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Abstract: The Virgo detector, based at the EGO (European Gravitational Observatory) and located
in Cascina (Pisa), played a significant role in the development of the gravitational-wave astronomy.
From its first scientific run in 2007, the Virgo detector has constantly been upgraded over the years;
since 2017, with the Advanced Virgo project, the detector reached a high sensitivity that allowed
the detection of several classes of sources and to investigate new physics. This work reports the
main hardware upgrades of the detector and the main astrophysical results from the latest five years;
future prospects for the Virgo detector are also presented.

Keywords: gravitational waves; advanced virgo; interferometer; suspensions; optics; squeezing;
multi-messenger astronomy; neutron stars; black holes; data analysis methods

1. Introduction

Gravitational waves (GWs) are transverse perturbations of the space-time metric
produced by non-spherically symmetric accelerating masses. As predicted by general
relativity, a passing gravitational wave will create alternating compression and expansion
at orthogonal angles, i.e., producing a measurable strain in the space-time fabric. Two
polarizations are permitted in standard general relativity: the plus-polarization, 4, and the
cross-polarization, x, which is the plus-polarization rotated by 45 degrees.

Gravitational waves encode several physical properties of their astrophysical sources,
such as, for binaries, the component masses, spins, sky location, and distances. Unlike
electromagnetic radiation, gravitational waves can pass through any intervening matter
without being scattered significantly [1]. Moreover, some astrophysical phenomena such
as a merger of binary neutron stars, a neutron star—black hole merger, or a core-collapse
supernova are expected to emit gravitational and electromagnetic waves, and neutrinos:
GW detections potentially enable multimessenger studies of these objects.

Since 2015, more than 50 gravitational-wave events have been directly detected by
the Laser Interferometer Gravitational-Wave Observatory (LIGO) [2] and the Virgo [3]
detectors, all emitted by binary compact objects and reported in the 1st and the 2nd
Gravitational-Wave Transient Catalogs, respectively GWTC-1 [4] and GWTC-2 [5].

In this work, we review the status of the Virgo detector and the main achievements
reached in the field of GW astronomy in the last few years. The paper is organized as
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follows: Section 2 gives a broad outline of the main astrophysical sources of gravitational
waves and Section 3 describes the Italian gravitational-wave infrastructures; the main body
of the paper is composed of Section 4, reporting a detailed description of the Advanced
Virgo interferometer, Section 5, focusing on its performance during the latest observing run
and Section 6, reviewing data analysis techniques and main scientific results; finally, we
discuss future prospects for the Advanced Virgo project in Section 7 and conclude with
Section 8.

2. Astrophysical Sources

The main astrophysical sources of GWs in the frequency range at which ground-based
interferometers are sensitive (10 Hz—10 kHz) are: coalescing binary systems of compact
objects (CBCs) composed by neutron stars (NSs) and/or stellar-mass black holes (BHs),
core-collapsing massive stars and isolated NSs. Along with the more standard searches
for GW from NSs or BHs, interferometric data can be used to look for more exotic signals
such as those associated with Dark Matter (DM) candidates or with sources from the
early universe.

CBC systems emit GWs detectable by current GW detectors in the last moments of their
life: during the last orbits of the inspiral phase, during the merger phase and potentially
during the post-merger phase. These events are very energetic: for instance, for GW150914
the energy radiated in GWs has been estimated to be ~3 M, [6]; the GW radiation from
these systems is accurately modeled by post-Newtonian approximation for the inspiral
phase, numerical relativity simulations for the merger phase and general-relativistic per-
turbation methods for the ringdown (if the remnant is a BH), therefore the GW signals are
typically searched with the “matched filter modeled searches” (see Section 6). NS-NS and
possibly NS-BH merging systems are also expected to emit electromagnetic (EM) radiation
(see [7] for a review). They are thought to be the progenitors of short Gamma Ray Bursts
(GRBs): intense and highly variable flashes of y-rays whose duration is <2 s (the prompt
emission), sometimes followed by a long-lasting afterglow emission at lower energies
(X-rays, optical, radio); these systems are also expected to isotropically eject a quantity of
neutron-rich matter; the radioactive decay of heavy nuclei that are synthesized in this ejecta
through r-processes produces a thermal optical /NIR emission: the “kilonova”. Finally,
the interaction of the merger ejecta with the interstellar medium can produce a radio blast
wave emission. The association between NS-NS mergers and short GRBs and kilonovae
has been recently confirmed with the multi-messenger observation of GW170817 (see
Section 6.3.3), while no EM emission has been observed so far in association with NS-BH
mergers. Stellar-mass BH-BH mergers are generally not expected to have EM counterparts
due to the absence of baryonic matter left outside the merger remnant; however, in recent
years several scenarios predicting the presence of matter around these systems have been
proposed (see, e.g., [8,9]) and recently a candidate optical counterpart to the BH-BH merger
GW190521 has been reported [10].

Core-collapsing massive stars (stars with masses larger than 8 M at their final evolu-
tionary stage) are expected to emit GWs if there is some asymmetry in the stellar envelope
ejection phase (see [11-13] for an overview). Large uncertainties are affecting our knowl-
edge on the collapsing phase of these objects, therefore the amount of GW energy released
is highly uncertain as well: multidimensional core-collapse simulations predict the GW en-
ergy to be in the range between 10~!! M, ¢? and 10~7 Mg, ¢?, but higher values are allowed
when more extreme GW emission scenarios, such as long-lived bar-mode instabilities, are
considered (see [14] and references therein). As a consequence, there is large uncertainty
also in the maximum distance at which these sources can be detected: if the realistic models
are considered, they could be detected by ground-based GW detectors within our Galaxy;,
while for the extreme scenarios they can be detected up to hundreds of Mpc [14]. Due to
the uncertainty in the modeling of the GW signal, GWs from core-collapsing massive stars
are searched with the so-called “unmodeled searches” (see Section 6). The core-collapse of
a massive star is accompanied by the emission of EM radiation. Specifically, a supernova
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(SN) emission at optical and radio frequencies is generally observed starting from days
to weeks after the collapse and it lasts from weeks (optical) to years (radio). Such optical
and radio emission can be preceded by a bright UV /X-ray flash of radiation produced
when the shock wave generated by the collapsing core reaches the surface of the star: this
is the so-called “shock break-out” (SBO) emission (see, e.g., [15,16]). Furthermore, there is
observational evidence of the association between core-collapse of massive stars and long
GRBs that are characterized by a longer duration (>2s) of the prompt emission and a softer
spectrum with respect to short GRBs (see, e.g., [17,18]). Finally, during core-collapse super-
novae also neutrinos are emitted, as confirmed by the detection of MeV neutrinos from SN
1987A [19-21]. In addition, GRBs and SNe are expected to produce relativistic outflows
in which protons and nuclei can be accelerated; such particles can produce high energy
neutrinos by interacting with the surrounding medium and radiation (see, e.g., [22]).

Isolated NSs can emit GWs through different mechanisms (see [23] for a review).
For instance, rotating NSs with very intense magnetic fields, of the order of 10'° G, can
undergo starquakes (see, e.g., [24]): when this happens, asymmetric strains can temporar-
ily modify the geometry of the star and GWs are expected to be emitted (see, e.g., [25]).
The expected amount of GW energy emitted is highly uncertain (it might be in the range
1010 M, c2-107% Mg, ) and the GW waveform is uncertain as well, therefore the cor-
responding GW signals are searched with the unmodeled searches (see Section 6). EM
phenomena possibly associated with these starquakes include soft gamma repeaters and
anomalous X-ray pulsars, which are sporadic emissions of short bursts of gamma-rays
and X-rays (see [20] for a review). GW emission associated to starquakes can also be
accompanied by a radio/X-ray pulsar glitch: a sudden increase in the rotational frequency
of the pulsar, followed by exponential decays, which bring back the pulsar to the initial
value (see e.g., [27]).

Fast-spinning NSs are also expected to emit GWs continuously if they are asymmetric
with respect to their rotation axis [28]. This happens both for isolated NSs or NSs in
accreting systems like X-ray binaries. Potential targets are galactic sources. The energy
released, as the star spins, is almost monochromatic and with a frequency proportional to
the star’s spin frequency. Although the GW emission mechanism is widely understood,
the actual factors which cause the asymmetry in the star are still under debate. Some
scenarios include the possibility that the asymmetry is due to the presence of residual
crustal deformations (e.g., after a fast cooling of the NS crust causing its breaking), the
presence of a strong inner magnetic field not aligned with the star’s rotation axis, or the
presence of magnetic or thermal “mountains” (see [23] for a review). The maximum
ellipticity (i.e., deformability) the star can sustain depends on both the NS equation of state
(EOS) and the breaking strain of the crust [29].

Different methods are used to search for these signals (see Section 6), also known as
continuous waves (CW), according to the information available about the source. If the
sky position of the source and its rotational parameters are known from EM observations,
the so-called “targeted” or “narrow-band” searches are done using matched filtering (see,
e.g., [30-33]). When only the sky position of an interesting source is known (or known
with a small uncertainty), “directed” searches are performed, e.g., looking for supernova
remnants [34-36] or sources in interesting sky regions like the Galactic Center or globular
clusters [37], where a huge number of CW emitters are expected to be present. In this case,
both modeled or unmodeled searches can be applied. Finally, when no parameter about
the source is known, blind “all-sky” searches are performed (see, e.g., [38,39]). In this case,
unmodeled or template-grid searches are used. For a review of CW signals and associated
searches, see [40,41]. No transient or continuous GW emission from isolated NSs has been
observed so far. The future detection of this type of signal would shed light on the internal
structure of NS, hence on the EOS, given the relation of the GW amplitude to the star’s
moment of inertia and the star’s ellipticity. CWs are then unique probes of the fundamental
interactions happening inside NSs, which represent themselves as ideal laboratories to test
fundamental physics and high-energy astrophysics in the strong-gravity regime [42].
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The superposition of GW signals from various unresolved astrophysical and cos-
mological sources can generate a stochastic GW background (SGWB). The main sources
that can contribute to the SGWB are: Core-Collapse SuperNovae (CCSNe) [43—45], NSs,
CBCs, cosmic strings [46-48] and GWs produced during inflation [49-51]; among them,
the most promising contribution for ground-based GW detectors come from CBCs that
might be detectable by Advanced LIGO and Advanced Virgo at design sensitivity (see,
e.g., [52]). The detection of the SGWB can provide unique information about astrophysical
source populations (for instance, the merger rate of compact binary systems and the star
formation history) and the physical processes in the very early Universe. No evidence for
SGWB has been found so far, and upper limits on the GW background energy density have
been placed.

GW detectors can also be exploited in the search for evidence of DM [53] (see
Section 6.3.6). In the last couple of years, a brand-new branch of investigations of DM
candidates using interferometric detectors took place. Although the principal aim of exper-
iments like Virgo is to directly detect the GW strain produced by compact objects like BH
and NS, the same principle can be used to investigate the effects of DM particles. This can
be achieved by looking for particles directly interacting with the detector and/or for GW
signatures produced by DM particles in the proximity of astrophysical objects; for a review
of all the DM candidates that can be investigated using GWs, see [54].

A good fraction of DM particles could be represented by ultra-light bosons, including
dark photons or Quantum-Chromo-Dynamics axions [55-57]. Gravitational wave detectors
can also search for primordial black holes, i.e., small black holes below 1.5 solar masses,
resulting from density fluctuations in the very early Universe [58]. These primordial BHs
are supposed to contribute to a fraction of the dark matter energy density [59].

3. A Brief Historical Background of Italian GW Research Infrastructures

The prospect of opening a new window to investigate the Universe and the wealth
of astrophysical properties that can be measured through GWs (briefly highlighted in the
previous section) clearly motivated the development of GW experiments but, given the
smallness of the expected signals and the related technological challenges, the path from
theory to detection has been long and non-trivial.

In the 1970s, a new attitude of the scientific community towards Einstein’s theory
of gravitation—as well as the attention drawn by Joseph Weber’s claims [60]—led to
the formation of various GW groups all over the world; among those, the Rome group,
established by Edoardo Amaldi and Guido Pizzella in 1970, was the first experimental GW
group in Italy [61].

Their main project was building a cryogenic resonant bar detector, as part of an
international collaboration with the Stanford University and Louisiana State University
groups. The idea behind this kind of detectors was that, on the occurrence of a catastrophic
gravitational collapse of astrophysical origin, the incoming GW, while impinging on an
aluminum bar cooled to liquid He temperatures, exerts a tidal force causing the object
to resonate at its characteristic resonant frequency, i.e., depositing a tiny yet measurable
quantity of energy.

The cryogenic and ultra-cryogenic bar detectors that were built in the following
25 years were the reference for GW experiments. In particular, the last to be built, which
are Explorer [62,63] (hosted at CERN), Nautilus [64,65] (hosted at the INFN laboratories of
Frascati) and Auriga [66,67] (hosted at the INFN laboratories of Legnaro), formed, together
with the Allegro detector at Louisiana State University [68] and Niobe at the University of
Western Australia [69], the first global network of GW detectors, within the framework of
the International Gravitational Events Collaboration (IGEC) [70-72].

Though such detectors failed to achieve the sensitivity needed to detect GWs, they
paved the way for the laser interferometers. Italian universities and INFN [73] played a cru-
cial role in this early stage of the experimental GW field by fostering various technological
developments and training a whole generation of physicists.
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In the meanwhile, the idea of a laser interferometric detector measuring the relative
motion of test mass mirrors had been gaining momentum: this new approach was tested
on prototype test facilities, while accumulating evidence for the viability of larger km-scale
interferometers, both in the USA and Europe.

During the 1980s, both the LIGO and Virgo design studies were reaching maturity,
which then led to the official proposals towards the end of the decade; here we will focus
on the European project, Virgo: the initial proposal for a “long baseline interferometric
antenna for the search of gravitational waves” [74] dates back to 1987, when Adalberto
Giazotto and Alain Brillet, respectively from the Italian INFN [73] (Pisa division) and the
French CNRS [75], together with other scientists, compiled the proposal of a project for an
interferometric detector for gravitational waves. This proposal integrated the experience of
the IRAS (“Interferometro per la Riduzione Attiva del Sisma”—Interferometer for Seismic
noise Active Reduction) [76] experiment, which proved that a strong reduction of the
residual seismic motion could be effectively implemented using Superattenuators [77],
which are passive, multi-stage inverted pendulum systems apt to reduce this disturbance
up to frequencies in the range of 10 Hz. The integration of this kind of attenuation system
proved that interferometers could reach appreciable sensitivity also at low frequency, and
this possibility was one of the key points of the Virgo proposal.

The Virgo project, which takes its name from the Virgo Cluster—deemed a candidate
region for gravitational waves sources—was effectively approved in 1993-1994 from the
two funding agencies, and the construction effort started in 1996 [78].

The chosen site for the detector was Cascina, near Pisa (IT) (see Figure 1). Here, the
INFN and the CNRS built the full infrastructure needed for the detector, including 6 km of
ultra-high vacuum tubes, where the long arm cavities would be placed. Such infrastructure
is Europe’s largest under vacuum facility [79].

Figure 1. Aerial view of the Virgo site in Cascina (Pisa, Italy). Credit: The Virgo Collaboration.

In 2000, the European Gravitational Observatory (EGO) consortium was founded by
INFN and CNRS and tasked with the supervision, the construction and the operation of
the detector, under the direction of the two funding agencies.

In June 2003, when the construction of the initial Virgo detector was finally completed,
the commissioning of the detector finally started, which took the instrument to the first
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full lock in 2005; then, a series of data taking runs took place, between 2007 and 2011,
with increasingly better sensitivity, mostly in coincidence with the two LIGO detectors.
In particular, the LIGO-Virgo Memorandum of Understanding [80] of 2007 was a very
important step towards GW astronomy: it stipulated a scientific collaboration between
the two entities, with the crucial aspect of a joint analysis of the data coming from the
three detectors.

However, despite the long standing effort and the achievement of the design sensitivity
for all detectors (for Virgo see [81]), no GW event was detected during these initial runs
and both LIGO and Virgo collaborations pressed ahead with their plans for consistent
hardware upgrades, in order to bring the detectors to the “Advanced”, or 2nd Generation,
era [82].

As the Advanced LIGO project managed to start earlier, the two Advanced LIGO
detectors could complete their construction and commissioning phase already in 2015,
while Advanced Virgo was able to join them in 2017 during the second Observing Run
(02); therefore, only the two LIGO detectors were online at the time of the first detection of
gravitational waves (event GW150914 [83]) during the first Observing Run (O1), but in the
LIGO-Virgo collaborative framework the joint data analysis and publication marked an
historic landmark for the whole collaboration.

When Virgo came back online in August 2017, for the last part of the O2 Observing
Run, the three detectors were finally working together again, and this achievement was
rewarded with the two paramount triple-detector detections: the coalescence of a BH-BH
system (event GW170814 [84]) and the inspiral of a NS-NS system (event GW170817 [85]),
which marked the start of the multi-messenger astronomy, as the GW detection triggered
the successful search for EM counterparts of the same event. For the first time GW detectors,
EM telescopes and satellites, neutrino detectors and others worked in collaboration in
order to achieve a full description of such an event from every point of view.

After the end of the O2 Run, both LIGO and Virgo underwent a long period of
upgrade, installation and commissioning. The following O3 Run started synchronously for
all detectors on 1 April 2019; the run, which was divided in two segments (O3a and O3b)
with a commissioning intermission between the two, lasted almost one calendar year, as it
concluded about a month early due to the COVID-19 pandemic.

The era of gravitational wave detection officially started, as the increased sensitivities
of the instruments guaranteed a much higher rate of events, which collectively stacked up
to ~50, and were publicly released in the two catalogs GWTC-1 [4] and GWTC-2 [5].

After the end of the O3 Run, the detectors underwent another period of installation,
upgrade and then commissioning, currently undergoing, which will bring the detectors to
their next phase, the “Advanced [Virgo/LIGO] Plus” era; in such phase, LIGO and Virgo
will be joined by the KAGRA detector [86], which already implements some of the 3rd
generation technologies, like cryogenic test masses.

During this long process, the Virgo Collaboration (which started as a French-Italian
joint venture back at the end of the 1980s, as described above) has steadily grown over
time, with several institutions from many European countries joining the Collaboration at
different times and starting to contribute to the experiment. One of the more long-standing
and important contributors, Nikhef [87] (NL), has recently joined the EGO consortium,
sharing now important responsibilities with INFN and CNRS.

INEFN itself has grown substantially its presence in the Collaboration, with several
other divisions joining at different times the collaboration, in addition to the founding
ones, taking responsibility for many important parts of the detector, as for example the
Suspension system (developed from the original idea from Giazotto et al.), the Payloads
(Section 4.2.1) and the Thermal Compensation System (Section 4.3.2), while important
contributions are present also regarding Mirrors and Optics (Section 4.2.2), Controls
(Section 4.3.1), the Squeezing system (Section 4.2.3) and other items of the detector.

Moreover, these contributions, which are heavily focused on the infrastructure and the
hardware of the detector, several others have been carried out by many INFN physicists
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from many divisions, contributing to the analysis of the Virgo data, from the development
of techniques and pipelines to astrophysical investigations, statistical analysis and multi-
messenger astronomy.

To these two macro-areas an important part of the rest of the paper will be devoted,
to tackle and describe both the instrument and the data analysis regarding the Advanced
Virgo project.

4. The Advanced Virgo Detector

As stated in Section 3, Advanced Virgo is a laser interferometer, and its working
principle is the destructive interference pattern of a Michelson interferometer: a monochro-
matic laser field is injected inside the interferometer and split equally among the two arms;
such arms reflect the fields back, and they are then recombined and then sent towards the
detection port of the interferometer.

The magnitude and the complexity of the measurement pose great requirements
to the setup of the detector which, therefore, deviates substantially from the standard
Michelson interferometer, while the working principle remains the same. In this section, a
full description of the detector will be presented, from the actual optical layout in operation
in the detector (Section 4.1) to the many technological solutions which have been invented
and exploited in order to maximize the performance and the stability of the detector
(Section 4.2).

4.1. Optical Layout

As stated at the beginning of this section, the working principle of the Virgo experi-
ment is the Michelson interferometer, tuned in the dark fringe configuration. Due to the
very strong requirements on the detector’s sensitivity, though, the actual optical configu-
ration is much more complicated and it is focused on the maximization of the detector’s
performance: an extensive use of resonant optical cavities is made, for several reasons that
will be explained shortly.

In Figure 2 the optical layout of Advanced Virgo is depicted; in the following we
describe its main parts.

®  The Injection system (left part of Figure 2): here the main laser beam is generated,
from a 1064 nm Nd:YAG laser source; such laser is pre-stabilized in both amplitude
and frequency before actually being injected inside the interferometer, but other
fundamental components are necessary at this stage. The main laser beam is passed
through an Electro-Optical Modulator (EOM) which generates several radio-frequency
sidebands for the carrier light, which are necessary for the Global Control of the
interferometer (6 MHz, 8 MHz and 56 MHz, cf. Section 4.3.1) or the control of the
Injection system itself (22 MHz). Then, the laser beam (now carrier plus sidebands) is
sent into a triangular resonant cavity, the Input Mode Cleaner (IMC), which serves
the purpose of both cleaning the laser field from high order modes, in order to inject
as much as possible in the interferometer only the TEM00 fundamental mode, and
providing an additional stage of frequency stabilization. An additional short, rigid
cavity (Reference Cavity, RFC) is used to control the IMC cavity length, such to provide
an additional laser frequency stabilization also at low frequency. Then, the laser beam
is injected in the main interferometer.

¢  The main interferometer (central and right part of Figure 2): it is composed by the
seven main optics which form this enhanced Michelson configuration; in the middle,
the Beam Splitter (BS) mirror equally splits the incoming light and sends it in the two
arms of the interferometer. Differently from the standard Michelson interferometer,
in Virgo the arms (North and West) are not composed by a single reflecting mirror
at the end of each arm, but rather by a resonant Fabry-Pérot 3 km long cavity made
by two highly reflective mirrors, with the reflecting sides facing one another. The
use of Fabry-Pérot cavities makes so that the light can be trapped inside the arm
for many round trips, before being reflected back or transmitted: this causes the big
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advantage that the effective arm length of the interferometer is amplified by a factor
% ~ 300 (where F = 460 is the Finesse of the arm cavities), therefore increasing
the detector sensitivity. Since the interferometer working point is dark fringe, this
means that most of the light, once reflected by the arms and recombined by the BS
mirror, is sent back toward the Injection system; therefore, a semi-reflective mirror is
added between the Injection system and the Fabry-Pérot Michelson, in order to create
with the latter another resonant cavity: this Power Recycling (PR) mirror reflects this
rejected light back into the main interferometer, effectively increasing the circulating
power of the laser field in the detector. With the same principle, but for a different
outcome, a similar Signal Recycling (SR) mirror is added between the output port
of the Fabry-Pérot Michelson and the main part of the Detection system: another
resonant cavity is therefore present, with the purpose of recirculating the signal used
for the detection, allowing shaping the sensitivity curve of the interferometer (see
Section 7.1). However, this mirror has not been used in Advanced Virgo yet and it
has been replaced by a simple lens; its full implementation is foreseen for the O4
Observing Run.

The Detection system (bottom part of Figure 2 and outputs of the main resonant
cavities): this is a more distributed system, but its main part is at the output of the
main interferometer and deals with the collection, cleaning and the enhancement of
the output beam after the recombination from the BS mirror, which is the signal used
for the detection of gravitational waves. Such signal is passed through two Output
Mode Cleaner (OMC) cavities: two monolithic, bow-tie shaped cavities, which provide
the cleaning of the signal from any sideband field, as these are not necessary in the
Advanced Virgo detection scheme [88]; the OMCs also provide an additional step of
removal of high order modes. The beam is then collected by the main photodiode (B1).
Several other photodiodes (PD) and quadrant photodiodes (QPD) are installed in the
main output ports of the interferometer (B2 at the input port, B7 at North End, B8 at
West End) or in the central area (B4 as a pick-off of the Power Recycling cavity, Blp as
a pick-off of the output beam before the removal of the sidebands and B5 as a pick-off
from the anti-reflective side of the BS mirror, sensitive mostly to the North Arm).
All the PDs and QPDs (and the OMCs) are installed on under-vacuum, controlled
Suspended Benches, in order to mitigate the effect of several sources of noise.

@ Photodiode WE
@ Quadrant

o ®

IMC

6, 8, 22,
56 MHz

N v

Eom b
éIMCRefI
@

Squeezed
Vacuum Source

Figure 2. Optical layout of Advanced Virgo during O3. Each depicted Quadrant Photodiode (QPD)
actually represents a set of two different physical sensors [89]. DARM, CARM, MICH and PRCL
refer to the longitudinal degrees of freedom (cf. Section 4.3.1).
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4.2. Technological Solutions for Advanced Virgo's Sensitivity

The design sensitivity of a gravitational waves ground-based detector is given by the
quadratic sum of the contribution from of all the noise sources affecting the detector output.
In Figure 3 the amplitude spectra are shown for all the main fundamental noise sources of
the Advanced Virgo detector [3].

With the upgrade from Virgo to Advanced Virgo an average gain of one order of
magnitude for a large part of the frequency band (10 Hz-10 kHz) was obtained. To obtain
this huge improvement an extraordinary effort was needed, which included large infras-
tructure investments, the re-design of many parts of the interferometer, and years of R&Ds
to find new technological solutions or enhance the existing ones. A detailed description
of all the Advanced Virgo subsystems can be found in the Technical Design Report [82].
In the following of this section, an analysis of the main noise sources which affect the
different frequency regions of the Advanced Virgo sensitivity curve is presented. Moreover,
a description of the main systems which allows the mitigation of these noises is given.

Quantum noise

Gravity Gradients
Suspension thermal noise
== Coating Brownian noise

Coating Thermo—-optic noise
Substrate Brownian noise
Seismic noise

= = = Excess Gas
OMC thermo-refractive
Alignment noise
Magnetic noise

= = = Sum of the plotted noises

| fff | wem—Reference AdV curve

Strain [1~/VHZz]

Frequency [Hz]

Figure 3. The noise (dashed black lines) computed as the sum of all the known noise contributions, is
compared to a reference AdV sensitivity (solid black line). The contributions from all the single noise
sources are also shown. Figure taken from [90]: © The Authors, published by EDP Sciences. This is
an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http:/ /creativecommons.org/licenses /by /4.0/ (accessed on 10 August 2021)).

4.2.1. Low Frequency: Suspensions & Payloads

Gravity gradients, seismic movements of the ground, and molecular thermal agita-
tion of the mirror suspensions are the main noise sources which determine the detector
sensitivity limits in the low frequency region starting from 10 Hz to 40 Hz.

The Newtonian noise: the motion of test masses produced by terrestrial density
fluctuations in the surroundings of the detector is called gravity gradient or Newtonian
noise (NN). Sources of NN are natural and infrastructural seismic waves, atmospheric mass
movements (among others), which can perturb in a not shieldable manner the local gravity
field [91,92]. Accurate measurements from seismometer arrays and tiltmeters are needed
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to model the seismic motion in order to perform an effective noise cancellation [93,94]. A
recent work [95] shows that NN in Virgo is suppressed by about a factor of two at 15Hz by
clean rooms and recesses underneath the test masses, suggesting that the infrastructural
design could have a strong impact in NN mitigation. In Advanced LIGO and Advanced
Virgo the NN starts to be relevant only under 20 Hz just near the lower limit of the detector
band, nevertheless NN suppression will be mandatory both for the next version of the
current detectors and for the next detector generations which will extend the frequency
range towards the 1 Hz region [96].

The seismic noise and the Superattenuator: to enable the detection of the tiny de-
formations in the detector arms induced by a gravitational wave, the test masses must
be isolated from the continuous vibration of the ground. An attenuation of more than
ten orders of magnitude above 10 Hz on all the degrees of freedom is needed [3]. A very
complex suspension system has been designed and realized for the Virgo detector: the
Superattenuator (SA). The SA is composed of a five-stage pendulum hanging the last stage
of suspension (the payload) which includes the test mass [97]. The horizontal vibration
attenuation from the top to the bottom of the pendula chain, decreases as 1/ f2N for fre-
quencies above the SA resonant modes, N being the number of stages. Moreover, the top
of the chain is suspended to a platform ring supported by three legs that are connected
to the bottom ground by elastic joints. The aim of this inverted pendulum is to obtain a
further reduction of the amount of seismic horizontal ground vibrations which reach the
payload. The overall height of the system is about 8 m, in order to confine all the resonance
modes below 2 Hz. In Figure 4 a scheme of the SA is shown.

Suspension wire

Standard filters

Filter 7
IP legs

Figure 4. A scheme of the Virgo SA system. The filter chain starts with filter 0 at the top of the three
legs of the inverted pendulum. Four standard intermediate filters and filter 7 complete the chain.
The payload, composed of marionette, mirror and cage, is hung to filter 7. Credits: INFN Pisa.

Although in principle the detector signal can only be perturbed by horizontal move-
ments, earth curvature and unavoidable tiny mechanical imperfections of the suspension
system produce a coupling between vertical motion of the ground and fluctuation of the
horizontal distance of the test masses. The estimated vertical to horizontal coupling factor
is of the order of 10~3. For this reason, the SA must provide also for a vertical isolation
system. Each mass of the pendula chain is composed of a series of concentric flexible blades
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supporting the wire of the stage below. To lower the vertical resonant mode frequencies
below 2 Hz, the low stiffness blades are aided by a magnetic anti-spring system.

The payload, which is the last stage of the suspension, is hung to the lowest filter of the
chain (filter 7). It is basically a double pendulum [98], in which the mirror is suspended to
a penultimate steel body called marionette. The double pendulum is surrounded by a cage
(suspended to filter 7), which is designed to serve as a reference mass. The cage is equipped
with sensors and actuators for positioning control, and also contains the baffles for stray
light control, and the elements of the thermal compensation system (cf. Section 4.3.2) . A
scheme of the payload is shown in Figure 5.

Coil Disk

Actuator Cage

Figure 5. A scheme (on the left), and the assembly in clean room (on the right) of the Advanced
Virgo payload [99]. Besides the suspension elements—mirror, marionette and actuator cage—the
components belonging to the thermal compensation system are present. Baffles for stray light
mitigation systems are also visible. Credit: The Virgo Collaboration.

An active control of the entire suspension is needed to suppress the effects of ground
motion below 2 Hz, since they are amplified by the resonance modes of the suspension
structure. A hierarchical control strategy is adopted: very low-frequency mirror oscillations
below 10mHz, like the ones given by Earth tides, are compensated for by a system of
coil-magnet actuators from the top of the inverted pendulum. Then residual motion at
the level of the payload is reduced by the action of the reference mass on the marionette.
Finally, nanometer scale motion is controlled at the mirror level by the reference mass
acting on small magnets bonded to the mirror surface.

The latest measurement of the Advanced Virgo SA performance shows attenuation
values below 10~1? above 10 Hz [100], proving that the SA is effective in reducing seismic
noise in the detection band well beyond the Advanced Virgo requirements, both for vertical
and horizontal motion.

Thermal noise (payload and mirror suspension): in the frequency region from a few
Hz to 30 Hz the major limit to the detector sensitivity is given by the mechanical thermal
noise of the mirror suspension wires. Following the fluctuation-dissipation theorem [101],
the thermal noise power spectral density of a mechanical system is proportional to its
energy dissipation, which is quantified by the loss angle parameter defined as:

1E dissipated per cycle

27 Estored

)



Universe 2021, 7, 322

12 of 45

Materials with low mechanical losses must be chosen in building mirror and suspen-
sion, and all the possible sources of dissipation must be taken into account and minimized
in assembling the system together. Fused silica is the key material for advanced detec-
tor realization. Excellent optical and mechanical proprieties, and easy machining make
fused silica the natural choice to build the GW detector mirror substrates. Moreover, since
fused silica offers a loss angle which is four orders of magnitude smaller than the best
steel [102,103], and a breaking strength which is twice higher [104], fused silica fibers are
also used in core mirrors suspension in an almost monolithic configuration. After some
pioneering tests [105-107], a monolithic suspension has been realized for the first time to
suspend the ~6 kg mirrors of the GW detector GEO 600 [108,109], and then for building
the ~21 kg mirrors suspension of the first Virgo upgrade, named Virgo+ [110]. Currently,
42 kg mirrors are suspended by four fused silica fibers both in Advanced LIGO [111] and
Advanced Virgo [98].

Virgo fibers are produced by a 200 W CO; laser pulling machine, using a feed and pull
technique [112,113]. Fibers have a diameter of 400 pm and a length of 700 mm determined
as the distance between the two bending points, placed at the mirror and marionette center
of mass, respectively [114]. The fiber diameter and length are designed to confine the violin
modes at frequencies above 400 Hz, and the vertical modes below 10 Hz. Geometric and
elastic fiber parameters are accurately measured and the repeatability is good enough to
allow for mirror positioning within a residual inclination of less than 1 mrad.

Immediately after production, fibers are completely pristine, and their measured
mean breaking strength is about 4 GPa, more than four times higher than the working load.
Unfortunately, silica is a very fragile material and any improper handling can produce
micro-cracks which result in an abrupt reduction of the fiber strength and an unavoidable
suspension failure. The fiber ends are welded to two silica pieces specifically designed to
be bonded to the marionette at the upper extremity, and to the mirror at the lower one.
Figure 6 shows the lower part of the fibers attached to the mirror.

Figure 6. Mirror suspension of fused silica fibers. Two fibers are welded to rectangular silica pieces
anchored to another silica rectangular block which in turn is attached to flats worked out in the
mirror lateral surface. All the silica surfaces are attached by hydroxide-catalysis bonding. Credit:
The Virgo Collaboration.

In the low frequency band (<40 Hz) most of the elastic energy is stored close to the
fiber ends, meaning that those are the regions where the energy losses must be minimized.
A thicker profile of the fiber ends (800 pm in diameter), is expressly designed for reducing
thermo-elastic dissipation, i.e., the energy loss due to heat production and diffusion dur-
ing the fiber elastic bending [115]. The welding quality, attained using the laser pulling
machine, makes dissipation in this region negligible. The bonding between mirror and mar-
ionette is realized by hydroxide-catalysis bond technique, applied to lambda/10 polished
surfaces [107,116,117]. This technique allows for low energy losses, by getting very thin
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bonding layers (less than 100 nm). Direct measurements show that the current Advanced
Virgo configuration suspension thermal noise is mainly due to marionette recoil losses.
Nevertheless, this is not an impediment to the fulfilling of the required specifications, such
losses being overcome by the radiation pressure [98].

4.2.2. Mid-Frequency: Optics & Coatings

In the frequency band from 30 Hz to 300 Hz, the detector sensitivity is limited by the
thermal noise of the coating layers deposited on the core mirror surfaces, in order to achieve
the right value of reflectivity. Advanced Virgo and Advanced LIGO core mirrors are large
cylinders of ultra-pure fused silica (Suprasil™3002 and 312), with a diameter of 350 mm, a
thickness of 200 mm, and a weight of 42 kg [82]. This kind of material is highly transparent
to 1064 nm laser light (absorption is less than 0.3 ppm/cm for Suprasil™3002), and also
exhibits an extremely low value of the loss angle (¢ ~ 10~7). The ultra-fine polishing of the
mirror surfaces achieves sub-nanometric roughness, limiting scattered light and possible
asymmetry in optical losses between cavities. Reflectivity is assured by a coating film
applied to the mirror surfaces by ion beam sputtering (IBS) [118]. The coating is made by a
stack of alternate layers of two materials with different refractive indexes, forming a Bragg
reflector, and it is deposited with a residual roughness of the same level of the polished
substrate (~0.5nm). Coating power absorption is lower than 1 ppm, and the reflectivity of
the end mirror is 99.999% [119].

The energy losses of a system composed by different parts can be computed as the sum
of the loss angles of each part, weighted by the energy stored in that part. For the mirrors,
the coating loss angle is much larger than the substrate one, hence, even if the energy
stored in the thick substrate is larger, coating is responsible for most of the energy losses,
and consequently for the resulting thermal noise [120,121]. For advanced detectors, silica
(S5103) is used as low refractive index material, whereas titania doped tantala (TiO,:TayOs)
is used in Advanced Virgo and Advanced LIGO and pure titania (Ta;Os) in KAGRA as
high refractive index material [119,122]. A post-deposition thermal treatment (annealing)
for a time duration of 10 h at 500 °C is done after coating deposition to lower optical
absorption and internal stress. This treatment also improves the mechanical properties
of the coating reducing the loss angles of the whole stack [123,124]. After annealing, IBS
deposed silica shows a mechanical loss angle of 2.2 107> at 60 Hz, which is about three
to four order of magnitude larger than the silica bulk loss, but still considerably smaller
than the loss angle of tantala (2.8 10~* at 60 Hz). Doping tantala with titania (with a ratio
Ti/Ta = 0.27) decreases the loss angle of about 25% (2.2 10~* at 60 Hz), still ten times
above the silica one [125]. This makes the mid-frequency sensitivity of current detectors
limited by the thermal noise of the high refractive index layers of coating. By means of
an optimization process [126] a tuning of the coating layers on the stack has been done in
order to ensure the right value of reflectivity using the minimum total thickness of high
index layers. Nevertheless, finding a new high index material exhibiting the same optical
characteristic of TiO,:TapOs and lower mechanical losses, is mandatory for increasing the
detector performance [127].

4.2.3. High Frequency: Laser & Squeezing

At high frequencies, Advanced Virgo is affected by photon shot noise. This is one
of the components of quantum noise, arising from vacuum fluctuations, associated with
the lowest quantum state of the electro-magnetic field, which enters the dark port of the
interferometer and interacts with the main beam. The frequency-dependent response of
the detector allows distinguishing between two different components of this noise. In fact,
at frequencies below 100 Hz, the detector senses radiation pressure noise, while at higher
frequencies it senses photon shot noise. The first, being hidden by technical noises, did not
affect the sensitivity of Advanced Virgo.

High power laser: in order to reduce shot noise and then improve the sensitivity of
the detector over 100 Hz, a higher input power has been employed. The input beam is
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provided by a system that ensure stable power, frequency and beam pointing [82]. The
laser system is able to provide around 200 W of laser power as an input for the Input
Mode Cleaner (see Section 4.1). The requirements are: frequency fluctuations less than
a few pHz/+/Hz, power fluctuations of the order of 10~7v/Hz, beam pointing less than
10~ "radv/Hz.

Such a stable high power is obtained through several steps. A commercial 1 W Nd:YAG
laser is connected to two amplifiers each providing a beam with a power of 100 W, using
single mode polarization maintaining fibers. The two beams are then coherently added in
order to have a unique laser beam. The frequency is first prestabilized using a Reference
Cavity in order to obtain a laser linewidth less than 1 Hz; then, the stabilization is further
increased, in steps, first using the Input Mode Cleaner cavity and then, during the lock
acquisition procedure (see Section 4.3.1), the arm cavities of the interferometer itself. This
chain forms a multi-stage servo loop that uses piezo-transducer of the master laser as
actuator. The power laser fluctuations are compared to a stable voltage, and the obtained
error signal is used to control the power stability by acting on the high power amplifier
pumping diode current. To distinguish these fluctuations from other disturbances, the
photodiode providing such signal is placed under vacuum after the Input Mode Cleaner.
Moreover, in order to control the shape and the beam pointing of the laser, a Pre-Mode
Cleaner (PMC) cavity, placed on the same bench as the main laser, is used. This cavity
has a finesse of 500 and is placed in a horizontal plane; for this reason, it reduces the
horizontal beam jitter. Although these systems would have allowed reaching up to 175W
transmitted by the Input Mode Cleaner, it has been decided to inject less power, also to
reduce parametric instabilities due to the excitation of the internal acoustic modes of the
test masses that can overlap with optical higher order modes in which the light can be
scattered. This coupling can contribute to the amplification of the mechanical motion of
the test masses.

Frequency Independent Squeezing in Advanced Virgo: during O3, much of the
improvement of the Advanced Virgo sensitivity was also due to the injection of squeezed
vacuum states. These states are characterized by correlated amplitude and phase uncer-
tainties, and their interaction with the interferometer beam contributes to the reduction of
quantum noise. In this section, a description of the apparatus used for squeezed vacuum
production and injection in Advanced Virgo will be described. This apparatus is basically
composed by an external bench where a squeezing vacuum source, provided by the Max
Planck Institute for Gravitational Physics (AEI [128]), and all the optics useful for the
injection are hosted.

The squeezed vacuum source, located on a 1 m? breadboard, is based on a down-
conversion nonlinear process occurring in an Optical Parametric Oscillator (OPO). This
consists of a Periodically Poled Potassium Titanyl Phosphate (PPKTP) non-linear crystal
with a curved and high reflection coated back surface and an external coupling mirror.
This cavity is pumped by a 532 nm beam in turn produced by a Nd:YAG laser operated
at 1064 nm, in the following referred as squeezer main laser, through a Second Harmonic
Generation (SHG) process using a similar nonlinear cavity working in up-conversion mode.
A small Mach Zehnder interferometer, with controlled arm length, is used for the pump
power stabilization. The squeezer main laser also provides a local oscillator beam that will
be used as reference for the measurement of the produced level of squeezing before the
injection in the interferometer, using a balanced homodyne detector. Finally, a triangular
cavity is used as mode cleaner and as frequency and polarization filter for this beam. The
length of all the cavities present in the squeezer are controlled using the Pound-Drever-Hall
(PDH) technique [129,130] and an active control stabilizes the temperature of the non-linear
crystals contained in the OPO and SHG cavities within the mK range. To produce squeezed
states at the frequencies of interest for gravitational wave detectors, a coherent control
technique, described in [131], has been used. For this purpose, a 500 mW Nd:YAG auxiliary
laser is used, by shifting it in frequency with respect to the main laser by 7MHz, using a
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phase-locked loop (PLL). Another PLL is used to make sure that the squeezer main laser
and the interferometer input laser have the same frequency [132,133].

The shape of the squeezing beam is matched with the one of the interferometer using
a mode matching telescope which is totally reflective and it is made by curved mirrors;
this allows minimizing the optical losses, which would decrease the squeezing level. The
distance between them can be tuned using micrometric screws. Moreover, an off-axis
geometry has been chosen to compensate for astigmatism. The back-scattered light, coming
from the interferometer, is drastically limited using a chain of three Faraday Isolators.
Finally, two tip-tilt actuated steering mirrors and a further Faraday Isolator are used to
inject the squeezing through the gravitational wave detector output port. The injection of
phase-squeezed vacuum states inside the interferometer brought to the reduction of shot
noise, which dominates the high frequency part of the detection band, by a factor of about
3dB [134].

4.3. Interferometer Operation

In Section 4.1 the description of the optical layout of Virgo was addressed, together
with its principle of operation. Given the very strict operating conditions, due to the
necessity of near-perfect destructive interference, and the presence of several resonant
optical cavities within the detector, it is clear that the acquisition, control and tuning of the
detector’s working point are of paramount importance: the acquisition and control of the
main optics, of both their longitudinal position and angular orientation, is done via the
Global Controls, which then interact with the Thermal Compensation System, the purpose of
which is to optimize the optical parameters of the main optics; together, they define the
optimal working point of the interferometer.

4.3.1. Global Controls

The working point of the interferometer is defined by the destructive interference
condition of the central Michelson, and the resonance condition of the several resonant
cavities of the detector. This translates in the definition of several longitudinal degrees of
freedom (DOF), based on the relative position of the main optics, which are the following,
considering the BS mirror as the origin of the coordinate system (cf. Figure 2):

e  MICH = Iy — Iy, it is the length difference of the short arms of the Michelson, and it
defines the interference condition;

e PRCL=Ipg+ erlw , it is the length of the Power Recycling cavity;

e CARM= W , it is the average, common arm length of the long Fabry-Pérot cavities;

e DARM =Ly — Ly, itis the differential arm length of the long Fabry-Pérot cavities; this
degree of freedom is sensitive to the strain induced by the passage of a gravitational
wave, so it is the most important of all and it ultimately determines the sensitivity of
the interferometer.

Each of these DOFs has to be controlled with high accuracy, in order to bring, and then
keep, the interferometer in its correct working point. This is achieved by means of a serial
procedure, called lock acquisition, during which the control of the DOFs are engaged one
after the other, exploiting several optical configurations which ease such acquisition; once
all of them are controlled, the working point is adiabatically brought to the one needed for
science observation.

The main technique used for the control of the longitudinal DOFs is the Pound-Drever-
Hall (PDH) technique [129,130], which is based on the phase modulation of the carrier
light at several radio frequencies; such modulation, performed by the EOM (cf. Section 4.1),
generates several sidebands which are resonant or anti-resonant in the different cavities of
the interferometer. Then, the field probed by different photodiodes placed in several ports
of the detector are demodulated at the same radio frequencies, in order to provide viable
error signals which are used in feedback control loops, which actuate on one or more optics
each (see Figure 2).



Universe 2021, 7, 322

16 of 45

The mirrors need not only to be controlled in longitudinal position, but also in angular
orientation; this already happens when the interferometer is not locked, when each mirror
is controlled in angle independently one from the others using optical levers, a local control
provided by a Superluminescent Diode (SLED), which impinges on the mirror and then
is focused on a Position Sensing Device (PSD). However, this type of control has a lower
accuracy with respect to the needed requirement for science operation and, in addition,
is ground-based so it can only provide a local reference and not a global one from the
interferometer point of view.

Therefore, during the lock acquisition sequence, such control is replaced with an
angular global control scheme, based on error signals provided by quadrant photodiodes
(QPD), which are displaced in the same suspended benches as the longitudinal PDs and
therefore provide a global reference.

However, once the interferometer is progressively locked, effects induced by radiation
pressure arise and make the control scheme more complex; for the two recycling cavities
such effects are negligible, so that the angular DOFs of the involved mirrors remain
decoupled. On the other hand, the radiation pressure effects are quite strong inside the
long Fabry-Pérot arm cavities, and they induce an optical spring between the cavity mirrors.
To diagonalize the sensing, a description of the DOFs in a common /differential basis is more
apt. Such a description can be viewed in Figure 7, with the following definitions:

e COMM(+): common tilt of the arm cavities: the effect is two beams recombining in
the same spot on the BS mirror;

e DIFF(+): differential tilt of the arm cavities: the effect is two spots recombining on
the two opposite sides of the BS mirror;

¢ COMM(—): common shift of the arm cavities: the effect is two beams recombining in
the same spot on the BS mirror;

e DIFF(—): differential shift of the arm cavities: the effect is two spots recombining on
the two opposite sides of the BS mirror.
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Figure 7. Scheme of the angular DOFs of the Fabry-Pérot arm cavities.

Such a scheme allows a complete control of the orientation of the optics up to the
required accuracy for the working point of the interferometer, which is of the order of
magnitude of hundreds of nrad for the two (—) modes, tens of nrad for the PR and BS
mirrors while for the (4+) modes, which are the most critical ones, it is as high as a few
nrad [135,136].
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For a more detailed description of the control and noise subtraction techniques used
in Advanced Virgo, additional information can be found in [137-139].

4.3.2. Thermal Compensation System

The increase of the laser input power, useful to reduce the shot noise, introduces
thermal effects and optical aberrations due to the power absorption of the mirrors. To
restore the working point of the detector, a thermal compensation system is needed.

Thermal effects are one of the principal sources of wavefront distortion for the laser
beam circulating into the interferometer. For a beam transmitted from an optic, they can
change the optical path length due to thermal lensing, thermo-elastic deformations and elasto-
optic effects. In the case of fused silica, only the first component contributes to wavefront
distortion [140]. While, for a reflected beam, thermo-elastic deformations of the mirror
surface impact on the wavefront due to a bump that appears in the center of the mirror.
The mirrors of the interferometer are not all affected by the same thermal effects: despite
all the mirrors absorbing light, in both the high reflecting face and substrate, thermal
lensing must be corrected only for the input mirrors of each Fabry-Pérot cavity. In fact,
the substrates of the power recycling mirror and of the end mirrors are not inside the
cavities of the detector: for these mirrors, only the coated part impacts on the shape of
the circulating beam. Thermal lensing in the input test masses degrades the shape of the
beam and influences the gain of the sidebands in the power recycling cavity which, being
a marginally stable cavity, becomes difficult to control. Moreover, the deformation of the
radius of curvature of all the mirrors introduces higher order modes resonating inside
the cavities.

Wavefront distortions contribute to the decrease of detector sensitivity and the re-
duction of the stability and the robustness of the detector; for this reason, a Thermal
Compensation System (TCS) has been realized for Advanced Virgo. This is an optical
system that senses the wavefront distortions and dynamically corrects them using suitable
actuators. The sensing and actuating systems will be described in the following.

The TCS sensing apparatus is constituted by a series of Hartmann Wavefront Sensor
(HWS), designed at the University of Adelaide [141] and fully characterized at the Univer-
sity of Rome Tor Vergata [142]. The main components of this sensor are a charge coupled
device (CCD) and a Hartmann Plate (HP), which contains an array of holes. The sensor
works by computing the difference between the wavefront of a beam that experiences
aberrations and a reference one produced by a superluminescent light emitting diode (SLED)
with a wavelength of 780 nm. The reference beam is reflected back by the mirror under test
impinges on the HP, along the same path. If this beam is distorted, the pattern recorded
on the CCD reveals a displacement with respect to the spot left by the reference beam and
the wavefront variation is computed. The optical path variation due to thermal effects
in the two input masses is sensed using an on-axis measurement, while the thermo-elastic
deformation of the HR surfaces of all the other mirrors is sensed with off-axis measurement.
The first procedure is useful to monitor thermal lensing in the power recycling cavity. For
this reason, for each input test mass, two HWSs are used, one in the injection area and
the other in the detection area. The one used for the West Input test mass is located on
the External Injection Bench (EIB), where the Advanced Virgo main laser is located; the
one used for the North Input test mass is located on the External Detection Bench (EDB).
The second procedure, used to sense the thermo-elastic deformation, is performed using
one HWS for input and end test masses, each one located on a dedicated bench near the
corresponding tower.

Another device, the phase-camera, developed by the Nikhef group, is used for an
indirect sensing and it is complementary to the HWS, with the difference that it provides
a global sensing without distinguishing between the different optics. On the other hand,
this device is able to measure the amplitude of a beam and it is able to distinguish the
contribution of fields with different frequency. This means that this can give information
about the carrier and the signal. The maps of the phase-camera are obtained by comparing
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the beam under test with a reference beam, which is a pick-off of the main laser taken
before it enters the interferometer, and therefore free from aberrations. In Advanced Virgo,
two of these devices are used, one in reflection from the power recycling cavity, in order
to monitor the aberrations of the beam inside it, and another in correspondence to the
dark port.

The actuation part of the TCS is used for a dynamical correction of the deformations
sensed by the sensing system. In particular, thermo-elastic deformations, due to the
power absorption of the coatings, are corrected using ring-heaters around each mirror. A
ring-heater is composed by two parallel heaters and a shield.

The thermal lensing is corrected using a CO; projector. This is constituted by a CO,
laser beam that shines the mirror with an annular pattern in order to compensate the
temperature gradient due to the Gaussian transversal distribution of the main laser light.
In Virgo this annular pattern was done by shining the CO, laser beam on an axicon, which
is a conic lens, with the pattern that directly heats the mirror; instead in Advanced Virgo,
due to the more stringent requirements on the laser fluctuations, it shines an additional
transmittive optic, called compensation plate.

The optical systems that allow to have the right patterns for each test mass are located
on dedicated benches and it can work in three different configurations, depending on
the pattern the laser beam will show: central heating, double axicon system and scanning
system. The first is a Gaussian beam shined on the center of the compensation plate and
it is used when the interferometer laser is off in order to avoid thermal transients. Due
to the possibility to change its dimensions, this will be used also for other purposes that
are described in [143,144]. The second configuration provides the annular pattern. While
in Virgo this was provided by a single axicon, in Advanced Virgo, due to the stricter
requirements on the residual aberrations, it is provided by two concentric annuli, one small
and thick, the other larger and thinner. The last configuration is devoted to the corrections
of the non-symmetric wavefront distortions on the input test mass due, for example, to the
non-uniform absorption. It consists in scanning the mirror point by point and sending the
suitable heating pattern locally on the CP with galvo mirrors.

5. Performance of the Advanced Virgo Detector in the O3 Observing Run

The infrastructure choices, the technological developments, the accuracy of the con-
trols and the determination of the working point of the interferometer are ultimately all
devoted to the same purpose, which is to contribute to the performance and the stability
of the detector. This has two important aspects to be considered: the capability of the
instrument to measure the physical effect of interest with a good sensitivity, and the quality
and reliability of the data itself taken by the detector. In this section both these aspects
will be addressed regarding the O3 Observing Run, with a focus on the evolution of the
performance of the Advanced Virgo detector in recent years, the comparison between the
LIGO and Virgo performance and the contribution of the latter to the performance of the
GW detector network as a whole.

5.1. Noise and Performance in O3

The performance of the detector can be pinned down to one characteristic figure of
merit, the sensitivity curve, from which the performance in terms of observing capability of
specific benchmark sources at a given distance, the range, can be derived.

As was previously stated in Section 1, a gravitational-wave interferometer such as
Advanced Virgo is tasked to measure the passage of a gravitational wave, i.e., the strain
h(t) induced by it. As is clear from Section 4.2 the response of the detector is frequency
dependent, so the usual description of the performance is by means of the sensitivity curve
h(f), which is depicted in Figure 8. In the Figure, the evolution of the sensitivity of the
Advanced Virgo detector can be observed, from the one obtained in the O2 Run to the
latest one of the second part of the O3 Run, O3b: the performance of the Virgo detector
is in line with the design sensitivity for such Run, as shown by the comparison with the
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Observing Scenario target reported in [145], and it is improved by a factor 2 with respect to
the previous O2 Run [139].

Evolution of Advanced Virgo Sensitivity in O2 and O3
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Figure 8. Evolution of the sensitivity curve h(f) of the Advanced Virgo detector in its Observing
Runs, and comparison to the design sensitivity for Virgo (Observing Scenario [145]).

The sensitivity curve is a comprehensive description of the overall performance of
the detector, as a function of frequency; however, astrophysical studies show particular
and definite types of expected sources of gravitational waves, which are distinct in terms
of amplitude, frequency and shape of the expected gravitational wave signal. Such pa-
rameterized sources constitute benchmark sources, which can translate the sensitivity curve
information in a single number, which is the distance, or Range, at which an interferometer
is sensitive to. The most used benchmark sources are Binary Neutron Star (NS-NS) and
Binary Black Hole (BH-BH) systems, which were described in Section 2.

In terms of NS-NS Range ! (the most widely used), Advanced Virgo during the O3
Run peaked at 60 Mpc, which was set as the target sensitivity for the Run, with a steady
Range of 59 Mpc during the second part of the Run, O3b; this is twice the sensitivity that

was reached in the previous O2 Run in August 2017. The overall performance of the HLV
Network is represented in Figure 9.
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Figure 9. NS-NS Ranges of the HLV Network (LIGO Hanford—LIGO Livingston—Virgo) during the
O3b Run. Image from [147].
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While the sensitivity curve and the range speak of the absolute performance of the
detector, also the duty cycle is of paramount importance, as the stability of the detector, and
therefore its capability to be stably online in Science Mode directly affects the probability
of a detection, and the number of them; moreover, since bringing the interferometer to
Science Mode (the lock acquisition procedure, see Section 4.3.1) is a lengthy procedure,
reducing the number of times it is needed to acquire the lock directly affects the duty
cycle. As it can be seen in Figure 10 the duty cycle of Advanced Virgo in O3b has been
quite high, as around 76 % of time was spent in Science Mode; most of the downtime is
due to scheduled activities, like Commissioning shifts and the weekly Maintenance and
Calibration shifts, while only around 13 % of time has been spent in lock acquisition and
detector troubleshooting.

This achievement, together with the performance of the two LIGO detectors [148],
allowed also the global network duty cycle to be high. In Figure 10 there is the overall duty
cycle of the HLV network in the O3b Observing Run: the percentage of observing time
when all three detectors were online was of about 51 %; this is the best working condition
for the interferometer network, as it guarantees a higher SNR for the detections and a
much better capability of locating the source and its distance. Still, joint detections are
possible also with two detectors online simultaneously, and the overall fraction of the O3
Run in such a condition was 34 % of the time. Only 15 % of the Run had only one or zero
detectors locked and in Science Mode, which is proof of a good network performance,
considering each detector’s necessary and scheduled downtime for Maintenance and other
side activities.

The importance of a high network duty cycle resides in the fact that not only it
obviously increases the probability of the detection of a GW event but, maybe more
importantly, having three detectors online at the same time greatly increases the capability
of the network in localizing the source of the GW event, which is something of paramount
importance especially in the case of GW event with an EM counterpart, as for example
the NS-NS events (as GW170817 [85]) (see for example Section 6.3.3). Another important
reason for having a high network duty cycle is for the detection of continuous signals,
which of course benefits from long datasets. For all these reasons, although in terms
of absolute sensitivity the Virgo contribution is improving only marginally the overall
network sensitivity in terms of strain /1( f) or Range, its contribution in terms of localization
and network duty cycle has been very important.

AdV Duty Cycle
Emm Science 75.62 %
Adjusting 1.11 %
Commissioning 5.25 %
Maintenance 2.56 %
Calibration 3.26 %
Locked 0.90 %

Not Locked 1.50 %
Locking 5.45 %
Troubleshooting 4.30 %
Other 0.06 %

Figure 10. Cont.
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Figure 10. Top: Duty cycle of Advanced Virgo during O3b. Bottom: Duty cycle of the Gravitational
Waves Network of the three Advanced detectors Virgo (V1), LIGO Livingston (L1) and LIGO Hanford
(H1) during O3b. Bottom image from [147].

5.2. Data Quality

The final aim of the detector monitoring and characterization activities is to provide
information about the noise in the detector and its environment to identify and mitigate
disturbances and improve the detector sensitivity. This is especially useful before the
actual data taking e.g., during commissioning phases, where the detector’s status and
performance are continuously monitored, and in preparation for future runs. On the other
hand, an effort is also necessary to improve search sensitivities during the run, in this step
the collaboration with the data analysis groups is fundamental [149,150]. For the reasons
listed above, a data quality model for Advanced Virgo is necessary. Data quality products
should be delivered to the different data analysis groups. Some of these are commonly
shared between the groups, while some others should be adapted, e.g., for online and /or
offline searches.

One of the most important data quality products is the list of the “science” segments,
i.e., the collection of GPS times validated to be used for actual GW searches. For example,
during data taking, the measured strain is reconstructed online as /(t). Monitoring tools
are used to flag the data as good or bad as it can happen, for example, that the detector
undergoes to a lock “loss”, which invalidates the data for the analysis. The collection of
all the data taking periods for which the detector is not considered “safe” enough to do
science are categorized as “Online CAT1” vetos. During O3, only 0.18% of Virgo data were
labeled as CAT1 [151].

The second class of activities which is more directed to data analysis groups, as we
have said, aims to improve search sensitivities. Data quality products needed for transients
searches (e.g., Bursts/CBC) differ from those used for the search of persistent signals
(e.g., CW and stochastic). Typically, short-duration noise events, known as glitches, affect
mostly the first category of searches, while spectral features, known as lines, can mimic the
presence of a persistent signal. It is worth saying that both noise sources are not optimal
if present in the vicinity of any GW signal. Tailored tools, optimized for the rejection of
specific time-frequency regions according to the search performed, are used for this scope.
The noise investigation is performed also using the information provided by auxiliary data
channels, including environmental sensors and human inputs when needed.

For transients GW detection, in particular for CBC events which are the only type of
signal detected so far, the test to assess the data quality of a signal have been automatized
in the data quality report (DQR). Indeed, for each alert produced by the Gravitational-Wave
Candidate Event Database (GraceDb) [152] a DOR page is provided, listing all the possible
sources of noise concerning the event. To be validated, a GW event should pass a series of
tests and the noise background should not present particular features which can pollute
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or blind the event. In addition to the pure data/noise quality tests, the environmental
conditions of the detector at the time of the alert are also controlled. Among others,
the following are checked: data quality flags (e.g., if the detector is in Science Mode, cf.
Section 5.1); the glitch and spectral noise characterization in the time and frequency regions
of the event; the Virgo state vector, a data acquisition channel used to define good data for
online analysis pipelines.

In addition to transient GW events validations, information from tools for the identifi-
cation of spectral noise features, known as lines, are also provided to data analysis groups.
There are persistent lines that are present during the full run, such as the main power line
at 50 Hz, transient lines that are present only during a short period and even those that
wander in frequency during the run. Some of these lines, which are strong enough and last
for a good fraction of the run are clearly visible in the spectrum as upwards peaks above
the noise floor, see Figure 8 or 13. Most of these lines are identified looking at the data
from auxiliary environmental channels, while others are collected during the final stages of
the searches for persistent signals when final candidates need to be eventually validated
or excluded.

6. Data Analysis and Results

Whenever searching for signals with a known waveform buried inside a noisy time
series, the matched-filter theory [153] is a well-established methodology. Therefore, CBC
sources (for which we have an overall precise description of the waveform as a function
of its physical and extrinsic parameters) have been mostly searched for with various
implementations of that technique. Matched-filter algorithms are also used for the search
of known pulsars.

Modeled searches: searches for well-modeled sources of GWs typically use matched-
filter-based algorithms, where a waveform model is correlated with data over the detectors’
sensitive bands to extract signals from detector noise. Though matched-filter algorithms
are optimal just in the case of known signal waveforms embedded in Gaussian stationary
noise, they are unparalleled in many cases, such as, e.g., when dealing with the detection
of compact binary signals for which the signal energy is spread over a long time interval.
Examples of matched-filter pipelines for CBC searches include gstLAL [154], PyCBC [155]
and the Virgo developed MBTA [156]: those pipelines are used both on low-latency mode and
off-line on archival data. For CW searches for known pulsars, matched-filter approach is
adopted mainly by the 5-vector [157,158] method, F/G statistic [159,160], time-domain
heterodyne-based pipelines (Bayesian and Band-Sampled-Data) [161-163]. In this case,
the investigated parameter space is significantly narrower when compared with a full
all-sky search or with directed searches. For those, the number of templates needed to
cover the full parameter space can quickly become impractical. This is the main reason
semi-coherent methods have been developed, where chunks of data are first analyzed
coherently (e.g., using matched-filter) and then combined incoherently. CW searches using
semi-coherent methods, where the typical GW frequency evolution of a source is given
by its Taylor expansion in time, include the Frequency Hough [164], the Sky Hough [165],
Weave [166], Power Flux [167], TwoSpect Algorithm [168].

However, for other GW sources such as, e.g., CCSN, matched-filter algorithms are
hardly viable: though we have some estimates on the energetics, the expected waveforms
are a stochastic superposition of the specific processes occurring at the collapse. More in
general, a detected signal waveform from a known source (e.g, with an EM or neutrino
counterpart) could be significantly different from model predictions or, alternatively, a
fully unexpected source might be emitting GW signals. In all the above-mentioned cases,
unmodeled algorithms are to be preferred.

Unmodeled searches: those are generic searches, designed to detect a wider class
of GWs. For short transients (i.e., S of a few seconds), such approach relies mostly on
coherent excess-power methods [169,170], where the data power is coherently summed
over regions of the time-frequency domain looking for local excesses, and/or on applying
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minimal assumptions on the signal morphology (e.g., frequency, duration, polarization,
etc.). Given the lack of waveform model constraints and the presence of noise transients,
signal coherence over two or more GW detectors is usually a crucial feature of any un-
modeled GW transient candidate. Such algorithms are also being used for CBC searches
as they are robust with respect to a variety of features including higher multipoles, high
mass ratios, misaligned spins, eccentric orbits and possible deviations from general rel-
ativity, which may create mismatches between signal waveforms and simulated CBC
templates. Examples of unmodeled GW transient pipelines include, coherent WaveBurst
(cWB) [171,172] (which is used both in low-latency and off-line on archival data), oLIB [173]
and X-Pipeline [174]. For the case of long-lasting or persisting signals, for which fast noise
transients are less of a concern and no particular assumption on the signal model is done
a priori, semi-coherent or incoherent methods can be used, these include Viterbi [175],
the Sidereal Filter [176] and cross-correlation based-methods such as CrossCorr [177],
STAMP [178] or Radiometer [179]. Typically, these methods are also applied in low-mass
X-ray binary searches such as Sco-X1 [180,181] and others [182].

Following the identification of a GW candidate by a search pipeline, parameter esti-
mation allows one to estimate the potential properties of the event. Such follow-up studies
provide for a better understanding of the signal consistency and are a crucial part of the
vetting of GW candidates.

Parameter estimation and sky localization: as gravitational waveforms directly en-
code crucial information about the source’s intrinsic (e.g., the masses and spins for compact
objects) and extrinsic (e.g., arrival times, a constant phase, source location, etc.) param-
eters, recovering such physical parameters from the GW observations is a key analysis
task. Bayesian inference is the leading methodology which is used to infer the sources’
astrophysical properties from GW data. Multiple Bayesian stochastic sampling tools, imple-
menting different sampling techniques, such as Markov chain Monte Carlo [183,184] and
Nested sampling [185], have been developed and are currently used: within the CBC tools,
the most widely used are LAL INFERENCE [186], BILBY [187] and PyCBC INFERENCE [188].
While stochastic sampling methods for full GW parameter estimation can take hours or
more to converge, prompt sky localization pipelines, such as BAYESTAR [189] and cWB [190]
take just tens of seconds to produce probability sky maps that are comparable in accuracy
to the full analysis, i.e., allowing searches for electromagnetic counterparts. Finally, the
unmodeled waveform reconstruction is performed with BayesWave [191,192] and cWB.

6.1. All-Sky GW Searches

All-sky and all-times searches (also known as untriggered) analyze all available GW
data with no assumption on the GW signal incoming direction and time of arrival. Un-
triggered, all-sky searches have the greatest potential of finding EM dark sources and,
potentially, to discover unexpected sources. They also provide triggers for follow-up
studies of candidate events with EM observations. There are indeed many “all-sky” GW
searches, each one adopting different methodologies (as briefly described in the previous
section): they can be, somewhat arbitrarily, grouped in two main families, the modeled
and unmodeled all-sky searches.

To the first group belong the modeled searches, i.e., those performed with matched-
filter pipelines. For the CBC case, the highest significant and more outstanding GW
events have been published both in dedicated papers and in GW catalogs, while the
other detections and a small fraction of the marginal triggers are published in catalogs
only. The main results produced by these searches will be resumed in Section 6.3. As
it happens in many other fields/contexts which use matched filtering, the signal is not
known exactly. For compact binaries, the theoretical waveform models (i.e., templates)
from the inspiral, merger and ringdown phases of such systems depends on many a priori
unknown parameters. An optimized grid of templates covering the parameter space
at a fixed minimal match has to be devised for these searches. To limit the number of
templates, i.e., the computational load of the search, a trade-off needs to be found between
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the reduction of the considered parameter space (neglecting, e.g., precession, higher order
modes, eccentricity, etc.) and minimizing the detection losses. In that context, algorithms
for template placement play a crucial role. The same happens for the all-sky searches for
CWs, where the intrinsic parameters, namely the frequency and the time derivative of
the frequency, plus the source sky position, span a wider range of values with respect to
the CBC searches. Additionally, in this case, no a priori assumption is made. CW all-sky
searches are typically less sensitive and more computationally intensive than those for
known pulsars where fewer templates are used for the search.

To the second group belong all the generic untargeted searches for GW transients,
such as, e.g., the searches for burst signals targeting a wide class of short duration
(i.e., £ a few seconds) generic bursts [193,194] and long duration (i.e., with a duration
between a few tens and a few hundred seconds) generic bursts [195,196], i.e., the most “ag-
nostic” searches, devised to capture the unexpected unknowns. The unmodeled pipelines
also contributed to the detection and analysis of BH-BH events published in the LIGO-
Virgo Catalogs [4,5] and to the LIGO-Virgo electromagnetic follow-up program [197], with
BH-BH and intermediate-mass black hole binaries dedicated all-sky searches.

6.2. Multi-Messenger Searches

Multi-messenger searches of transient sources can be divided into two main categories:
EM and neutrino follow-up of candidate GW signals and externally triggered GW searches.

In the first scenario, low-latency GW searches provide fast alerts to the astronomical
community in order to allow the prompt EM and neutrino follow-up of candidate GW
signals. As mentioned before, several automatic low-latency GW data analysis pipelines
have been built to continuously monitor the GW data and search for transient GW signals;
these pipelines are able to detect candidate GW events within a few seconds, and GW
candidates are stored in GraceDb. Immediately after one of the search pipelines reports
a GW event, sky localization and parameter estimation analyses begin. If candidates are
significant enough (i.e., if their False Alarm Rate is below a fixed threshold) and pass some
automated data quality checks (“automated vetting”), they are shared with the astronomical
community through the Gamma ray Coordinates Network (GCN) protocol, consisting of
machine-readable Notices plus short bulletins (Circulars) with human descriptions of the
events. During O1 and O2 the LIGO/Virgo GCN network was private: messages were sent
only to astronomers who signed a Memorandum of Understanding (MoU) with the LIGO
and Virgo collaborations, with a latency of ~20-1000 min (see, e.g., [197]).

During O3, the GW alerts were public > and the latency was shorter: a first preliminary
GCN notice was automatically sent out for the GW candidates that satisfied pre-established
criteria, with a typical time delay of the order of minutes.

After this, a Rapid Response Team (RRT), composed of researchers from the detector
sites, the analysis teams, the detector characterization team and the low-latency EM follow-
up team, and chaired by the run coordinator, had to confirm or retract the candidate on the
basis of semi-automated detector characterization and data quality checks (this phase is
called “human vetting”, see also Section 5.2); for the confirmed GW candidate an Initial
notice and circular were issued, otherwise a Retraction notice and circular were sent out.
The Initial and Retraction notices/circulars were typically issued within a few hours from
the GW trigger; Update GCN notices and circulars were also issued if further analysis led to
improved estimates of the sky localization, of the source classification or of the significance
accuracy. For a schematic view of the Alert timeline, see Figure 11.

In the second scenario, GW searches are triggered by the detection of an EM or a
neutrino event. This is the case, for instance, of GW searches triggered by GRBs, in which
GW data are analyzed in detail to find a possible GW signal in temporal and spatial
coincidence with a GRB; this kind of search has the advantage to significantly reduce the
detection threshold due to known time and sky location of the source (see, e.g., [198]). In
the case of GRBs two search methods are used: a modeled search for binary merger signals
associated with short or ambiguous GRBs, and an unmodeled search for GWs associated
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with all GRBs (both long and short). The modeled search looks for a GW signal compatible
with the inspiral of a binary system containing at least one NS within 6 s of data associated
with an observed short GRB; the analysis is done with a coherent matched filtered pipeline,
PyGRB [199,200], which is part of the general open-source software PyCBC [155] and has
core elements in the LALSuite software library LALSuite [201]. For the unmodeled searches,
the analysis is carried out with the X-Pipeline software package [174,202]. X-Pipeline
looks for excess power that is coherent across the network of GW detectors and consistent
with the sky localization and time window for each GRB; the search time interval begins
600 s before the GRB trigger time and ends either 60s after it, or at the Tq 3ifitis larger.
The above described time windows are based on the expected time delay between the GW
signal and the EM signal.

Time since gravitational-wave signal

Automated Vettingl 1st Preliminary
Classification || Alert Sent

Rapid Sky Localization [Jj

Cluster additional events[[] [2nd Preliminary
Re-annotate [J]| Alert Sent

Parameter Estimation [
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Figure 11. Alert timeline for O3. Image credit: Public alerts User Guide, https:/ /emfollow.docs.ligo.
org/userguide/index.html (accessed on 10 August 2021).

In addition to this, there are several online pipelines that perform low-latency searches
of coincidences between EM events or neutrino event candidates and GW triggers. Specifi-
cally, the Rapid On-Source VOEvent Coincidence Monitor (RAVEN, [203]) process alerts
for GRBs from both Fermi-GBM and the Neil Gehrels Swift Observatory [204], as well as
galactic supernova alerts from the SNEWS # collaboration and looks for coincidences in
time between these events and the GW triggers recorded in low-latency (that may not
be significant enough on their own). The Low-Latency Algorithm for Multi-messenger
Astrophysics (LLAMA, [205]) combines instead GW triggers with High Energy Neutrino
(HEN) triggers from IceCube.

Information provided by astronomers can also be used for other scopes in addition
to low-latency searches. In the context of searches for persistent signals, EM information
is used to constrain the investigated parameter space. For example, source catalogs such
as the latest Fermi-LAT one [206] can be used to identify new CW candidates, such as
supernova remnants potentially hosting a NS, for which directed searches are typically
performed [34-36] using fully coherent or semi-coherent methods. The synergy in this
field is twofold: EM information is crucial to limit the parameter space to investigate but,
on the other hand, the detection of GWs from a particularly interesting sky region, could
be a trigger for astronomers for the observation of new populations of compact objects.
In fact, a widely studied case, where this latter aspect is fundamental, is the search for
GWs (mainly CW and stochastic) from the Galactic Center [37,207]. The detection of a GW
emission from this region, if due to the presence of a pulsar population, can potentially
solve the origin of the GeV excess measured by gamma-ray telescopes [208,209], debated
to be due to dark matter around Sgr A* [210].

6.3. Results

Since the first direct detection of GWs from a merging BH-BH system in 2015
(GW150914 [83]), 50 signals from CBCs have been published so far by the LIGO and
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Virgo Collaborations. The most comprehensive publications on these signals are the two
Gravitational-Wave Transient Catalogs 5. the first catalog release, GWTC-1 [4], reports
11 detections made during Advanced LIGO and Advanced Virgo's first and second Ob-
serving Runs, including 10 signals from BH-BH coalescences as well as the first signal
from a binary neutron star (NS-NS) coalescence, GW170817 [85], which was also the first
joint detection of gravitational waves and electromagnetic radiation (see Section 6.3.3); the
second catalog release, GWTC-2 [5], adds 39 detections observed during the first part of
the third Observing Run (O3a), including the second signal from a NS-NS, GW190425 [211]
(see also Section 6.3.3), two signals from CBCs with very asymmetric component masses,
i.e., GW190412 [212] and GW190814 [213] (see also Section 6.3.2), and a signal from the
merger of two heavy BHs that formed an intermediate-mass BH (GW190521, [214]).

The impact of these discoveries also includes fundamental physics, astrophysics
and cosmology, as we are finally probing gravity in the strong-field regime, constraining
neutron-star matter equation of state and Hubble constant and directly measuring coalesc-
ing binaries population parameters. Typically, CBC signals, especially high-mass events,
can also be used to investigate lensing effects. Results on O3a data [215] are consistent with
the expected low rate of lensing at current detector sensitivities, including the contribution
from non-observation of the SGWB from BH-BHs and NS-NS events.

In the following, we will report the main LIGO-Virgo scientific results from the
last 5 years, with a focus on the detections of CBCs (Sections 6.3.1-6.3.3), the testing of
deviations from GR (Section 6.3.4) and, finally, on the upper-limits on persistent signals
(Section 6.3.5) and cosmic strings (Section 6.3.7).

6.3.1. BH-BH /IMBH Detections

Thanks to the increased number of BH-BH mergers observed through GWs, some
properties of the BH-BH population have been better understood [216]. For instance, it
has been possible to obtain insight into the BH-BH primary mass spectrum: it is not well
described by a power-law with a sharp high-mass cut-off; there is instead a strong statistical
preference for other models with non-trivial features such as a peak or a tapering occurring
at ~ 37 M, where pair instability SN (and pulsational pair-instability SN) is expected
to shape the mass distribution of BHs. Furthermore, a fraction of the detected BH-BHs
have component spins whose orientation is anti-aligned with respect to the orbital angular
momentum of the binary; under the assumption that such systems can only be formed
by dynamical interaction, this may imply that BH-BHs observed by Advanced LIGO
and Advanced Virgo can merge both dynamically and in the field. Finally, the increased
statistics allowed us to put new constraints on the BH-BH merger rate density, estimated
to be RBH_BH:ZSQf};Lés Gpc’3 yr’l. As already mentioned (see Section 2), stellar mass
BH-BH mergers are not expected to have EM counterparts, although a possible optical
counterpart has recently been reported in association with GW190521 [10].

6.3.2. NS-BH Detections

During the second half of the third Observing Run of Advanced LIGO and Advanced
Virgo (O3b), there was the observation of GW signals from two CBC inspiral which
are consistent with NS-BH binaries: GW200105 and GW200115 [217]. These discoveries
represent the first confident observations to date of NS-BH binaries via any observational
means. Considering only these two events, the NS-BH merger rate density has been
estimated to be RNS_BH:ZLSJjgg Gpc’3 yr’1 ; when adding also less significant search-
triggers with masses consistent with the typical range associated with NS-BH binaries,
we have RNS_BH=13OJ:£2 Gpc 2 yr~1. No EM counterpart has been observed so far in
association with GW200105 and GW200115.

Besides these two events, there are other two candidate events observed during O3a
that may have originated from a NS-BH or a BH-BH merger: GW190426_152155 and
GW190814 [5,213]. GW190426_152155 was the GW candidate event with the highest false
alarm rate in O3a, and therefore it could be a detector noise artifact; GW190814 is consistent
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with the coalescence of a binary system whose first component has a mass consistent with
a BH, while the secondary component has a mass in the mass gap between known NSs and
BHs: it could be therefore either the lightest BH or the heaviest NS known to be in a CBC
system [213]. No EM counterpart has been observed for these events (see, e.g., [218,219]).

6.3.3. NS-NS Detections and EM Counterparts

On August 17th, 2017, at 12:41:04 UTC, a NS-NS inspiral signal (GW170817) was
observed by Advanced LIGO and Advanced Virgo [85]. Less than two seconds later
(~1.7 s), a short GRB (GRB 170817A) was detected by two space-based instruments: the
Gamma-ray Burst Monitor (GBM) onboard the Fermi satellite [220], and the spectrometer
anti-coincidence shield (SPI-ACS) onboard INTEGRAL [221]. This joint detection marked
the birth of multi-messenger astronomy with GWs and provided the first direct evidence
that at least a fraction of NS-NS mergers are progenitors of short GRBs [222]. Furthermore,
the observed time delay between GRB170817A and GW170817 allowed us to put constraints
on the difference between the speed of gravity and the speed of light, estimated to be
between —3 x107 1% and +7 x 10716 times the speed of light [222].

An extensive EM follow-up campaign was performed after this joint detection, espe-
cially after the release of a three-detector, well constrained GW skymap (see Figure 12),
with a 90% credible region of only 31 deg? [223]. This campaign led to the discovery of an
optical transient (S5517a/ AT 2017gfo) in the host galaxy NGC 4993, located at a distance
of ~40Mpc, less than 11 hours after the merger [224]; such counterpart was also detected
in ultraviolet and infrared wavelengths (see [223] and references therein). Photometric
and spectroscopic observations of the source allowed to identify it as a kilonova [225,226]:
this supports the hypothesis that NS-NS mergers are sites of r-process nucleosynthesis of
heavy elements.

Several days after the NS-NS merger, an X-ray [227] and a radio [228] counterparts
were also discovered. The evolution of the X-ray and radio light curves, together with the
unusual low gamma-ray luminosity of GRB 170817A, suggested two possible scenarios: an
off-axis GRB with a relativistic, structured jet or a “cocoon” emission from the relativistic
jet shocking its surrounding non-relativistic material [222]; thanks to subsequent very long
baseline interferometry observations it has been possible to constrain the size of the source
and its displacement: these were found to be consistent with a structured, relativistic
jet [229,230].

The above described multi-messenger observations allowed to use GW170817 as
a standard siren, the GW analog of an astronomical standard candle, to measure the
Hubble constant Hy [231]. This measurement is independent of other state-of-the-art
measurements of Hy, and in particular, independent of the cosmic distance ladder used to
calibrate standardizable sources such as type la supernovae (see, e.g., [232]): in fact, the
GW analysis can be used to estimate the luminosity distance directly, without the use of
intermediate astronomical distance measurements. Combining the luminosity distance of
GW170817 inferred with GW data and the recession velocity of NGC 4993 inferred with
electromagnetic data, Hy has been estimated to be 70t213.200 kms~! Mpc:_1 [231]: this value is
consistent with previous, independent measurements [233,234]. This first multi-messenger
event including GWs clearly demonstrates the potential for cosmological inference from
GW standard sirens. In the future, we expect to have more multi-messenger NS-NS
detections, and the combination of subsequent independent measurements of Hy from
these standard sirens will lead to an era of precision GW cosmology.

NS-NS mergers can also be used to test the structure of cold, ultra-light density
matter [235]. Neutron star interior can reach values above the nuclear saturation density,
ranking them among the most dense objects known in the Universe. This peculiar property
makes the study of the internal structure and the physical processes happening inside
these unique objects impossible to replicate with experiments on Earth. The gravitational
wave event GW170817 represents the first attempt to constraint the EOS of NS with GWs.
The tidal deformation of the companion begins just before the merger; in this phase and
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during the ringdown of the remnant, the GW signal carries important information of the
deformability of the star and hence on the properties of the matter composing the object. In
the companion paper of the detection of GW170817 [235] it has been possible to determine
the radii of the involved objects in the range between 9 km to 13 km, while the measure of
small values of the tidal deformability parameter suggests that “soft” EOSs are favored
over “stiff” EOSs.
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Figure 12. Sky location reconstructed for GW170817 by a rapid localization algorithm from a two-
detector (LIGO Hanford and LIGO Livingston, 190 deg?, light blue contours) and a three-detector
(LIGO Hanford, LIGO Livingston and Virgo, 31 degZ, dark blue contours) analysis. A higher latency
three-detector analysis improved the localization (28 deg?, green contours). In the top-right inset
panel, the reticle marks the position of the host galaxy NGC 4993. The bottom-right panel shows the
a posteriori luminosity distance distribution from the three gravitational-wave localization analyses.
The distance of NGC 4993 is shown with a vertical line. Figure from [85]: © The Authors, published
by the American Physical Society. This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (http://creativecommons.org/licenses /by /4.0/ (accessed
on 10 August 2021)).

Besides GW170817, another potential NS-NS merger has been observed during the
third Observing Run of Advanced LIGO and Advanced Virgo: GW190425 [211]. The
masses of the two components of the binary are in the range expected for NSs; however,
both the source-frame chirp mass and the total mass of the system are significantly larger
than those of Galactic NS-NS systems: this might be an indication that GW190425 formed
differently than known double NSs in our Galaxy . No EM counterpart has been observed
in association with this event (see, e.g., [218]). The detection of GW170817 and GW190425

allowed to constrain the NS-NS merger rate density to be RNS—NS=320t328 Gpc_3 yr—![216]

6.3.4. Tests of GR

GW observations can be used to check for deviations from general relativity theory
also in the strong-field regime. These tests include the limits on the graviton mass, consis-
tency of the detections with Kerr BH-like signals, possible dispersion in the propagation
of the GW. So far, no evidence of new physics has been achieved. To test GR with GW
detection of compact objects, where velocities reach a fraction of the speed of light and
curvatures of the spacetime are large, both accurate numerical relativity simulations and
high post-Newtonian order calculations are needed. The latest result using the most sig-
nificant CBC signals detected so far and reported within the second Gravitational-Wave
Transient Catalog (GWTC-2) [5] are reported in [236]. Given the difficulty to produce wave-
forms directly derived from non-GR theories, the results of [236] can only be interpreted
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as constraints on deviations from GR derived from the detections during the first two
Observing Runs of Advanced LIGO and Advanced Virgo (O1, O2) and the events detected
in the first half of the third Observing Run (O3a). An attempt to interpret those results as
effects of non-GR theories are given in [237,238]. Mainly two aspects were tested in [236],
consistency of GR predictions and the study of specific deviations from GR. In addition to
these, other properties of the wave have been considered for additional tests, including
the terms from the spin-induced quadrupole moment of the binary components, the study
of the ringdown and echoes phases of the remnants and checks on the GW polarizations.
In the paper, no evidence for deviations from GR has been found, improving previous
constraints [239] by a factor ~2. No evidence for GW dispersion, tightening previous
constraints on Lorentz-violating dispersion parameters by a factor of ~2.6, and constraints
on the mass of the graviton as n, < 1.76 x 10-*eV/c? at 90% confidence level have been
placed. Concerning the properties of the remnant, all are consistent with Kerr remnant and
no GW echoes, which could reflect extra structures near the event horizon not present for
classical BHs, have been found. Studies on GW polarizations with three detectors can only
test the nature of purely scalar or purely vector polarization versus the pure tensor case
expected for GR. Also in this case, no evidence for non-tensor GWs has been found.

6.3.5. Persistent Signals in O3

Among the most sensitive searches for persistent signals, in particular for the search
of CW from isolated neutron stars, known pulsar searches reach the maximum sensitivity
depth. As already mentioned, these searches strongly rely on the EM information available
about the source.

Indeed, ephemerides from NICER [240] have been used to place constraints on the
gravitational wave emission from the X-ray energetic pulsar PSR J0537-6910 [31]. Am-
plitude upper limits improve existing results by a factor of up to 3, placing stringent
constraints on theoretical models for r-mode driven spin-down in PSR J0537-6910. Addi-
tionally, a search for GW emission at both once and twice the rotational frequency (i.e.,
for emission due to “mountains”) for the same target with LIGO and Virgo O2 and O3
data are given in [33]. No CW signal has been detected in this search but, for the first time,
the spin-down limit © for this type of emission on this source has been surpassed. From
reported numbers, gravitational waves from the [ = m = 2 mode contribute to less than
14% of the spin-down energy budget. Latest results for five radio pulsars, comprising
three recycled milliseconds pulsars (PSR J0437-4715, PSR J0711-6830, and PSR J0737-3039A)
and two young pulsars, the Crab pulsar (J0534+2200) and the Vela pulsar (J0835-4510), are
reported in [32]. Results from this work constrain the equatorial ellipticities of some of the
targets to be less than 1078, i.e., well below the expected theoretical maximum values.

In the context of directed searches, the latest results from the search of fifteen super-
nova remnants are reported in [34]. In this search, three search pipelines with distinct signal
models and methods of identifying noise artifacts have been used. The strain upper-limit
reach values as low as ~8 x 1072° for the most sensitive pipeline, and it slightly improves
the previous constraints set by [36] on the closest target (Vela Jr.), despite the use of a
coherent integration duration ~20 times shorter.

Finally, the latest LVC results for all-sky searches for GWs from isolated NSs [241]
report upper limits on the strain for the most favorable orientation of 6.3 x 102 using early
O3 data, improving previous results from O2 data [38]. Results for searches of unknown
neutron stars in binary systems, spanning orbital periods of 3-45 days, are reported in [39]
where upper limits on the strain are placed at 2.4 x 10-2. All-sky searches have also been
performed by external groups, reporting results on publicly released O2 data in [242-245].
Results for searches using the full O3 dataset are in progress.

Another kind of persistent signals are those forming the SGWB. For the case of
isotropic stochastic searches, mainly based on cross-correlation methods, upper limits
derived from the first three Observing Runs are given in [246]. Since the results of the
search are consistent with uncorrelated noise, upper limits on the dimensionless energy



Universe 2021, 7, 322

30 of 45

density are reported, improving previous bounds by a factor of 6.0 for the flat background
case. No evidence for gravitational waves in any of the three analyses in [207] looking for
the anisotropic SGWB has been found. Hence, 95% confidence-level upper limits on the
gravitational-wave energy density due to extended sources on the sky, on gravitational-
wave energy flux from different directions on the sky, and on the median strain amplitude
from possible sources in the directions of Scorpius X-1, the Galactic center, and SN 1987A are
reported. Direction-dependent upper limits on the gravitational-wave emission improve
upon existing limits by a factor bigger than 2.0.

6.3.6. Dark Matter

The search of DM with interferometric detectors is a relatively new field explored by
the collaboration. We briefly review the main results achieved for these searches. The effects
of superradiance around black holes as potential emitters of CWs have been investigated
in [247]. In this work, for the first time, direct constraints on the ultra-light scalar boson
field mass forming clouds around spinning black holes have been placed. A range of
boson masses, roughly (1.1 x 10713-4 x 107!3) eV for high initial black hole spin, and
(1.2 x 10713-1.8 x 10~ 13) eV for moderate spin, have been excluded with strong confidence.
Boson clouds around spinning black holes could also alter the parameter estimation of the
mass and the spin of BH-BH events by a quantity dependent on the scalar boson mass.
Using the GWTC-2 events of LIGO and Virgo, the authors in [248] find that the existence
of scalar bosons in the mass range between 1.3 x 10712 eV and 2.7 x 10713 eV is strongly
disfavoured. An attempt to look for DM candidates using CBC events has been done
in [249], where the GW190521 event could have been produced not by the standard merger
of a pair of black holes, but could be due to the merger of two head-on collisions proca
stars i.e., bosons stars constituted by ultra-light vector boson particles with masses of
8.721”8:;% x 10~13eV. In [250] upper limits on the coupling constant have been placed using
LIGO and Virgo data: these surpass the ones provided by existing dark matter experiments,
such as the E6t-Wash torsion balance and MICROSCOPE. This result also improves the
one reported in [251] using LIGO O1 data.

6.3.7. Cosmic Strings

Cosmic strings are theoretical objects possibly formed in the early Universe [252].
These objects, formed by cusps and/or kinks, could have been left over after a phase
transition of the early Universe [253] and when interacting they can form loops, either
through the overlap of a string with itself or when it encounters another string in the cosmic
string network. So far there is no clear evidence for their existence, and results from the
cosmic microwave background (CMB) experiments ruled out a significant contribution
from cosmic string to the background. Another way to detect these line-like topological
defects is to look for the gravitational wave emission produced when these objects oscillate.
For instance, after a loop is formed, it oscillates and radiates energy also through the
emission of gravitational waves [254-256]. The expected signal in this case could be,
occasionally, a powerful burst arising from the background, mainly produced by cusps
and kinks on the string; more often the global sum of single and lower burst signals form
an un-resolvable noise background, the stochastic GW background. The latest attempt
to look for GW signals produced by cusps, kinks and kink-kink collisions has been done
using the full O3 Run data of LIGO and Virgo [257], using three different models of cosmic
string loop distribution. Although no detection for single short-duration transient signals
has been found, constraints on the cosmic string tension Gy have been derived from
the SGWB energy density upper limits [246]. These constraints on the tension Gy, as a
function of the number of kinks per oscillation, of the Nambu-Goto strings, derived for
different cosmic string loop distribution models, improve previous results in [258-260] by
up to 2 orders of magnitudes. For the one-loop distribution model, the upper limit on the
tension Gu < 4 x 10715 is the most stringent present in literature. Furthermore, the results
in [257] for strings formed at the end of the inflationary era in grand unified theories, are
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not completely in agreement with the simple inflationary models; this leaves the floor to
questions about the need for extra fields able to obstacle the formation of cosmic strings.

7. Future Prospects for Advanced Virgo Plus

After the conclusion of the O3 run, many changes have started to be implemented in
the Advanced detectors to increase their sensitivity. The upgrading work of Advanced
Virgo is divided in two phases [261]. The installation of the Phase I upgrades has already
completed and currently commissioning is ongoing to reach the target sensitivity by the
beginning of the O4 run that is foreseen to start around the middle of 2022. These changes
involve many aspects of the detector. The major contributions to the improvement of the
sensitivity will come from an increment of the laser power at the source, the installation
of a signal recycling cavity, and the implementation of a frequency dependent squeezing
technique. Phase II upgrades will be installed during the break between O4 and OS5,
but several R&Ds are currently ongoing to finalize the configuration of all the detector
subsystems and the installation procedures. Major changes foreseen in Phase II are: an
enlargement of the beam size at the end mirrors, an increment of the mass of the end mirror
up to 105 kg, a new high reflective coating of the core optics.

7.1. AdV+ Phase I: The Upgrades for the Next Observing Run

Frequency Dependent Squeezing: one of the main goals for the improvement of the
sensitivity in view of the next Observing Run (O4) is a broadband quantum noise reduction.
The frequency independent squeezing used in Advanced Virgo will be no more effective.
In fact, due to the reduction of low-frequency technical noises and the increase of the
power circulating into the interferometer, the low frequency component of the quantum
noise, the radiation pressure noise, will also limit the detector sensitivity. To do this, a
frequency-dependent squeezing technique will be used. This technique is based on the
dispersion properties of a detuned filter cavity. Experiments performed starting from
2005 confirmed the effectiveness of this technique and recent experiments demonstrate
its feasibility at the frequencies of interest for gravitational wave detectors [262-266]. The
choice made for Advanced Virgo Plus is to use a 285 m long linear cavity with a Finesse of
about 11000, this will allow to have a squeezing angle rotation at 25 Hz that is the frequency
below which the interferometer sensitivity will be radiation pressure noise limited. The
two cavity mirrors have a diameter of 15 cm and a radius of curvature of about 558 m that
can be corrected using a ring heater placed around each of them.

To have this detuning, the cavity must be locked using an external laser frequency
shifted with respect to the frequency of the squeezed beam. This laser, called Sub-Carrier,
will be aligned on the squeezing cavity. Its frequency shift will ensure that it will be com-
pletely reflected back from this cavity. A good mode-matching with the cavity ensures that
this beam will be well overlapped with the squeezing beam up to the filter cavity. Another
beam with a frequency of 532 nm at which the filter cavity has a lower Finesse, about 100,
will be used for first alignment and easier lock. The experience gained during O3 drove
many of the technical choices done for the design of the injection system, mostly to avoid
possible issues due to optical losses and obtain a 7 dB to 8 dB of shot noise reduction with-
out affecting the low-frequency sensitivity [267]. To do this, totally reflective and motorized
telescopes will be used along the path of the squeezed beam. Moreover, low-loss Faraday
Isolators will be used for the injection of frequency-independent squeezing towards the
filter cavity and for the injection of the frequency-dependent squeezing from the cavity to
the interferometer. The loss reduction will be also helped by the new Output Mode Cleaner
of the interferometer. The two OMCs used in Advanced Virgo (see Section 4.1) are replaced
with a unique OMC with a much higher Finesse. Having one OMC instead of two will
avoid the losses due to the mode matching between the two mode cleaner cavities.

The installation of the frequency-dependent squeezing system is in progress. The
squeezed vacuum source, located on an in-air bench, is the same as for O3 with minor
modifications made. On the same bench, an external homodyne detector is placed in order
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to have the possibility to measure and characterize the squeezing without interfering with
the commissioning of the interferometer. The beam coming from this bench will reach two
suspended in-vacuum benches linked by a 12 m long in-vacuum pipe. The first suspended
bench contains a double-stage Faraday isolator used for the injection of the frequency
independent squeezed vacuum states toward the filter cavity and the frequency-dependent
squeezed states, coming from the cavity, towards the interferometer, passing through
another low-loss mode matching telescope. In addition to other optical elements, it also
contains one of the mirrors of a further mode-matching telescope, while the other one is
placed on the other suspended bench. The second suspended bench is linked to the filter
cavity input mirror by another in-vacuum pipe with a length of 40 m [261].

Signal Recycling Cavity and Awuxiliary Laser System: as anticipated in
Sections 4.1 and 5.1, the Advanced Virgo Detector did not have a Signal Recycling mirror
up to the O3b run, and it was replaced by a simple lens. For the forthcoming O4 run
such semi-reflective mirror will be installed: this will create another resonant cavity inside
the interferometer, the Signal Recycling Cavity (SRC). Because of the optical layout of the
interferometer, this SRC is made by the SR mirror itself and by the two arm cavities as a
whole, effectively adding one longitudinal degree of freedom, the Signal Recycling Cavity
Length (SRCL), to the already existing ensemble.

The key point about this additional cavity is its tunable nature: the working point of
this cavity can be chosen, as a microscopic tuning ¢ of the SRCL working point, depending
on the desired outcome on the detector sensitivity. Given the geometry of the interferometer,
the SR mirror basically forms, together with the ITMs and the ETMs, a double cavity SRM-
ITM-ETM; the ETM in particular sees the ensemble SRM-ITM as a compund mirror, with a
reflectivity which depends on the SRCL working point; this ultimately changes the Finesse
of this double cavity. The possible configurations are the following;:

e  broadband configuration: the Signal Recycling Cavity has a detuning ¢ = 0; both
the carrier and the sidebands are resonant in the SRC; the Reflectivity of the com-
pound mirror is high, so the cavity Finesse is high and the cavity pole is moved to
lower frequencies;

*  tuned configuration: the Signal Recycling Cavity has a detuning ¢ = 7; the carrier
is not resonant in the SRC, while the sidebands are; the Reflectivity of the com-
pound mirror is low, so the cavity Finesse is low and the cavity pole is moved to
higher frequencies;

¢  detuned configuration: the Signal Recycling Cavity is in an intermediate configura-
tion, where 0 < ¢ < 7; here there is a single frequency where the detuning is equal
to the round trip phase, resulting in a peaked response of the interferometer at a
single frequency.

For Advanced Virgo Plus the foreseen configuration is the tuned configuration.

In any case, the presence of this additional resonant cavity makes the lock acquisition
procedure more difficult with respect to the previous one, and poses a significant challenge
about acquiring control of all the longitudinal degrees of freedom at the same time. For
this reason the choice was made to change the lock acquisition scheme in favor of a more
innovative one, based on an additional Auxiliary Laser System (ALS), composed by an
additional beam injected in the interferometer, at double the frequency of the main one,
which is used in order to acquire control of the arm cavities and then bring them out of
resonance with respect to the main laser. Then, the central part of the interferometer can be
locked on the usual main beam; finally, the arm cavities are adiabatically brought back to
the main laser’s resonance and finally the control is switched from the auxiliary laser to the
main one, and the five longitudinal degrees of freedom are all controlled with the main
laser and the interferometer is locked as a whole.

This kind of approach has been studied extensively [268,269] and is already in opera-
tion in both the LIGO [270] and KAGRA [271] interferometers; the Virgo implementation is
slightly different and has been studied and developed as reported in [272].
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7.2. AdV+ Phase II: Towards the Limit of the 2nd Generation Detectors

A second, more drastic upgrade of the detector will happen at the end of O4, when
important changes will involve different detector subsystems [261]. In addition to a
further increment of the laser power, and a consequent improvement of the scattered
light mitigation system, the most relevant changes will be the new heavier and larger end
mirrors. Increasing the mirror weight from the current 42 kg to 105 kg corresponds to a
reduction in radiation pressure. Enlarging the mirror diameter from 350 mm to 550 mm
makes it possible to increase the width of the laser beam, which has a positive impact on
thermal noise as it will be explained below. In Figure 13 the foreseen detector sensitivity
evolution in the next runs is shown [145].
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Figure 13. The evolution of the Advanced Virgo sensitivity in the past two Observing Runs, and the
expected sensitivity for the next two. Advanced Virgo Plus Phase I will run in O4, while the Phase II
upgrades will be implemented between O4 and O5. Figure from [145]: © The Authors, published
by Springer Nature. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/ (accessed on
10 August 2021)).

Impact of large masses in AdV+ subsystems: adopting heavier mirrors has a consid-
erable impact on many different detector subsystems. The payload has been completely
redesigned to host the new test mass. A design prescription is to maintain the same overall
mass of mirror, marionette and cage, so that only small adjustment are needed on the
Superattenuators. The new payload must contain the new baffles for stray light control
and the elements of the thermal compensation system adapted for the heavier mirrors
and larger beams. The payload design has been recently finalized and a first prototype is
currently being produced. The suspension silica fiber design has been modified to meet the
new working loads [113]. To keep the same value of working stress as in the lighter mass
configuration (800 MPa), the fiber thickness has been increased from 400 um to 640 pm. In
this way also the frequencies of bouncing and violin modes remain unchanged. Regarding
fiber reliability, even though some studies indicate a reduction of the fiber strength as the
diameter increases, first tests show a breaking stress still more than three times higher than
the working load. Nevertheless, the stress imposed to the silica pieces welded to the fibers,
and to the bonding surfaces, increases with the mirror size, hence an accurate design of
those parts with the help of finite element analysis has been done.

New coating performance: since the detector sensitivity is limited by the coating
thermal noise, the main issue is to find a new coating recipe comparable with the current


http://creativecommons.org/licenses/by/4.0/

Universe 2021, 7, 322

34 of 45

one in terms of optical proprieties (absorption and scattering), but with significantly lower
thermal noise. The Virgo Coating R&D Collaboration (VCR&D) has been established
between many groups already involved in the Virgo project with the aim of conducting
coating research [127,273], and within the LIGO Collaboration a very active parallel research
is progressing. There are different ways to reduce coating thermal noise, which can be
written as in [274]:

Td (YC

Y
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where the Young moduli of coating (Y¢) and substrate (Ys) appear in a combination which
is minimized for Y¢ = Ys. Equation (2) shows that barring a cryogenic solution (with low
temperature T), coating thermal noise is reduced by enlarging the beam width (w), and
reducing the coating thickness (d) or the coating loss angle (¢¢). The large mirrors that will
be installed as end test masses in Advanced Virgo Plus make possible the enlarging of the
beam size, even if extending the deposition area without spoiling the coating quality is a
technological challenge. Consequently, a huge effort in coordinating the coating research
of both LIGO and Virgo Collaborations is devoted to obtain the best possible coating recipe
soon enough to leave time for the technological development of the deposition process.
The plan for the coating research is based on three different kinds of activities:

¢ synthesis of new materials, new deposition techniques and new post
deposition treatments

. optical, structural and mechanical characterization of the synthesized products

*  modeling of the static and dynamic behavior.

Following this research scheme, many results were achieved, such as a better knowl-
edge of the mechanical dissipation mechanisms [275], also by means of molecular-dynamic
simulations [276], a deeper understanding of the role of annealing and doping pro-
cesses [122,123], and the important discovery of a link between mechanical losses and
absorption [277]. Nevertheless, the main target of the research is to find a new material
for replacing titania doped tantala in high refractive index layers of the coating stack.
Currently, a couple of very promising materials are under study, with the aim of optimizing
the deposition parameters, while a huge effort for obtaining a complete characterization is
also ongoing.

8. Conclusions

This paper presented an overall picture of the current status of the Virgo experiment,
focusing on the Advanced Virgo project, which took place for the O2 and the O3 Observing
Runs. The scientific reason of this endeavour has been made clear by defining the scientific
goals and achievements that this kind of experiment could make possible; the description of
the long timeline GW experimental science went through in the last decades served as both
an important historical introduction and as a hint of the many struggles and technological
techniques that have been pursued in order to explore the possibility of the detection of
GWs. A more focused attention has been put on the Italian history of experimental GW
science, which spanned from the initial resonant bars detectors to the more advanced
laser interferometric techniques. The joint effort of France and Italy put the foundation
of the Virgo Collaboration, which ultimately led to the construction and operation of the
largest and more sensitive European laser interferometer devoted to GW science. After
several decades of technological advancements, the Advanced Virgo project ultimately
brought the Virgo detector to its first detection of gravitational waves in 2017, joining the
LIGO detectors at the end of the O2 Observing Run. The end of such run also marked the
beginning of the multi-messenger astronomy era, as the LIGO and Virgo detectors jointly
detected the first GW signal from a NS-NS system, which was followed by the detection
of EM counterparts from other experiments, in a coordinated effort. The International
Gravitational Waves Network (IGWN) then participated concurrently to the following
O3 Run, which saw a substantial increase in the detection rates, thanks to the improved
sensitivities of the detectors. This state of the art of the Advanced Virgo detector in the O3
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era was thoroughly discussed in both its main features, as in the most recent developments
of the instrument, as well as the latest improvements in data analysis and validation.
Finally, a short description of the already ongoing improvements for the next future of the
Virgo detector has been provided, in view of the next Observing Runs, where the Advanced
Virgo Plus project will carry forward the capabilities of this 2nd generation detector for
the next years to follow. At the same time, the other interferometers of the IGWN, i.e., the
LIGOs and KAGRA, are undergoing similar upgrading stages, each detector targeting its
own design sensitivity [145]. The final aim of these upgrades is to widen the astrophysical
reach of the detector and to drive below the sensitivity curve for the case of nearby sources.
Along with these detectors improvements, data analysis groups are constantly updating
the search pipelines in order to be ready to analyze data for the upcoming O4 run. In the
meantime, data from the O3 run is being analyzed in the case of long-lasting signals, and
further results from transient searches are in preparation.
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Notes

1

A figure of merit to describe the sensitivity of a GW detector to a NS-NS source population. It is defined as the radius R of a
Euclidean sphere with the volume equal to the space-time volume surveyed per unit detector time [146].

https:/ /gracedb.ligo.org/superevents/public/O3/ (accessed on 10 August 2021).

3 The Ty is an estimate of the duration of the GRB prompt emission. Specifically: Tgyp measures the duration of the time interval
during which 90% of the total observed counts have been detected; the start of the Tog interval is defined by the time at which 5%
of the total counts have been detected, and the end of the Tqj interval is defined by the time at which 95% of the total counts
have been detected.

4 https:/ /snews.bnl.gov/ (accessed on 10 August 2021).

5 A third catalog release is currently in preparation.

0 The spin-down limit is the maximum GW amplitude the star can reach if only the gravitational wave emission mechanism is
considered in the energy budget of the rotating star.
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