipolar. The error signal P DH I is then used in a feedback loop to control the position of the mirror of the cavity.

Figure 2 .

 2 Figure 2.15.: On the top, the power circulating inside the cavity. On the bottom, the demodulated signals for the PDH in reflection: P DH I and P DH Q [43].

Figure 2 .

 2 Figure 2.16.: Sensitivity of the second and third generation ground-based detectors. The different colors represent the sensitivity of the different detectors: in grey aLIGO during the run O3, in blue aLIGO+ during O4, in orange Voyager (a foreseen LIGO update), in green Einstein Telescope and in purple Cosmic Explorer [48].
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 2 Figure 2.17.: Einstein Telescope infrastructure design. Credit: ET collaboration.
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  (α) acting on the vacuum state |α := D(α) |0 (3.17) with D(α) := exp(αâ -α * â † ), α ∈ C (3.18) where α = |α|e iθ . Coherent states are eigenstates of the annihilation and creation operators â and â † â |α = α |α (3.19)

. 24 )

 24 For a coherent state |α the expectation values of the two quadrature operators are the real and imaginary part of the complex field amplitude α α| X1 |α = Re(α), α| X2 |α = Im(α). (3.25) The X1 quadrature is conventionally called the amplitude quadrature and X2 the phase quadrature. The quadrature operator along an arbitrary angle φ are defined as Xφ := X1 cos φ + X2 sin φ = 1 2 â † e iφ + âe -iφ . (3.26) From Heisenberg uncertainty principle and the commutation rules, it is obtained that Eq. 3.27, coherent states belong to the class of minimum-uncertainty states. The laser light can be described by quantum states of coherent light with their respective fluctuations, according to Eq. 3.11 and it can be represented as in Fig. 3.1.
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 31 Figure 3.1.: Bright coherent state of light: |α .

Figure 3 . 2 .:

 32 Figure 3.2.: Coherent vacuum state: |0 .

  3.3. 

Figure 3 . 3 .:

 33 Figure 3.3.: On the left, a squeezed vacuum state with θ = 0: |ξ . On the right, a squeezed coherent state with θ = 0: |α, ξ . These states are squeezed along the X2 direction.

Figure 3 . 4 .:

 34 Figure 3.4.: On the left, a squeezed vacuum state with θ = 0: |ξ . On the right, a squeezed coherent state with θ = 0: |α, ξ . These states are squeezed along the Xθ direction.

2

 2 (φ -θ)e -2r + sin 2 (φ -θ)e 2r = = cosh(2r) -sinh(2r) cos[2(θ -φ)]. (3.36) Moreover, a bright squeezed state can be obtained by applying the displacement operator D(α), defined in Eq. 3.18, to a vacuum squeezed state |α, ξ := D(α) |ξ = D(α) Ŝ(ξ) |0 .

  .2, enter the crystal and the ones with angular frequency ω = ω p /2 are transformed into squeezed fluctuations. The optical parametric amplification is shown in Fig. 3.5.
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 35 Figure 3.5.: Production of squeezed vacuum states with a non-linear degenerate medium. The crystal is pumped with a green beam at ω p interacting with the coherent vacuum at ω. The produced state is a squeezed vacuum state at the same frequency ω.

a

  linear approximation, as â = α + δâ (3.45) for the squeezed field (α = 0 for a vacuum state), and b = (β + δ b)e iφ (3.46) for the LO field, where δâ and δ b are the continuum of fluctuating modes surrounding the carriers α and β respectively.

Figure 3 . 6 .:

 36 Figure 3.6.: Balanced homodyne detector scheme. The local oscillator beam passes through a phase modulator acquiring a modulation phase φ. The squeezed beam â recombines with the local oscillator beam b(φ) on a 50/50 beam splitter. The output fields ĉ and d arrive on two photodetectors. The beat-note between the power of the output fields is then read by a spectrum analyzer.

47 ) 1 √ 2

 4712 being r the reflectivity and t the transmissivity of the beam splitter. Considering a 50/50 beam splitter, meaning r = t = photo-currents detected by two different photodiodes are i c ∝ ĉĉ † and i d ∝ d d † .

  3.47. The input fields are a coherent vacuum field |0 and the squeezed vacuum field |ξ and they recouple inside a beam splitter of reflectivity √ L and transmissivity √ 1 -L. The resulting output fields squeezed states are therefore less squeezed than the input field, as shown in Fig. 3.7.
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 37 Figure 3.7.: Optical losses experienced by a vacuum squeezed state using the beam splitter model, with r = √ L.

Figure 3 . 8 .:

 38 Figure 3.8.: Absolute value of squeezed level after the propagation and measurement for different values of optical losses, for an initially produced squeezing level up to 40 dB.

Figure 3 . 9 .:

 39 Figure 3.9.: Final squeezing level as a function of the initially produced squeezing (up to 40 dB). The squeezing, indicated below the shot noise level, is converted into anti-squeezing, above the shot noise, for high phase noise.

Figure 3 .

 3 Figure 3.10.: Squeezing level in dB measured as a function of optical losses (horizontal axis) and phase noise (vertical axis), for an initially produced squeezing level of 14 dB.
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 79 Fig. 3.11.

Figure 3 .

 3 Figure 3.11.: Amplitude spectral density of the quantum noise curve h qn = S qn . The black curves represent the quantum noise of a dual-recycled interferometer and the red curves the standard quantum limit (SQL) in both the plots. On the left, the effect of frequencyindependent squeezing injection on the quantum noise is shown for different fixed angles: θ = 0 in blue, θ = π 2 in purple and θ = -π 4 in green. On the right, the effect of 10dB-frequency-dependent squeezing injection is shown (blue curve). The rotation of the squeezing angle as a function of the frequency is shown on the right bottom plot. Figure from [64].

Figure 4 . 1 .:

 41 Figure 4.1.: Conceptual scheme of FIS implemented during O3 in AdV.

Figure 4 . 2 .:

 42 Figure 4.2.: Measured spectral strain sensitivity of Advanced Virgo detector. The black curve corresponds to the detector sensitivity without squeezing injection. The blue curve corresponds to the sensitivity with anti-squeezing injection: the shot noise is increased by (8.5 ± 0.1) dB. The red curve corresponds to the sensitivity with squeezing injection: the shot noise is reduced by (3.2 ± 0.1) dB. The level of injected squeezing was about 10 dB.

Figure 4 . 3 .:

 43 Figure 4.3.: Conceptual scheme of FDS implemented for O4 in AdV+. The external squeezing bench (EQB1) hosts the vacuum squeezed source. Then there are two in-vacuum suspended benches that send the squeezing into the 285 meters filter cavity, parallel to the North arm of the interferometer. FDS is therefore injected in the detector.

  Considering the parameters in the Tab. 4.2 and 4.1, a sensitivity improvement between 6 and 7 dB at high frequency is expected. The presence of the filter cavity should allow a reduction of the radiation pressure noise at low frequencies. The projection of the effect of FDS injection on interferometer sensitivity is shown in Fig.4.4.It is also possible to inject FIS by bypassing the filter cavity: a flipping retro-reflector mirror is installed on the suspended bench. It reflects back the squeezed beam and sends it directly into the interferometer.

Figure 4 . 4 .:

 44 Figure 4.4.: Comparison between O3 Virgo sensitivity curve and O4 sensitivity predictions with no squeezing, FIS and FDS. The light purple area represents the range between pessimistic and optimistic sensitivity estimations for O4. In blue the data of the best sensitivity achieved with FIS injected in the ITF during the run O3 (60 Mpc). In red the projection of O4 sensitivity pessimistic, considering 3 dB of FIS injected for the continuous line and no squeezing for the dashed line. In green the projection of O4 sensitivity optimistic, considering 4.5 dB of FDS injected for the continuous line and no squeezing for the dashed line.

Figure 4 . 5 .

 45 Figure 4.5.: FDS system infrastructure in AdV+ [75]. SDB1, SDB2 and EDB are detection benches. SR, BS and NI are suspended interferometer optics. EQB1, EQB2 and FCEB are in-air ground-attached benches. SQB1 and SQB2 are in vacuum suspended benches. FCIM and FCEM are the filter cavity in-vacuum suspended mirrors.

Figure 4 . 6 .:

 46 Figure 4.6.: Simplified optical scheme of the FDS system in Advanced Virgo Plus operated on its first configuration. Credit M. Vardaro.

3. 2 .

 2 The pump power determines the level of parametric (de-)amplification inside the OPO and it varies between 1.5 mW and 12 mW by changing the offset of the MZ operating point. The vacuum squeezed states are produced by parametric down-conversion in a periodically-poled potassium titanyl phosphate (PPKTP) crystal contained in the OPO cavity which is a doubly resonant cavity (both for IR and green). A pick-off of the main laser is used to stabilize the squeezed light source to the fundamental interferometer laser frequency by means of an external phase locking loop.

Figure 4 . 7 .:

 47 Figure 4.7.: Schematic of the experimental setup of the AEI squeezer for Advanced Virgo [77]. The setup for Advanced Virgo Plus is almost the same with only minor changes.

  scheme of the detector that is enclosed into a (250 × 225) mm box is shown in Fig.4.8 and more information can be found in[START_REF] Naticchioni | FDS Homodyne Detector for AdV+[END_REF]. The squeezed beam recombines with the local oscillator beam on a 50/50 beam splitter. The reflected and transmitted beams are focused two photodiodes through two lenses with focal length of 50 mm. There is a flip-mirror that allows to send the beam on the EQB1 cameras used to overlap visually the local oscillator with the BAB or the SC, for tuning the alignment (see Sec. 5.4.1). The HD photodiodes are high quantum efficiency (η > 99 %) InGaAs 500 µm-diameter detectors at 1064 nm, with anti-reflective coating for an angle of incidence of 20 • .

Figure 4 . 8 .:

 48 Figure 4.8.: Schematic of the external homodyne detector on EQB1. On the left the 2D optical design and on the right the CAD of the inside of the homodyne box [78].

Figure 4 . 9 .:

 49 Figure 4.9.: Picture of the filter cavity tube, parallel to the North Virgo arm.

Figure 4 .

 4 Figure 4.10.: Suspension scheme for both the input and the end mirrors[START_REF]Advanced Virgo Plus phase I -design report[END_REF]. On the left, the block scheme of the mirror suspension system is presented. At the bottom there is the inverted pendulum on top of which there is the actuation cage and the marionette system holding the mirror. In the center, the cross section of the design is shown. A baffle in front of the mirror is installed to absorb scattered light. On the right, the details on the double pendulum sitting on the inverted pendulum bench is shown. The marionette actuation coils holder is attached on the cage frame. The stiffeners support on the backside supports the mirror ring heater and the coils for mirror actuation.

  3 m × 1.3 m. The optical scheme is shown in Fig.4.11. The infrared beam in which the squeezed beam, the coherent control and the sub-carrier are superimposed arrives from EQB1 via the viewport at the top of the scheme and arrives on the first mirror SQB1_M11. It then enters the Faraday Isolator and exits towards the filter cavity at an angle of 39 degrees. The green auxiliary beam, on the other hand, goes directly towards the cavity after the first mirror SQB1_GM11. The green beam and the infrared beam are superimposed after the mirror M21 before going towards SQB2 and the filter cavity. A green pick-off reaches two

4. 5 . 2 .

 52 Suspended Squeezing Bench 2 (SQB2)SQB2 has dimensions 1.415 m × 1.225 m. The optical scheme is shown in Fig.4.12. The green and infrared beams overlap on the last mirror of SQB1 (M21) and arrive on SQB2_M2. A pick-off of the green is transmitted and is sensed by two PSDs, one in near field and the other one in far field. The main beam goes directly into the cavity via M1. The beams reflected by the FC (both green and infrared), are partially transmitted by M2. M2 has a transmissivity of

Figure 4 .

 4 Figure 4.11.: SQB1 optical scheme with remotely controlled picomotors circled in blue, PZTs in purple and translation stages in orange.

Figure 4 .

 4 Figure 4.12.: SQB2 optical scheme with remotely controlled picomotors circled in blue and translation stages in orange.

Figure 4 .

 4 Figure 4.13.: On the left, the design of the MultiSAS. On the right, the conceptual scheme of the MultiSAS: two vertical (Geometric Anti-Spring springs) and three horizontal isolation stages (Inverted Pendulum and two simple pendulums) are provided [75].

Figure 4 .

 4 Figure 4.14.: On the left, a picture of a pair of LVDT coils is shown[START_REF] Voet | Coil driver/LVDT electronics for suspended benches -documentation[END_REF]. The primary coil is the one in the center and the secondary one is the cylinder containing it. On the right, the reference system of the benches coordinates is shown.
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 1 composed by two lenses: • Lens 1 with focal length f 1 = -500 mm at d 1 = 70 mm from the collimator; • Lens 2 with focal length f 2 = 1000 mm at d 2 = 710 mm from the collimator which should allow to convert the collimated beam to the nominal beam in Eq. 5.3.

Figure 5 . 1 .:

 51 Figure 5.1.: Chosen design for the telescope; simulation on JaMmt.

•

  w 0x = 1.395 mm at z x = -3.906 m; • w 0y = 1.322 mm at z y = -3.965 m. and the fit is shown in Fig. 5.2. The results are in a good enough agreement with the expected nominal values for an initial tuning.

Figure 5 . 2 .

 52 Figure 5.2.: Gaussian fit of the data collected after the telescope, the beam radius in the two orthogonal direction along the axis of propagation of the beam, and the resulting waist position and size of the beam.

Figure 5 . 3 .

 53 Figure 5.3.: Matching telescope installed on SQB1 bench in the LAPP clean room.

Figure 5 .

 5 Figure 5.4.: Picture of SQB1 bench after the optics installation inside the LAPP clean room.

4. 5

 5 .3.

Figure 5 . 5 .:

 55 Figure 5.5.: Lifting and weighing of SQB1 at LAPP.

Figure 5 . 6 .:

 56 Figure 5.6.: Photo of SQB1 insalled on site on the left and of SBQ2 on the right, both inserted in their vacuum chambers.

  7 the signals related to SQB1 angular degrees of freedom controlled in vacuum are shown: the nominal angular positions, the error signals and the corrections. The actuators can correct up to a hundred µrads in their linear range for TX and TZ and few hundreds µrads for TY. To control the balancing of the bench in TX and TZ, we can either move the counter-weights on it by hand or move a counter-weight located on a translation stage (inside the electronic container) that we can control from remote. Finally, we also controlled the X, Y, Z positions by acting on the suspension (see Sec. 4.5.3).

Fig. 5 . 8 ,

 58 shows the angular and longitudinal residual noise of SQB1 and SQB2 and the signals of the seismometer (velocimeter) in Virgo's central building (CEB), which houses the suspended benches when they register a

Figure 5 . 7 .

 57 Figure 5.7.: SQB1 angular degrees of freedom (dofs) controlled with the LVDTs of the bench. Each raw corresponds to a dof: TX (blue), TY (green) and TZ (red). On the left, the controlled position; in the middle, the error signal; on the right, the correction signal.

Figure 5 . 8 .

 58 Figure 5.8.: SQB1 and SQB2 angular and logitudinal residual noise with high seismic activity.

Figure 5 . 9 .

 59 Figure 5.9.: SQB1 and SQB2 angular and longitudinal residual noise with low seismic activity.

2 . 1 .

 21 photosensitive area. They were provided by the Institute of Cosmos Sciences (ICCUB). The model used is the S2044 of Hamamatsu. The PSD has four current outputs, expressed in X/Y coordinates (X1, X2, Y1, Y2) as shown in Fig. 5.10. A transimpedance stage is used to convert the current output signal from the PSD to voltage. The spectral response of the sensors is shown on the left side of Fig. 5.10.

Figure 5 .

 5 Figure 5.10.: On the left, the spectral response of the PSD. On the right, the photosensitive area chart.

Figure 5 .

 5 Figure 5.11.: Photo of the setup we used to test the PSD on site, in the electronics lab.

Figure 5 .

 5 Figure 5.12.: Response of the PSD pins and the reconstructed horizontal (x) and vertical (y) signals to a shift of the beam along the horizontal direction by acting on the steering mirror.

Figure 5 .

 5 Figure 5.13.: Response of the PSD pins and the reconstructed horizontal (x) and vertical (y) signals to a shift of the beam along the vertical direction by acting on the steering mirror.

Figure 5 .

 5 Figure 5.14.: Photo of SQB1. The two additional mirrors are indicated by the red boxes.

  Fig. 5.15. The slope of each fit represents a coefficient of the first row of the coefficient matrix M c .

Figure 5 .

 5 Figure 5.15.: Fit of the H and V degrees of freedom of the three PSDs on SQB1 with respect to the scan of SQB1 TX degree of freedom.

5. 9

 9 are shown by the red curves in Fig. 5.16. The bench movement detected by the LVDTs at the same time is shown by the blue curves.

Figure 5 .

 5 Figure 5.16.: SQB1 six degrees of freedom reconstruction with the complete (red curve) and the simplified (yellow curve) matrix, i.e. with small coupling factors set to zero, overlapped with the LVDT data in blue. The angular dofs are expressed in µrad and the longitudinal ones in µm.

Figure 5 .

 5 Figure 5.17.: SQB1 four degrees of freedom reconstructed (TX, TY, X, Y) with the complete (red curve) and the simplified (yellow curve) sensing matrix M B . The angular dofs are expressed in µrad and the longitudinal ones in µm.

Figure 5 .

 5 Figure 5.18.: SQB1 four degrees of freedom reconstructed (TX, TY, TZ, X) with the complete (red curve) and the simplified (yellow curve) sensing matrix M C . The angular dofs are expressed in µrad and the longitudinal ones in µm.

Fig. 5 .

 5 20 are shown the signals of the degree of freedom TX controlled in this way. In blue are shown the value of TX and the value of the correction sent to the coils to keep the bench in the desired position. Shown in green are the data read from the vertical degrees of PSD1 and PSD2, used for TX reconstruction. In red are shown the signals from the seismometers on EQB1 which measure the displacement of the bench. It can be seen that what is corrected in this way is the movement of the beam due to the displacement of EQB1 which is not suspended and subject to drifts.

Figure 5 .

 5 Figure 5.19.: Reconstruction of the angular degrees of freedom of the SQB1 bench with the signals from PSD1 and PSD2 using the matrices M A , M B and M C . The first raw shows the signals read by the LVDTs. The other raws show the reconstructions with the M A , M B and M C matrices. In blue are indicated the data during the bench scan in TX, in orange during the bench scan in TY and in yellow during the bench scan in TZ.

Figure 5 .

 5 Figure 5.20.: SQB1 TX controlled with the sensing from LVDTs and PSDs. In blue the signals of the TX value on the left and its correction on the right are shown. In green the signals on the vertical signals of PSD1 (left) and of PSD2 (right) are shown. In red the signals from the seismometer on EQB1 are shown.

Figure 5 .

 5 Figure 5.21.: Reconstruction of SQB2 TX, TY, TZ and X degrees of freedom using the signals from PSD1 and PSD2 on SQB2. TY is well reconstructed while TX and TZ are coupled due to the geometry of the system.

Figure 5 .

 5 Figure 5.22.: On the left the green beam hitting the FCIM cage. On the right the green beam low on SQB2_M1 when centered on FCIM.

Figure 5 .

 5 Figure 5.23.: On the left the green beam hitting the FCEM cage, seen from the south-eastern viewport.In the middle, the green beam retro-reflected from the FCIM seen on SQB2_M1. On the right, the FCEM reflection in the tube in front of the micro-tower.

Figure 5 .

 5 Figure 5.24.: Free Spectral Range of the green (top) and the BAB (bottom) in the filter cavity. The TEM01/10 represents the misalignment and the TEM02/20 represents the mode mismatch (more details in Appendix A).

  Their frequencies are 412 Hz, 512 Hz, 612 Hz and 712 Hz. By demodulating the amplitude of the interference between the LO and CC at the dither line frequencies we obtain four error signal. The four error signals derived from the demodulation at the angular dither frequencies are filtered generating four correction signals. They are sent to the TX and TY degrees of freedom of the M4 and M6 mirrors, controlled with PZT of dynamic range of ∼ 30 µm and bandwidth of ∼100 Hz. This alignment can be optimized by minimizing the four error signals which means maximizing the amplitude of the interference between LO and CC, by acting on TX and TY of the two mirrors.

Figure 5 .

 5 Figure 5.25.: EQB1 homodyne detection scheme. Credit: M. Vardaro.

Figure 5 .

 5 Figure 5.26.: Coherent control Nested Loop scheme.

Figure 5 .

 5 Figure 5.27.: Fast Coherent Control loop transfer function. The red curve represents the simulated TF of the loop with base filter while the yellow curve with the boost filter, i.e. with higher gain under the UGF frequency. The blue curve represents the measured TF with the base filter. The UGF of the CC loop is at 3 kHz.

Figure 5 .

 5 Figure 5.28.: FIS measurement from EQB1. The brown curve represents the shot noise level, the magenta curve represents the squeezing level and the blue one represents the antisqueezing level.

Figure 5 .

 5 Figure 5.29.: FIS measurement from SQB1 performed in November 2021. The black curve represents the shot noise level in dB and for each color the level of anti-squeezing (above the shot noise) and squeezing (below the shot noise) measured in dB are indicated, corresponding to the generated squeezing level indicated in the legend.

Figure 5 .

 5 Figure 5.30.: FIS measurement from SQB1. Squeezing level as a function of the anti-squeezing level for different values of the green pump power.

Figure 5 .

 5 Figure 5.31.: First demonstration of squeezing ellipse rotation on FDS system in Virgo at 361 Hz. The black curve is the measured shot noise, in blue the measured and fitted anti-squeezing level, in red the measured and fitted squeezing level, in green/yellow the squeezed states detected at 17 degrees.

Figure 5 .

 5 Figure 5.32.: Optical scheme of the filter cavity longitudinal control loop acting on both the end mirror and the main squeezer frequency.

Fig. 5 .

 5 Fig. 5.33 shows the rotation of anti-squeezing at 25 Hz. The bump due to the scattered light does not allow one to see properly the red curve go below the shot noise (see Ch. 8), but according to the fit one should measure 2 dB of quantum noise reduction at low frequencies.

Figure 5 .

 5 Figure 5.33.: FDS measurement with rotation frequency of 25 Hz. The black curve represents the shot noise and the red curve the anti-squeezing. The dashed blue curve is the fit of the data, showing that we should have around 2 dB of quantum noise reduction at low frequencies.

Figure 6 . 1 .:

 61 Figure 6.1.: Scattering process in the interferometer.

Figure 6 . 2 .:

 62 Figure 6.2.: Diagram of scattering produced by an optical surface roughness. The incident beam iseither scattered in all directions, at large or small angles, or specularly reflected[START_REF] Fest | Stray Light Analysis and Control[END_REF].

Figure 6 . 3 .

 63 Figure 6.3.: A Gaussian beam arrives on a reflective surface and it is reflected with an angle β [90].

Figure 6 . 4 .:Bench f r measured in O3 SDB1 2 • 10 - 9 SDB2 4 • 10 - 10 SNEB 3 • 10 - 8 SWEB 5 •

 6421094101031085 Figure 6.4.: Stray light projection fitted to the measured coupling during noise injection on different suspended benches (SDB1, SDB2, SNEB, SWEB). The red curve represents the reference sensitivity of the ITF, i.e. without injecting noise The blue curve represents h(t) during the noise injection and the yellow one the reference h(t) plus the fit of the stray light projection.
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 65 Figure 6.5.: Back-scatter meter experiment set up at LAPP [92]. The back-scattered light is represented by the dashed blue line.

Figure 6 . 6 .:

 66 Figure 6.6.: Measured back-scattered light fraction f sc as a function of the beam size:for a PTFE sample: in red the theoretical behavior described in Eq. 6.7, in blue the data for a four-lenses configuration and in black the data for a single lens configuration. The vertical error bars correspond to the statistical error of the measurement due to speckle averaging, while the horizontal error bars correspond to the target positioning errors of ±5 mm re-stated as errors on the beam radius on the target [92].

Figure 6 . 7 .

 67 Figure 6.7.: Measured BRDF using a 2.1 mm radius beam (blue data points) and a 450 µm radius beam (red data points) as a function of the incidence angle θ. The horizontal blue and red lines represent the noise floors measured without a sample. The black line represents the expected specular reflection pattern (Eq. 6.12) from the window with 700 ppm reflectivity.
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Figure 6 . 8 .:

 68 Figure 6.8.: On the upper plot, the SDB1 transfer functions K n φ (f ) and K δP/P (f ) are shown for O4.On the bottom plot, the scattered light noise projections for SDB1 are shown using the f r measured in O3 and scatterer relative motion shown in Fig.6.9.

Figure 6 . 9 .:

 69 Figure 6.9.: Seismometers signals in the Central Building (CEB) and in the North/West terminal buildings (NEB/WEB). The rms of the signal between 0.1 and 1 Hz is shown, since it carries the information on the micro-seismic activity which couples with the bench motion. The different lines represent the three directions of the motion: North (N), West (W) and Vertical (V).

Figure 6 .

 6 Figure 6.10.: Optocad scheme of SDB1 bench. On the top there is the Faraday Isolator containing the TGG crystal and on the bottom, in the grey box, there is the OMC cavity. A fraction of the power reflected by the OMC is dumped on a Silicon beam dump, indicated with the black square. A fraction of the B5 beam reaches two quadrants on SDB1, indicated by the green small boxes on the top right area of the bench.

6 . 11 .

 611 There are several paths of different beams coming from SDB1 but there are only two re-coupling mechanisms: the B1/B1p and B1s beams that re-couple with the main interferometer beam and the B5 beam through the BS Anti-Reflective (AR) face. The power ratio α p is computed with respect to the entrance of SDB1 since also the SDB2 transfer function is referred to the detector dark fringe port. Between O3 and O4, several beam splitters have been replaced on this bench.

Figure 6 .

 6 Figure 6.11.: Optocad scheme of SDB2 bench. The blue boxes represent the photodiodes, the green boxes represent the quadrants and the yellow boxes represent the cameras.
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photodiodes and it results f r = 3 . 22 •

 322 photodiodes and it results f r = 3.22 • 10 -14 for SDB2 during O4 and it was f r = 2.32 • 10 -14 in O3. These values are four orders of magnitude smaller than what has been measured in O3 (see Tab. 6.1), meaning that the light re-coupling with the interferometer may enter from the B5 port. Actually for the B5 path, the overall contribution, summing up the back-scattering coming from the two quadrants, is f r = 1.2 • 10 -6 for O4 and f r = 3.2 • 10 -7 for O3. The projections are shown in Fig. 6.15 using the B5 transfer function and are compatible with what has been measured in O3.

Figure 6 .

 6 Figure 6.12.: Optocad scheme of SNEB bench. SWEB is similar. The blue boxes represent the photodiodes, the green boxes represent the quadrants and the yellow boxes represent the cameras. The black box near the center of the bench is the Silicon beam dump catching most of the power going to the quadrant. The L1a and L1b lenses are the first elements passed by the beam, at the entrance of the bench.
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 67108 Figure 6.13.: Optocad scheme of SPRB bench. The blue boxes represent the photodiodes, the green boxes represent the quadrants and the yellow boxes represent the cameras. The L1a and L1b lenses are the first elements passed by the beam, at the entrance of the bench.
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Figure 6 .

 6 Figure 6.14.: Specular reflection of the most critical lenses of the benches as a function of the tilt angle: the meniscus lens on SDB1 (L1), the lenses L1a and L1b on SWEB (similar for SNEB), the lens L2 on SWEB (similar for SNEB) and the lens L2 on SPRB. The continuous lines refer to the lenses first surface and the dashed line to the second surface.

Figure 6 .

 6 Figure 6.15.: Scattered light noise projections for O4 using the values measured during O3 whereavailable (curves in red) and the values calculated for O4 (curves in blue using the main beam and black using the B5 beam). For all these projections the O4 transfer functions have been used.
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 7 Fig. 7.1 can be computed from

Fig. 7 .

 7 2 shows for example the ghost beam generated by the mirror SQB1_M21 for different wedge orientations (on the left -0.5 deg and on the right +0.5 deg) and in the absence

Figure 7 . 2 .:

 72 Figure 7.2.: Example of ghost beam generated at the SQB1_M21 surfaces for different values of the wedge: -0.5 deg (left), 0 deg (middle) and 0.5 deg (right).

Figure 7 . 3 .:

 73 Figure 7.3.: Some of the dumping strategies implemented in AdV+ during the commissioning: (1) absorbing glass behind mirrors, (2) baffles inside tubes, (3) absorbing glass glued on a lens mount, (4) beam dump in front of a viewport, (5) absorbing glass glued on a quadrant and few other beam dumps, (6) small beam dump with black absorbing screws, (7) beam dump glued on the photodiode box, (8) diaphragm.

Figure 7 . 4 .:

 74 Figure 7.4.: Positions of the small beam dumps installed on the bench SDB1 and the example of an absorbing glass glued on a quadrant.

Figure 7 . 5 .:

 75 Figure 7.5.: Gaussian beam propagating through a circular aperture of radius a: on the left the beam direction is well aligned with the aperture axis, on the right the beam is displaced by a quantity d [106].

Figure 7 . 6 .:

 76 Figure 7.6.: Normalized power losses as a function of a lateral displacement d = 0.0, 0.5, 1.0, 1.5 • w(z).

Figure 7 . 7 .:

 77 Figure 7.7.: Difference between diffracted and incident beam waists as a function of the ratio between the aperture radius and the beam size, for different values of the parameter p.

Figure 7 . 8 .

 78 Figure 7.8.: Mode Mismatch as a function of the ratio between the aperture and incident beam radii for p < 10 -3 .

  losses and therefore having chosen an aperture of radius of a = 3.5 • w(z) for the diaphragms and a = 4 • w(z) for the baffles, one must be careful that the ghost beam is contained on the diaphragm. For this purpose we set two constraints. The first one is the distance d between the main beam and the ghost beam (at the diaphragm plane surface). The second one is the distance between the ghost beam and the edge d edge of the aperture hole normalized by the ghost beam size at the aperture w(z) GB , defined as Y = d edge w(z) GB as shown in Fig. 7.9.
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 79 Figure 7.9.: Main beam propagating through an aperture and ghost beam stopped by the diaphragm surface. d represents the distance between the ghost beam and the main beam and d edge represents the distance between the ghost beam and the edge of the aperture hole.

Figure 7 .

 7 Figure 7.10.: Diaphragms on SQB1 bench.

Figure 7 .

 7 Figure 7.11.: Ghost beams generated by the filter cavity mirrors: the ghost beams 'a' and 'b' are reflected by the cavity and go towards the suspended benches, while the ghost beams 'c' and 'd' propagate inside the filter cavity.

Figure 7 .

 7 Figure 7.12.: Ghost beams 'a' and 'b' arriving on SQB1 bench. On the left, the asymmetric diaphragm installed on SQB1.

Figure 7 .

 7 Figure 7.13.: Ghost beams 'c' (light green) and 'd' (dark green) propagating inside the filter cavity next to the main bean (blue). The horizontal red lines represent the filter cavity tube internal surface.

Figure 7 .

 7 Figure 7.14.: Filter cavity structure with the proposed position for the baffles, placed at z IM + 118 m and z EM -118 m, in correspondence of the supports 11 and 15 respectively.
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 81 Figure 8.1.: Simplified scheme of the effect of the scattered light from the homodyne photodiodes (in light blue) re-coupling with the local oscillator (in blue) producing a low-frequency bump on the audio differential signal (orange line on the graph on the left). On the top right, the spectrogram of the homodyne differential signal shows the arc structures typical of scattered light while on the bottom right the homodyne signal in the time domain shows the LO's interference fringes with the scattered light field.

Figure 8 . 2 .:

 82 Figure 8.2.: Simplified scheme of the effect of the scattered light from the homodyne photodiodes (in light blue) propagating towards the cavity close to resonance, for different cavity detunings, in different colours on the lower-right plot: 0 Hz (in red), 50 Hz (in black), 100 Hz (in blue), 200 Hz (in green), 250 Hz (in light blue) and 300 Hz (in purple) . The effect is amplified between 20 and 200 Hz due to the dither lines on EQB1 mirrors and the low lock precision of the filter cavity. The residual length fluctuation of the filter cavity is introducing an additional phase modulation, α(t).

Figure 8 . 3 .:

 83 Figure 8.3.: Feedback control loop diagram to mitigate scattered light from the homodyne photodiodes.A 500 Hz dither line is introduced on a mirror in the path of the scattered light (M4). The differential audio signal from the homodyne is demodulated at the dither line frequency to obtain the error signal which is filtered and sent as a correction to the piezo actuator on M4 (and also M6 in the case of high seismic activity). A 500 Hz correction line is introduced on the LO path to compensate for the additional phase noise due to the dither line.

Fig. 8 .

 8 Fig.8.[START_REF] Misner | Freeman and company[END_REF] shows the differential audio channel of the homodyne detector when the SLL is open (blue) and closed (orange), when the cavity is far from the resonance. The error signal is filtered only with an integrator, see Sec. 2.4.1. The bump at low frequencies is reduced by an order of magnitude thanks to the SLL. However, the noise is reintroduced between 20 Hz and 100 Hz. This means that in this configuration it wouldn not have been possible to measure squeezing below 100 Hz. In conclusion, the SLL works but it reintroduces the noise at higher

Figure 8 . 4 .:

 84 Figure 8.4.: Differential audio channel of the EQB1 homodyne detector with the SLL open (blue) and closed (orange) when the cavity is far from resonance.

Figure 8 . 5 .:

 85 Figure 8.5.: Differential audio channel of the EQB1 homodyne detector with the SLL open (solid lines) and closed (dashed lines) for different FC detunings: 0 Hz (blue), 100 Hz (red) and 250 Hz (black).

2 . 4 . 1 )

 241 and making sure that it is lower than the CC loop one (∼3 kHz, see Sec. 5.4.2) to avoid the loops to be in conflict. The open loop transfer function has been measured with the SLL closed, sending only the LO on the homodyne detector to be in a simple configuration. It has been measured from Eq. 2.58 being Y (s) the perturbation sent on the mirror M4 (along the direction of the beam Z) and X(s) the signal detected by the homodyne detector. We injected a sine wave noise at different frequencies (swept sine injection) to measure the amplitude of the line in the tranfer function. The graph of the SLL Transfer Function (TF) amplitude is shown in Fig. 8.6, taking

Figure 8 . 6 .

 86 Figure 8.6.: Transfer Function amplitude of the SLL computed from sine wave noise injections. The UGF of the loop is at ∼12 Hz.

Figure 8 . 7 .:

 87 Figure 8.7.: Optimization of the dither line amplitude in order to maximize the Signal-to-Noise Ratio (SNR) of the error signal of the SLL.

Figure 8 . 8 .:

 88 Figure 8.8.: Optimization of the compensation line on the CC loop error signal. The blue solid curves represents the signal without the compensation line and the blue dashed line its RMS. The magenta solid curve represents the signal with the optimized compensation line and the magenta dashed line its RMS.

  2.4.1) at different frequencies to able to send a larger correction at low frequency and to filter the high frequency, that is what we refer to as boost. The different consifigurations tried are shown in Fig. 8.9 and they are • SLL open, integrator (pink);

Figure 8 . 9 .:

 89 Figure 8.9.: Differential audio channel of the homodyne on the top and SLL error signal channel on the bottom. The different curves represent different gains and parameters for the correction filter (as listed in the text). The optimal configuration is filtering with a boost at low frequency with a pair pole (f = 0.1, Q = 0) and zero (f = 5Hz, Q = 0) and gain = 2500 (light pink curve).

6 . 1 .

 61 The loop was closed in this condition by placing the cavity at its resonance or slightly detuned. The effect of the new longitudinal cavity control loop and the SLL closed in this condition, is shown in Fig.8.10 and 8.11 (for the filter cavity in resonance and detuned by 100 Hz respectively). The blue curves represent the effect of scattered light with low lock precision and the red ones with improved lock precision (∼2 Hz lock precision). The structures present between 20 and 200 Hz are reduced when the lock precision improves because the residual longitudinal motion δl rms of the cavity decreases (see Sec. 8.2). The yellow curves refer to when the scattered light loop is closed with high lock precision. The structures due to the scattered light noise above the UGF (∼12 Hz, see Sec. 8.4.1) are not corrected by the SLL. The loop however reduces the optical path oscillations introduced by the relative motion z r (t). Therefore the scattered light noise at the dither lines frequency (the ones applied to the mirrors on the EQB1 green path) is unchanged but closing SLL narrows the noise around the dither frequencies. This happens because the modulation of the optical path is lower, see Eq.

6. 14 .

 14 Since the amount of scattered light does not vary, the area subtended by the noise peaks is the same, but with the loop closed, the peaks are sharper. The next step is to change the cavity anglular control strategy in order to avoid the effect introduced by the dither lines on the green.

Figure 8 .

 8 Figure 8.10.: Homodyne differential audio channel only with the LO beam in low lock precision condition (in blue) and in high lock precision condition (in red) with the filter cavity on resonance. In yellow the behaviour of the scattered light with the SLL closed in high lock precision condition. The peak at 20 Hz is an oscillation of the loop that was not optimized during the measurement.

Figure 8 .

 8 Figure 8.11.: Homodyne differential audio channel only with the LO beam in low lock precision condition (in blue) and in high lock precision condition (in red) with the filter cavity detuned by 100 Hz. In yellow the behaviour of the scattered light with the SLL closed in high lock precision condition. The peak at 20 Hz is an oscillation of the loop that was not optimized during the measurement.

  loop engaged. The final SLL filter parameters are: double pole at 0 Hz, Q = 0; pole at 0.01 Hz, Q = 0; zero at 0.5 Hz, Q = 0; pole at 15 Hz, Q = 0; gain at 1 Hz of 250. In Fig.8.12 the homodyne audio differential channel during the squeezing (in red), shot noise (in black) and anti-squeezing (in blue) measurements is shown with the cavity detuned by 120 Hz. The solid lines refer to when the SLL is open and the dashed lines to when SLL is closed. It can be seen that it is possible to run the two loops together and that no noise is reintroduced between 20 -200 Hz thanks to the high filter cavity longitudinal lock precision (1 Hz). Furthermore, the structures seen in Sec. 8.4.5 are not present as the angular control of the cavity no longer uses dither lines but the wavefront sensing technique, performed with quadrants in reflection from the cavity. The scattered light noise between 5-8 Hz is reduced by 25 dB for squeezing and shot noise. However, this is still not the ideal loop configuration as a further 5 dB reduction is needed to suppress all the noise.

Figure 8 .

 8 Figure 8.12.: Frequency dependent squeezing measurement at 120 Hz with the SLL loop both open (continuous lines) and closed (dashed lines): shot noise in black, squeezin in red and anti-squeezing in blue.

Fig. 8 .

 8 Fig.8.13 shows the behaviour of the loop with a detuning of 50 Hz, which is close to the target of AdV+. The level of anti-squeezing goes below the shot noise at low frequencies but it is necessary to better optimize the SLL loop so that the reduction of the noise can be appreciated from 20 Hz downwards.

Figure 8 .

 8 Figure 8.13.: Frequency dependent squeezing measurement at 50 Hz with the SLL loop both open (continuous lines) and closed (dashed lines): shot noise in black and anti-squeezing in blue.

9. 1 .

 1 It is the p-polarized light reflected by the Faraday Isolator on SDB1, having very similar parameters as the s-polarized dark fringe beam. The initial work is conducted with the SQB1 bench in-air in order to measure the parameters of the ITF and squeezed beams with a beam

Figure 9 . 1 .:

 91 Figure 9.1.: Interface between the squeezing system (SQB1 on the top) and the detection system (SDB1 on the bottom).

5 . 3 )

 53 , we measured the parameters of the beam coming from the FC on SQB1 to check if it was in agreement with what was expected. The beam propagation study was carried out with the BAB, which has the same characteristics (beam waist and Rayleigh range) as the squeezed beam.

Figure 9 . 2 .:

 92 Figure 9.2.: Positions of the beam profiler during the data taking. On the left is shown the measurement of the beam reflected by the filter cavity going to the ITF; on the right is shown the measurement of the spurious beam coming from the ITF.

Figure 9 . 3 .:

 93 Figure 9.3.: Profile of the BAB beam in the positions shown in Fig. 9.2 (left), i.e. from the FC to the ITF. The position zero refers to the SQB1_M31 mirror position.

Figure 9 . 4 .:

 94 Figure 9.4.: Profile of the ITF spurious beam in the positions shown in Fig. 9.2 (right). The position zero refers to the SQB1_M31 mirror position.

Figure 9 . 5 .:

 95 Figure 9.5.: Beam reflected by the FC measured on SQB1 and going to the ITF and Gaussian fit. The position zero refers to the SQB1_M31 mirror position.

Figure 10 . 1 .

 101 Figure 10.1.: OMC cavity design. The input beam comes from the interferometer and it containsthe carrier and the higher order modes. The cavity cleans the beam and transmits the TEM00 that will reach the B1 detector. The reflected beam contains the higher order modes.

  2 mm; • The optical length as L opt = 2nL geo , where n = 1.45 is the refractive index of the fused silica.

Figure 10 . 2 .:

 102 Figure 10.2.: Geometry of the output mode cleaner cavity, after polishing. The dimensions are indicated in mm, and the angles in degrees. The piece thickness is 10 mm. In blue it is indicated L * = 2L geo . Figure adapted from [111].

Figure 10 . 3 .:

 103 Figure 10.3.: Power transmitted by the OMC cavity. The static cavity length variation δl 0 is given by the lock precision of the cavity and it is seen as a power reduction δP 0 in the transmitted power. The dynamic cavity fluctuation δl(f ) is the cavity length noise and it is seen as power fluctuation δP in the transmitted power. The dependency of the power can be also be expressed in terms of frequency ν as shown in Sec. 2.1.2.

. 5 )

 5 From Eq. 10.5, one gets for ∆l 0 << λ a cavity length noise, in terms of relative power fluctuation, of δP P = 32F 2 ∆l 0 λ δl λ .(10.6) 

  2.4.1). The control loop correction is sent both to Peltier cells, which act on the cavity temperature, and to a piezoelectric actuator, which imparts mechanical compression to the cavity. These actuators are shown in Fig. 10.4: the two Peltier cells are located below the copper plate on which the cavity is placed and the piezo-electric actuator (5 × 5mm 2 ) is located above the cavity, held by a screw.

Figure 10 . 4 .

 104 Figure 10.4.: OMC cavity mounted on its support. On the bottom there are two Peltier cells used for the temperature control and on the top there is a piezo-electric screw (PZT) used for the mechanical control. Credit P. Spinicelli.

Figure 10 . 5 .:

 105 Figure 10.5.: Simplified scheme of the set-up on the bench in the optics laboratory at LAPP. The two steering mirrors in front of the high finesse cavity are used to align the OMC.

Figure 10 . 6 .:

 106 Figure 10.6.: Alignment of the OMC cavity. On the left the modulation of the laser frequency performed by changing the temperature. On the right the cavity transmission detected by the photodiode: the fundamental mode TEM00 in the middle and higher order mode around.

Fig. 10 . 7 ,

 107 the temperature scan of the cavity is shown: on the left the temperature variation read by a thermometer in contact with the cavity and the right the OMC transmission, showing a free spectral range (see Sec. 2.1.2). We left the cavity scanning for several days to have more statistics and extract a precise value of the finesse.

Figure 10 . 7 .

 107 Figure 10.7.: OMC cavity scan, acting on the laser frequency (actuating on the laser crystal temperature). On the left the modulation of the laser frequency performed by changing the temperature. On the right the power transmitted by the OMC: the Free Spectral Range (FSR : ∆T ) is the distance between two consecutive resonances, in this case of the fundamental mode TEM00, δt is the width of the peak in correspondance of the half of the TEM00 (FWHM).
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 10842 Figure 10.8.: Histograms for the finesse of the OMC, calculated from the scans. The data were divided into three time intervals.

Figure 10 . 9 .:

 109 Figure 10.9.: Fit to derive the waist size of the beam transmitted by the OMC. The blue points are the w x data and the yellow line is the curve fitting those points. The red points are the w y data and the purple line is the curve fitting those points.

Figure 10 .

 10 Figure 10.10.: Histograms for the radius of curvature of the OMC, calculated from the scans. We divided the data in three time sets and we did then the average.

Figure 10 .

 10 Figure 10.11.: Layout of the modified area of the detection optical bench SDB1. On the left, the configuration during the observing run O3, with two OMC cavities. On the right, the configuration for the O4 observing run, with only one OMC cavity.

Figure 10 .

 10 Figure 10.12.: On the left the motorized wave-plates installed before the OMC cavity on SDB1 to tune the polarization matching. On the right the motorized counter-weight installed below SDB1 bench for the fine tuning of the OMC telescope, i.e. to balance the movement of the big meniscus lens along the beam axis placed on SDB1.

Figure 10 .

 10 Figure 10.13.: Alignment of the OMC cavity acting on the the positions of the last two mirrors before the cavity, using the picomotors (indicated by blue arrows on the left design). On the right, the alignment improvement seen by the powers on the photodiodes: the fist plot on the left represents the ratio between the transmitted and reflected cavity powers, the plot in the middle represents the decrease of reflected power and on the left plot the transmitted power is shown.

Figure 10 .

 10 Figure 10.14.: OMC temperature scan in single bounce configuration. We checked the alignment and mode matching by looking at the power on the first and second higher order modes.

First

  method: distance between SR and meniscus lensAt first, we improved the mode matching by increasing the distance between SR and SDB1 meniscus lens, as shown in Fig.10.15.

Figure 10 .

 10 Figure 10.15.: First method to improve the mode matching of the beam with the OMC: to change the distance between the Signal Recycling mirror (SR) and the meniscus lens. Not on scale.

  5 mm and the SR mirror by -3.0 mm. The total variation on SR-meniscus lens distance was 4.5+5.5+3 = 13 mm. At this point the misalignment losses were 1.7% and the mode mismatch was 0.64%, mostly due to astigmatism. The signals relative to the matching improvement are shown in Fig. 10.16. It is not possible to leave these positions of SR and SDB1 during the science run as SR position should be set by the tuning of Signal Recycling Cavity (SRC) cavity length, and a large mis-centering of SDB1 may induce extra control noise. It was therefore decided to act on the other components of the telescope.

Figure 10 .

 10 Figure 10.16.: Mode matching improvement by adjusting the distance between SR and the telescope.The left plot shows the power transmitted by the OMC cavity during a temperature scan, where the different modes are present. The middle plot shows the z-position of the bench SDB1. The left plot shows the increase of the ratio between the transmitted and reflected powers, meaning that the matching is improving.

Figure 10 .

 10 Figure 10.17.: Second method to improve the mode matching of the beam with the OMC: longitudinal displacement of the parabolic mirror MMT_M1, compensating with MMT_M2.

  cavity (see Fig. A.1 (c)) or due to a displacement of the waist position (see Fig. A.1 (d)).

(A. 1 ) 1 H 1 2 H 3

 11123 for a field propagating along the z direction. H n (x) and H m (y) represents the Hermite polynomials with the non-negative integer indices n and m which determine the shape of the profile in the x and y directions, respectively. w 0 is the beam waist, w(z) is the beam size at the position z and z R is the Rayleigh range (defined in Eq. 5.1 and 5.2). The expression of the low order Hermite polynomials isH 0 (x) = (x) = x H 2 (x) = 4x 2 -(x) = 8x 3 -12x. (A.2)The intensity distribution of HG modes of order N = n + m is shown in Fig.A.2. 

Figure A. 2 .

 2 Figure A.2.: Hermite-Gaussian and Laguerre-Gausian mode indices and intensity profiles for mode order N ≤ 3. N = n + m for HG modes and N = l + 2p for LG modes. Figure from [121].

Fig A. 2

 2 (c) with a waist mismatch, the input beam (w 0 ) can be decomposed on the basis of the cavity modes (with w 0 ) asE 0 = α • E 0 + • E 01 + ... (A.3) 

Figure B. 1 .:

 1 Figure B.1.: The main beam propagating from SQB1 to SQB2 inside the linking tube is represented in blue. The ghost beam generated by the mirror SQB1_M22 and propagating inside the tube is shown in green. The ghost beam generated by the mirror SQB1_M23 and propagating inside the tube is shown in pink. The optimal baffle position to properly dump the two ghost beams is at 3 meters from the SQB1 edge. The horizontal red lines represent the linking tube internal surface.

Figure B. 2 .:

 2 Figure B.2.: The main beam propagating from SQB2 to SQB1 inside the linking tube is represented in blue. The ghost beam generated by the mirror SQB2_M1 and propagating inside the tube is shown in green. The ghost beam generated by the mirror SQB2_M2 and propagating inside the tube is shown in pink. The optimal baffle positions to properly dump the two ghost beams are at 1.75 meters and 3 meters from the SQB1 edge. The horizontal red lines represent the linking tube internal surface.
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 3252728313233363764106511 Figure B.3.: The main beam propagating from SQB2 to the filter cavity input mirror inside the linking tube is represented in blue. The ghost beam generated by the mirror SQB2_M1 and propagating inside the tube is shown in green. The ghost beam generated by the mirror SQB2_M2 and propagating inside the tube is shown in pink. The optimal baffle positions to properly dump the two ghost beams are at 2.75 meters and 4.80 meters from the SQB2 edge. The horizontal red lines represent the linking tube internal surface.

  photodiodes: the fist plot on the left represents the ratio between the transmitted and reflected cavity powers, the plot in the middle represents the decrease of reflected power and on the left plot the transmitted power is shown. . . . . . .

Figure from [ 121

 121 Figure from [121]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6. 10 .

 10 Comparison between the values f r measured during O3 (Tab. 6.1) and the estimate done for O3 and O4. (*) For SDB1 and SDB2 the B1 transfer function has been used to extract the measured O3 f r values (see Sec. 6.1). (**) On SNEB it has been considered that one quadrant shutter was open in O3. (***) On SWEB it has been considered that the quadrant shutters were both closed. 7.1. Dimentions of each diaphragm. We need two for each of them since each of them is coated only on one side but we want to catch light on both faces, to be sure to dump as much stray light as possible. (*) refers to the oblong one shown on the right of Fig. 7.12. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7.2. Reflectance and Transmittance for HR and AR coatings for FC input (IM) and end (EM) mirrors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.1. Losses budget of the detection system between the observing runs O3 and O4, both pessimistic and target scenarios. In the pessimistic scenario the two cavities will not be replaced with the single one. . . . . . . . . . . . . . . . . . . . . . . 10.2. Comparison between the main specifications of the OMC cavities used during O3 and the OMC cavity that will be used in O4. . . . . . . . . . . . . . . . . . 10.3. Parameters used in the Eq. 10.3. . . . . . . . . . . . . . . . . . . . . . . . . . . 10.4. OMC surfaces coating requirement. The surfaces are defined in Fig. 10.2: 1 is the input surface, 4 is the output surface and 3 is the curved surface. Surfaces 1 and 4 are defined in order to have the required finesse. Surfaces 2 and 3 are coated as best as possible to minimize losses. . . . . . . . . . . . . . . . . . . . 10.5. Sideband parameters and simulation results [115]. The modulation index m indicated in the table refers to the maximum value that can be produced by the EOM. The values of the output values are given by the simulations. The OMC transmission is given for a finesse of 1000. . . . . . . . . . . . . . . . . . . . . . 10.6. Internal loss contributions per round-trip. . . . . . . . . . . . . . . . . . . . . . 10.7. Measured losses comparison between the run O3 and O4. (*) alignment: 0.5% + MM: 0.64% + polarization tune: 0.08% = 1.2%. . . . . . . . . . . . . . . . . .
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Table 2 .

 2 

1.: List of all the main Virgo beams, indicating the bench where they are detected. (*) SIB2 has been suspended for the first time during the O4 commissioning.

  Sec. 2.4.2) and to keep only the GW signal. More details on the OMC are given in Ch. 10. The beam transmitted by this cavity is called B1. A small pick-off, called B1p, bypasses the OMC, reaching directly the sensors. There are several other pick-offs used to monitor the powers in

the ITF cavities and to control their length and alignment. The beam reflected by the Power Recycling Cavity (PRC) is called B2. The beam sensing the power inside the PRC is called B4 and it is extracted by the Pick-Off Plate (POP). The POP is tilted by an angle of 6 deg with respect to the PRM. The beams transmitted by the Fabry-Perot arm cavities are B7 and B8

Table 2 . 2

 22 

.: Main parameters of AdV+ compared with the ones od AdV duing O3.

Table 4 .

 4 

	Parameter FIS during O3	FDS for O4
	Optical losses	(36.5 ± 4.5)%	(22 ± 4)%
	Phase noise	(45 ± 40) mrad (40 ± 20) mrad

1.: Filter cavity parameters required for O4

[START_REF]Advanced Virgo Plus phase I -design report[END_REF]

, for 10 dB of injected squeezing. Round-trip losses and mode matching are optical losses and the longitudinal residual motion accounts as phase noise.

The level of losses and phase noise for run O3 (measured) and run O4 (expected), taking into account the values of Tab. 4.1, is shown in Tab. 4.2.

Table 4 . 2

 42 

.: Comparison between the measured squeezing degradation during O3 and the expectations for O4

[START_REF]Advanced Virgo Plus phase I -design report[END_REF]

, for 10 dB of injected squeezing.

Table 4 . 3

 43 

		Value	Mirror parameter Value
	Length L f c	285 m	Material	Suprasil
	Finesse at 1064 nm	11000	Diameter	15 cm
	Finesse at 532 nm	100	Thickness	9 cm
	∆ω f c	2π × 25 Hz	Wedge (FCIM)	220 µm
	F SR f c	526 kHz	Radius of curvature	558 m

.: Main nominal parameters of the filter cavity

[START_REF]Advanced Virgo Plus phase I -design report[END_REF]

.

Table 4 . 4
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	Filter Cavity Input Mirror	
	Parameter	AdV+ requirements LMA measurement
	Flatness RMS, S1	< 2 nm RMS	0.58 nm RMS
	Radius of curvature	(558 ± 10) m	(557.9 ± 0.2) m
	Average scattering at 1064 nm, S1	-	5.5 ppm
	Absorption HR at 1064 nm, S1	-	0.7 ppm
	Reflectivity AR at 1064 nm, S2	< 200 ppm	(4.5 ± 3) ppm
	Reflectivity AR at 532 nm, S2	< 500 ppm	1150 ppm
	Transmission at 1064 nm	(610 ± 80) ppm	(562 ± 1) ppm
	Transmission at 532 nm	(3 ± 1.5) %	2.6 %
	Filter Cavity End Mirror	
	Parameter	AdV+ requirements LMA measurement
	Flatness RMS, S1	< 2 nm RMS	0.67 nm RMS
	Radius of curvature	(558 ± 10) m	(559 ± 0.9) m
	Average scattering at 1064 nm, S1	-	8 ppm
	Absorption HR at 1064 nm, S1	-	1.4 ppm
	Reflectivity AR at 1064 nm, S2	< 200 ppm	(7.6 ± 4) ppm
	Reflectivity AR at 532 nm, S2	< 500 ppm	515 ppm
	Transmission at 1064 nm	< 5 ppm	(3.16 ± 0.01) ppm
	Transmission at 532 nm	(3 ± 1.5) %	2.7 %

.: Input and end mirrors characteristics

[START_REF] Pinard | Input mirror characterization Advanced Virgo + filter cavity reference LMA : C20083 + C20087[END_REF][START_REF] Pinard | End mirror characterization Advanced Virgo + filter cavity reference LMA : C20092 + C20087[END_REF]

. S1 and S2 stand for Surface 1 and Surface 2 of the mirrors.

Table 5 .

 5 

1.: Calibration factors for the coil pairs on SQB1 and SQB2. H stands for horizontal and V stands for vertical.

Table 5 . 2

 52 

		Squeezing (dB) Anti-Squeezing (dB)
	AEI squeezer HD	3.4	6
	EQB1 HD	1.7	5
		New OPO	
	Homodyne	Squeezing (dB) Anti-Squeezing (dB)
	AEI squeezer HD	10.1	13.6
	EQB1 HD	3.5	11.6

.: Squeezing and anti-squeezing measurement with the homodyne inside the AEI squeezer and the EQB1 one, before and after the replacement of the OPO.

Degradation source Expected for O4 Measured in Measured in November 2021 June 2022

  

	Filter cavity RTL	40 ppm	31 ppm	31 ppm
	Phase noise*	20-60 mrad	30 mrad	30 mrad
	FC rms length fluctuation	< 1 Hz	8.3** Hz	∼1 Hz
	FC mode mismatch	2%	1%	1%
	SC to OPO mode mismatch	2%	1%	1%
	Propagation losses	2-3%	13-15%	7%

5.3 

Table 5 .

 5 

	3.: Comparison between the expected (with 4.5 dB quantum noise improvement at high
	frequency and 40W of ITF input power) and measured (on EQB1 HD during the com-

missioning of the system) losses for FDS. (*) The measured phase noise doesn't take into account the one coming from the propagation in the ITF. (**) A FC length fluctuation of 8 Hz rms allows to measure 4.5 dB of high frequency quantum noise reduction in the ITF without spoiling the low frequency.

Table 6 .1.:

 6 Fraction of re-coupled scattered light f r from the suspended benches measured in O3.

Table 6 .2.:

 6 Values of the BRDF (θ), where θ is the incidence angle, measured at LAPP with the back-scattermeter described in Sec. 6.2.1.

Table 6 .

 6 

	Element	α (ppm) RoC (m)	z R (m)	D (m)	f sp
	L1 1st surface	190	1.072	9.3 • 10 -3	-3.6	6.8 • 10 -11
	L1 2nd surface	42	3.195	52.4 • 10 -3	10.3	2.2 • 10 -10

3.:

Values of f sc of the optical elements on SDB1 computed from Eq. 6.7.

Table 6 .4.:

 6 Values of f sp of the meniscus lens L1 on SDB1 computed from Eq. 6.12, considering an incidence angle β = 0.

  4 • 10 -20

	B1s PD1	0.07	0.036	0.35 mm 4.9 • 10 -5 1.4 • 10 -16 1.9 • 10 -17
	B1s PD2	0.07	0.036	0.35 mm 4.9 • 10 -5 1.4 • 10 -16 1.7 • 10 -17
	B5 QD1	0.119	0.26	0.35 mm	3	1.2 • 10 -7	6 • 10 -7
	B5 QD2	0.149	0.26	0.35 mm	3	2 • 10 -7	6 • 10 -7
	B5 PD2	0.26	0.26	0.35 mm 4.9 • 10		

-5 

9.7 • 10 -12 9.7 • 10 -12

Table 6 .5.:

 6 Values of f sc of the optical elements on SDB2 computed from Eq. 6.7.

Table 6 .

 6 6.:Values of f sc of the optical elements on SNEB and SWEB computed from Eq. 6.7.

	Element	α (ppm) RoC (m)	z R (m)	D (m)	f sp
	L1a 1st surface (SNEB)	32	2.188	137	1153	1.6 • 10 -12
	L1a 2nd surface (SNEB)	26	-7.334	2.9 • 10 -3	-6.5	4.0 • 10 -10
	L1b 1st surface (SNEB)	230	-2.979	1.1 • 10 -3	-3.3	2.3 • 10 -9
	L1b 2nd surface (SNEB)	240	-4.5	9 • 10 -3	-11.5	6.1 • 10 -11
	L1a 1st surface (SWEB)	200	2.188	137	1153	9.9 • 10 -12
	L1a 2nd surface (SWEB)	270	-7.334	2.9 • 10 -3	-6.5	4.2 • 10 -9
	L1b 1st surface (SWEB)	320	-2.979	1.1 • 10 -3	-3.	

Table 6 .

 6 

8.:

Values of f sc of the optical elements on SPRB computed from Eq. 6.7.

Table 6 .

 6 

	10.: Comparison between the values f r measured during O3 (Tab. 6.1) and the estimate done
	for O3 and O4. (*) For SDB1 and SDB2 the B1 transfer function has been used to extract
	the measured O3 f r values (see Sec. 6.1). (**) On SNEB it has been considered that

one quadrant shutter was open in O3. (***) On SWEB it has been considered that the quadrant shutters were both closed.

Table 7 .2.:

 7 Reflectance and Transmittance for HR and AR coatings for FC input (IM) and end (EM) mirrors.

Losses in O3 Pessimistic losses in O4 Target losses in O4

  

	SDB1 Faraday Isolator	1%	1%	0.8%
	B1p pick-off	1.5%	0.75%	0.75%
	ITF-OMC1 matching	8%	5%	3%
	OMC1-OMC2 matching	2.5%	2.5%	0
	OMC internal losses	2%	2%	2%
	B1 PDs QE	1%	1%	1%
	B1 PDs dark noise	4%	4%	1%
	B1 minilink viewport	0.04%	0.04%	0.04%
	B1 path lenses	0.26%	0.26%	0.26%
	B1 path mirrors	0.1%	0.1%	0.1%
	Total	20.4%	16.7%	9.0%

Table 10 .1.:

 10 

  10.3.4. These losses are proportional to the finesse of the cavity,

	Properties	O3 OMC cavities	O4 OMC cavity
	Finesse (F)	123	1000
	Micro-roughness (σ RM S )	0.3 nm RMS	≤ 0.1 nm RMS
	Radius of Curvature (ρ)	1700 mm	1700 mm
	Material	Suprasil 3001 (fused silica) Suprasil 3001 (fused silica)

Table 10 .2.:

 10 Comparison between the main specifications of the OMC cavities used during O3 and the OMC cavity that will be used in O4.

Table 10 .5.:

 10 2.4.2. The parameters relative to O4 are reported in Tab. 10.5. Sideband parameters and simulation results[START_REF] Was | Requirement on relative amplitude modulation noise for O4[END_REF]. The modulation index m indicated in the table refers to the maximum value that can be produced by the EOM. The values of the output values are given by the simulations. The OMC transmission is given for a finesse of 1000.

	Sideband Modulation frequency index	ITF output power transmission OMC	B1 power
	Carrier	-	5 mW	1	5 mW
	6.27 MHz	0.25	10 mW	4.4 × 10 -3	44 µm
	56.44 MHz	0.25	599 mW	5.5 × 10 -5	33 µm

Table 10 .

 10 

7.: Measured losses comparison between the run O3 and O4. (*) alignment: 0.5% + MM: 0.64% + polarization tune: 0.08% = 1.2%.

All the optical schemes presented in this work are based on the Optical Component Library created by A. Franzen[START_REF] Franzen | Componentlibrary (a vector graphics library for illustrations of optics experiments)[END_REF].

In front of the input mirrors of the Fabry-Perot cavities there are the compensation plates (CPs), used to compensate for the thermal gradient introduced by the absorption of the beam in the substrates.

An operator Ô is Hermitian if Ô = Ô † , so if its eigenvalues are real, and our is not the case since α is a complex number.

Dither lines are sinusoidal modulations applied to the actuators around the working point, with the aim of extracting an error signal for a control loop.

This is not a real set point since the loop is closed in zero. We act on the demodulation phase to keep the error signal in a linear region.
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Chapter 7.

Ghost beams study and mitigation

The interferometer's optical benches have a complex optical layout and contain many elements.

These elements can create spurious beams, e.g. due to non-perfect anti-reflecting coatings, which propagate on the benches. These beams are called ghost beams. It is possible to trace them using a software called Optocad [START_REF] Schilling | OptoCad -A Fortran 95 module for tracing Gaussian TEM00 beams through an opticalset-up[END_REF], which is a Fortran 95 module for tracing Gaussian TEM00 (defined in Appendix A) beams propagation within an optical set-up. In Fig. 7.1 the propagation of a ghost beam on Optocad is shown. The incoming beam propagates and it is almost completely reflected by a mirror. However, a fraction of the beam is transmitted from the outer surface as the Highly Reflective (HR) coating has residual transmission (of the order of a few ppm). Subsequently, this beam arrives at the back surface and is partially reflected by Anti-Reflective (AR) coatings (a fraction of hundreds of ppm). The ghost beam generated in this way leaves the first surface and propagates on the optical bench where it can be scattered by diffusing elements, such as mirror mounts. The scattered light thus generated can re-couple with the main beam of the interferometer, introducing the noise described in Eq. 6.5 through the factor f extra in Eq. 6.6. A diaphragm lets the main reflected beam propagate and it dumps the ghost beam.

The approach followed was to trace the ghost beams from each optical element of the suspended benches with Optocad and calculate their power from the residual transmissivity η T and reflectivity η R of the optics [START_REF] Polini | Note on ghost beams study on frequency dependent squeezing system[END_REF][START_REF] Polini | Detection system ghost beam review (SDB1, SDB2)[END_REF][START_REF] Polini | PSL/INJ ghost beam review (LB, EIB[END_REF]. For example the power of the ghost beam in Part IV.

Preparation for squeezing injection into the ITF

HOMs and RF SBs filtering

The radius of curvature appears in Eq. 10.1 which describes the cavity transmission factor for both the carrier in its fundamental mode TEM00 and its higher-order modes TEMnm, but also for RF sidebands at different modulation frequencies, by setting different conditions.

The transmission of the carrier's higher-order mode TEMnm is obtained by setting the resonance condition 2πLoptν c = 0 in Eq. 10.1 and fixing the order N = n + m.

The transmission of the RF sidebands is obtained by setting ∆ν = 6 MHz or 56 MHz in Eq.

10.1.

Scattered light constraint

The scattered light produced by the OMC cavity surfaces is inversely proportional to the waist of the cavity squared w 2 0 (see Eq. 6.7) and therefore to the cavity radius of curvature ρ from Eq. 10.2.

Thermo-refractive noise constraint

The thermo-refractive noise (δl tr ) is inversely proportional to the cavity waist squared and therefore to the radius of curvature, from Eq. 10.2. This noise is described by the relation [START_REF] Marque | Output mode cleaner length noise[END_REF] 

The parameters used in the Eq. 10.3 are summarized in the Tab. 10.3.

Its coupling to the sensitivity is discussed in Sec. 10.1.3.

Parameter Symbol Value

Temperature dependence of the refractive index From these considerations, a radius of curvature of 1700 ± 8 mm was chosen, which corresponds to a beam of waist 321.0 ± 0.4 µm. The tolerance on the radius of curvature takes also into account manufacturing error bars.

Finesse

The finesse of a bow-tie cavity, whose surfaces have reflectities ∼ 1, is given by

where r 1 , r 2 , r 3 , r 4 are the reflectivities of the mirrors of the cavity.

The values of these reflectivities for the new high finesse cavity are reported in Tab. 10.4 [START_REF] Gouaty | Specifications for the coating of OMC cavities of finesse = 1000[END_REF] and from Eq. 10.4, the finesse of the cavity is 1032 ± 34. The surfaces are defined in Fig. 10.2: 1 is the input surface, 4 is the output surface and 3 is the curved surface. Surfaces 1 and 4 are defined in order to have the required finesse. Surfaces 2 and 3 are coated as best as possible to minimize losses.

Surface

A higher finesse with respect to O3 was needed to be able to filter the 6 MHz sideband (following Eq. 10.1), that was not needed before. However, the value of the finesse cannot be too high in order not to increase too much the internal losses and the cavity length noise.

Therefore it has been chosen as a compromise between these different constraints:

• keep the internal losses below 2%;

• keep the length noise well below the AdV+ sensitivity curve;

• filter the RF sidebands.

Internal losses constraints

The internal losses of the OMC cavity are amplified by the number of round-trips done by the beam inside the cavity. This number is proportional to the finesse. Considering the internal losses contributions it has been estimated that the finesse cannot be higher than 1000 to be within 2% of internal losses, as it will be detailed in Sec. 10.3.4.

Cavity length noise constraints

The coupling of the OMC length noise is proportional to the square of the finesse as will be explained here. The power losses L are defined as L = 1 -R -T , where R and T are the reflected and transmitted powers (P R and P T ) normalized by the cavity input power P I . The power reflected, transmitted and at the input of the cavity have been measured using an integrated sphere to have a more precise measurement compared to a powermeter. The sphere has been calibrated

using the powermeter and we verified that its response was linear in the range of powers we are measuring. To estimate the OMC losses, we measured the powers P I , P R and P T with the integrating sphere. The sphere requires the beam to enter at a negligible angle of incidence in order to make an accurate measurement of its power. For this reason, we made sure that the beam propagated along the optical bench for a length of about 60 cm before entering the sphere, so that it could be aligned with the detection axis. For each power value, we performed several power measurements at the same position, repositioning the sphere on the beam and taking the standard deviation of the measurements as error.

The measured value of internal losses is L = (2.89 ± 0.13)%. Since the expected internal losses of the cavity are expected to be ≤ 2%, we cleaned the cavity with a cleaning solution composed by a polymer called First Contact. We repeated the measurement twice and we obtained L = (2.12 ± 0.13)% and L = (1.98 ± 0.06)% meaning that the cleaning reduced the losses. The average of the two results is (2.05 ± 0.10)%, which is slightly higher than the theoretical estimation. The small discrepancy between the two values can be due to surface defects and residual dust contamination.

Finesse

The finesse has been chosen for the new output mode cleaner to be 1000 in order to allow a good filtering of the 6 MHz sidebands. To measure the finesse value of the cavity we scanned it over its entire spectal range and we acquired the power in transmission of the cavity, see Eq.

10.1. The FSR scan of the OMC can be performed acting on two different observables of Eq.

10.1:

• the laser frequency ν;

Regarding the mitigation of scattered light in post O5, it has been considered to mount the input lenses of the suspended benches on motorized rotating supports in order to reduce specular reflections that re-couple with the Virgo main beam.

The work presented in this thesis and the prospects it opens up will allow Virgo's sensitivity to be improved, making it possible to see larger portions of the cosmos and to have a greater knowledge of the universe in which we live.

Appendix A.

Alignment and mode matching of Gaussian beams

If a laser beam is not perfectly aligned and mode matched to an optical cavity, it introduces optical losses on the squeezed field (see Sec. 

where L l p is a generalized Laguerre polynomial, with l and p called the radial and angular mode numbers respectively. The expression of the low order Laguerre polynomials is

The intensity distribution of LG modes of order

For the beam to be well matched with the cavity, it is necessary to act on the size and position of the waist of the incident beam to reduce the order and power of the LG modes. The beam mode matching is given by the power ratio on the LG higher order modes and the fundamental mode TEM00 of the cavity.

Appendix B.

Ghost beams propagating inside the linking tubes

The ghost beams generated on the optics at the ends of the SQB1 and SQB2 benches propagate inside the linking tubes and can strike their inner surface, producing scattered light that re-couples with the main beam. More details on this analysis can be found in [START_REF] Polini | Note on ghost beams study on frequency dependent squeezing system[END_REF].

B.1. SQB1-SQB2 linking tube

The pipe connecting SQB1 and SQB2 is 12 meters long.

In the direction from SQB1 to SQB2, there are ghost beams generated by the SQB1_M22 and SQB1_M23 mirrors that cannot be stopped directly on the bench and therefore propagate into the pipe. Their propagation is shown in Fig. B.1 where the proposed position of the baffle is shown, i.e. 3 meters away from the start of the tube. This is the position that allows the ghost beam to be sufficiently separated from the main beam and allows the baffle to catch the ghost beams before they hit the tube.

In the direction from SQB2 to SQB1, i.e. for the direction in reflection from the cavity, the ghost beams produced by SQB2_M1 and SQB2_M2 cannot be stopped on the bench as they overlap too much with the main beam. Actually, there is a risk of hitting the inner surface of the tube, which is why it was decided to install the baffles indicated by the vertical grey lines