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Following a successful period of data-taking between 2006 and 2011, the Virgo gravitational-wave detec-
tor was taken offline for a major upgrade. The changes made to the instrument significantly increased the
complexity of the control systems and meant that an extended period of commissioning was required to
reach a sensitivity appropriate for science data-taking. This commissioning period was completed in July
of 2017 and the second-generation Advanced Virgo detector went on to join the Advanced LIGO detectors

Keywords: in the 02 science run in August of the same year. The upgraded detector was approximately twice as
Gravitational wave detectors sensitive to binary neutron star mergers as the first-generation instrument. During the August 2017 sci-
Interferometer ence run, Advanced Virgo detected its first gravitational wave signal, with the binary black hole merger,

Suspended optical cavities
Control loops

GW170729. This paper describes the control of the longitudinal degrees of freedom in the Advanced Virgo
instrument during the O2 science run and the process that brought the detector from an uncontrolled,

non-resonant state to its target working point.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

General Relativity predicted the existence of gravitational waves
(GWs) in 1916. GWs are perturbations of the metric, caused by
an acceleration of non-rotationally symmetric mass, which prop-
agate at the speed of light. As their interaction with matter is
very weak, they provide information that is not accessible via
the electro-magnetic (EM) spectrum, opening a new observational
window on the universe. Compact objects, such as binary black
holes and neutron stars, as well as other cataclysmic events, such
as supernova explosions, are the sources that emit the most pow-
erful GWs, i.e. those with amplitudes, upon reaching the Earth, of
h ~ 10-23 Hz!/2, The study of GWs will improve our understanding
of these astrophysical events and make it possible to test General
Relativity.

Since the first prediction of the existence of GWs, a great
deal of time and effort have been spent on attempting to de-
tect them [1]. Interferometric antennas, which are sensitive to dif-
ferential displacements, such as those produced during the pas-
sage of a GW, proved to be the most promising detectors. The

first generation of ground-based interferometers, composed of two
four-kilometre-long detectors in the United States (LIGO), one
three-kilometre-long detector in Italy (Virgo) and one detector
600 m long in Germany (GEO600), concluded a period of joint
data-taking, which spanned three separate runs, in 2011. Despite
the fact that an actual detection was not made, relevant astro-
physical results were still achieved [2,3]. The data-taking runs also
served to test the working principle of the interferometers, as well
as to prove their robustness. Furthermore, significant instrument
developments were made possible as a result of the experience
gained during the first generation.

A clear path from the first- to the second-generation antennas
was established. The Advanced LIGO and Advanced Virgo detec-
tors aimed to increase their sensitivity by a factor of ten with re-
spect to the first generation. To this end, a series of major upgrades
were implemented that required an intense period of commission-
ing. The Advanced LIGO detectors made the first detection of a GW
on the 14th of September, 2015, the merger of a binary black hole
(BBH) [4], proving that it was possible to make astrophysical ob-
servations using ground-based interferometric detectors.
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Advanced Virgo began taking scientific data alongside the Ad-
vanced LIGO interferometers on the 1st of August, 2017, during the
run known as ‘O2’ (Observational Run 2). The inclusion of Virgo in
this run, which was to conclude on the 25th of the same month,
contributed to improving the localisation and parameter estimation
of the detected sources: two BBH and, for the first time, a binary
neutron star (BNS) [5]. The role of Advanced Virgo was especially
relevant in the latter case, as it made it possible to improve the sky
localisation enough to allow for a more efficient electro-magnetic
follow-up.

The Advanced Virgo detector was intensively commissioned
during the year prior to its joining the 02 scientific run. In this ar-
ticle, the main challenges encountered during this period are pre-
sented, with particular focus on the longitudinal control strategy
used to bring the Advanced Virgo detector to its target working
point and to keep it there in a reliable and robust way. Both the
modelling and the experimental results are presented.

2. Working principle of the detector

Interferometric GW detectors are based on the principle of the
Michelson interferometer. Differential laser path length changes in
the two arms of the interferometer are detected as a change in
the laser interference pattern at the detector. The passage of a GW
perturbs the metric which produces such a differential change and
moves the interferometer away from the working point. Thus the
GW is measured as a change of light power on the detection pho-
todiode. For this reason, the performance of these detectors is fun-
damentally limited by shot noise. Moreover, in order to decouple
intensity noise from the measurement, the optimal working point
is destructive interference, also known as the dark fringe condition.

The shot noise limited sensitivity of Michelson interferometer
is related to the length of the two arms and the input laser power.
In practice, even with arm lengths of 3-km, the basic Michelson
configuration is unable to achieve the required sensitivity to mea-
sure GWs, which have amplitudes of h ~ 1023 Hz~1/2, Two up-
grades were necessary in order to reach the target sensitivity. First,
the effective arm lengths were increased by converting each arm
into 3-kilometre long Fabry-Perot cavity; thereby increasing the
optical path traversed by the laser beam, amplifying the signal.
Second, the effective input power was increased by adding a
power-recycling mirror (PR) between the laser source and the
beam splitter mirror (BS). The power reflected back to the laser
source at dark fringe is recycled back into the interferometer in-
creasing the effective power of the input beam, thus increasing the
signal-to-noise ratio (SNR) and the sensitivity [6]. Fig. 1 shows the
Advanced Virgo optical scheme.

2.1. Longitudinal degrees of freedom

The working point of the interferometer can be described by
four longitudinal degrees of freedom (DoF):

« MICH: the difference in the lengths of the short arms of the
MICHelson: Iy — ly;

« PRCL: the Power-Recycling Cavity Length: Ipg — W;

- DARM: the Differential lengths of the ARM cavities (this is the
degree of freedom that is sensitive to the passage of GWs: Ly —
Lw);

« CARM: the average (Common) length of the ARM cavities (this
degree of freedom is particular, in that it is sensitive not only

to mirror motion, but also to the frequency noise of the laser:
Ly+Ly )
MW,

The Fabry-Perot and power-recycling cavities (CARM, DARM and
PRCL) need to be kept on resonance to maximise the optical
path travelled by the light inside the inferometer. In addition, the

IMC
L=144m WE
F = 1000
...................... Lyn = 3km
F =450

BS o NI NE
A= 1064 nm Y
P, = 15W Y N
{ L=18cm
OMC b r=210
Detection
port

Fig. 1. Optical scheme of the Advanced Virgo interferometer: IMC is the Input Mode
Cleaner, RFC is the Reference Cavity, PR is the Power Recycling mirror, POP is the
Pick-Off Plate, BS is the Beam Splitter mirror, CPs are the Compensation Plates, WE
and WI are the West End and Input mirrors respectively, NE and NI are the North
End and Input mirrors respectively and OMC 1 and 2 are the two Output Mode
Cleaners. The most relevant lengths (L) and finesses (F) are shown.

Michelson is brought to the dark fringe and the working point is
thus achieved.

Seismic noise produces a residual oscillatory motion of the mir-
rors on the order of 1 pm rms, despite the attenuation provided by
elaborate suspension systems [7], the so-called 'Superattenuators’.
The working point of all of the DoF is rarely crossed simultane-
ously while the mirrors are free-swinging. Therefore, in order to
bring interferometer to its working point and keep it there, a very
precise active control of the position of the mirrors is needed. Giv-
ing just one example: the total rms for DARM is required to be
<10~ m not only to remain at the working point but also to not
worsen the sensitivity. For the latter it is necessary to take in ac-
count the DARM working point, as well as the presence of high
signal-to-noise lines, which can produce upconversion of low fre-
quency noise [8].

3. Longitudinal control

The longitudinal control, known as the ‘lock’, uses negative
feedback control loops acting on mirror positions to set the cor-
rect lengths of the longitudinal degrees of freedom or, in another
words, to set the correct phase of the laser beam travelling through
the different degrees of freedom. For this purpose, real-time in-
formation of by how much these phases are far from the work-
ing point is needed. The error signals carrying this information are
generated by using a variant of the Pound-Drever-Hall (PDH) tech-
nique [9]. Sidebands are generated around the carrier laser beam
frequency by using radio frequency phase modulation of the in-
put carrier beam with an electro-optic modulator (EOM). The fre-
quency of this sidebands is chosen to be anti-resonant on the arm
cavities while the carrier is resonant, so that they can act as a
phase reference. The phase difference between the carrier, which
enters the cavity, and the sidebands, which are rejected by it and
thus constant, provides the requested information. The beat note
between the carrier and the sidebands is extracted by demodulat-
ing photodiode signals at the modulation frequency (fin).

In order to control the four degrees of freedom, the frequency
of the sidebands need to be chosen carefully:

* fim (6.270777 MHz) is used to control the arm cavities. For this
purpose it needs to be resonant inside the power-recycling cav-
ity, in order to be able to reach the arm cavities, and it needs
to be anti-resonant in the arm cavities;
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Table 1
Bandwidth of the longitudinal controls in Advanced
Virgo during 02.

DOF Bandwidth
DARM 70 Hz
MICH 18 Hz
CARM 10 kHz
PRCL 40 Hz

 fm2 (8.361036 MHz) is used to control the power-recycling cav-
ity, so it needs to be anti-resonant within it.

Demodulated photodiode signals are generated at several op-
tical points of the interferometer which allows error signals with
the highest SNR and lowest cross-coupling to be chosen for each
DOF. The photodiode signals are acquired via analogue-to-digital
converters (ADC) and are sent to a series of real-time computers,
which run at 10 kHz, where they are processed.

The demodulation and filtering of the error signals, which are
undertaken in order to calculate the needed corrections, are done
digitally by these real-time computers. The digital demodulation is
innovative with respect to the other gravitational-wave detectors
and allows greater flexibility in the lock-acquisition system [10].
These corrections are then sent to the digital signal processors
(DSP) of the suspensions, running at 40 kHz, which re-filter them
and calculate the amount of current that is needed to be applied
to the actuators: four pairs of coil-magnets per mirror.

The bandwidth of the control loops is mainly limited to approx-
imately 100 Hz by the delay introduced in the digital chain. This is
sufficient to allow to reach the accuracy requirements of the lon-
gitudinal control, see Table 1. However, this is not the case for the
frequency noise, which is relevant across a much larger bandwidth
(up to several hundreds of kHz). Due to this, the control of CARM
is not implemented using the real-time computers but via a spe-
cial DSP, which runs at 500 kHz and which makes it possible to ob-
tain a control bandwidth of about 10 kHz. This bandwidth is higher
than the response of the coil-magnet actuator used for the mirrors
in the other longitudinal control loops which begins to decrease in
the region of a few Hz. Instead, the laser itself is used.

4. Advanced Virgo control challenges

The first generation of gravitational-wave detectors [11] pro-
vided a better understanding of the limiting noises. These can be
divided into two main groups: fundamental, such as shot noise and
thermal noise, and technical, such as diffused light, phase noise
and control noises [12,13]. In order to decrease these noise sources
for Advanced Virgo, a series of major upgrades were undertaken,
which are described in detail in [14]. This paper presents those up-
grades that had the most significant impact on the control of the
interferometer:

1. Marginally-stable power-recycling cavity: in order to re-
duce as much as possible the effect of mirror-coating ther-
mal noise on the arm cavities, the radius of curvature of the
mirrors that form the end points of each arm cavity, was
chosen to ensure that the beam size is maximal upon them.
As a consequence of this change of geometry and consider-
ing the limited space available in the area surrounding the
mirror, the curvature of the power-recycling mirror was also
changed. This pushed the power-recycling cavity (PRC) sta-
bility conditions very close to the instability limit.

In this context, the stability refers to the quality of the su-
perposition of the spatial eigenmodes of the beam resonat-
ing inside an optical cavity [15]. An optical cavity is unstable
when it does not have a Gaussian beam that can resonate

inside it. The g-factor of a cavity is a parameter that charac-
terises its stability and which depends only on geometrical
considerations; in this case the length of the cavity and ra-
dius of curvature of the mirrors. A cavity is considered sta-
ble when its g-factor is between 0 and 1. The g-factor of the
Advanced Virgo PRC is very close to 1 and thus to the upper
limit: 1 —g=0.19-10~>. Consider that, for Virgo+ - an ear-
lier Virgo configuration - this g-factor was 1 —g=4-10"2,
and so provided a stability margin that was twenty times
greater.

Such a marginal stability has a strong impact on the dis-
tribution of the Higher Order Modes (HOMs), the separa-
tion of which (~11 kHz) is much smaller than the cavity
line-width ( ~210 kHz). As a result, the cavity is very close
to being degenerate; meaning, that the resonance condition
for the HOMs is met almost at the resonance for the fun-
damental mode. The generation of HOMs translates into a
loss of power on the main mode (both for the carrier and
the sidebands), decreasing the signal-to-noise ratio (SNR) of
the error signals. Furthermore, for almost degenerate cavi-
ties, the HOMs resonate with the fundamental mode, further
degrading the quality of the error signals by adding offsets,
multiple zero-crossings or distorting the linear region. The
creation of HOMs occurs in the presence of misalignment,
mismatch and optical aberrations in general, which means
that the control of the interferometer is extremely sensitive
to them. For example, a typical misalignment of ~0.5 pm
leads to a loss of optical gain of the error signals, due to the
formation of HOMs of about 80% [16], which is too high to
ensure the stability of the longitudinal controls.

To avoid instabilities in the controls, the requirements in
terms of the angular accuracy of the mirrors became too
stringent, particularly during the transients of the lock ac-
qusition. For this reason, it was necessary to look for a solu-
tion to deal with the optical-gain fluctuations. The sidebands
were the most affected, as these are not cleaned of HOMs by
the arm cavities, as opposed to the carrier (they are resonant
only in the PRC).

The goal was to make the sidebands insensitive to HOMs.
The so called Schnupp asymmetry played a key role in at-
tempts to achieve this objective [6]. In order to be able to
build an error signal at the dark port, while being at the
dark fringe (carrier in destructive interference), it is neces-
sary that the sidebands also reach the dark port as well.
Since the interference condition depends on the frequency, a
macroscopic length difference between the short Michelson
arms can be added so that the carrier is in destructive inter-
ference, but not the sidebands. This offset is called Schnupp
asymmetry.

Due to the Schnupp asymmetry, the higher the modulation
frequency, the more power leaks towards the detection port.
This implies major losses inside the PRC and thus a lower
finesse. A cavity with a low finesse has the advantage of be-
ing less sensitive to HOMs, since it already has high losses
and so any extra loss does not have a significant impact. So
with a higher modulation frequency it is possible to control
the PRC in a robust way [17], in spite of its marginally-stable
nature.

This was confirmed using simulations. In particular the
optical-gain loss of the error signals in the presence of a
misalignment for different modulation frequencies was stud-
ied [18]. The chosen frequency, 56.436993 MHz (9f;1), was
a multiple of the nominal frequency, in order to ensure that
the resonance conditions were the same. For this frequency
the PRC has a finesse of 13, while for the 6 MHz the finesse
is 77.
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Thanks to this high-modulation frequency it was possible to
lock the interferometer on the dark fringe in a stable way.
However, due to the marginally-stable nature of the PRC, it
was necessary to adapt the whole lock-acquistion sequence,
including the alignment.

. Increased finesse of the arm cavities: for Advanced Virgo
the finesse of the arm cavities was increased to 450 (a factor
of three greater than the Virgo+ finesse) in order to increase
the power circulating inside the arms and thus improve the
sensitivity at high frequencies.

Having such a high finesse makes the cavities more sensi-
tive to dynamical effects, which makes acquiring the lock
even more difficult. As the cavity mirrors are moving, when
the beam impinges upon them a Doppler effect takes place,
shifting the beam frequency. This effect accumulates with
each round-trip and when the total frequency shift is of the
order of the cavity line-width, the electric fields start to be-
come distorted, which leads to an effect also known as ring-
ing [19].

In particular, the critical velocity above which these effects
start to appear in Advanced Virgo is 0.35 pm/s, which is
below the residual velocity of the arm cavities. A strategy
has been adopted to overcome this problem, based on the
Guided Lock technique. The details of this control acquisi-
tion strategy are given in [20].

. Increased radiation pressure in the arm cavities: as a con-
sequence of the change of the geometry of the arm cavities,
the mirror angular DOFs can not be actuated in a single mir-
ror basis, but require a mixed driving. Moreover, the increase
of the arm cavities finesse and of the input power (up to 15
W), implies that radiation pressure has a stronger impact.
For these reasons the angular control of the arm cavities is
more complicated in Advanced Virgo.

. New topology of the frequency stabilisation: The demodu-
lation of photodiode output for use as error signals, as well
as the controller for the frequency stabilisation are done dig-
itally for Advanced Virgo [10]; whereas they were done ana-
logically in Virgo and Virgo+. This allows for more flexi-
bility in the selection of the demodulation frequency (f, 2f,
3f) increasing the information available to describe the be-
haviour of the interferometer, without the need of hardware
changes. Moreover, it also allows more freedom to design
the controller and to adapt it to the commissioning needs.
The major impact on the frequency stabilisation was regard-
ing its topology.

The second stage of frequency stabilisation (SSFS) is a com-
plex loop, since it uses a single error signal for two different
actuators: a mirror (up to 200 Hz) and the laser frequency
(up to 10 kHz). This implies that the global stability depends
not only on each of the branches but also in how they in-
teract. In the past, the system was analogic so the simplest
topology for designing the controls was to feed the correc-
tion of the fast branch into the slow loop [21]. This implied
that both controls needed to be engaged at the same time,
increasing the difficulty of commissioning the system. With
the digital system though, there are less constraints for the
control design, so the error signal is simply sent to both
branches. This way it is possible to engage the slow and
fast loops one after the other, simplifying the commission-
ing process. So overall, the digital demodulation implemen-
tation added more flexibility to the frequency stabilisation,
however it implied a major effort in terms of initial com-
missioning of this new technology.

. Gravitational-wave readout: the detection technique has
been changed from heterodyne (RF), which is highly de-
pendent on the sideband quality, to homodyne (DC read-

Detected power

DC readout
(working point)

Dark fringe 7

Fig. 2. Variation of the power at the detection port as a function of a differential
offset in the arms.

Differential tuning

out) [12,13]. This implies adding a microscopic differential
offset so that there is a static carrier field that reaches the
detection port, in order to work slightly off of the dark
fringe. In this way, the DC power can be used as an er-
ror signal, since its slope is different from zero (see Fig. 2),
and a differential motion caused by a gravitational wave will
translate into a power variation. In Advanced Virgo, the off-
set is added to the DARM DoF, which means that the arm
cavities work slightly off-resonance. In particular, the offset
was chosen as a compromise between the photodiode satu-
ration level and the DARM optical gain, which means having
~9 mW reaching the detection port.

4.1. Lock-acquisition sequence: variable finesse

As mentioned previously, it is unlikely that the four degrees of
freedom cross their working point simultaneously, while the ac-
tuators do not have enough dynamics to stop all of the mirrors
at the same time. For this reason a sequential control strategy is
necessary. For Virgo and Virgo+ the variable finesse strategy was
developed [23]. In order to ease the process, it first removes one
degree of freedom (PRCL) by considerably misaligning the power-
recycling mirror. This reduces the coupling between the remaining
DoF and makes it possible to engage their control independently
of one another.

Secondly, the Michelson is controlled in an intermediate inter-
ference condition, or half-fringe. The whole interferometer can then
be considered a composed Fabry-Perot cavity, in which the input
mirror is responsible for the power-recycling and the end mirror is
an effective mirror, the reflectivity of which depends on the arm
cavities and the Michelson. So when MICH is in half-fringe, the
losses of this compound mirror increase, lowering the finesse of
the effective power-recycling cavity. This intermediate state makes
it easier to acquire the control of the power-recycling cavity, be-
cause of the low finesse. At this point, the Michelson is slowly
brought to the dark fringe, passing through a series of stable, inter-
mediate states along the way. This strategy was used for Virgo and
Virgo+, but it was necessary to adapt it to the new optical config-
uration of Advanced Virgo. The new strategy is described in detail
in this section, which focusses on the applied changes.

In practice, the control acquisition starts by misaligning the PR
mirror by 60 prad on the horizontal plane. This misalignment is
enough to make the PRC disappear. The first step is to engage
the control of the arm cavities using a variation of the Guided
Lock strategy, as mentioned above. The error signals used are ob-
tained by demodulating the power transmitted by the arm cavities
at 6 MHz, normalised by the transmitted power. By misaligning the
power-recycling mirror, the two cavities become completely inde-
pendent, which makes it possible to engage the control of each of
the cavities simultaneously.
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Fig. 4. Simulation made using the Finesse simulation package [22] of the power evolution during the lock acquisition in the different monitoring points of the interferometer,
with 1W of input power. Step 1 corresponds to the lock of the north arm, Step 2 to the lock of the west arm, Step 3 to the lock of the Michelson in half-fringe, Step 4 to
the alignment of the PR and, finally, Step 5 corresponds to the decrease of the MICH offset in the lead up to the reaching of the dark fringe.

Once the arm cavities are on resonance, the control of the
Michelson DoF is engaged at half-fringe. Since this working-point
is far from the nominal one, the error signal is built using a DC
signal, which comes, in the main, from the detection port, prior to
the output mode cleaners (OMCs) (B1p), as shown in Fig. 3. In or-
der to simplify the fringe definition, the error signal is normalised
using the total power recombining at the beam splitter (Blp +
oB4), with « being the calibration factor between the maximum
power reaching B1p and B4 photodiodes. This allows to have an
error signal that carries direct information about the interference
condition; that is, it has a value of 1 in bright fringe and of 0
in dark fringe. To engage the control of MICH in half-fringe it is
enough to add an offset to the error signal of 0.5.

At this point, the control of the arm cavities is transformed
to the two longitudinal DoF, CARM and DARM (the period be-
tween Steps 3 and 4 in Fig. 4). This is merely a change of
basis and, as such, is transparent for the performance of the
interferometer, since the error signals in use do not change. How-
ever, it makes it possible to engage the Second Stage of Fre-
quency Stabilisation (SSFS), the control of the CARM DoF with
a higher bandwidth, by acting upon the laser frequency instead.
The transition is made at this stage because the arm cavities pro-
vide a better reference than the Input Mode Cleaner (IMC, see
Fig. 1), which is used for the first stage of stabilisation, since their
linewidth frequency is lower (100 Hz for the arms with respect to
1000 Hz for the IMC). The error signal used is B4, demodulated at
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Fig. 5. Power evolution during the lock acquisition. The upper plots show the power transmitted by the end cavities. B7 shows the North-Arm cavity, B8 shows the West.
The central plots show the power reaching the detection photodiode (B1p). The bottom plots show the power carried by the 56 MHz sideband, monitored inside the

power-recycling cavity (B4).
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Fig. 6. Pie chart of the time spent by the interferometer in the different configura-
tions during the Virgo 02 data taking.

56 MHz, which monitors the power reflected by the arm cavities
towards the laser.

As mentioned previously, the digital demodulation makes it
possible to undertake this passage in two steps. First, the new error
signal is filtered and the correction is used to control the length of
the IMC, with a bandwidth of 200 Hz. This is equivalent to chang-
ing the laser frequency because the analogue loop, which locks
the frequency of the laser to the IMC length up to 300 kHz (pre-
stabilisation) is active. In a second step, the error signal is filtered
and sent directly to the laser, which allows actuation at higher fre-
quencies, particularly up to 10 kHz.

The PR mirror is then aligned, and the PRCL loop is engaged as
soon as the build up of the cavity is high enough to do so (more
than 50%). The error signal used for this DoF is the reflection of
the PRC (B2) demodulated at 8 MHz, which is the sideband that
is reflected by the PRC. This step is critical, since the power in-
creases significantly in all of the photodetectors, as is shown in
Step 4 of Fig. 4, changing the optical gain of all of the error sig-
nals. Moreover, during the aligning process, there are extra gain

# of locks

30 40 50 60
Duration of the lock [h]

0 10

20 70 80

Fig. 7. Duration of the locks during the O2 scientific run.

fluctuations due to the crossing of several resonances of the carrier
and sidebands. These fluctuations correspond to the peaks shown
in Fig. 4. For this reason it is important to normalise them using
the power circulating inside the interferometer, in order to reduce
these optical-gain fluctuations. At this stage, a first angular con-
trol of the PR mirror is engaged. This is key in order to avoid large
gain fluctuations and to reduce the presence of HOMs inside the
interferometer.

Finally, with the four longitudinal degrees of freedom under
control, the reduction of the MICH offset begins. This produces
non-negligible changes in the power being recycled in the interfer-
ometer, since the reflectivity of the effective end mirror starts to
increase, as can be seen in Step 5 of Fig. 4. In particular, the min-
imum on the reflected power (red curve on Fig. 4) shows the mo-
ment at which the reflectivity of the effective end mirror is such
that the cavity is critically coupled, and as the MICH offset keeps
decreasing, it becomes over coupled. The normalisation of the er-
ror signals also contributes to maintaining the stability of the con-
trols during this stage.
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When the MICH offset is 0.1, the transition to the dark fringe
takes place. However, the region around the dark fringe; that is,
the minimum of the parabola (see Fig. 2), is a critical point, be-
cause the optical gain decreases down to 0. For this reason, the
transition is done over a period lasting one second, during which
time the MICH offset is put to zero and the error signal is simulta-
neously handed-off to an RF signal, the quadrature of B4 demodu-
lated at 56 MHz.

After reaching the dark fringe, the DARM error signal is re-
placed by Blp, demodulated at 56 MHz. Prior to this point, the
error signal is built using B7 and B8 demodulated at 6 MHz, al-
though the signal-to-noise ratio is very low, because the anti-
resonant condition of the sidebands in the arms makes it difficult
for them to reach the photodiodes in transmission. The whole con-
trol sequence up to this point takes approximately five minutes,
as is shown in Fig. 5. At this stage, to further improve the robust-
ness, the control of the angular degrees of freedom is engaged. The
stabilising effect is clear from the behaviour of the sidebands, as
shown in Fig. 5.

The last step in the lock-acquisition strategy is the switch to
DC readout. The two OMCs play a key role in this stage, since they
clean any spurious field that might degrade the SNR. The transition
towards the final DARM error signal is made in two steps: once
the first OMC is locked, its transmission is used, which becomes
a good error signal following the addition of an offset to DARM.
Then, after the lock of the second OMC, the DARM offset is tuned
so that 9 mW reach the B1 photodiode. B1 becomes the new and
final error signal (see Fig. 5).

The interferometer is then at its working point, and so the tar-
get becomes not only the robustness, but also the sensitivity. For
this purpose, a longitudinal-noise substraction is engaged in order
to reduce the coupling of the MICH degree of freedom to DARM,
improving the sensitivity [24] [25].

5. Conclusion: performance in 02

On the 1st of August, 2017, Advanced Virgo joined the O2 run,
taking data for almost a month alongside the Advanced LIGO de-
tectors, with a duty cycle of 85%, as shown in Fig. 6. The perfor-
mance of the controls made it possible to keep the interferometer
at its working point for a maximum time during a single lock of

69 and a half hours. The typical durations of the locks are shown
in Fig. 7, showing a mean duration of ~ 10h.

Regarding the lock-acquisition sequence, the average time taken
to transition from a free-moving interferometer to reaching the
working point, was 14 minutes. This is limited by the time to lock
the OMCs, since it is necessary to scan their working point using
a thermal actuator, which has a long thermal constant. To reduce
this duration, the lock of the OMCs can be optimized and the num-
ber of cavities can be reduced to one.

Fig. 8 shows an example of a sensitivity curve during 02,
including the contributions of the remaining degrees of free-
dom [26]. The control noises are below the sensitivity curve and
therefore do not limit the performance of the detector. The typ-
ical online sensitivity of Advanced Virgo during 02 was 27 Mpc,
measured in terms of the maximum distance at which a standard
binary neutron star merger can be detected. This led to the first
triple detection of a gravitational wave, coming from a binary black
hole [27], and the first detection ever of a binary neutron star in-
spiral [5].

In order to improve the sensitivity several upgrades are fore-
seen for the next scientific runs, which will increase further the
complexity of the lock acquisition. In order to improve the sensi-
tivity at high frequency, where it is shot-limited, the input power
will be increased. This will increase the thermal effects inside the
ITF as well as the radiation pressure. Also, a new optical cavity will
be installed, the Signal Recycling Cavity. This will improve the sen-
sitivity, but it will add a new DoF to be controlled, and thus a new
control strategy.

References

[1] J. Weber, Gravitational radiation, Phys. Rev. Lett. 18 (1967) 498-501 doi:10.
1103/PhysRevLett.18.498.

[2] B. Abbott, et al., Beating the spin-down limit on gravitational wave emission
from the crab pulsar, Astrophys. J. 683 (2011).

[3] B. Abbott, et al., Beating the spin-down limit on gravitational wave emission
from the vela pulsar, Astrophys. J. 737 (2011).

[4] B. Abbott, et al., Observation of gravitational waves from a binary black hole
merger, Phys. Rev. Lett. 116 (2016).

[5] B. Abbott, et al., Gw170817: Observation of gravitational waves from a binary
neutron star inspiral, Phys. Rev. Lett. 119 (2017).

[6] P. Saulson, Fundamentals of Interferometric Gravitational Wave Detectors,
World Scientific, 1994.

[7] E Acernese, et al., Measurements of superattenuator seismic isolation by virgo
interferometer, Astropart. Phys. 33 (2010).


https://doi.org/10.1103/PhysRevLett.18.498
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0002
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0002
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0002
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0003
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0003
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0003
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0004
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0004
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0004
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0005
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0005
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0005
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0006
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0006
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0007
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0007
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0007

10 E Acernese, M. Agathos and L. Aiello et al./Astroparticle Physics 116 (2020) 102386

[8] G. Vajente, Advanced Virgo length sensing and control steady state design,
Technical note, Virgo, 2011. http://www.tds.virgo-gw.eu/ql/?c=8797.

[9] RW.P. Drever, J.L. Hall, EV. Kowalski, J. Hough, G.M. Ford, A.J. Munley, H. Ward,
Laser phase and frequency stabilization using an optical resonator, Appl. Phys.
B 31 (1983).

[10] T. Bouedo, et al., Tests of the digital demodulation prototype board for the AdV
photodiode readout, Technical note, Virgo, 2012. http://www.tds.virgo-gw.eu/
ql/?c=9299.

[11] T. Accadia, et al., Performance of the virgo interferometer longitudinal control
system during the second science run, Astropart. Phys. 34 (2011) 521-527.

[12] S. Hild, et al., DC-readout of a signal-recycled gravitational wave detector,
Class. Quantum Gravity 26 (5) (2009).

[13] T. T. Fricke, et al., DC readout experiment in enhanced Ligo, Classi. Quantum
Gravity 29 (2011).

[14] F. Acernese, et al., The Advanced Virgo detector, Journal of physics: conference
series 610 (2015), (pages 012014).

[15] A. Siegman, Lasers, University Science Books, 1986.

[16] A. Allocca, A. Chiummo, M. Mantovani, Locking strategy for the advanced Virgo
central iunterferometer, Technical note, Virgo, 2016. http://www.tds.virgo-gw.
eu/ql/?c=11495.

[17] G. Vajente, R. Day, ]J. Marque, AdV optical layout: new parameters proposal,
Presentation IR-0377B-11, Virgo, 2011. http://www.tds.virgo-gw.eu/ql/?c=8432.

[18] J. Casanueva, M. Mantovani, Central Interferometer simulations: study of dif-
ferent locking strategies, Technical note, Virgo, 2016. http://www.tds.virgo-gw.
eu/ql/?c=11684.

[19] MJ. Lawrence, B.W. et al., Dynamic response of a fabryperot interferometer, J.
Opt. Soc. Am. B 16 (4) (1999).

[20] A. Allocca, D. Bersanetti, J. Casanueva Diaz, H. Heitmann, D. Hoak, M. Man-
tovani, B. Swinkels, New algorithm for the guided lock technique for a high-
finesse optical cavity (2019), Manuscript under journal review.

[21] E. Bondu, Some issues with a multiple servo loop system, Technical note, Virgo,
2004. http://www.tds.virgo-gw.eu/ql/?c=1434.

[22] A. Freise, et al., Frequency domain interferometer simulation with higher-order
spatial modes, Class. Quant. Grav. 21 (5) (2004).

[23] F. Acernese, et al., The variable finesse locking technique, Class. Quantum Grav-
ity 23 (2006) S85-589.

[24] F. Acernese, et al., Performance of the virgo interferometer longitudinal control
system during the second science run, Astropart. Phys. 33 (2010).

[25] B. Swinkels, E. Campagna, G. Vajente, L. Barsotti, M. Evans, Longitudinal noise
subtraction: the alpha-, beta- and gamma-technique, Technical note, Virgo,
2016. http://www.tds.virgo-gw.eu/ql/?c=2055.

[26] M. W. for LIGOV. collaborations, Advanced Virgo and LIGO: today and tomor-
row, Presentation at a conference, 24th Congres General de la Societe Francaise
de Physique, 2017.

[27] B. Abbott, et al., Gw170814: a three-detector observation of gravitational waves
from a binary black hole coalescence, Phys. Rev. Lett. 119 (2017).


http://www.tds.virgo-gw.eu/ql/?c=8797
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0009
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0009
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0009
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0009
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0009
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0009
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0009
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0009
http://www.tds.virgo-gw.eu/ql/?c=9299
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0011
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0011
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0011
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0012
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0012
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0012
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0013
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0013
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0013
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0037a
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0037a
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0037a
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0014
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0014
http://www.tds.virgo-gw.eu/ql/?c=11495
http://www.tds.virgo-gw.eu/ql/?c=8432
http://www.tds.virgo-gw.eu/ql/?c=11684
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0018
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0018
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0018
http://www.tds.virgo-gw.eu/ql/?c=1434
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0020
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0020
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0020
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0021
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0021
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0021
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0022
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0022
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0022
http://www.tds.virgo-gw.eu/ql/?c=2055
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0024
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0025
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0025
http://refhub.elsevier.com/S0927-6505(19)30183-5/sbref0025

	The advanced Virgo longitudinal control system for the O2 observing run
	1 Introduction
	2 Working principle of the detector
	2.1 Longitudinal degrees of freedom

	3 Longitudinal control
	4 Advanced Virgo control challenges
	4.1 Lock-acquisition sequence: variable finesse

	5 Conclusion: performance in O2
	References


