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Virgo Interferometer

1 - Virgo Interferometer

- Gravitational waves

- Detection Method
- Mirrors actuation

SOURCE - EGO photo

One arm of the Virgo in



Virgo Interferometer

Gravitational waves

- Deformation of the space time metric
- Propagating at the speed of light
- Produced by various sources
(compact binary coalescences (detected) , supernova, stochastic background...)
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Virgo Interferometer

Detection method

West End
Mirror

3 km long arms interferometer with :

Laser source, near-IR (1064 nm) Input

Mode
Cleaner

- Beam splitter (BS)

. . West Input

- End mirrors (NE, WE) and Input mirrors (NI, WI) Miror
_ 3 km c
. . Beamsplitter = o3
- Resonant optical Fabry Perot cavities 1. I ‘

. . . v y
— increase effective length travel by the beam o
'\lol\r/tlri]rrlcr:rp & North End

Dark

: Mirror
fringe

1
oercten |l

photodiode @

SOURCE - Virgo collaboration



Virgo Interferometer

Detection method

West End
3 km long arms interferometer with : :
- Laser source, near-IR (1064 nm) fpdt
Cleaner
- Beam splitter (BS)
- End mirrors (NE, WE) and Input mirrors (NI, WI) iror

3 km

Beamsplitter

- Resonant optical Fabry Perot cavities 1. I I
— increase effective length travel by the beam o é
r:c(;/\z:vlier:g Nohr/tl?r:g:) . North End
Dark ol?---ﬂ}---ﬂ
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- Power recycling mirror (PR) L e "
recycling [ '
mirror

! Quantum noise
i reduction system

- Signal recycling mirror (SR)
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Virgo Interferometer

Detection method

When GW goes through :

- Modification of the L, and L, alternatively
— Changes the interference pattern

- What we measure is the differential length of the
arms AL=L,- L,

- Gravitational wave strain h = AL/ L (L, = 3km)

AL of GW ~ 10" m

West End
Mirror

West Input
Mirror LN

Beamsplitter

Input
Mode
Cleaner LW
Laser [[
Power
recycling
mirror
Signal
recycling
mirror
Detection

photodiode &)
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Virgo Interferometer

Operating the interferometer

West End
Mirror
Mirror are moving at low frequency
. ‘ Input
Need to control the mirrors movement to operate Mode
the interferometer geaneh
Use control loops e
. 3 km
To check and control different parameters of the TEoles >
interferometer
:j— 4-{[ / H
‘ Laser
Power North Input
. . recycling Dark Mirror 0?___{'_____[“ Nort'h End
Example : DARM — to keep the interferometer in the same Lllecs " fringe ! Mirror
.. . ignal . '
position on the interference pattern, counteract the AL recycling e
LG : reduction system
‘ -------------- 7o
Consequence : Part of the GW information goes in the =
. . Detection DARM — AL
control signals — need to reconstruct the GW signal R e

SOURCE - Virgo collaboration



Virgo Interferometer

Mirrors actuation

Electromagnetic actuators :

- 4 magnets in the back of the mirrors
- 4 coil to create magnetic field
- Used for the control loops

Marionette
Actuation
Cage
Mirror
Coils

Magnets

SOURCE - PhD thesis D. Estevez



Virgo Interferometer

Mirrors actuation

Electromagnetic actuators :

- 4 magnets in the back of the mirrors
- 4 coil to create magnetic field
- Used for the control loops

Pcal actuators :

- Only at the end mirrors

- Laser beam sent to the mirror center

- Mirror moves thanks to radiation pressure
- Used as reference for the Virgo calibration

Monolithic wire

(length ) Auxiliary laser beam

F 0

ITF beam

Suspended mirror
(massM)

Reflected laser beam
( power me)
SOURCE - PhD thesis D. Estevez



Virgo Interferometer

Mirror motion induced by Pcal actuator

Pcal setup in observation mode :

Need to precisely measure the reflected laser beam power to know the mirror motion
- Use Integrating sphere (Rx) as power meter on the reception bench

1 2 cos(0)APc¢(f)
M ¢ (27 f)2

A5'3pend(f) -

Injection bench
X SOURCE - LIGO-G2300653-v8
With 2

photodiodes

Detector

Ax

Source

End mirror

SOURCE - PhD thesis D. Estevez
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2 - Virgo Calibration
- Pcal calibration
- Calibration principle
- 04 calibration models

Virgo Calibration

One arm of the Virgo in

SOURCE - EGO photo
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Virgo Calibration

Power calibration of Pcal actuator
Pcal setup during calibration :

- Replace the Rx sphere by the Working Standard (WS) which is calibrated here at LAPP w.r.t. a reference
sphere given by NIST/PTB

- Photodiodes calibration w.r.t. WS

- Rx calibration w.r.t. Photodiode

Injection bench

With 2
photodiodes Pcal
AX "'
Reference for the rest of the
I calibration

End mirror
‘WS

Reflection bench




Virgo Calibration

Calibration principle

- Series of calibration transfers
- Compare actuator of reference (ref) to actuator to calibrate (new)

Actuator Interferometer
response response

Pcal NE ) .
Exc [ > A f > Output signal of the interferometer

re re
e R > S > S, = Exc, x A xR
Exc —p A —

new new




Virgo Calibration

Calibration principle

- Series of calibration transfers
- Compare actuator of reference (ref) to actuator to calibrate (new)
- Signals combined to to extract A__

Actuator Interferometer
response response

Exc—»A —

ref ref

R > S e AneW - (Sout/EXCnew) % (Sou’c/EXCref)-1 % Aref

Exc ——i A \/
new new

Transfer fonctions




Virgo Calibration

04 Calibration models - Example

04/08/2023 results :

North End electromagnetic

actuator response normalised by ‘g 04251
3 0420,

the pendulum response

Gain
[um/V]

0.428 =
0.002

Pole

[Hz]

82+
18

Zeros
fz1 fz2
[Hz] [Hz]
85+19 | 3728+
370

0.440 {
S 0.435]
£ 0.430;

€ 0.415
0.410

Delay 1.6

1.4
T [ps] .5

S 107

—

0.2 1
0.0 1

Frequency response of the NE_MIR actuator

= 0.8
158+ | 206

T
=
o |
S
0w
o
(%]
=}
=
o)
[e]
£
101 102 103
£l
©
E
w
=}
S
(%]
o
(O]
1%}
©
o
o
101 102 103

frequency [Hz]

10.0

7.51
5.01
2.5
0.0
=235+
-5.01
-7.51
-10.0

3 :[I i IIFEHH tEs ) HIII
(]

100

102 103

754
501
254
0_
—251

|
S
o

|
=
o
o wu

F I:[I iy Ii{ﬁ_ﬁﬂ[l IIHIII

102 103
frequency [Hz]




Virgo Calibration

Contribution to the calibration work

Pcal calibration at Virgo in june

Pcal intercalibration at LAPP in september

Calibration shift since october 2022




3 - Uncertainty computation
- Data reconstruction algorithm
- Reconstruction bias monitoring
- Uncertainty estimation
- Preliminary result for 04

SOURCE - EGO photo

One arm of the Virgo i

Hrec Uncertainty
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Hrec Uncertainty

h(t) reconstruction algorithm

error signal
&0 w

Control signals

sent to the actuators optical responses

actuators [V] [m/V] [Wim]
Sene,mir —{ Angmir®) || One(

photodiode sensing

[Wiw]

Seng mar()— Angmar(® —{ One(d

Sewe,mir()—| Awemir® [ —| Owe(®

SCWE,mar(f)—’;AWE,mar(f) H Owe(f)

Scgs mir() —{ Assmir [—{ Oss()

Scas,mar(—{Assmard | —| Oss(h

SCPR,mir(f)"’ ApRr mir(f) H Opr(f)

Scsr mir() —| Asrmir() |—{ Osr()

Optical response of the ITF,
nominal cavity length [W'l]

[Ore(f).Lol

reconstructed
strain signal [h] hraw(f)

h

rec
Compute the reconstructed strain by :

- Subtracting the contribution of each longitudinal control signal
(using the actuator models and optical responses models)
- Subtracting linearly calibration lines and various noises

h. . used to monitor the h __ bias
inj rec

- Signal injected inside the interferometer by an actuator
- h..— computed from the injected signal and from the
actuator's model of the mirror on which is done the injection

Hrec/hinj : modulus = 1 and phase =0



Calibration measurements

Permanent Lines

- 14 lines distributed between
NE and WE

- These lines are Eermanently
injected to check h(t)/h,,

This plot shows a 1h average of
h(t)/hinj modulus and phase
from the 6 sep 2023 at 21Th UTC
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Hrec Uncertainty

Permanent lines Hrec/Hinj between 1378070284.000000 and 1378073884.000000
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Calibration measurements

Hrec Uncertainty

hrec/hinj for average of 2023-08-04 to 2023-09-02 injections

Weekly Lines "E T e
"08: # Mir WE
1,05: § PcalNE &

- 32lines from 18Hz to 1238Hz ¢ - =2 ! - I
S el & | § ! ..... 4 ;
> 1 o ' i ] * ;!'
3wk 2 £ ey

- Injected during a few minutes = ==

every week on NE and WE with T
both actuators (EM and PCal) os a —
hrec/hinj for average of 2023-08-04 to 2023-09-02 injections

- Allows to check h(t) MEET S ewe

. = # PcalNE
reconstruction more thoroughly =~ "= L& raue
gmg . sgd aged ¢ . .
foE ’ LRI
_O.DSE é Ta i :
—0.15g l
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Uncertainty computation method

Hrec Uncertainty

GOAL : Estimate the level of uncertainty of the h(t) reconstruction process over the full frequency range

Weekly lines
18 Hz, 23 Hz,...




Uncertainty computation method

Hrec Uncertainty

GOAL : Estimate the level of uncertainty of the h(t) reconstruction process over the full frequency range

Weekly lines

18 Hz, 23 Hz,...

Using the

mean and
sigma

Weekly_NE_PCAL_18.200000_Phase

Distribution
For each line

1000}
800}
600:—
400}

200—

Mean -0.01447
RMS  0.001634

L L L L Ly
-0.02 -0.018 -0.016 -0.014 -0.012 -0.01 -0.008

Phase




Hrec Uncertainty

Uncertainty computation method

GOAL : Estimate the level of uncertainty of the h(t) reconstruction process over the full frequency range

18Hz 1258Hz
Random set1| yu »
Weekly lines Using the Distribution selection N i ek
18 Hz, 23 Hz,... For each line ——
' ' mean and inside the

sigma distributions setN| . #



Uncertainty computation method

Hrec Uncertainty

GOAL : Estimate the level of uncertainty of the h(t) reconstruction process over the full frequency range

Weekly lines Using the
18 Hz, 23 Hz,...
mean and
sigma

Distribution
For each line

Random
selection

inside the
distributions

N sets of data

Modulus

mmmmmmmmmm

mmmmmmmmmm

18Hz 1258Hz
set 1 ## . #4
setN| . #it

Interpolation over 0-5kHz
One point every 0.125Hz

!

N sets of
interpolated data
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Uncertainty computation method

Hrec Uncertainty

GOAL : Estimate the level of uncertainty of the h(t) reconstruction process over the full frequency range

Weekly lines
18 Hz, 23 Hz,...

Using the

mean and
sigma

Distribution
For each line

Random

selection

inside the

N sets of data

distributions

N points distribution
for each 0.125Hz
frequency in 0-5kHz

18Hz 1258Hz
set 1 ## . #4
#4 . #4

setN

Interpolation over 0-5kHz
One point every 0.125Hz

!

N sets of

_ interpolated data




Uncertainty computation method

Hrec Uncertainty

GOAL : Estimate the level of uncertainty of the h(t) reconstruction process over the full frequency range

Weekly lines
18 Hz, 23 Hz,...

distributions

Using the Distribution
For each line
mean and
sigma
Mean and Sigma Using those
for all the

frequency range distributions

Random
selection

inside the

N sets of data

N points distribution
for each 0.125Hz
frequency in 0-5kHz

18Hz 1258Hz
set 1 ## . #4
#it . #it

setN

Interpolation over 0-5kHz
One point every 0.125Hz

!

N sets of

_ interpolated data




Uncertainty computation method

Hrec Uncertainty

GOAL : Estimate the level of uncertainty of the h(t) reconstruction process over the full frequency range

Weekly lines
18 Hz, 23 Hz,...

Hrec Bias and
Uncertainty on
modulus and phase

Using the

mean and
sigma

Distribution
For each line

distributions

Mean and Sigma Using those
for all the

frequency range distributions

Random
selection

inside the

N sets of data

N points distribution
for each 0.125Hz
frequency in 0-5kHz

18Hz 1258Hz
set 1 ## . #4
#it . #it

setN

Interpolation over 0-5kHz
One point every 0.125Hz

!

N sets of

_ interpolated data




Preliminary result

- Result computed using 3 injection sets
of weekly calibration data
From 4 Aug 2023 to 2 Sep 2023

Improvements to do :

- Add actuator uncertainty

- Add correlation between frequencies in
the random selections

- Add permanent lines

TFMoni_NEMIR_HREC_HINJ_75_Modulus__TIME
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COhClusion During this first year of PhD :

Pcal calibration on Virgo
site and and at LAPP

Presented my work on

Plans and First Results of the Virgo
h(t) Bias Monitoring

Calibration shifts at
LAPP

Implementation of Hrec
Uncertainty computation

50% area: 549 deg’

a | Y

Rapid response shift for T /
300

04 // e

30



Conclusion

Perspective for the rest of the PhD :

- Following on the Virgo calibration work during the 04 run (calibration shift and data analysis
from those weekly shifts)

- Following on the Pcal intercalibration measurements between LVK-NIST-PTB
- Design and test of the Pcal upgrade for Virgo 05 run (2026)

- Visit of 2-3 weeks to LIGO (Hanford and maybe others) to work on calibration and uncertainty
with the LIGO team

- Possibility of an analysis project to be discussed



Thank you !



Super attenuator system

Pendulum : longitudinal displacement
Blade springs : vertical displacement

Torsion threads : rotation

Resonant frequency < THz

10560

Inverted Pendulum
Pendulum Wire

Inner Structure

Pendulum Chain

Separating Roof

SOURCE - Virgo collaboration



VIRGO CONTROL SIGNALS

6,56,8,22MHz :

VN

; P rrotodiode T DARM

] ~=== CARM/SSFS
1 e MICH

: Servo == PRCL

! SRCL

NI
N
L
cP
BS
Squeezed
Vacuum Source
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PCal optical layout
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Pcal calibration : Photodiodes calibration w.r.t. WS

ratio WSV/Tx_PD1

ratio WSV/Tx_PD2

0.9606 -
0.9605
0.9604 -
0.96083 -
0.9602 -
0.9601+
0.9600 -
0.9599 -

1.0632 -
1.0631
1.0630 -
1.0629 -
1.0628 -
1.0627 -
1.0626 -

measurement
= ratio = 0.960237 +/- 0.000086

GOk

. . S . S 3 . A7
- IR & fE L X | e
S A S m D S o
s A ¢ S (o bee i
; v : T .
I :. " .. o ".
. . K &4 “' .

.
L3

measurement
= ratio = 1.062873 +/- 0.000078

0 2 4 6 8 10 12
time [h] (start gps time 1371056400 s)




PCal sensors calibration - formulas

Corrected power for photodiodes

corr — praw
TxPD1 — * TxP D] PI!I’I)I

Corrected voltage for WSV
P : i
s —m- (Twsv — Tidev) — Vidsy

reorr _ "WS)

wsv 1+ k- (Tu'g\' — 30().1-’)1\)

New gain and offset

corr
aew _ pvold S ‘11 SV 1
‘TePD1 — Y Tzpp1 - MeEaAN cor -
TrPD1/ PW S\

T v the temperature

Vii'sy the raw voltage

m = —0.1656 mV/K,

k=—1.486 x 104K 1

pwsv = —2.611683V/W

Ligo coefficient



Pcal calibration : Rx calibration w.r.t. Tx_PD1

0.9982 -

ratio Tx_PD1/Rx

0.9978 -

0.9987 -
0.9986 -
0.9985 1
0.9984 -

ratio Tx_PD2/Rx

0.9981+

0.9981+

0.9980

0.9979

measurement
= ratio = 0.997962 +/- 0.000069

ot

0.9983
0.9982 -

measurement
= ratio = 0.998381 +/- 0.000069

4 6 8 10 12
time [h] (start gps time 1371160800 s)




Calibration of Rx spheres - formulas

Corrected power for photodiodes

corr __ praw _ pbg
POy praul.._.. ply
New gain and offset

corr
mew __ vold : Tx_PD]
rr = Cp, - mean ( corr )
ir

Corr
~new ¢ yold bg a Tr_PDI
C Rr — (()R.r — PR.r) smean (T)

Rx



PCAL intercalibration

- Intercalibration method using pneumatic rail to slide the two spheres

Pneumatic sliders
PCal laser
GS
M2 BS

ws ‘t" beam
/ M1

SOURCE - PhD thesis D. Estevez



Pcal intercalibration

LIGO
LIGO <—@-[NISI‘J< n

KAGRA

SOURCE - LIGO-G2300653-v8

\4
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Calibration transfers

REF

Pcal

|

End
Mirrors

NEW

E.M.

REF

Pcal

|-

End
Mirrors

End
Mirrors

Virgo Calibration

NEW REF
E.M E.M.
Input Input
Mirrors Mirrors

NEW

E.M.

BS, PR,
SR



Take correlation into account

- Correlation plot — trying to take into account frequency correlation in the random selection

Example of modulus correlation
between the NEMir 37.5Hz line
and other permanent lines

Not yet taken into account in
uncertainty computation

IR_HREC_HINJ_35_Modulus vs V1 TFMoni_NEMIR_HREC_HPCAL_35_A
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CheckHrec result for the 11th of May 2023

hrec/hinj for average of 2023-05-11 injections

Modulus

Phase
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