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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
sy
o L
e o 4 0 0? Typical amplitude of a GW crossing the Earth:
—23
Case of a GW with €

polarization + propagating
along z



The Virgo detector — Principles -

A general overview of the Virgo detector

| AL®) = Ipet) — l(2)
A
v/ SAL(t) = 6l,(t) — 61, (t)
T 1 1
Détection /’/ Otx wr 5 h(t) Lt —5 h(t) Lo

A/ — = h(t) Lo
e — \

Laser

3 km arms !

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

SAL ~ 10723 x 3000

—920 size of a proton
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The Virgo detector — Principles -

Virgo: a more complicated interferometer

Suspended mirrors

Fabry-Perot <i >
cavities

Photodiodes

Laser Sensor: phOtOdiOde
— we do not image the
Power-recycling interference pattern !

Infra-red laser cavity

Reer A DO

L. Rolland - GraSPA2013 - Annecy-le-Vieux



The Virgo detector — Principles -

Why are the Virgo mirrors free masses ?

We want the mirrors (mass M) to be free falling masses: a = 0

In the case of sinusoidal regime: z=x0e " - a=—-w?xy =0

7 Ex Assuming that ¢ < 1, we have x = [0
| Newton’s law, Ma = Z F , projected onto ey :

M6 = —Mgsin(0) + Fcos(6
w+w8w:M with wg = %

: g : ¢ 2 2 B3 )
In the case of sinusoidal regime: (wg — w?)xg = 77

If w > wy, then —w?zy = % — /9

— Mass M can be considered as free along x if w > wo



The Virgo detector — Principles -

The case of the Virgo mirrors

2

gr="038 1057
i fo ~ 0.6 Hz
(M ~ 20 kg)

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

== 0 = 1somy
6x(t) = 3 h(t) L,
St I l e s OAL = dx(t) — dy(t)
> | 75 h(t) Lo
+g£21r1§mitted h ~ 10_23 LO = 3km
— 0AL ~3 x107%m



The Virgo detector — Principles -

How and for what did you use interferometers ?

Classroom interferometer
i

Wavelength of monochromatic source

Sodium doublet wavelength separation

L. Rolland - GraSPA2013 - Annecy-le-Vieux



The Virgo detector — Optical configuration -

Virgo optical configuration

Reminder about 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 ? |

L. Rolland - GraSPA2013 - Annecy-le-Vieux



The Virgo detector — Optical configuration -

Description of plane waves

Plane wave propagating along z, with speed ¢ B cos( i)
A(z,t) = Agcos(kz — wt + ¢€) (since k7 = k ) t =0

AQ amplitude

\
A 2 wavelength (m) -
= TW wave number (rad/m) - \
w = kc angular frequency (rad/s) :_
Average power: POCA(% ‘_III)\l

Complex form
L) — o)
= @e}(kz“) with Ag = Age %"

--> simpler algebraic calculations, for example P x |U ‘ e
--> real plane wave is the real part: §R (U(Z, t)) — A(Z, t)

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



The Virgo detector — Optical configuration -

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

Input wave U, (x,t) = A;e"*

= A; on BS
BS located at (0,0)

Sensor located at (O,—ys)

Amplitude reflection and transmission
coefficients:r and ¢

— We are interested in the beam transmitted by the
interferometer: it 1s the sum of the two beams (fields)
that have propagated along each arm.

Around the beam-splitter mirrors:

Radius of curvature of the beams ~ 1400 m

Size of the beams ~ few cm

Ly
I .
Beam-splitter r
7
Input beam &
>
Ui t BS 193
Transmitted
Ut Y beam y T
ST A S
Sensor X

—

The beams can be
approximated by
plane waves

L. Rolland - GraSPA2013 - Annecy-le-Vieux
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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 |
Y Beam-splitter
: ’ (BS) Iy
Beam propagating along x-arm: o B
> -
A kl, .
Utw T étBSG‘] ...... U’L tBS 133
Transmitted
UtY beam yT
T o s
Sensor X
Sign convention for _ri\)
amplitude reflection and <«
transmission St
coefficients T
\\, >
te |
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The Virgo detector — Optical configuration -

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

Us(z,t) = Aje?*®

= A; on BS

Input wave

Beam propagating along x-arm:

Uiz = étBS ejklm

......

L. Rolland - GraSPA2013 -

Ty
L, ,
Beam-splitter
T
Input beam &
———— S
Ui 1l BS 193
Transmitted
UtY beam yT
—
Sensor x
Sign convention for -T )
amplitude reflectionand ¢
transmission > 1
coefficients T
\\, >
tet—
13
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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 |
Y Beam-splitter
; : (BS) Iy
Beam propagating along x-arm: o B
4>—
kly kl —1kys :
Ui = Aitps e (—71z )€’ rgge Y U; tBs y I
Transmitted
UtY beam yT
o (s
Sensor x
Sign convention for -r
amplitude reflectionand ¢
transmission >t
coefficients T
N >
tet—

L. Rolland - GraSPA2013 - Annecy-le-Vieux 14



The Virgo detector — Optical configuration -

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

Input wave  Uj(z,t) = A;e*®

k% i) I’y
= A; on BS |
y Beam-splitter
- ] (BS) S
Beam propagating along x-arm: Input beam
>
o = Aitoseis (Crjdis rpsei®e U, ] L
ik : F 2)kly —1kys Transmitted
] étBSTBS( Tx)e e Utheam VT
- S R ™
5 é < ( —r, 62)/43[93) e—Jk:ys with tgs =7TBs — \% Sensor %
2
‘ Sign convention for -r
Complex reflection of the x-arm amplitude reflection and ¢
transmission t
coefficients T
N >
te 1+

L. Rolland - GraSPA2013 - Annecy-le-Vieux 15



The Virgo detector — Optical configuration -

How do we “observe” AL

with a Michelson interferometer ?
Input wave  Uj(z,t) = A;e*®

1) r
Y
= A; on BS |
y Beam-splitter r
Beam propagating along x-arm: Input beam L2 v
>
Ui Ajtps€l (=7 )€’ rpge Y U; tgg Ly
2kly —1ky, Transmitted
= Aitpsrps (=ry)e "= e 1™ Uy e VT
: i s
5 é ( s 62)/43[93) e—Jk:ys with tgs =7TBs — \% Sensor %
2 I

Complex reflection of the x-arm \@

Beam propagating along y-arm: / Transmitted field:

U, . = _é ( _ 62Jkly) e IkYs Ut = Uty + Uyy
ty 9 Yy L
| i S (¢
— — ¢ 1k (,’ay 62Jkl'y — 7, 62Jklas)
Complex reflection of the y-arm 2
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The Virgo detector — Optical configuration -

Power transmitted by a simple Michelson

. : Gt 2kl 2kl
Transmitted field: Uyt B WL St e

Calculation of the transmitted power:

Pmaa:

Bioc e — : (1 — C cos(¢)) wallere Or— 2kl
(P25 TxTy
e
Pt %(ri +r§)

L. Rolland - GraSPA2013 - Annecy-le-Vieux 17



The Virgo detector — Optical configuration -

In general, the beam 1s not a plane wave but a

spherical wave

Virgo interference pattern much larger than the beam
size: ~1 m between 2 two consecutive fringes

— 1nterference pattern

— we do not study the fringes in nice images !

(and the complementary pattern in reflection)

1=

& g / N\ /

S [\
s\ / \ /
e\ / \ /
AN

With C: él etz CI>8(rad)

Freely swinging mirrors

What power does Virgo measure ?

Equivalent size of Virgo beam

Z

E
23]

|

Setting a working point = os:
0.4F

>

L. Rolland - GraSPA2013 - Annecy-le-Vieux
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S, 0.8F

0.22

0:

\\ //
\\‘\ //
3 2 -1 0 * 2 . (ra?é)
o

Controlled mirror positions
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The Virgo detector — Optical configuration -

From the power to the gravitational wave

P = % (1 — C cos(¢)) where ¢ = 22%(@ — 1)
Around the working point: .,
(Z—IZ’L . = %C’ sin(¢g) where ¢ = 4TWALO % igé \\\ ///
S l\o/; T
Po

Power variations as function of small differential length variations:
195
P = = C' sin(¢g )¢
47

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



The Virgo detector — Optical configuration -

From the power to the gravitational wave

Around the working point:

i EE 25 S D4
(SPt = P’L C 7 S111 (TALO) OAL 00:;: \\ /
-~ 7/ 05-3 2 -1\0/ 2 3
CiYore ; P (rad
d P; = (Interferometer response) x 0AL 0

/ (W/m) \

Measurable Physical effect to be detected

physical quantity

L. Rolland - GraSPA2013 - Annecy-le-Vieux 20



The Virgo detector — Optical configuration -

Improving the interferometer sensitivity

0P, =[P, sin (Q%ALO) @5AL)

-

Increase the input power Increase the phase difference
between the arms for a given
differential arm length variation

Recycling cavity Fabry-Perot cavities in the arms

L. Rolland - GraSPA2013 - Annecy-le-Vieux 21



The Virgo detector — Optical configuration -

Optical cavity with two mirrors

. 2 St : ; ', tl Ira, t2
Cavity made of two plane infinite mirrors, in
U;—» e
front of each other. : s
U, e | 2 U,
| L e
Sign convention for -r
amplitude reflectionand ¢
transmission >t
coefficients T
N >
te |
22
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The Virgo detector — Optical configuration -

Optical cavity with two mirrors

Iy, tl I'a, t2
Cavity made of two plane infinite mirrors, in U U
front of each other. G PR 7
/ / UT& G Uc Ut
U, = A; @kz=wt) U e ) - L P
U= A @00 U, = A, ekt
i Sign convention for —1":
— = litude reflection and "
il Rt |t
coefficients T
I
Relations between the fields at input and
output of the cavity:
C(Z:O) tlU(O)_TlU(O) AcztlAi—TlA;
7“( S O) C(O) T (O) A= A,c + r1 A;
>
Uslz = L) = t2U(L) Ayl = 1 A,k
Uyz = L) = —1aUe(L) ALe M=y 4, et



The Virgo detector — Optical configuration -

In Virgo, the beam 1s resonant inside the cavities

st ra,t2
Cavity field as function of input field:
tl ij—>' —4>L%

iy : e
St r1roek! Z Y ks el Uy

Power in the cavity:

-

B o7 b Virgo =50 | Airypeaks

t% 1 200 f_ ................................................................................................................. .............................. ..........................................................
et o o ke (Ef sin® (kL) 10k
T 100 e ............................ .............................. .........................................................

cob TR T — T -

. ez VA S R Eklljkllk
Binesse s =5 == 0 0 02 04 06 08 1

e

A

Virgo cavity at resonance: L = n—= (n € N)

L. Rolland - GraSPA2013 - Annecy-le-Vieux 24



The Virgo detector — Optical configuration -

Field retlected by a Virgo arm cavity

st 16555
Reflected field as function of input field:
2€ L
A, = A; G == PR B P
1 — ryree2kl r U= U,
Power reflected by the cavity, with T2 ~ 1 | L T
P, x |A,]?
—
Phase of the field reflected by one arm cavity around resonance:
Cavity around resonance [, = n % + 0L (n € N)
Ar 1 =+ 1
— —) = 2k0L
0 arg(Ai) 7T—|—1_T1

+7"1
Field reflected by the x-arm: A, = —1 x €’ T A;



The Virgo detector — Optical configuration -

How do we amplity the phase offset ?

I'oq—
- 3 km Fabry-Perot
by e cavities
§I.1 y | e o % }777777777777777777777777777777777777777777777777} r
I'ig I'og R — IT'FPy
Input l:am I La: I Input beam
5 . e
Transmltted 777777777777777777777777777777777 Transmitted
Tijeam Tijeam
Sensor Sensor
: / J_“?;l\ 2k&L,
(With ry ~ 1) ey~ L= £
~ ~number of round-trips in the arm
~300 for AdVirgo
(instead of T armm ==L X eJQk(LeréLm) in the arm of a simple Michelson)

L. Rolland - GraSPA2013 - Annecy-le-Vieux
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The Virgo detector — Optical configuration -

How do we increase the power on BS ?

Detector working point close to a dark fringe 1,
— most of power go back towards the laser it 2

Input beaﬂ i Lx
> 1

Power recycling | Transmitted
cavity #beam

Resonant power recycling cavity

e |~ Grr=38 (rpr=09)

30 ............................... .............................. .....................
25 ............................... .....................
20F- — — ——
15 .............................. ............................... ............................... .....................
g3 N S R — input power on BS

0 e increased by a factor 38 !

L. Rolland - GraSPA2013 - Annecy-le-Vieux
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The Virgo detector — Optical configuration -

The improved interferometer response

2 4
Response of simple Michelson: OP, = P,C TW sin (TWALO) OAL

O P, = (Michelson response) x dAL
(W/m)

Response of recycled Michelson with

; S Fabry-Perot cavities:
Y Perot cavities c e
R 2 47 /1 - T}\\
5Pt :\C%P/R/P’L C T S111 (TALO)\]_ % T;/éAL
Input beam La: . ~?;OO
= BS
Power e For the same 0AL,
recycling Jjbeam 0P has been increased
S S by a factor ~ 12000.

L. Rolland - GraSPA2013 - Annecy-le-Vieux 28



The Virgo detector — Optical configuration -

A hint of AdvancedVirgo sensitivity

Response of recycled Michelson with
Fabry-Perot cavities:

DTz st 1+ 7r
0P, = Gpr P, C — =N
3-km Fabry- : 2 A e ( A O)

Ly Perot cavities

Laser wavelength: A = 1.064 ym

Input beam Lx Input power: P,L ~ 100 W
& BS Interferometer contrast: C' ~ 1
Sy i Input mirror reflection: r; = +/0.986
recycling Jjbeam Working point: ALy ~ 107 m
cavity s sila e Power recycling gain: Gpp ~ 38

Power noise: 0P min ~0.10W ——» §AT, . 5% 10720 m

OAL,,;
— hmzn — o~ 10_23
In reality, the detector response L
depends on frequency...




The Virgo detector — Optical configuration -

Optical layout of Virgo

=4'wjg=1
ApADD josagd-Aiqpy

0g

Input
Mode-Cleaner

r

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

Nd:YAG modulation

0001=J’wm=|

A =1,064 um Racsdling
Pp=20W ml);ror
6,26 MHz
Output
Mode-Cleaner
Demodulation <

Detection photodiodes
InAsGa

L. Rolland - GraSPA2013 - Annecy-le-Vieux
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The Virgo detector — How do we measure the GW strain, h(t), from this detector ?

How do we control the working point ?

Noises i

Ly

Input
beam

Suspended mirror
-
actuators

We want ALy =10""!'m
Control loop done for noises with f between ~10 Hz and ~100 Hz
Precision of the control ~ 10" m

Transmitted
beam

+

Photodiode

Control signals (V)
A

Y o VB D,
Real-time digital calculations
L. Rolland - GraSPA2013 - Annecy-le-Vieux

to be (almost) fixed !
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The Virgo detector — How do we measure the GW strain, h(t), from this detector ?

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

For free falling masses, h(t) = 5AL_[;('5)

—  this condition is valid for the suspended mirrors above ~ 100 Hz.

At lower frequencies, the controls attenuate the noise...
but also the gravitational wave signal !

—  the control signals contain information on h(t)

Transmitted

POVES 5Pt . Detectorlresponse e 6LtTU€“’@h’5AL_fT€€ > .
variations _ Lo
(W) (m/W) attenuated by A as if no control,
controls as if free falling
mirrors
Control
signals —» Actuator response —» 0L .ontrols
(V) (m/V)
Input signals Responses to be measured
(calibrated) in dedicated
datasets

L. Rolland - GraSPA2013 - Annecy-le-Vieux



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

AdVirgo data acquisition summary

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

i i i : i

Synchronized digitization
Sampling frequencies from 1 Hz to ~50 kHz

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

2RIy

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



Virgo noises
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The Virgo detector — Noises

What 1s a noise 1n Virgo ?

Stochastic (random) signal that contributes to the signal h_mes(t) but does not
contain information on the gravitational wave strain h_ GW(t)

hrec (t) T hnoise (t) 7 hGW (t)
Does this data contain the signal ? Does this data contain the signal? Does this data contain the signal?

2 hnoz’se(t) ) hrec(t 1 hTGC(t)

=]
wn

1= £ £
= E = = E
&b ; 2 E g
55 = $5
=5 E g =3
— =] 3 -
=@ 45 = 5 - =
& 2 a
1 -1 1
15 15 15
i} a5 1 15 2 25 L1} 05 1 1.5 2 25 1} ns 1 15 2 25
time /s time fs time /s
This plot shows the signal. o The signal’s position in the noise. is The signal's position in the noise.
Hoise N?ise
h (t) ] 1 Signal
G ‘ /‘ / 1 Signal
= =
B = =
2 - = E
2; T 5 ES
E X} ‘5 3
s 32 =%
This shows the peak of the signal = -1} 8
1.5 . =}
1 1 A
tin
£ 05
25 15 15
EE o 0 05 1 1.5 2 2.5 1] 05 1 15 2 25
25 05 time /s time /s
a
N Extracted from Black Hole Hunter: http://www.blackholehunter. org/

1496 1497 1498 1.499 1.5

e L. Rolland - GraSPA2013 - Annecy-le-Vieux


http://www.blackholehunter.org/

How do we characterize a noise ?

Hypothesis: - we are looking for a constant signal S_ in the data

Data points of noise only

Noise (units)

Noise (units)

Noise (units)

- data are noisy (Gaussian noise)

Projection of noise data

Average over 0.1 s
! | Entries 10000
: | Mean  0.005743
: | RMS 1.001

430
400
350
300
250
200
150
100
S0 ¢ o A
'D5_ : Lo : : : :
5 04 -3 -2 -1 0 1 2

Noise (units)

Average over1ls
Entries 1000
Mean 0.005743
RMS 0.3128

120

S S M 2~ Noise (units)
_ Average over 10 s
bE Entries 100
;2: L Mean  0.005743
wE | 0 i RMS  0.09738

Noise (units)

Gaussian distribution:

_l(oc—<oc>)2
Ne ? ©3

The mean value of the noise
stays around O

The mean value of the signal
stays around S._.

The variations of the noise
decrease when the data are

averaged over longer time
1
Vaverage duration

Onoise X

— What is important to
characterize a noise is it
dispersionc !

1S€
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Noise (units)

Noise (units)

How do we characterize a noise ?

Data points of noise only

Projection of noise data

The variations of the noise

decrease when the data are

| averaged over longer time

1
Vaverage duration

Onoise X

U

The noise can be

450 Average over 0.1 s
A00E- ' | Entries 10000
350E- : | Mean__0.005743
e = : | RMS 1.001
250E 1 5 P
200E
150F
100E-

50 ;_ : : : : : : : i :

U T0TYT Noise (units)

__ |Averageoverls

ROEo Entries 1000
a0 N A Mean 0.005743

RMS 0.3128

Noise (units)

Onoi e L
ROLSE + i iyaverage dilration
D is in Data units

characterized by the
coefficient of proportionality D

its absolute value is equal to

VvHz the dispersion of the noise

when it is averaged over 1 s.

L. Rolland - GraSPA2013 - Annecy-le-Vieux 37



How do we characterize a noise
...In frequency-domain’’

A signal can be decomposed in trZﬁg;(i)er:n
different frequency components. S(t) » A(f) and ®(f)

2773,

100

1k

|
-100
250t 30t ssaot o410t 4510t sa0t ssa0t osa0t esao?
i

168407
0 S0 1000 1500 2000

0o fi 2000

Doing the same for the noise, we can characterize
the variation of A, use(f) at a given f.
— D(f) (amplitude spectral density).

4 SRS 7
D(f) 1S also in ajHist

L. Rolland - GraSPA2013 - Annecy-le-Vieux 38



The Virgo detector — Noises

What 1s the noise level of Virgo ?

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

107 + — — e

] (a) Virgo Nominal sensitivity

] —— (b) Seismic noise

1079 - : (c) Pendulum thermal noise
3 = (d) Mirror thermal noise

(e) Shot Noise

1074

h(f) [1/sqrt(Hz)]

102" 4

10—22 _:

10 | -
T T LI | T T LB | T T LI | T T T
1 10 100 1000 10000

Frequency [HZz]

L. Rolland - GraSPA2013 - Annecy-le-Vieux



The Virgo detector — Noises

Seismic noise and suspended mirrors

Seismometer in CB
Seismometer in TB1

Ground vibrations up to ~1 um at low frequency

decreasing down to ~ 10 pm at 100 Hz

A % 4 i -

> 10719 m needed to detect GW !!

{il ‘..’%-“

=
> 7
- _7i
E M
E |
£ -8
1]
o
‘E kj+‘h|
g =gl
A
o
(]
5 -0t
g

-1 10

=

20 40

x Fredquency [Hz}
I

100 120

)
53
= | S
(N |§
¢
e
Q
N

Assuming
dxyg < 1 and sinusoidal
and 0 < 1:

Modulus (
\
N

J_
e

— = =
coc oo
R T

/

/

f’

0

10 10?

11 ‘
10 f 0 ~J O .16 H 7 Frequency [Hz]

' ' ]
D=
tn

Transfer function

4>
Phase (rad)

—_ o

o b L e
[TTTTT{TTITT[TTT T TTIT{TTTTTTTT

I
W

10 2

—_—
<
—_—

1
Frequency [Hz]
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The Virgo detector — Noises

Seismic noise and the Virgo suspension

Passive attenuation: 7 pendulum in cascade

At 10 Hz: Zmizer ~(1072)" = 10714

I ground
------- Pre-Tzolator

— Tmirror ™ 1022 m/ v Hz

It would directly modifies the
positions of the mirror surfaces,

and thus 0AL and hpe.(t) !

Active controls at low frequency

Accelerometers or interferometer data
Electromagnetic actuators

\ Control loops

~ Marionette

salih

Pa,vlgadf“

L. Rolland - GraSPA2013 - Annecy-le-Vieux 41



The Virgo detector — Noises

Some noises: thermal noise

Microscopic thermal fluctuations

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

>

10°

/

10

!
/
> 1
?

Modulus

Pendulum mode “Mirror” modes “Violin” modes

[t Illi]f]fllf1}flll1flf|If1'lf]1|

e s e ' g - l L 1.02

Frequency [Hz]

It 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

L. Rolland - GraSPA2013 - Annecy-le-Vieux 42



The Virgo detector — Noises

What 1s the shot noise ?

Fluctuations of arrival times of photons (quantum noise) A

Power received by the photodiode: P;
— N = £t photons/s on average.

Standard deviation on this number: oy = VN

— O'pt:ONXhI/:\/}%hV:\/%

Virgo laser: A =1.064pym — v = 5 ~ 2.8 X 10 Hz
Working point: P, ~80mW — op, =0.10W/vHz

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

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 fluctuations

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 W/ sqrt(Hz)

Non-linear noise from diffuse light

Need dedicated optical elements with specific mechanical modes
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The Virgo detector — Noises

Sensitivity [hNHz]

History of Virgo noise curve

C1 Nov 2003

C2 Feb 2004

C3 Apr 2004

C4 Jun 2004
— 5 Dec 2004
——— C6 Aug 2005
———— 7 Sep 20035

WSR1 Sep 2006
— WSRO Mar 2007
— VERI1 May 2007
— WSR2 October 2009
—— V5R4 August 2011
— Virgo design
Virgo+ with MS design

ln—lﬁ
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m-'H ....... ........ | | ' ik gl
1n"9 . ¥
107 k&
102! bl b il g e

1022 £ e . ,H‘ \ “ #o- -."--J' - - T

e | i il IR EEEE

| C1 & C2: single arm ; C3 & C4: recombined ; C5 & after: recycled | Frequency [Hz]
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The Virgo detector — Noises

Noises are not always stationary...

-
in

Does this data contain the signal?

—L
T

=
in

“Glitches” are impulses of noise.
They might look like a transient
GW signal...

=

Hormalised
Detector Strain

o]

wn

Ty

A5

time /s

— Now it is time to play with the data analysis !
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