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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

61(t) = —dy(t) = Lh(t) Lo
e ® * @ h(t): amplitude of the GW

Typical amplitude of a GW crossing the Earth:
. h~ 1072

Tey (h has no dimension/unit)
Case of a GW with €
polarisation + propagating
along z Reconstructed strain of GW150914
102
h(t) -
_10-21;
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Interferometer sketch

The interference pattern depends on AL:
AL(t) = lzt) — 1y(2)

Detection

Length of the arms: Ly = 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
arierence pattern!

Infrared laser
P~100 W



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

SAL = 51, (t) — 81, (¢)

Input beam = | <I—> = h(t) Lo
=
l l h ~ 10723 Lo = 3km
Transmitted s SAL ~ 3 % 10—20 m

Y beam
size of a proton
100000
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How and for what did you use interferometers?

Classroom interferometer

Wavelength of monochromatic source

Sodium doublet wavelength separation

e
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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

Propagation of a perturbation of electric and magnetic fields

Direction of propagation: along k

wufl

|
=)
X
3,

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 speed ¢ - — cos(¢)
A(z,t) = Agcos(kz — wt + ¢€) (since k' =k z) - o
Ao amplitude \ Aq
A wavelength (m) -
k= QTW wave number (rad/m) - \
w = kc angular frequency (rad/s) -
Average power: P oc A2 N/ ANy

Complex form

U(Z, t) _ Aoej(kz—wt—l—e)
= @e‘](kzﬁ) with Ag = Age vt

--> simpler algebraic calculations, forexample 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 .
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The Virgo detector — Optical configuration -

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

Input wave Uj;(z,t) = A;e**

= A; on BS
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

ly Beam-splitter

BS Iy
Input beam (BS)
>

Ui t BS 193

Transmitted

U, Y beam y T
N )
Sensor x

— The beam can
be approximated by

plane waves
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with a Michelson interferometer?

Input wave Uj(z,t) = A&

il e ry
= A; on BS |
Y Beam-splitter
Beam propagating along x-arm: (BS) Ty
. Input beam
kl, . ; >|
Utw = étBS@J ...... UZ tBS lx
Transmitted
UtY beam y
YT S
Sensor X
Sign convention for -T
amplitude reflection and D
transmission coefficients -t
: T
Without losses: ¢ o
2 4+r2=1 DI
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with a Michelson interferometer?

Input wave Uj(z,t) = A&

il — ry
= A; on BS |
Y Beam-splitter .
. i _ =
Beam propagating along x-arm: Input bear (BS) iz:
kl, ki, )
Uz = Aitpse (—rg)el™= ... U; t5d |z |
Transmitted
UtY beam yT
T .,
Sensor X
Sign convention for -T
amplitude reflection and D
transmission coefficients -t
Ir
o
te |
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with a Michelson interferometer?

Input wave Uj(z,t) = A&

= A; on BS

Beam propagating along x-arm:

kl, kl,
Uiy = Aitps e (—7z )€’ rBS

eJkyS

Ly

]
Y Beam-splitter

(BS)
Input beam I
1, |
Transmitted
U, beam yT
YOr .y
Sensor X
Sign convention for -T )
amplitude reflection and
transmission coefficients > 1
T
L
te |
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The Virgo detector — Optical configuration -

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

Input wave Uj(z,t) = A&

= A; on BS |
Y Beam-splitter .
' - : BS
Beam propagating along x-arm: Input bear (BS) x
=
kl, kl, kys .
Utw = &tBS e’ (_74:1:)6J 'BS ey Uz tps 133
— A. _ 21kl L)kYs Transmitted
: N <
_ é < ( —r, €2Jqu;) eJkyS with tpg = rpg = \% Sensor X
2
‘ Sign convention for —1”:
Complex reflection of the x-arm amplitude reflection and
transmission coefficients -t
S Ir
te |
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The Virgo detector — Optical configuration -

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

Input wave  Uj(z,t) = A&

Ty
= A; on BS |
. Y Beam-splitter .
Beam propagating along x-arm: Input bear (BS) x
>
kly klg kys
Uso = Aitps @™ (—rp)e¥e rgge® U, gp8 L,
_ 2)1kls L1kys T itted
= Aitpsrps (—ry) e ™Y UtY eI VT
Ai ' : S?mor x

S

) % ( — Ty 62Jklm) e s = i

Complex reﬂectlon of the x-arm \

Beam propagating along y-arm: /

Transmitted field:

U, — _é ( _r €2Jkly) ejkys Ut — Uta: + Uty
ty 9 Y A
3
‘ _ eJkyS (ry €2Jkly —r, €2J]€l:c)
Complex reflection of the y-arm 2
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The Virgo detector — Optical configuration -

Power transmitted by a simple Michelson

. A
Transmitted field: U; = o eltye (7“ y e — 1y ezﬂdﬂ”)

Calculation of the transmitted power:
Pmaa:

P, < |Us]? = ; (1 — C cos(¢)) where ¢ = 2k(l, — I,
C— 9 rwry
r2 + 712
Prag = %(ri+r§)
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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

=
1= E 1:

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

04E—\ / \ / \ / | P > 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

P; 27

Py = ?Z (1 — C cos(¢)) where ¢ = 27(ly — )
Around the working point: |
(il—gt ) — %C’ sin(¢g) where ¢g = 4TWALO S é% \\\ | ///
O S -1\0/; o
Power variations as function of small differential length variations: %o

P, .
OP; = el C' sin(¢g)d¢

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

0P; <« 0AL = hLy around the working point !
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grelmedtepmOpioniios
From the power to the gravitational wave

Around the working point:

2T 41 EE 08N P
= P,C —sin (—ALg) 0AL ot
5Pt PIL C )\ S111 ( )\ A O) 5 00-:; \\ /
— 7 05 2 -1\0/ 2 3
Y % @ (rad
0P, = (Interferometer response) x 6AL o

/ (W/m) \

Measurable Physical effect to be detected

physical quantity
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mproving the intertferometer sensitivity

- 4
S P, :%}C sin (%ALO) (@5AL)

\\‘ B //

X 0¢
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

o py RE e, b [ Airy peaks
beam ‘" * g
— > — > - 200F
Reflectel d l Transmitted 150F
beam ! <. 100p
L 502
P.— P ti 1 O ==33""57 0% 08 1 |
(1—=rir2)? 14 (%)2 sin?(kL) \ A
ala [
Finesse F = 17,7 250;
Virgo cavity atresonance: [, = n = (n € N) 150/
2 00" |
: 50,
V|rg0 T - 50 %_{%A&}_
I —_ -0.01  -0.005 0 0.005 0.01
AdVirgo =443 L
. o - 2F
Average number of light round-trips in the cavity: N =
T
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I'9 g
3 km Fabry-Perot
L, cavities
T -
1L—r1x ro,. TEPy —— I'FPy
Inputbeam | I Lm I Input beam
> i | ﬁ
BS | | ' //|BS \
Transmltted 7777777777777777777777777777777 Transmitted
Tijeam Tijeam
Sensor Sensor

repe = —1 X B@QML‘”

~number of round-trips in the arm
~300 for AdVirgo

(instead of Tyrme = —1 X eJ2k(Lw+5Lm) in the arm of a simple Michelson)
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gremedepmOpioniie
How do we increase the power on BS?

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

Input bearh

Power recycling | Transmitte
cavity Jjbeam
Resonant power recycling cavity
SN : < Gpgr =38 (rsp =0.95)

30

25F

20

15 :

10E- — input power on BS
5 increased by a factor 38!
0—| L
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The Virgo detector — Optical configuration -

The improved interferometer response

. . 2 4
Response of simple Michelson: 5P, = P, C == sin (S-ALo) 6AL

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 2F
5P, = Gpr P,C = sin (—ALg) —0AL
A A s
Input beam La: 33 300
g BS
Power Transmitted For the same AL,
recycling Tyjbeam 0 P; has been increased
cavity  sensor by a factor ~ 12000.

L. Rolland - GraSPA2016 - Annecy-le-Vieux
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The Virgo detector — Optical configuration -

A hint of AdvancedVirgo sensitivity

Response of recycled Michelson with

Fabry-Perot cavities:

208

27 . Aw
5Pt — GPR P@ C T S11 (TALO) 75AL

3-km Fabry-
Ly Perot cavities
Input beam L:c
>
BS
Power Transmitted
recycling Jjbeam

cavity  gensor

Laser wavelength
Input power
Interferometer contrast
Cayvity finesse

Power recycling gain

Working point

A= 1064 nm

P, ~ 100 W
C~1

F ~ 450

Gpr ~ 38
ALy~ 1071 m

Shot noise due to output power of ~ 50 mW

— 5Pt,mi’n ~ 0.1nW

© =
\

In reality, the detector response
depends on frequency...

> AL, in ~5x 1072 m
OAL,in

~ 10—23

L. Rolland - GraSPA2016 - Annecy-le-Vieux
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r 1

S

. w2

Input mode-cleaner cavity 2] (_-DU
L=144m, F=1200 la§

I o

& 2

o<

|

Fabry-Perot cavity
L =3 km, F=450

A =1064 nm
Po=200W

-“H'-Ei-‘|

recycling

mirror

Beam
splitter

Signal recycling mirror

Output mode-cleaner cavity

L=12cm, F=450

L. Rolland - GraSPA2016 - Annecy-le-Vieux
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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



Notes about data processing: digitisation

| Analog signal |
] H

=
Ln

Analog signal s(t)

Continuous
A voltage in general

Signal s(t)

=

ADC

]____ .................... .................... .............. ,, .................... .................... ._ ....... ....................

SSS YN N I O S S B S S v
Digital signal s(n)

Discrete (sampling frequency)

= S T Can be stored numerically
| | K - o Can be processed numerically

o
Ln
|

Signal s(n)
ITTH

o
|

S
]
|

—
: .
M [ ]
S RO
im
B
:
-
=
L]
L]
|
L}

D 1 1 1 I]DI 1 1 IEGI 1 1 I3DI 1 1 I4(}I 1 1 ISDI 1 1 Iﬁ(}l 1 1 I?GI 1 1 IEDI 1 1 Ig(}l 1 1 I]m Warnings.
Sampl .
Ampre Nyquist frequency
Aliasing
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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

s(n) < > A(k) and ®(k) S(h) = 2 stmye™

Inverse Fourier transform

= A(k)e ®(k)
. Sine signal - o Random signal Whlte noise”)
= E.‘oz = c F E_ i P
(%‘; AENAAR LA jg_: E £ ol 10 Gl b BER L 0? %
AT | - \ s 5 = 2
VRV RR TR TR VN I S < | [ Z
ST | . ; i
o 112 ~Hirac pedk MMMM o] B I ° ~flat distribution
O 2% % T1ime (Sj 1 10 LA L T R R T '_4_3‘ = 10° ; o Y0 -
Frequency (Hz) Time (s) | Frequency (H2)
Apply a low-pass filter
on the signal
g 10(.‘;E 2 ) g
i) 805 % 1 R BE T At <
g jz ’ 107 MW%‘ §
5 g 2 L "lvﬁ =
Filtering the data I TN DY S \,
— - oF A Y AR N E
= modifying the frequency components <
'10645' %2 44 a6 48 5 10° ] 10 .
L. Rolland - GraSPA2016 - Annecy-le-Vieux Time (s) Frequency (Hz)34



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 =n3 + 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
- actuators < Control signals (V)
L, (10 Hz < f < 100 Hz)
| A
Input
beam ‘ Lx
>
| Filters
Transmitted +
beam
Photodiode )P, ——» )AL

Real-time digital calculations
L. Rolland - GraSPA2016 - Annecy-le-Vieux 35



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)

Transmitted o
sower 5P, > - »SAL ALy s
variations t Detector response true ext hrec(t)

(W) (m/W) +  asif no control
— hnoise (t)
+ haw (t)
Control
signals Vtri— > Actuator response —» 0AL oty
(V) (m/V)
Input signals Responses to be measured Reconstructed
(calibrated) in dedicated GW signal
dataset
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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)
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The Virgo detector — Noises
What is 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_ (t)

hrec (t) — hnoise (t) + 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 - GraSPA2016 - Annecy-le-Vieux




X(t) (units)

X(t) (units)

X(t) (units)

How do we characterise noise?

Data points (noise)

TIII!III!.III!III|!II‘|IIIIIII|III|III|

Time (s)

350
KL
250

150

Distribution of the data

Average over 0.1 s

D

BT

Entries
Mean

TN
X (units)
— =
Average over 1s >
e —

1000
-0.01323

1.004

" x (units)

Average over 10 s

Entries
Mean

100
-0.01323

[Rms

0.3051

10 5 (units)

L. Rolland - GraSPA2016 - Annecy-le-Vieux

Gaussian distribution:
_ 1 (a—<=3>)?
Ne 2 o2

— Noise measurement
characterised by its
standard deviation o

O, — D
X Vaverage duration

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

or
vV Hz

— Noise characterised by D

— its absolute value is equal to
the standard deviation of the noise

when it is averaged over 1 s
40



How do we characterise a noise
... In frequency-domain®

Discrete Fourier Transform (DFT)

s(n) > S(k) = A(k)el®®)
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 =+ PSD = %
. ) Data vs time Noise distribution Noise ASD
Random gaussian noise S —

:;EnLrjes QU200 [ Fis N
; im -0.4104 | ;

1 count/vHz

Counts/ YHz

Sampled at 10 kHz

N S B B I il
440, 440,2 4404 4406 440,8 450, -1000, -500, 0. 10" l
Time (s)

10 10> 10’
Frequency (Hz)
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rec

From h (1) to Virgo sensitivity curve

1/ Reconstruction of h(t

hmc(t)zhnm-se(zH @@W/(t) ‘

E 10-18 = ——VSRI May 2007
. . - —_— V$R4 August 2011
2/ Amplitude spectral density of h(t) 2 g MN ------- Vieodesin
(noise standard deviation over 1 s) z M L\l
g 10-20 i i‘ﬂ 1 I
< [
m 10-21 5 ) \ ‘ I} | .‘. ‘ |
~10"mAHz (Virgo, 2011) 107 \ R il
-20 . 103 ; N P
~10® mAHz (Advanced Virgo, ~2021) 107 o O -
10240
10’ 10*
Frequency [Hz]
: E . Image: Danna Berry/SkyWorks/NASA £ mﬁﬂ%ﬁusffr@)
Compact Binary Coalescences Rotating neutron stars
Signal lasts for a few seconds Signal averaged over days (~10° s)
— can detecth ~ 10 — can detecth ~ 10%
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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

10'18_ Ll eyl bl i
ER : : —_
1\ (a) Virgo Nominal sensitivity
1 —— (b) Seismic noise
107 N - (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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http://www.blackholehunter.org/

Seismic noise and suspenﬁeﬁ MIrrors

——Seismomedter in CB
——Seismometer in TB1

log10{Seismic Spectrum [m/Y Hz])

Ground vibrations up to ~1 pm/vHz at low frequency
decreasing down to ~10 pm/vHz at 100 Hz

> 10719 m/+v/Hz needed to detect GW !!

20 40 60 80 100 120

x Fredquency [Hz]
P I

< M 1 = X -2
Assuming £ NE TH T H
. . S 1 - =
dx g small and sinusoidal = 1o =S il 102
and 6 small: 107 | SN
1 ‘\ 2
H 10 fO ~U 0.16 HZ 10 Frequency [Hzl]0
T = X X
IM =1 XTH s
£ -0s5E
T -1.5E
_22
Transfer function -2.5F
3E
10" 1 10 2

1
Frequency [Hz]
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Passive attenuation: 7 pendulum in cascade
At 10 Hz: Zmizeer o (1072)" = 10~ 14

ground

ZLground ™ 10—9 m/\/ Hz

This noise directly modifies the
positions of the mirror surfaces,

and thus 0AL and hyec(t) !

Active controls at low frequency

Accelerometers or interferometer data
Electromagnetic actuators
Control loops

L. Rolland - GraSPA2016 - Annecy-le-Vieux 45



The Virgo detector — Noises

Some noises: thermal noise

Microscopic thermal fluctuations

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

>

% ]-OA-A g_\ ...............................................................................................................................................................
2 F

/ : 105 = uto)

N y(0)
10! %_ [T N
102 %_ ........................................................................................................
107 %_ ____________________________________________________________________________________________________________________________________________________________________________________________________________
Pendulum mode “Mirror” mode “Violin” modes B N N S EE

f <40 Hz f> few kHz f>40 Hz B ™ | 10 10

=

Frequency [Hz]

This noise directly modifies the positions of the mirror surfaces,
and thus 0AL and Ayec(t) !

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

 Very high quality mirror coating developed in a lab close to Lyon
(Laboratoire des Matériaux Avancés)
« Monolithic suspension developed in labs in Perugia and Rome

Fused-silica fibers
(diameter of 400 um and length of 0.7 m)
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The Virgo detector — Noises
What is the shot noise?

Fluctuations of arrival times of photons (quantum noise)

Power received by the photodiode: P;
— N = f—; photons/s on average. AR CAERIEORE I A

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 = 7

(in W/m)

o (Virgo response)



€ VIrgo detector — iINoi1ses

Some other gaussian noises

Acoustic vibrations and refraction index fluctuations

Main elements installed in vacuum

Laser: amplitude, frequency, jitter noise

Lots of control loops to reduce these noises

&
Electronics noise

Challenge for the electronics engineers to measure down to 0.1 nW/sqrt(Hz)

Non-linear noise from diffuse light

Need dedicated optical elements with specific mechanical modes
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Another source of noise: diffused light

Optical element
(mirror, lens, ...)
vibrating due to

"-' \ . Diffused light!

seismic or acoustic & ' ik
noises AL
Incident lasel |
beam

some photons of the diffused light
gets recombined with the
interferometer beam

i

phase noise

i

extra power fluctuations
(imprint of the optical
element vibrations)

Evolution for AdVirgo:
suspend the optical benches
and place them under vacuum

L. Rolland - GraSPA2016 - Annecy-le-Vieux
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The Virgo detector — Noises

Interpretation of the Virgo sensitivity curve

1/ Reconstruction of h(t

)
hrec<t) — hnoise<t> +Wt)

'

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""® m/NHz (Virgo, 2011 B i . "V M=
(Virg 1y NG =
-20 . 1023 E N -
~10*° mVHz (Advanced Virgo, ~2021) 107
10240
10 10° 10*
Frequency [Hz]
Image: Danna Berry/SkyWorks/NASA mg?q%/%uslj\);g’%
Compact Binary Coalescences Rotating neutron stars
Signal lasts for a few seconds Signal averaged over days (~10° s)
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History of Virgo noise curve

Sensitivity [

~10"° mAHz

lmlu mm

: B wm " ”‘W wm

PN - 1‘“. ..... ..... ';I ....... Uﬂh‘* :
ol I m”*wm“ﬂw“mmmmw\"

C1 Nov 2003

C2 Feb 2004

C3 Apr 2004

C4 Jun 2004

C5 Dec 2004

C6 Aug 2005

C7 Sep 2005
WSRI Sep 2006
WSR10 Mar 2007
VERI May 2007
WSR2 October 2009
VSR4 August 2011
Virgo design

‘v'qrgn u-nh MS de:lgn

1 Fabry-Perot cavity
2 FP+ Michelson

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

—

l‘w h nl! ""

'mlmwﬂ‘d

lr‘“

10° 10°
| C1 & C2: single arm ; C3 & C4: recombined ; C5 & after: recycled i

Frequency [Hz]
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Part 5: towards Advanced Virgo
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Horizon of Advanced detectors

Distance at which a neutron star binary
, _ coalescence (1.4 M 6" 1.4 M C)) can be

s e seen with signal-to-noise ratio of 8

Hereules

Capricornus Vold Superclusters
Corona Borealis
Vioid Bodtes
Superclusters

P Improving the sensitivity (or horizon)
R i i by a factor 10

S | Py -
Pistes-Cetus SHDe "c'_mef‘_ :
Superclusters ; A
3 4 i :!‘_' P
1 Supercluster SUper ]
T
ax
ol

Phoenix

T e Y Increase the volume (or event rate)
by 10° = 1000

Soutans ol
Supercluster =

~~Horologhum e
Supercluster -2 “ Columba

- Sl Advanced Virgo range
(2016 - 2020)

100 million light years IOW real IStIC h Ig h

Initial

Virgo/LIGO 0.0002  0.02 0.2

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




Towards the Advanced Virgo sensitivity

Strain [1/+ HZ]

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

9

Frequency [Hz]
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Advanced Virgo installation
almost completed...

New optical configuration Better and heavier mirrors

Monolithic silica mirror suspension More in vacuum :
—— New electronics boards

suspended benches
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A worldwide network of interferometers

KAGRA

» Confirm a detection

» Determine the position of a GW source
» Decompose the GW polarisation
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> Increase the significance of the events
> Better understand the physics of the sources
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Towards more GW detections!

2015 2016 | 2017 2018 | 2019 2020

]
Vigo E — -
Lico ] ] I I
KAGRA
v v : :
First GW detections! Starting the network Increasing the size of

observation periods the network
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