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The Virgo detector — Principles -

Reminder: effect of a GW on free masses

A gravitational wave (GW) modifies the distance between free-fall masses

1
ox(t) = —oylt) = 5 hit) Lo
Lo * e h(t): amplitude of the GW
-» -
* »
L . . «?
¢ o @ Typical amplitude of a GW crossing the Earth:
—23
e_:; h ~ 10 (h has no dimension/unit)
Case of a GW with 6_;;

polarisation + propagating
along z



The Virgo detector — Principles -

A general overview of the Virgo detector

Interferometer sketch

=

The interference pattern depends on AL:
/ AL(t) = lyt) — Ly(t)

r . ’lf
Detection i 0O X

Length of the arms: Lo = 3 km
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The Virgo detector — Principles -

Virgo: a more complicated interferometer

Suspended mirrors  — Mirrors can be considered as free
for frequencies larger than ~10 Hz

otodiode
ot image the
grierence pattern!

Infrared laser
P~100 W



The Virgo detector — Principles -

Orders of magnitude

0ly(t) = %h(t) Ly
| 6l (t) =S
Input beam ‘m

D |

Transmitted
+ beam

Typical amplitude of
differential arm length variations
when a GW crosses the Earth:

SAL = §l,(t) — 6l,(t)
— h(t) Lo

h ~ 10723 Lo = 3km
— SAL ~3x 1072 m

size of a proton
100000




The Virgo detector — Principles -

How and for what did you use interferometers?

Wavelength of monochromatic source

Sodium doublet wavelength separation

Classroom interferometer
i
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The Virgo detector — Optical configuration -

Part 2: Virgo optical configuration

Reminder about electromagnetic waves and planes waves

How do we “observe” AL with a Michelson interferometer?

Measurement of a power variations

From power variations to AL (or to gravitational wave amplitude h)

Improving the interferometer

How do we increase the power on the beam-splitter mirror?
How do we amplify the phase offset between the arms?



The Virgo detector — Optical configuration -

Electromagnetic waves

electrormagnetic wawve dil

Propagation of a perturbation of electric and magnetic fields

Direction of propagation: along k

wufl

|
=)
X
)

E and B are in phase, and with perpendicular directions

E and B are perpendicular to the direction of propagation of the wave
(transverse wave)

Amplitude: amplitude of the E (or B) field,
Two polarisations: defined by the direction of E (or B)
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The Virgo detector — Optical configuration -
Description of plane waves

Plane wave propagating along z, with speedc cos(€)
Az, t) = Agcos(kz —wt ¥ e)  * (sincekFf=kz)- ~

AQ amplitude

A wavelength (m) -
k= QTW wave number (rad/m) - \
w = kc angular frequency (rad/s) -

- A

Average power: P oc A2

Complex form

U(Z, t) o7 Aoej(kz—wt—l—e)
== &e‘](kzﬁ) with Ag = Age 3wt

--> simpler algebraic calculations, for example P ¢ ’U’Q = UU*
--> real plane wave is the real part: §R(U(27 t)) — A(z, t)

Plane waves do not exist but they are a good approximation of many waves in
localised region of space



The Virgo detector — Optical configuration -

How do we “observe” AL
with a Michelson interferometer?

Input wave UZ(QL’7 t) = Aie‘]kx

— A oniss
BS located at (0,0)

Sensor located at (0,-y )

Amplitude reflection and transmission
coefficients: r and ¢

- We are interested in the beam transmitted by the

interferometer: it is the sum of the two beams
(fields) that have propagated along each arm

Around the mirrors:
Radius of curvature of the beam ~ 1400 m

Size of the beam ~ few cm

Ly
] .
Y Beam-splitter
(BS) Iy
Input beam
>
Ui I BS 193
Transmitted
UtY beam yT
N o™
Sensor X

— The beam can
be approximated by
plane waves




The Virgo detector — Optical configuration -

How do we “observe” AL
with a Michelson interferometer?

Input wave U;(z,t) = A;&™

= A; on BS

Beam propagating along x-arm:

S étBS GJklw ......

Ly

]
Y Beam-splitter

(BS) Iy
Input beam
> |
Ui t BS 133
Transmitted
UtY beam yT
T s
Sensor X
Sign convention for T

amplitude reflectonand ¢
transmission coefficients >

7 I.
Without losses: NN
t24+r2=1 te 1



The Virgo detector — Optical configuration -

How do we “observe” AL
with a Michelson interferometer?

Input wave U;(z,t) = A;&™

= A; on BS
Beam propagating along x-arm:

U Ailpg eIkl (—rx)e*]klf” ......

Input beam
e

Ui tBS 193

Ly

ly Beam-splitter
(BS) Iy

Transmitted
U, Y beam y T
-

D
Sensor x

Sign convention for -T
amplitude reflection and —
transmission coefficients > 1
{ I
N
te 1+



The Virgo detector — Optical configuration -

How do we “observe” AL
with a Michelson interferometer?

Input wave U;(z,t) = A;&™

= A; on BS

Beam propagating along x-arm:

kl, kl,
Uino—sAitesc =i TBS

Input beam
4>—

U;

Ly

ly Beam-splitter
(BS) Iy

Ly

Transmitted
U, Y beam y T
-

D
Sensor x

tBs y

Sign convention for -T
amplitude reflection and —
transmission coefficients > 1
{ I
N
te 1+



The Virgo detector — Optical configuration -

How do we “observe” AL
with a Michelson interferometer?

Input wave  U;(x,t) = A;e!™

Ly
= A; on BS |
: Y Beam-splitter .
Beam propagating along x-arm: e (BS) x
>
x kla kys :

Uiz = Ajtgse™  (—ry)e oy U; tBs Ly

Fi 2kl ks Transmitted
= Aitpsrps (—Tz) e € UtY s VT

: B .
2

Sign convention for -T
amplitude reflection and <«
transmission coefficients — 1 *t

V7 I.
(\\ ’
te1—



The Virgo detector — Optical configuration -

How do we “observe” AL
with a Michelson interferometer?

Input wave  U;(x,t) = A;e!™

o
= A; on BS |
: Y Beam-splitter
Beam propagating along x-arm: e (BS) x
>
Eei—Aites eIkl (—'rx)eJkl“f rgg s U; to I
2kly _1kys Transmi
— At psieRelr Yer el UtY b;i?ﬁmmed VT
2
Beam propagating along y-arm: ® L .
Transmitted field:
= _é (_ - €2Jkly) oIk Ys Ui = U + Uyy
i : : Ai 2)kl 23kl

2



The Virgo detector — Optical configuration -

Power transmitted by a simple Michelson

: A;
Transmitted field: U; = 2 e (7“ e GZJMQC)

Calculation of the transmitted power:

Pmaa:
Pioc e - (1 — C cos(¢)) where ¢ = 2k(l, — I
7 27"3%:?;“5
Pras = %(ri+r§)

max

P_t/P




The Virgo detector — Optical configuration -

What power does Virgo measure?

In general, the beam is not a plane wave but a spherical wave

— interference pattern

(and the complementary pattern in reflection)

Virgo interference pattern much larger than the beam size:
~1 m between two consecutive fringes

— we do not study the fringes in nice images !

Equivalent size of Virgo beam

=
1R R

%E 0.82\ //\\ //\\ / S tt. k- 5 t %I 0'8; \\ //
S etting a working point = os:

04E—\ / \ / \ / > - > 0.4 N /

AN \ / N/ 02t N )

o2 N4 N4 0% . _1\0/* . .
With C- S S CI>8(rad) @ (rad)

Po
Freely swinging mirrors Controlled mirror positions
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The Virgo detector — Optical configuration -

From the power to the gravitational wave

Pz' 27

= = (1 — C cos(¢)) where ¢ = QT(Zy — )
Around the working point: :
(il—zt ¢ = %C’ sin(¢g) where ¢y = 4TWALO % %;: \\\ ) // +
O S '1\”/3 " o (ad
Power variations as function of small differential length variations: o

G
gl = >y C' sin(¢g)d¢

or 4
6P, = P, C' - sin (5-ALo) 6AL

0P; <« 0AL = hLy around the working point !



The Virgo detector — Optical configuration -

From the power to the gravitational wave

Around the working point:

P t/P___
max

I s Sy 8N\ D4
P, = P, C - sin (TALO) SAL ’ N A
b e 053 ) -1\0/ 2 3
CNE? % ® (rad
0 P; = (Interferometer response) x AL b0

'/ (W/m) \

Measurable Physical effect to be detected

physical quantity



The Virgo detector — Optical configuration -

Improving the interferometer sensitivity

4
0P, = P; C sin (%ALO) @5AL)

x §¢
Increase the input power Increase the phase difference
on BS between the arms for a given

differential arm length variation

Recycling cavity Fabry-Perot cavities in the arms
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The Virgo detector — Optical configuration -

In Virgo, the beam Is resonant inside the
cavities

MpU D) 1, b %2::3’ Ueg) o em ~I= o |Airy peaks
Beams 2 | g = 200§
R Transmitted 150[
eflected | = Bairs E
beam I, 100f
50F
Pl t% 1 OZII%)II.IIO.4AIO.6”0_8HJ1&\H
AT E L St (%)2 sin(kL) \
allar T
Finesse F = 17,7 -
A 200- /‘\
Virgo cavity atresonance: [, = n = (n € N) 150! i
2 o fi
3 503
V|rgO "7:_ 50 Eﬂ%A&}—

AdVirgo 7= 443 Yo 0005 0 0005 o0

Average number of light round-trips in the cavity: N = =

s



The Virgo detector — Optical configuration -

How do we amplify the phase offset?

§r2y
3 km Fabry-Perot
il cavities
Tly r
. TN T I'og gy IT'FpPy
Input beam Lng Input beam
5 BS = BS
Transmltted 7777777777777777777777777777777 Transmitted
beam Tijeam
Sensor Sensor
r'epr — — 1 P 6‘]\\?/3 I
‘\\\\\
- ~number of round-trips in the arm
~300 for AdVirgo

(instead of Tgrme = —1 X 6‘]%([’“3 +0laz) in the arm of a simple Michelson)



The Virgo detector — Optical configuration -

How do we increase the power on BS?

Detector working point close to a dark fringe
— most of power go back towards the laser

T1y |

| I'y
Input beam ‘ -
‘ |

I |

Power recycling | Transmitte
cavity Ttbeam

Resonant power recycling cavity

al|as
35
30
25
20
15
10

S

0 1 : L

7GPR =738 (T?DR = 0.95)

— input power on BS
increased by a factor 38!




The Virgo detector — Optical configuration -

The improved interferometer response

; 1 9 A
Response of simple Michelson: 6P, — P,C TW sin (TWALO) SAL

0 P; = (Michelson response) x dAL
(W/m)

Response of recycled Michelson

with Fabry-Perot cavities:
I 3-km Fabry-
Y Perot cavities
2 4 s
5P, =\GpRIP, C = sin (— AL JEEMsAL
A A s
Input beam La: 38 300
58 BS
Phican e For the same AL,
recycling Tijeam 0 P; has been increased

cavity

Sensor by a factor ~ 12000.



The Virgo detector — Optical configuration -

A hint of AdvancedVirgo sensitivity

Response of recycled Michelson with
Fabry-Perot cavities:

2T 4 e
0P, =Gpr P,C —sin (—ALy) —0AL
3-km Fabry- L . A Sln( A O> 7ie
Ly Perot cavities
Laser wavelength A = 1064 nm
Input beam E Input power P; ~ 100 W
7 BS - Interferometer contrast C ~1
= Cayvity finesse F ~ 450
ower F itted
recychng Jjbgzrr]:ml ; Power recycling gain GPR ~ 38
S S Working point ALy~ 107" m

Shot noise due to output power of ~ 50 mW

z27 5Pt,mz’n ~ 0.1nW o 5ALmzn ~ 9 X 10_20 m
OAL,,;
= Mg = =T~ 10_23
In reality, the detector response L

depends on frequency...



The Virgo detector — Optical configuration -

Optical layout of Virgo

=4d'wyg=1
ApApD josagd-Aiqpy

0g

Input
Mode-Cleaner

r Y

Fabry-Perot cavity
L=3km, F=50

0001=J’wm=|

LASER Phase
Nd:YAG modulation

Beamsplitter

h=1,064 um Recycling
Py=20W ml);ror m
6,26 MHz
Output
Mode-Cleaner
Demodulation <

Detection photodiodes
InAsGal)
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Part 3: How do we measure the GW strain, h(t),
from this detector?

Notes about data processing
Controlling the interferometer working point
A glimpse on the calibration and h(t) reconstruction

Data collection



The Virgo detector — How do we measure the GW strain, h(t), from this detector ?

Notes about data processing: digitisation

| Analog signal |

!
=T
2
0.5
-] I 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)
| Digital signal ‘
] ___.,,... .....................
G
B e e T
S - :
=@
o1 0 ___ .....................
0.5 :_ __________________________________________________________________________________________________
i || E——— e e S II.I.. ......... e e T e
0 10 20 30 40 50 60 70 20 90 100

Sample

Analog signal s(t)

Continuous
A voltage in general

ADC

 /
Digital signal s(n)

Discrete (sampling frequency)
Can be stored numerically
Can be processed numerically

Warnings:
Nyquist frequency
Aliasing

L. Rolland - GraSPA2015 - Annecy-le-Vieux
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The Virgo detector — How do we measure the GW strain, h(t), from this detector ?

Notes about data processing: spectral
analysis

A signal can be decomposed in different frequency components.
(Discrete) Fourier transform

sl > A(k) and B(k) Meaiee

Inverse Fourier transform

= A(k)e ®(k)
. Sine signal - _ . Random signal (“white noise”)
- L qg? < (= e ¥ z i g
2 D,SF 5 103 < W 805| || | g o e e ik " : %
T, g F=R 1O AR T o R 8 B
k=) ﬂ ﬂ [\ ﬂ /\ e 3 S w ([ AL ;I. il 10 =
PR UL AL \ 2 @ =
S L LT T S < m E
-0,‘U U V U U \} U U U U 1::'0;: ] -40E “qu‘ [ ” | i A
2 o rac peak llmmm .. . "1 ~flat distribution
O a2 44 Time (Sj 1 10 T M0 TTEz A as 48 10° ; o Y7 -
Frequency (Hz) Time (s) - .
Apply a low-pass filter
on the signal
g 1225 s 10" g
% sci § T W"W%‘ é
c F 167 i
AT 2D y 2
Filtering the data B b | w *«...\ s
= modifying the frequency components PO i <
B Jr-m 10° ] 10 7

Time (s) Frequency (Hz)



The Virgo detector — How do we measure the GW strain, h(t), from this detector ?

How do we control the working point?

We want ALy =n5 + 10~*'m to be (almost) fixed!

Control loop done for noises with f between ~10 Hz and ~100 Hz
Precision of the control ~ 10"° m

Suspended mirror

Noises
1 actuators " - cEa Control signals (V)
L, (10 Hz < f < 100 Hz)
‘ A
|
bne%ur; L:c
> | Filters

Transmitted +

beam
Photodiode e T A

Real-time digital calculations




The Virgo detector — How do we measure the GW strain, h(t), from this detector ?

From the detector data to the GW strain h(t)

* High frequency (>100 Hz): mirrors behave as free falling masses .-

5ALt7’ue t
%h(t) < " (t)

» Lower frequency: the controls attenuate the noise... but also the GW signal!
— the control signals contain information on h(t)

: i
b R 1 »OAL T
Varlatlons t DeteCtOI‘ response true ext hrec(t)

(W) (m/W) ¢ as if no control
T hnoise (t)
+ haw (1)
Control
signals V ctri— Actuator response —» 5ALctrl
(V) (m/V)
Input signals Responses to be measured Reconstructed
(calibrated) in dedicated GW signal

dataset



The Virgo detector — How do we measure the GW strain, h(t), from this detector ?

AdVirgo data acquisition summary

Photodiodes Currents in the Seismometers Cameras Sensors....
mirror actuators Magnetometers
Thermometers

i i i i i

GPS-synchronised digitisation
Sampling frequencies from 1 Hz to ~50 kHz
~2500 sensor signals to be digitised

i

Data acquisition processes
(data formatting, timestamp, write to disks..)
~ 10000 channels

Continuous flow of ~2 TBytes/day (20 to 40 MBytes/s)
Disk space on Virgo site: ~400 TB for 6 months of data

Longer storage: data sent via Ethernet to computing centers (Lyon, Bologna)



Part 4: Virgo noises
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The Virgo detector — Noises
What is a noise in Virgo?

Stochastic (random) signal that contributes to the signal h _ (t) but does

re

not contain information on the gravitational wave strain h GW(t)

hrec (t) T hnoise (t) St hGW (t)
Does this data contain the signal? Does this data contain the signal? Does this data contain the signal?

hnoz’se(t) ) hre (t) ) hTGC(t)

1 1

5 E o5 =
3z E L T E
oo B oW B
W T = L1 -
E 3 E 2 £ 3
= = s
Z 3 22 s =2
= = a
-1 -1 -1
1S 1.3 15
L1} 0.5 1 1.5 2 2.5 0 0% 1 1.% z 2.5 '] o5 1 1.5 2 25
time /s time /s time fs
This plot shows the signal. The signal's position in the noise. The signal's position in the noise.

haw (t) == ==

Hormalised
Detector Strain
& =

Hormalised
Detector Strain
Honmalised

Detector Strain

This shows the peak of the signal.

1.
[ 4 06 (%3
= 1 = b
tir
£ 035
E g -1.5 -1.5
E 5 ¢ [ [X] 1 15 2 25 L 05 1 15 2 25
3 -
23 s time fs time fs
=}
-1
-1.

) Extracted from Black Hole Hunter: http://www.blackholehunter. org/
AR TR S R T L. Rolland - GraSPA2015 - Annecy-le-Vieux




X(t) (units)

X(t) (units)

X(t) (units)

How do we characterise a noise?

Data points (noise)

Time (s)

350
KL
250

150

Distribution of the data

D

Average over 0.1 s

B T e S TN
X (units)

Entries 1000
Mean -0.01323
1.004

" x (units)

Average over 10 s

Entries 100
Mean  -0.01323
[RMs™ 0.3051

105 (units)

L. Rolland - GraSPA2015 - Annecy-le-Vieux

— S
Average over 1s >
————— =y

Gaussian distribution:
g e i 2
Neiis s

— Noise characterised by
its standard deviation o

O, — e
-5 Vaverage duration

D is in (Data units X 1/s)
Data units

or
vV Hz

— its absolute value is equal to
the standard deviation of the noise
when it is averaged over 1 s
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How do we characterise a noise
... In frequency-domain?

Discrete Fourier Transform (DFT)

s(n) > S — A(k)eﬂ)(k)
Sampled Fourier
signal spectrum

— Noise characterised by the fluctuations _ _
of its Fourier spectrum ~—D(k) inunits\Hz

Assumption: noise is random and ergodic

— noise characterised by its amplitude spectral density (ASD) ASD = v PSD = %
Data vs time Noise distribution Noise ASD

:;EnLries 90200 [~ i N
{Mean -0.4104 | :

Counts/ YHz

Random gaussian noise
1 count/VHz
Sampled at 10 kHz

N S B B I EEHHETHITIITIE § | | H et it KT
440, 440,2 4404 4406 440,8 450, -1000, -500, 0. 10 |
Time (s)

10 10> 10’
Frequency (Hz)
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The Virgo detector — Noises

What is the noise level of Virgo?

Sum of all the noises

Noise level of h,..(t), shown as function of frequency

-18 . o s . L o5 el ) a1l i
N »

(a) Virgo Nominal sensitivity

| —— (b) Seismic noise

107 A \ : (c) Pendulum thermal noise
3 = (d) Mirror thermal noise

(e) Shot Noise

107 4

n(f) [Llsqri(Hz),

10—21 _:

10—22 _:

1 10 100 1000 10000

Frequency [HZz]
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The Virgo detector — Noises

Seismic noise and suspended mirrors

log10{Seismic Spectrum [m/¥ Hz])

-8 , .
Seismometer in CB
Seismometer in TB1 { z
_?L B l Ground vibrations up to ~1 pm/vHz at low frequency
1 decreasing down to ~10 pm/vYHz at 100 Hz
-8 r
'-,J.B,I X |
—gl tl;:l f'x[ ‘
-, #"u i 1 £
' %ﬂ L L I > 10719 m/+/Hz needed to detect GW !!
-10} 'k,u*w E ) .
i S
= 10 EIO 40 EIJ 80 100 120
x Fredquency [Hz]
¥ T
ik ; gMi)l LM x>
Assuming £ NE TH T H
. . =t 1 P
dx gy small and sinusoidal = 1o = 102
and 6 small: o | — ]
10 fO ~J 0.6 HZ 10 Frequency [Hzl]
B = 1 jrmal
2 05t
g -l
T -1.5E
_22
Transfer function -2.5F
3E
10" 1 10 2

L. Rolland - GraSPA2015 - Annecy-le-Vieux
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Frequency [Hz]
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http://www.blackholehunter.org/

The Virgo detector — Noises

Seismic noise and the Virgo suspension

salih

Pa,vlgadf“

- ------- Pre-Lzolator

~ Marionette

L. Rolland -

Passive attenuation: 7 pendulum in cascade
At 10 Hz: Zmizrer ~,(1072)" = 10~ 14

ground

Zground ™ 10—? m/\/ Hz

This noise directly modifies the
positions of the mirror surfaces,

and thus 6AL and hye.(t) !

Active controls at low frequency

Accelerometers or interferometer data
Electromagnetic actuators
Control loops

GraSPA2015 - Annecy-le-Vieux
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The Virgo detector — Noises

Some noises: thermal noise

Microscopic thermal fluctuations

--> dissipation of energy through excitation of the macroscopic modes of the mirror

\\ é 102 S S r——
\\ / § 10 ng ..... : ....... y(fﬂ) .............................................. .................................................... T —
\ ‘ F y(0)
—\ > Le
\\ | E
\ > 10! E_ .............................................................................................................................................................
\ -
1[] E_\ .............................................................................................................................................................
1(]"{ %_ .............................................................................................................................................................
Pendulum mode “Mirror” mode “Violin” modes 10 i ..
f<40 Hz > few kHz f>40 Hz 107 o | " e

)
Frequency [Hz]

This noise directly modifies the positions of the mirror surfaces,
and thus )AL and hyec(t) !

We want high quality factors Q to concentrate all the noise in a small frequency band



The Virgo detector — Noises
What is the shot noise?

Fluctuations of arrival times of photons (quantum noise)

Power received by the photodiode: P;
s N f—; photons/s on average. LA CAERAEORE I AT

Arrival time of single photons

Standard deviation on this number: oy = VN

— OptIUNXhV:\/h%hV:\/%

Virgo laser: A =1.064pym — v = 5 ~ 2.8 X 104 Hz
Working point: P, ~80mW — op, =0.10W/vHz

— a variation of power is interpreted as a variation of distance 0AL

1 O p,
0P, = (Virgo response) x Lo X h Requivalent = =

(in W/m)

o (Virgo response)



The Virgo detector — Noises

Some other noises

Acoustic vibrations and refraction index fluctuatio
Main elements installed in vacuum

Laser: amplitude, frequency, jitter noise

Lots of control loops to reduce these noises

Electronics noise &
Challenge for the electronicians to measure down to 0.1 nW/sqrt(Hz)

Non-linear noise from diffuse light
Need dedicated optical elements with specific mechanical modes

L. Rolland - GraSPA2015 - Annecy-le-Vieux 47



The Virgo detector — Noises

Interpretation of the Virgo sensitivity curve

1/ Reconstruction of h(t

)
hrec<t) e hnoise<t> +Wt)

i

E 10718 —— VSRI May 2007 _
; : = —— VSR4 August 2011
2/ Amplitude spectral density of h(t) R MN e e
(noise standard deviation over 1 s) 2 m L\l
g 10-20 i i‘ﬂ 1 I
E e
2 10-21 ..... \ ‘ I} ‘ ‘ 1 .
~10"® mAHz (Virgo, 2011 B . ™ ="
(Virg . RN 7
-20 . 1023 E N -
~10*° mHz (Advanced Virgo, ~2021) 107
10240
10° 10° 10*
Frequency [Hz]
1 Image: Danna Berry/SkyWorks/NASA m?{?q%/%us/j\)gfg
Compact Binary Coalescences Rotating neutron stars
Signal lasts for a few seconds Signal averaged over days (~10° s)

—candetecth~10% 1 round - GraSPA2015 - Annecy+>1Gan detect h ~ 10728



The Virgo detector — Noises

History of Virgo noise curve

~107"° m/vHz

Sensitivity [hWHz)

1077 2

ID_IH

“]—I‘?

10727 bl B

m-zl

1022

107

C1 Nov 2003

C2 Feb 2004

C3 Apr 2004

C4 Jun 2004

C5 Dec 2004

C6 Aug 2005

C7 Sep 2005

WSRI1 Sep 2006
WSR10 Mar 2007
VSRI1 May 2007
WSR2 October 2009
VSR4 August 2011
Virgo design

Virgo+ with MS design

1 Fabry-Perot cavity
2 FP+ Michelson

Virgo, P=0.7 W
Virgo, P=8 W

| C1 & C2: single arm ; C3 & C4: recombined ; C5 & after: recycled i

Frequency [Hz]

49



Part 5: towards Advanced Virgo

-;.:-i:_"

i

1

L. Rolland - GraSPA2015 - Annecy-le-Vieux
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Horizon of Advanced detectors

Distance at which a neutron star binary
coalescence (1.4 M £ 1.4 M C>) can be

seen with signal-to-noise ratio of 8

Capricornus

i :
Supercluster Carona-Borealis

Superduster,

Superclusters
Corona Bovealis
Vioid Bodtes
Superclusters
Pavo-indus 'F"”'"ﬁ:-f'l L)
Superduster 2

Hydra-Centaurus
Su ster

i L Improving the sensitivity (or horizon)
Seulptor g % | by a faCtor 10

i S I -~ .-'-.
Pistes-Cetus gt '_“Fefs_ :
Superclusters v R SRR
X : b7k v o
Perseus-Pisces i _
. Supercluster m
R

L PENRR T & Increase the volume (or event rate)
by 10° = 1000

N Soutans ol
Supercluster =

~~Horologhum

Supercluster s‘p!|2 Advanced Virgo range
(2016 - 2020)

100 million light years IOW real IStIC h |g h

Initial

virgolLigo | 0002 0.2 | 0.2

Expected neutron star binary | /Advanced 04 40 400
coalescence detection rate (event/year) [ VIFGo/LIGO '




Towards the Advanced Virgo sensitivity

AdV Noise Curve: F. =1250W

Cgantum noise

Gravity Gradignts
Suspension thetmal noiss
Coaking Brownian noiss ]
Coating Thermmo-ophic noise
Subshale Brovnian noise
Excess Gas

Total noise

Iaser

Strain [1/+ HZ]

g

Frequency [Hz]

L. Rolland - GraSPA2015 - Annecy-le-Vieux

52



Advanced Virgo is being built

New optical configuration Better and heavier mirrors

Wi

More in vacuum

suspended benches New electronics boards

L. Rolland - GraSPA2015 - Annecy-le-Vieux 53



A worldwide network of interferometers

1, test new technologies, astrowatch,
, Germany
GRA : 3 km in the Kamioka mine
small 300 m

e

Pisa, Italy

» Confirm a detection
» Determine the position of a GW source

» Decompose the GW polarisation
L. Rolland - GraSPA2015 - Annecy-le-Vieux
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Multi-messenger astronomy

Astrophysical alerts

GCN (GRBs) Alerts in LIGO-Virgo control rooms

Swift, Fermi, INTEGRAL, ... Specific analysis (on-line and later)

SNEWS (supernova)
IceCube, Super-K, SNO, LVD

Alerts for the observatories

Radio and optical telescopes
5 ; ? ROTSE, TAROT, SkyMapper, QUEST,
Online GW candidates (LIGO-Virgo) Pi of the Sky, Zadko, Liverpool Telescope, LOFAR

+ check by operators and scientists on site ¢, minutes
X-ray satellites

Swift/ XRT

y-ray telescomes
HESS, CTA

> Increase the significativity of the events
> Better understand the physics of the sources



Towards the first GW detections!

2015 | 2016 | 2017 2018 | 2019 2020

g
e — = I -
LGo 1l ] ] ] ]
Completing the Advanced Starting the network Increasing the size of
LIGO and Virgo interferometers observation periods the network
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