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Abstract: The first twenty years of operation of gravitational-wave interferometers have shown that
these detectors are affected by physical disturbances from the surrounding environment. These are
seismic, acoustic, or electromagnetic disturbances that are mainly produced by the experiment
infrastructure itself. Ambient noise can limit the interferometer sensitivity or potentially generate
transients of non-astrophysical origin. Between 1 April 2019 and 27 March 2020, the network of
second generation interferometers—LIGO, Virgo and GEO—performed the third joined observing
run, named O3, searching for gravitational signals from the deep universe. A thorough investigation
has been done on each detector before and during data taking in order to optimize its sensitivity and
duty cycle. In this paper, we first revisit typical sources of environmental noise and their coupling
paths, and we then describe investigation methods and tools. Finally, we illustrate applications of
these methods in the hunt for environmental noise at the Virgo interferometer during the O3 run and
its preparation phase. In particular, we highlight investigation techniques that might be useful for the
next observing runs and the future generation of terrestrial interferometers.
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1. Introduction

Gravitational waves (GW) from coalescence of compact binary systems have been detected by
km-scale laser interferometers measuring the tiny strain of space-time they produce [1]. The relevant
signal is the differential variation of the length of the two interferometer arms that, for the events that
have been observed so far, is of the order of 10~!? m. Although interferometers are extremely well
isolated from the external environment, disturbances, such as sounds, vibrations, and electromagnetic
fields, can produce arms length variations of the same magnitude degrading the detector sensitivity.
Since the beginning, all of the GW detectors have put a lot of effort in identifying and mitigating such
sources of noise and understanding the coupling paths [2-7].

The global gravitational-wave detector network currently consists of two Advanced LIGO
detectors in Hanford (WA) and Livingston (LA), USA [8]; the Advanced Virgo detector in Italy [9];
the GEO600 detector in Germany [10]; and, the KAGRA [11] underground cryogenic interferometer
in Japan. These detectors are power-recycled laser Michelson interferometers with 4 km (LIGO),
3 km (Virgo and KAGRA), and 600 m (GEO) long optical cavities in the arms (folded optical cavities
for GEO, Fabry-Perot resonators for LIGO, Virgo, and KAGRA) and squeezed light injected at the
output port [12]. An input mode cleaner cavity filters the laser light before entering the interferometer.
A thermal compensation system recovers deformations of the mirror test masses (TM) that are heated
by the power stored into the interferometer resonant optical cavities [13]. The laser beam path is for
the most part enclosed in ultra-high vacuum, which also decouples acoustic noise. Fused silica TM
mirrors as well as all sensitive optical benches are suspended to multi-stage seismic isolators that
perform up to 280 dB of attenuation above 10 Hz [14,15].

From 1 April 2019 to 27 March 2020, the LIGO, Virgo, and GEO detectors performed a joined
observing run, named O3. The data taking was interrupted for one month in October 2019 to allow
commissioning of LIGO and Virgo detectors. The run periods, before and after the interruption,
are named O3a and O3b, respectively.

Virgo sensitivity steadily improved before and during O3, reaching the peak observation range for
binary neutron stars (BNS) of 60 Mpc and stable continuous operation periods of one week. The run
concluded with 56 confirmed alerts of coalescences in low latency analysis [16-21]. Figure 1 shows
Virgo sensitivity improvement since October 2018. This improvement has also been the result of the
identification and mitigation of several sources of environmental noise whose search was conducted
with dedicated experimental tools and methods.

107 —October 26™, 2018, BNS range = 26 Mpc

—03b, BNS range = 60 Mpc
1071 03 observing scenario (60-85 Mpc)

Strain noise [1/vVHz]

10%
10’ 10° 10° 10*
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Figure 1. Amplitude spectral density of residual strain noise for Advanced Virgo in October 2018
(black), best of O3a (blue), best of O3b (red), and O3 observing scenario (green belt). The binary neutron
stars (BNS) range is quoted as the average distance to which a signal generated by a BNS system with
1.4 M-1.4 M could be detected.
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Since the end of O3, a phase of detector upgrade has started. The new AdV+ detector aims for an
improved sensitivity and increased observation range in the future observing runs, O4 and O5 [22].
To this purpose, another assignment during O3 has been to measure the couplings of ambient noise
and produce a noise budget in order to identify critical sources and couplings.

In the following, we describe the search and reduction of environmental disturbances into the
Virgo interferometer carried out during the preliminary commissioning phase and O3. We dealt
with various noise sources adopting different search methods and analysis techniques. We first give
an overview of the installed environmental monitors, focusing on performed upgrades (Section 2),
the environmental couplings (Section 3), and the investigation methods (Section 4). Subsequently,
in Section 5, we illustrate noise hunting cases to which we applied these methods. Finally, in Section 6,
we conclude and outline future perspectives.

2. Environmental Monitors

The auxiliary monitors of the Virgo environment are essential for tracking sources and studying
their influences. A distributed network of environmental probes was initially setup for Virgo [23] and,
subsequently, expanded and enhanced for Advanced Virgo. In Figure 2, we show the current layout of
sensors deployed in the central building, the input mode cleaner building, and the two buildings at
the end of the North and West arms [24]. Other monitored locations are: the laser clean room hosting
the in-air (i.e., at ordinary atmospheric pressure) benches carrying the laser source and input optics;
the detection clean room hosting the in-vacuum suspended bench with the readout photodiode and
the in-air bench for squeezed light injection; and a few electronic rooms. There are two categories
of sensors: fast sensors, sampled at 1 kHz to 20 kHz according to the probe operating bandwidth,
and slow sensors, which were sampled at 1 Hz. Table 1 provides a list of the sensors in use.

MCB NEB (WEB) CEB
A1 1T 1T 1
’jmowm Cleanef. L
e n‘;

© Accelerometer
@ Episensor

O Velocimeter

@ Thermometer
O Comb. (temp.+press.+hum.)
A Microphone

A\ Infrasound microphone
B Magnetometer

M Voltage probe

I Current probe

O Radio frequency antenna

Figure 2. Virgo environmental probes. Top left: mode cleaner building (MCB). Middle: North end
building (NEB). West end building (WEB) is identical. Right: central building (CEB).

Fast sensors (~150 probes) are magnetometers, radio frequency (RF) receivers, accelerometers,
seismometers, microphones, power line voltage monitors, and current sensors. They continuously
monitor the ambient noise close to the detector at frequencies up to 10 kHz. These sensors are low
noise devices with enhanced low frequency response and they are positioned close to potential noise
coupling sites. All of the external optical benches, which are prone to acoustically driven vibrations
and thermal fluctuations, are monitored with one low frequency tri-axial accelerometer, one high
frequency accelerometer, one microphone, and one temperature probe. In Advanced Virgo, we have
added accelerometers in order to improve the monitoring of locations prone to scattered light coupling,
such as vacuum chambers, vacuum separating windows, and cryogenic traps. Experimental halls
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noise is monitored from 0.1 Hz to 10 kHz with tri-axial seismometers, magnetometers, and new
infrasound microphones.

Table 1. Specifications for main environmental sensor types: the model, the frequency range in which
they are used, and their typical self-noise.

Type Sensor Model Usable Frequency Band Self Noise
seismometer Guralp CMG-40T 0.01-50 Hz 6nm/s/v/Hzat0.1 Hz
accelerometer Episensor FBA ES-T 3-axis 0.1-50 Hz 0.3 um/s*/+/Hz at 1 Hz
accelerometer ~ Wilcoxon 731-207 or PCB 393B12 1-1000 Hz 1um/s?/+/Hz at 10 Hz
microphone Briiel Kjaer 4190 or 4193 0.1 Hz-10 kHz 0.1 mPa /+v/Hz at 10 Hz
magnetometer Metronix MFS-06e 0.1 mHz-10 kHz 0.1 pT/vHzat1Hz
RF receiver AOR AR5000A 10 kHz-3 GHz 10nV/vHz at 10 MHz

Slow sensors are temperature, humidity, and air pressure probes, positioned in several sensitive
locations in the experimental halls, clean rooms, electronic rooms, and along in-vacuum suspensions.
These are approximately 300 probes. In addition, we monitor several service devices of the detector
infrastructure, like air cleaning and conditioning, water pumps, chillers, illumination. The primary use
of these monitors is in the Detector Monitoring System [25] for issuing safety alerts, but they are also
often used to correlate devices operation with non-stationary disturbances. New monitors have been
added during the O3 preparation phase and, presently, there are approximately 150 probes, including:
illumination sensors, ambient over-pressure, air and water temperature and pressure, air and water
flux, power monitors, and particle dust counters. The readout electronics of these monitors adopted in
the initial Virgo was found to produce electromagnetic disturbances in the form of a comb of narrow
equally-spaced lines associated to the timed communication data packets [26]. It has been replaced
with a silent custom solution.

Advanced Virgo also has geophysical environmental monitors: one cosmic ray detector,
one weather station, and one lightning sensor. One recent addition is two very low noise
magnetometers (Metronix, mod. MFS-06e) that we installed at approximately one hundred meter
distance from the central building with the purpose of sensing Schumann’s global magnetic field and
electromagnetic noise transients correlated among distant interferometers [27,28].

3. Environmental Noise Couplings and Sources

In the initial Virgo, a major issue was noise due to light back scattering from vibrating surfaces on
in-air and not seismically isolated optical benches [29,30]. In Advanced Virgo, most auxiliary optical
benches have been suspended in light vacuum with residual gas pressure of ~1 mbar [15]. This allows
to reduce their displacement noise with respect to ground by 5 to 7 orders of magnitude at 10 Hz
and provides acoustic isolation. In addition, each bench position is actively controlled to minimize its
motion with respect to the main optics. Despite all of this, scattered light noise has been a major issue
for both Virgo and LIGO during O3 [31-34]. In Section 5.1, we describe some scattered light noise
investigations at Virgo during O3.

Advanced Virgo adopts a coil-magnet actuation system to control the angular and longitudinal
position of the test masses. Four little magnets are glued on the back-side of each TM mirror in
anti-parallel cross configuration in order to reduce the total magnetic moment [9,35].

Ambient magnetic fields induce eddy currents in the metallic structure surrounding the TM,
which, in turn, warp the field and produce magnetic gradients. Magnetic fields and magnetic gradients
couple to the mirror magnets, thus exerting a displacement force. The AdV new payload structure has
been designed to reduce eddy currents, and its coupling with ambient magnetic fields was validated
prior to assembling with simulations and measurements [35].

In Advanced Virgo, we have significantly reduced the ambient magnetic field in proximity of
the TM mirrors vacuum chambers [36]. The main actions consisted of: (i) rerouting electric cables
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at further distance from chambers; (ii) using mains cables with twisted hot and neutral wires in the
chamber proximity; and, (iii) replacing several step-down power supplies with toroidal shaped core
types for the reduction of stray magnetic field. Despite these mitigation actions, during O3, we have
faced residual magnetic noise coupling and sources, which we discuss in Section 5.2.

Among anthropogenic sources of noise, close-by flying vehicles (helicopters, airplanes) are a
long lasting problem [37]. Air pressure waves from the rotor blades induce low frequency vibrations,
usually in the range 10-150 Hz, in the experimental buildings walls and all their content. Scattered light
noise paths can be excited. This was still a potential noise issue before O3, as we demonstrated with
fly-over tests that were performed in collaboration with the italian 46th air brigade [38]. Just before O3
started, an agreement signed with the air force authorities enforced no-fly zones within cylindrical
volumes of 600 m radius and height around the three Virgo vertices.

The majority of noise sources are part of the detector facility infrastructure, like ventilation
systems and vacuum devices, or electronics, like power supplies, data and communication lines.
Electrical devices using pulse-width-modulation (PWM) technique to regulate the delivered power
produce amplitude modulation and, thus, spectral side-band noise of the mains frequency (50 Hz in
Europe) or harmonics. We have replaced PWM heaters used to melt liquid Nitrogen condensation,
which were producing 10 Hz magnetic combs, with variac regulated devices. Noise from other devices
of this kind, like chillers used to cool down lasers and beam dumpers, or laser beam profilers is
discussed in Section 5.4.

4. Noise Hunting Methods

Noise hunting is defined as the process of identifying noise sources and coupling paths to the
interferometer, and pursuing a mitigation of their effects. Noise hunting makes use of specific data
analysis and experimental methods that are described below.

4.1. Data Mining

Data mining is usually the first step. The Virgo and LIGO collaborations have developed several
tools for monitoring and identifying noise features in the gravitational-wave signal (referred to as Hrec)
and all of the auxiliary channels [39,40]. Here, we address the tools that are used for environmental
noise hunting.

The search often starts from the careful inspection of noise features in the reconstructed strain
signal. The time-frequency plots (spectrograms) that we automatically compute hourly and archive are
extremely helpful. Typically, we look for the onset (or modification) of spectral noise features, like lines
(monochromatic peaks) or bumps. This sometimes happens in coincidence with actions carried out on
site and considered to be harmless, like turning on or modifying the operation set point of devices
or detector components. Consequently, when we find unexpected features, we usually first look for
possible coincident actions made on the experiment and reported on the Virgo electronic logbook [41].

We then search for correlated noise features in other channels, specifically the environmental
ones. The most efficient approach is the so-called brute-force or exhaustive search. It consists in
blindly estimating the correlation between Hrec and all of the auxiliary signals (thousands) used for
the detector monitoring and control. For this purpose, data analysis tools have been developed looking
for either linear or, more challenging, non-linear noise. An example of a linear noise search tool is
BruCo [42,43], which computes brute-force coherence for Hrec with the auxiliary channels and outputs
a ranked list of the most coherent signals at each frequency bin.

Noise with a periodicity in amplitude or frequency is often correlated with the operation cycle of
infrastructure devices or with ambient temperatures. In this case, a brute-force correlation analysis
with the slow monitors helps in pinpointing the noise source. Tools, like Buffalo [44] and NonNA [45],
are used for this purpose.
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Uncorrelated sources can sum and show up in Hrec at their beating frequency. MONET [46] is a
tool that is dedicated to this search and during O3 it could spot beatings between slow residual angular
drifts of suspended optics and detector calibration lines, violin modes, and mains harmonics [47].

Another category of non-linear noise is scattered light. It often produces typical spectral features
in Hrec, like bumps and arches or shelves, which help in recognizing and tracking it down [29,31,48].
We show examples in Section 5.1.

4.2. Experimental Methods

Following the hints collected in the data mining step, a set of subsequent experimental
actions is needed in order to better understand and pursue the mitigation of each noise
source. Three experimental investigation methods are the mostly used: sniffing, switch off tests,
and noise injections.

In the sniffing process, we use a set of portable magnetic, seismic, and acoustic probes
(see Table 2) to inspect the experimental areas. With auxiliary sensors placed in the proximity of
the suspected offender, we scrutinize a number of devices looking for the specific noise “signature”
(frequency pattern) identified in the data mining step. One example during O3 was the localization of
the source of the main sideband noise. We discuss it in Section 5.4.

Table 2. The hunter’s tool-kit: set of tools for investigating environmental noise.

Type Description Operating Frequency Model
Portable sensors
seismic digital accelerometer 1-1000 Hz PCB 633A01
acoustic  cell phone microphone 10-20,000 Hz -
magnetic 3-axial probe 0-1000 Hz Mayer FL3-100
RF RF receiver 10 kHz-100 MHz ELAD FDM-S1

Tools for noise injections

seismic small impact hammer - PCB 086C01

seismic  small bluetooth shaker 30-2000 Hz Vibe-Tribe Troll Plus

seismic medium shaker 10-1000 Hz TIRA TV-51110

acoustic speaker set 20 Hz to few kHz 18” sub-woofer and PROEL SMTV-15MA
magnetic injection coil DC to a few 100 Hz 0.5 m radius, 50 turns of 1 mm Cu wire
magnetic small injection coil DC to a few kHz 32 mm radius, 1000 turns of 1 mm Cu wire

The number of noisy devices is so large that, sometimes, the best strategy for finding a source is
to perform selective switch off of suspected candidates, and observe whether the noise disappears
from the gravitational-wave signal. As we discuss in Section 5.1, during O3, the temporary turn off of
one air conditioning machine significantly reduced a number of structures in the amplitude spectral
density (ASD) of the residual strain. In that eventuality, we further investigated the devices in that
area. A lesson we learned is that “devices that are not strictly needed should stay off”. We provide an
example in Section 5.5. For this reason, we have plugged several seldomly used devices on remote
controllable mains sockets.

The last method we mention is noise injections. The noise injection technique is well known in the
GW detector community [4,29,36,49]. The aim is to produce controlled and localized enhancements of
the detector ambient noise in order to have a sizeable effect in the gravitational-wave signal allowing
for the measurement of a noise coupling function. For this purpose, we use dedicated loudspeakers
(acoustic injections), coils (magnetic injection), RF transmitting antennas (RF injections), and shakers
(vibration injections). Main injection tools are listed in Table 2. These devices are conveniently driven
with sets of sine waves (which allow to generate high intensity stimuli) or white/band-limited signals
(that allow to span all frequency bins without blind spots). Subsequently, we use these coupling
functions to compute the contribution to Hrec of the quiet ambient noise level (i.e., in absence of
injected stimuli) named noise projection, and evaluate how critical it actually is. A plot of noise
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projections as compared to strain ASD is what we call a noise budget. We provide an example of noise
injections and projections in Section 5.2.

Noise injections are also used for the hunt of specific noise structures in the gravitational-wave
signal. In this case, more localized stimuli are generated, for example, with the use of a small
portable bluetooth shaker or impact hammer actuating on a vacuum chamber, a bench or single optics.
The frequency content of the stimulus is adjusted to match that of the target. The aim in this case is to
excite the target noise, so as to establish a cause-effect relationship and pinpoint the offender or the
coupling path. Section 5.1 describes examples.

5. O3 Noise Hunting

In this section, we describe the most relevant environmental noise search and mitigation actions
performed in Advanced Virgo during the commissioning before and throughout the O3 observing run.

5.1. Scattered Light Noise Studies

A small fraction of the laser light circulating in the interferometer can be scattered off by any
illuminated surface and, if not blocked, it might re-enter the main beam path adding a noise modulated
by the motion of the scattering surface. Scattered light (SL) noise has been known for long [50], but it
is particularly striking for the last generation of GW interferometers, which have very large circulating
light power.

The model of the strain noise associated to light scattering by a surface displacing as x(t) is [51]:

e = € (Ko9)- 7 [sin (4T20)] 4 Kapyot) - 7 [cos (220 <1>

where we indicated with .7 the Fourier transform, with A = 1064 nm the laser wavelength, with Ky (f)
and Ksp,p(f), respectively, the transfer function from phase and amplitude noise to the detector
measured strain, and with C a coupling constant that depends on the fraction of light re-coupling
to the interferometer main beam. The K transfer functions depend on the micrometric position of
the scattering source inside the interferometer and they are evaluated with an optical model of the
interferometer, like Optickle [52]. The coupling constant C is estimated by a fit of the model to the
measured data.

Spotting the presence of SL noise is not an easy task, primarily because it is non-linear and
no coherence or very poor coherence with witness sensors is expected. Typical evidences of SL
are spectral noise features, such as bumps in photodiode signals, which are non-stationary in
time, with a typical timescale of a few hours. Bumps width typically increases with the level of
microseismic noise. The amplitude of bumps can change from lock-to-lock, depending on the global
interferometer alignment.

During O3, we used two experimental methods to test whether scattered light noise was impacting
the sensitivity or was very close to do so: (1) switch off of heating, ventilation, and air conditioning
(HVAC) systems; and, (2) enhance vibration noise of specific parts by means of shakers or loudspeakers.
In the following, we illustrate some applications.

Seven air handling units are in continuous operation site-wide for the purpose of temperature
control and dust decontamination of experimental areas. Clean laboratories have their dedicated unit
with the addition of water chillers, heaters, and circulation pumps. These devices produce broadband
acoustic noise that extend from 1 Hz to 100 Hz and monochromatic seismic-acoustic disturbances at
fans and at engines rotation frequencies (10-30 Hz range). Air conditioners can be temporarily turned
off for periods of 10 to 60 min., depending on the experimental area, without significantly affecting the
interferometer operation.

One sequential switch off of all Virgo HVAC units was performed on 19 April 2019, and it lasted
about 40 min. before restoring the initial condition. The effect was in real time visible in the BNS range
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online monitor (Figure 3a). Hrec noise reduced significantly below 30 Hz (Figure 3b). The time of the
noise reduction could be correlated with the turning off of the HVAC unit serving the detection clean
room. On 27 October 2019, a similar sequential switch off highlighted a new issue. The noise bumps
at 20 Hz and 40 Hz in the strain ASD turned out to be correlated with the acoustic noise inside the
laser clean room. Of course, air conditioners could not be kept off, but the tests provided useful hints.
Subsequently, the investigation proceeded with techniques that permitted a more precise localization
of the scatterer.

S,
o
3

—HVAC units on
—HVAC units off

S
8

I
LA

BNS range [Mpc]
(4]
N

S,

Strain noise [1/vHz|

49

o o © © ©
S U & 0 &
i a a5 a5 5

Time (UTC) April 19th 2019

$»
N
X
Ko

(a) Evolution of BNS range during the
sequential HVAC switch off actions.

1028
10’ 10°
Frequency [Hz|

(b) AdV sensitivity before (blue) and
while all heating, ventilation, and air

conditioning (HVAC) units were off
(red).

Figure 3. Effect of turning off HVAC devices in binary neutron star range (a) and detector sensitivity (b).
In (a), the black and purple dotted lines points out the beginning and ending of the switch off
test, the red and green lines indicates the switching off of CEB hall and detection clean room
units, respectively.

In the case of the laser clean room, the suspect fell onto the laser optical bench, which is in-air and
it does not benefit from any seismic isolation. In fact, by examining the signal of the seismic sensor on
the bench we found a significantly large (~10~8 m/+/Hz) horizontal motion at about 20 Hz, which is
a mechanical mode of the table (Figure 4a). This frequency matched that of a bump in the spectrum of
the power recycling cavity length signal (PRCL), as shown by the blue line in Figure 4b.

We proceeded with applying a controlled vibration to the bench. For this purpose, we used
one commercial shaker that was attached to one of the bench legs and loaded with a reaction mass.
By applying a 20 Hz sinusoidal excitation, we managed to enhance the bench motion at the resonance
by a factor ten. At the same time bumps at 20 Hz and harmonics grew in the PRCL spectrum.

These bumps can be reproduced by a simplified version of the scattered light model of Equation (1),
as demonstrated in Figure 4b. In this case, the model is used to estimate not the strain noise but the
PRCL noise due to scattered light. We used for x(t) the horizontal bench displacement measured by
the seismic sensor. The scale factor C is determined by best matching the model (yellow curve in
Figure 4b) and the data measured during injection (red curve in Figure 4b). The obtained value is
C = 8 x 107°. The simplified model consisted in assuming unitary phase and amplitude noise transfer
functions. For a thorough understanding of the noise path, the Ky and K;sp,p functions should be
estimated and applied. Despite this simplification, the reasonable match between the data and model
was sufficient to localize the source in the laser bench. In Figure 4b, the green curve also shows that
the same model applied to the quiet data (i.e., in the absence of external stimuli) roughly explains the
residual PRCL bumps noise.

An investigation followed, which identified and properly dumped stray beams on the bench.
We aim to reduce the bench motion at 20 Hz adopting passive resonant dampers and diverting the
clean air flux from the bench in order to further mitigate the noise.
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Figure 4. Shaking test of laser bench. In both sub-figures the blue curve corresponds to quiet conditions,
the red curve is when applying a 20 Hz sinusoidal excitation to the laser bench. (a): the bench
displacement signal in quiet condition and during the excitation. (b): power recycling cavity length
signal (PRCL) signal and scattered light model using C = 8 x 10~ are shown. Yellow and green curves
show the model during the shaking of the bench and quiet condition, respectively.

The scattered light issue inside the detection clean room has been followed up with acoustic
injections. We injected broadband 20-1000 Hz noise with one 18-inch sub-woofer inside the clean
room. We injected increasing levels of noise and found that a little enhancement of sound level in the
room was sufficient for stimulating the rise of a noise bump between 46 and 50 Hz in the strain ASD,
as shown by the blue curve in the top panel of Figure 5. The same sound injection was repeated after
having blocked the pick-off beam from the interferometer at the entrance of the squeezer bench, so that
no laser light was present on the bench [12]. In this condition, even with a larger acoustic injection,
the noise bump between 46 and 50 Hz was sensibly reduced and the injected noise did not produce any
additional contribution in Hrec, as reported by the black curve in the top panel of Figure 5. This meant
that the scattering source had to be located on the bench itself. Further investigations [34] have
identified the scattering that occurred in some components installed on the bench, which, during O3,
was placed in-air and rested on the ground. The coupling of this noise to Hrec was finally made
negligible by optimizing the beam alignment on the bench.

T T T T T
—Injection and shutter open
——No injection and shutter open
——Injection and shutter closed

Strain noise
[1/VHZ]

=
S

N

w

~
o
»~
N
IS
ES
IS
o
IS
)
o
o
w
N
v
'S
ul
o
ul
<)
o
o

,_.
o
N

’WW

e
%M“WM

46 48 50 52 54 56 58 60
Frequency [Hz]

Microphone
[Pa /VHZ]
=
o

—
<
~
o
L
N
&L
IS

Figure 5. The amplitude spectral density of Hrec (top) and microphone (bottom) on the external
squeezer bench, in reference condition (red) and when generating sound inside the room (blue),
and then repeated after having blocked the beam onto the bench (black).

5.2. Electromagnetic Noise Injections

We describe two applications of the aforementioned (Section 4.2) technique of noise injections.
The first application is a far-field electromagnetic noise injection with the purpose of measuring
the detector coupling to ambient magnetic and radio frequency fields and then estimate their noise
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contribution to the O3 residual strain noise. The second application is a near-field magnetic injection
with the purpose of localizing an anomalous coupling to magnetic fields within the central area.

Monitoring magnetic noise coupling to the detector is also of interest for the stochastic GW search,
where global magnetic fields (e.g., Schumann’s resonances [53,54]) can limit the sensitivity to searches
of GW signals that are correlated over multiple detectors [27,28]. On a weekly basis, far-field magnetic
injections were performed during O3 in order to monitor variations in the magnetic coupling function
for far field sources!.

The setup consists of one coil (Table 2) that was placed inside the experimental area in the farthest
possible location from all interferometer components [55]. The maximal current was 3 A, limited by the
driving amplifier. With this setup, we generated sinusoidal fields with frequencies in the range 10 Hz
to 500 Hz and intensities of 0.2 nT to 2 nT within the central hall, in proximity of the interferometer
sensitive parts. This injected field added to the preexisting ambient field, whose intensity (apart for
mains) is 1 pT to 10 pT, depending on frequencies and away from electromagnetic (EM) sources.

Equation (2) gives the magnetic coupling function (CF), with Y and X being, respectively, Hrec and
the witness sensor during the injection (in1j) or an adjacent time without injection (bkg):

Y2,(F) = Y3 (f)
X2 (F) = X, (F)
Yok (f)
VX)) = X3 ()

CP(f)measured =

)

CF(f)upper limit =

The witness sensor of the total magnetic field is the modulus of the magnetic field observed by the
three perpendicularly orientated magnetometers. If the injected field results in an increase of the strain
ASD of at least a factor 2, we claim to have measured the coupling, see the dots in Figure 6. Otherwise,
we place an upper-limit on the CF under the additional condition that the witness sensor detects an
effect of at least a factor of 10, as pointed out by stars in Figure 62.

An in-depth discussion on magnetic injections can be found in [36]. Here, we comment on the two
most important features of the measured coupling function: the low frequency part (up to 100 Hz) with
a declining slope and the high frequency part (above 100 Hz) with a rising slope. The low frequency
part is dominated by the coupling of the ambient magnetic field to the small magnets that are attached
to the back of each TM mirror and they are used to control the mirror position. The coupling to these
magnets is known to decay as f°, where f is the frequency [36]. The measurements at NEB and WEB
confirmed the expected behavior, while the magnetic coupling measured in CEB does not follow the
same slope. Even if we do not have a complete explanation for this result, it is reasonable to ascribe the
enhanced low frequency coupling to other noise sources that were triggered by the magnetic injection
(e.g., scattered light). This mechanism is very likely in the complex environment of the central building.

In order to understand the origin of high frequency slope of the magnetic coupling function
we performed a set of near-field magnetic injections. We probed several locations within the central
hall using one small injection coil (Table 2). We fed the coil with one pair of sinusoidal signals with
fixed amplitude (I) and frequency (f): one in the low frequency region below 100 Hz (we chose:

The ideal condition would be that of generating a uniform field across the whole interferometer and the witness sensors.
The best practical approximation that we could do consisted of one injection coil that was placed in one corner of the
experimental halls and witness magnetometers centrally located with respect to the potentially sensitive components.

We also evaluated the impact of ambient EM fields at frequencies within 10 kHz from the Virgo laser modulation frequencies
(Fnoa) 6 MHz, 8 MHz, and 56 MHz. These fields might couple to electronics contaminating the demodulated photodiode
signals used for the angular and longitudinal controls of the interferometer. In this case, we used one transmitting antenna
(6 m long vertical whip) positioned in proximity of the central building to broadcast 20 kHz-span sweep signals that were
centered at each F,,,;. This antenna was fed with a broadband power radio frequency amplifier set for an output of about
10 W. The contribution of the ambient radio frequency background was estimated to be more than one order of magnitude
below the current Virgo sensitivity.
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f =28Hz, I =3 A) and one in the high frequency region (we chose: f = 368 Hz, I = 0.3 A). In this
condition, a ~1 nT field is generated at a distance of a few meters from the coil. This is the same order
of magnitude of the intensity that is generated in the far field injections. Therefore, using the small coil
as a stimulus and looking at the induced effect in Hrec, we could pinpoint the source location with a
distance accuracy of a few meters.
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Figure 6. Magnetic coupling functions for CEB, WEB, and NEB. For CEB multiple injections over
the time of O3 are shown to illustrate the time variations. Dots are measured values of the magnetic
coupling, while stars are upper-limits, calculated using Equation (2).

The low frequency stimulus (28 Hz, triangles) couples significantly to Hrec when approaching
the test mass at the input of the North arm (NI), as illustrated in Figure 7. Indeed, this behaviour
is expected for fields coupling to mirror magnets. Instead, the coupling of high frequency stimulus
(368 Hz, circles) gets larger and larger approaching the output suspended bench (SDB1).
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Figure 7. Near-field magnetic injection map. Positions of injection with the small coil are indicated,
both for sinus excitation signals at 28 Hz (triangles) and at 368 Hz (circles). The marker color shade
indicates the intensity of the induced excitation measured in the output port power.
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The described method does not allow for a quantitative assessment. However, it helped in
identifying the most likely noise path responsible for the high frequency increase of coupling to
ambient magnetic fields in the central experimental area. The noise path is: ambient magnetic fields
shake the SDB1 bench acting on the coil-magnet actuators. The enhanced bench vibration increases
the coupling of scattered light noise from the bench that we know is close to limit, and is actually
limiting at a few frequencies, the O3 strain ASD in the 300-600 Hz range. As further proof, we injected
broadband 10-1000 Hz noise with the small coil in proximity of the SDB1 vacuum chamber and we
could reproduce similar strain noise structures as when a white noise signal is sent to the bench
coil-magnet actuators.

5.3. Evaluation of Residual Magnetic Noise

Figure 8 reports the noise budget of ambient magnetic noise in the Virgo central area. In order to
visualize the variability of the ambient fields, projections are computed while using percentile ASD of
the ambient fields.

The noise budget provides information on the relevance of the ambient noise: if the projected
noise is close to the strain ASD, it requires immediate attention; otherwise, it might become relevant as
the detector sensitivity improves. If the noise is at least a factor ten below the target sensitivity it is
expected to not contribute significantly and can be given little attention.

Examining Figure 8, we notice the noise estimate is quite low across most of the frequency band,
except for some frequencies, where the 90th percentile (or even 50th percentile) has a predicted noise
level, which is less than a factor of ten below the O3b strain noise.

Many of these peaks are located around the mains frequency (50 Hz) and harmonics. However,
the effect at 50 Hz is mitigated by an active subtraction (Section 5.4). The two peaks at approximately
49.5 Hz an 50.5 Hz are linked to the MCB electric heater and limit the O3b sensitivity at those
frequencies, see top panel of Figure 8. A probable pathway for this magnetic noise from the MCB to
the CEB is an electric current flowing in the mode cleaner pipe.

If no actions are taken, then magnetic noise will be limiting the Virgo detector sensitivity at several
frequencies in O4 and even more in O5, as seen in Figure 8. Four main activities are planned between
03 and O4 in order to minimize the impact of magnetic noise on future observing runs.

The first action to mitigate the magnetic noise from the MCB HVAC system presented in the CEB
was already successfully completed during the last months. The MCB and CEB were sharing their low
voltage mains circuit, each with three phases and a common neutral wire. In the case of an unbalance
between the three phases, the neutral wire will be used as return for the unbalanced current. However,
if this neutral wire has, somewhere, a connection to the protective earth, the unbalanced current will
chose any low resistance connection, such as the MCB vacuum pipe. An insulating transformer has
been placed to separate the neutral wires of the MCB and CEB. All of the magnetic noise known to
originate from the MCB HVAC system disappeared from the CEB magnetometers after this action [56].

Secondly, new diaphragm baffles will be installed at SDB1 in order to reduce scattered light.
This action aims to reduce the slope of the coupling function above 100 Hz.

Thirdly, alternatives are being investigated for vacuum-equipment near the test masses. During O3
noise hunting efforts, some pressure gauges were identified as a local source of magnetic fields.
A temporary switch off reduced the local magnetic field up to 1 kHz, and partially removed 0.5 Hz
and 5 Hz magnetic combs [57].

Finally, larger injection coils with a radius of a few meters will be build, so that we can inject
broadband magnetic noise instead of the current discrete-frequency injections.
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Figure 8. Noise projection (NP) of ambient magnetic fields in the central building. The strength of
the ambient magnetic field is visualized in the form of percentiles computed over one week period
with a frequency resolution of 0.05 Hz. For each frequency at which we determined the coupling
function we took the maximum measured value among all injections in the CEB during O3. To produce
a continuous noise projection we applied a linear interpolation between frequencies at which magnetic
injections were performed. In regions with a partially transparent color, the coupling function only
gives an upper-limit. The projected noise (blue shaded curves) is compared with the O3b measured
sensitivity (black curve) and with Virgo future observing scenarios, named O4 and O5.

5.4. Mains and Sidebands

The frequency of the mains electrical system in Virgo is 50 Hz. A quite intense 50 Hz noise was
affecting Hrec before O3. The path of this coupling was investigated. Various searching techniques
were used, like switching off several components and verifying the electronics grounding. However,
neither of these were successful. Eventually, the 50 Hz noise has been substantially removed with a feed
forward control scheme. This control uses the voltage monitor of the uninterruptible power supply
(UPS) of the central building and applies a longitudinal correction to West input mirror actuators.
The control features a factor ~ 103 suppression and no sensible noise re-injection, as illustrated in

Figure 9a.
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Figure 9. (a) Feed-forward subtraction of 50 Hz noise. (b) Removal of 50 Hz sideband noise.
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However, one residual noise was present in the interferometer strain signal as reported in the
bottom panel of Figure 9b. The noise was shaped as symmetric peaks around 50 Hz, namely sidebands.
The most pronounced being a pair of peaks that could be grouped in two families: +1.25 Hz with its
double at 2.5 Hz, and +1.7 Hz with its double at +3.4 Hz and triple at 5.1 Hz.

This sideband noise is common in Virgo. It is typically associated to power controlled loads that
cause periodic amplitude modulation of the mains. We experienced this noise from devices, such as
water chillers or electrical heaters.

The coherence of sidebands with the UPS monitors and the magnetic and electric probes of the
central building (spotted with the BruCo tool) indicated the EM origin of this disturbance, and the
source being located in the central area. Moreover, it had to be a device component of the interferometer
electronics infrastructure, which, at Virgo, is powered by an UPS system to guarantee continuity of
operation. Indeed, further evidence emerged from the data of a site power outage on 4 June 2019,
during which the noise from the sidebands did not disappear, proving that the offensive device was
powered by the UPS.

We used a magnetic probe that was connected to a portable Chromebook (a setup developed at
KAGRA [7]) to sniff noise emissions of each electric switchboards within the central experimental area,
while looking for the presence of the characteristic spectral peaks in the probe spectrum. The search led
us to the switchboard in the thermal compensation system (TCS) area. Following the noise emissions
along power cables, we ended-up at the two optical benches hosting the CO, lasers that were used to
compensate the thermal lensing that was generated by the main laser beam in the North and West
Input mirrors [13,58]. In particular, the 1.2 Hz sideband family originated from the West bench and
1.7 Hz family from the North bench. Finally, by selectively switching off devices on the benches,
the source was identified in the infra-red laser beam profilers, one for each TCS bench, which have
a variable load cycle of 0.8 s and 0.65 s, respectively. These devices have been installed on the CO,
benches in order to monitor the heating pattern profiles. Given that their role is purely diagnostic,
they can be kept off during the observing run mode and switched on upon need.

In Figure 9b, we show the magnetometer (top) located in proximity of the TCS bench and the
strain ASD noise (bottom). The achieved reduction of upper sidebands at 51.2 Hz and 51.7 Hz is well
visible in the Hrec signal after the switch-off of the beam profilers. Peaks in Hrec at frequencies below
50 Hz are not associated to sidebands, but they have different origin. They are examined in Section 5.5.

5.5. Charged Mirrors

In summer 2018, during the O3 preparation phase, several commissioning activities were carried
out, while the interferometer remained unavailable for more than thirty consecutive days without the
possibility of checking the noise impact of each single intervention. When the detector was finally
recovered a new mysterious noise, with a spectral frequency dependence of 1/ f>°, worsening of the
detector sensitivity up to 100 Hz had appeared (the black curve in Figure 1).

LIGO had observed a disturbance of similar shape due to the coupling of noise produced by their
electrostatic actuator drivers with the electrically charged TM mirror [59]. To see whether we were
suffering from a similar problem, we first had to determine whether our TM mirrors were charged,
and then identify the presumed source of electrostatic force on the mirror.

We devised a method that, operating from remote on the coil actuators, allows determining
whether a TM mirror is electrically charged and, in case, extract a measure of the charge.

A signal, Vj,j = Vi sin(27ft) with frequency f, was applied at both ends of the actuation coils
of the mirrors. The coil-charged mirror system can be modelled as a capacitor whose plates are the coil
and the mirror face. The energy stored in the capacitor is given by E = [C(Vyir + ij)z] /2, with V,,;,
the electrostatic potential of the charged mirror and C = e5/x, where ¢, S, x are the dielectric constant,
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mirror surface, and distance between coil and mirror, respectively. The resulting force on the mirror is
given by:
dE 1dC

1C_,
Tax T 2dx v

2x M

C 1C
ir T Vimir Vinj + 5;‘/34]‘ : ©)

= (Vmir + Vinj)2 =
The coil-mirror distance is x = d + AL, where d is the effective distance between the Virgo mirror
and coil and AL = hL is the differential arms length, & is the gravitational strain, and L is the Virgo
arm length. Being AL < d and x ~ d, the first term in brackets is static and it can be neglected.
The equation for motion of the mirror with mass m, for frequencies that are higher than the last
suspension resonance, is: F = ma = —mw?AL. When comparing with the previous equation, we have
two force contributions that depend on f and 2f:

C .

Ff = —mwzhfL >~ EVm”Vi”j — hf o' Vmir sm(27rft), (4)
1C

sz = —mwzhsz >~ EE‘/;] — l’lzf X Vieak COS(4:7Tft), (5)

where /iy and hyf are the strain component at the injected frequency and at its first harmonic,
respectively. The injected signal shows up in Hrec at double of its frequency (Equation (5)). If the mirror
is charged (V,,;; # 0), the injected signal also shows up at its fundamental frequency (Equation (4)).
Moreover, being:

h
L Vi, ©)

Vinir = @

the charge density on the mirror surface can be estimated:

0= Z%Ovmir/ @)
with d = 10 mm. The relative sign of the charge is determined by the relative phase between h(t)
and V;;;(t) measured with a transfer function. We stress that the method estimates the charge density
value in the portion of the mirror surface in front of the actuation coil.

Each coil of each one of the four TM mirrors was tested in turn. All four test mass mirrors were
found to be electrically charged with surface density values of the order of some tens of pC/cm?.
The charge density that was measured in front of each coil of the same mirror typically had different
magnitude and sign. This indicates that the charge is not uniformly distributed over the mirror
dielectric surface. The mirror charging may have occurred just after the TM payloads installation
before evacuating the vacuum chambers, and remained as such since then. We think the charging
might have occurred when removing the mirror’s protection film or through accidental contact of the
mirror surface with the safety peek stoppers.

Virgo TM actuator coils can exert an electrostatic force in case a common mode signal is present
at both ends. To test this occurrence, we unplugged the actuator coils of one TM, while keeping the
interferometer locked acting on the opposite TM. The 1/ f>° noise reduced, proportionally to the
number of coils disconnected at the same time. We found that the source of the common mode noise
from the coils was the modified version of the coil driver board that had been installed in summer 2018.
The new driver produced a common mode noise with a spectral shape of 1//f, while the additional
1/f 2 shape was due to the pendulum’s mechanical transfer function. The driver problem was fixed
and the noise disappeared.

A second noise issue that was related to the mirrors charge was solved at the end of O3b period.
An excess noise was present in the strain ASD between 40 Hz and 50 Hz, as shown by the blue
curve in Figure 10. BruCo provided the first clue, highlighting a slight coherence with the magnetic
probes in the west terminal building. Sniffing the area with a portable magnetometer gave a further
indication that the source must have been located near the west end (WE) mirror chamber. However,
neither the switching off of potential sources around the chamber (cooling fans, digital vacuum
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sensors) nor the addition of external stimuli (shaking the chamber, injecting magnetic field) revealed
the mysterious noise.

Eventually, the event that led to the understanding and cure of the problem was to observe the
noise temporarily reducing during a period of failure of one of the UPS devices. The mirror suspension
control electronics, which is UPS powered, is a physical connection between the UPS mains line and
the WE test mass. A selective disconnection test of these electronic modules allowed us to identify the
noise path. We found that the module power supply neutral wire was producing a common mode
noise into the signal wires that drive the stepper motors, used for the positioning and balancing of the
WE test mass suspension. Stepper motor wires run tens of meters inside the vacuum chamber in the
same bundle together with the mirror coil actuators’s wires. The noise was coupling capacitively to
coil actuators wires and, once at the coils, it exerted an electrostatic force on the electrically charged
mirror. As a test, we were able to replicate the noise in Hrec by injecting a synthesized signal between
the ground and the neutral wire of the stepper motors power supply. Given that these motors are not
used during operation, they were left disconnected and the noise disappeared from Hrec.

T
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Strain noise [1/VHZ]
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Figure 10. Test of unplugging west end (WE) mirror stepper motor crate cables: sensitivity curve before
(blue) and after (red) the unplug of cables.

Following the experience of LIGO, where the mirrors are routinely discharged, we are now
studying a mirror discharging system.

6. Conclusions and Future Perspectives

The study of environmental disturbances was a major topic of investigation during the setup
phase of the Advanced Virgo detector and throughout the O3 scientific run. The network of probes
monitoring the detector environment and the operation of the infrastructure monitors has been
improved and extended with respect to the initial Virgo. Experimental methods and software tools
for data monitoring and extended correlation studies have been fruitfully applied in the noise search.
This work contributed to gaining a better understanding of noise sources and coupling paths, which is
useful in reaching the 60 Mpc goal. Several environmental sources affecting the Advanced Virgo
interferometer have been addressed and cured. New unexpected paths have been found, such as the
electrostatic noise coupling to the residual charge on TM mirrors. The residual unexplained noise has
the characteristics of scattered light noise.

Due to the COVID-19 pandemic, the commissioning activities planned to address these issues
will be carried out at the end of the installation of the experiment upgrades, named AdV+. The target
of AdV+ is to increase the BNS range by about a factor 2. The detector upgrade started in June 2020.
It consists of implementing new optical cavities, such as the signal recycling cavity and the filter cavity
for frequency dependent squeezing, and a new auxiliary green light source with the associated optical
system. The environmental probe network is being upgraded in order to monitor these new detector
systems. Additionally, central and terminal buildings are being instrumented with seismometer
arrays for Newtonian noise cancellation. New hardware for noise injections will be installed, such as
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low frequency vibration exciters for the investigation of scattered light and large coils for more
accurate assessment of ambient EM noise coupling. Remote control and automation of the injection
procedure is being pursued. Profiting from the detector downtime, some identified problems in the
detector infrastructure are being cured, like residual vibration noise from air conditioning devices,
and electromagnetic noise from the experimental power grid. The implementation of a system for
periodic discharging of mirror test masses is under study.

The interferometer network plans a new joined data taking, also including KAGRA, the O4
observation run, which is currently planned for 2022. Environmental monitors, experimental
techniques, and tools described in this paper will be used for assessing the infrastructure performance
of the new detector and hunt for unexpected couplings.
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Abbreviations

The following acronyms are used in this manuscript:

ASD Amplitude Spectral Density

BBH Binary Black Hole

BNS Binary Neutron Star

CEB CEntral Building

CF Coupling Function

DAC Digital to Analog Converter

EM ElectroMagnetic

GW Gravitational Wave

Hrec reconstructed gravitational strain signal
HVAC Heating Ventilation and Air Conditioning
MCB Mode Cleaner Building

NEB North End Building

PRCL  Power Recycling Cavity Length

RF Radio Frequency
SDB1  Suspended Detection Bench 1
SL Scattered Light

TCS Thermal Compensation System
™ Test Mass

UPS Uninterruptible Power Supply
WEB West End Building
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