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Einstein’s equation and radiative solution

General relativity (Einstein 1915) : Einstein's equation:

Gravitation is a manifestation of the space time curvature 7

induced by the presence of matter and Energy in our Universe GW . —4T,m
Einstein's CEnergy—momentum
tensor tensor

AN
TN

orkologies and the Pratt Institt

er Vitale of Netw

SOURCE - Chri




Il. 1. \% \ VI.

Einstein’s equation and radiative solution

General relativity (Einstein 1915) : Einstein's equation:

Gravitation is a manifestation of the space time curvature 7

induced by the presence of matter and Energy in our Universe GW . —4T,u/
Einstein's CEnergy—momentum
tensor tensor

Gravitational wave:

Radiative solution of Einstein’s equation

Dynamical deformation of space-time propagating at
the speed of light

A gravitational wave amplitude has two polarizations:

and

h+ hx
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Einstein’s equation and radiative solution

Detectable effect of a gravitational
waves:

— Space-time deformation I /,\\/ -

— Length modification

h(t)

SOURCE - A. Le Tiec & J. Novak n
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Gravitational waves sources

A gravitational wave can only be produced by asymmetrical systems
Compact Binaries Coalescences (CBCs) it Marger Ring-down

Neutron stars and black holes created after stars end of C‘?\é/ 7 Q‘t > (

life (mostly)

Three coalescence phases : <
- Inspiral e e e /N /\ / \ /
- Merger : \
- Ring'down SOURCE - Oliver Jennrich - ESA

Corresponds to three distinct phases in the gravitational
wave signal

Only detected sources for now




01+02+03+04a = 218, O4b* = 105, O4c* = 48, Total = 371
_} *04b and O4c entries are preliminary candidates found online,

International collaboration between 3 collaborations and 4
interferometers

i i i 1+ H 220 b b 04
First detection during the O1 run, three additional runs since (O O EE 08 04 -
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LIGO Observation band

10 Hz - 2 kHz
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h(t) strain
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— Analysis
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Gravitational
waves detection

Parameter
estimation




First detection - GW150914 Hanford, Washington (H1) Livingston, Louisiana (L1)
. 1.0
- Binary Black Hole coalescence 05
- 36M_ and 29M 00
. 051 -
- Distance — 410 Mpc _ 10 (= I
. . . & [— H1 observed | H1 observed (shifted, inverted)
- Signal over Noise Ratio (SNR) — 24 = : : : : : : : :
c 1.0f : = I ]
& ]
S osf ,, f ‘l '\ r -
2] f |
e N YA /\ /\ [1] “u\/\/\»/ e W
I YAVA| 1l Vi
-0.5 v
_1 0 H — Numerical relativity ' | H H Numerical relativity 1 =
Reconstructed (wavelet) Reconstructed (wavelet)
Reconstructed (template) Reconstructed (template)
05 = T T T = T T T ™4
ol e\ A M L A ity
-0.5 A[— Residual . . : | |~ A[— Residual ; ; : : r
T
g 8
@ 6
g
o 4
2
0
0.30 0.35 0.40 0.45 0.30 0.35 0.40 0,45
Time (s) Time (s)

Normalized amplitude



Il. 1. V. V. VI.

Calibration impact

FirSt dEteCtion - GW1 5091 4 Hanford, Washington (LHO) Livingston, Louisiana (LLO)
Binary Black Hole coalescence
36 M_ and 29 M 2
Distance — 410 Mpc k e T
Signal over Noise Ratio (SNR) — 24 = -10] & e e (e ey

v
5
L]

Normalized amplitude

Stronger detection - GW250114

|
(=] e ] p— 12
> £

S

0.10 0.15 0.20 0.10 0.15 0.20

Binary Black Hole coalescence
33M_ and 32M
Distance —403 Mpc

Frequency [Hz]

SNR — 80 Time [s] Time [s]
Calibration
Uncertainty on h(t) strain amplitude ‘ Necessary to improve the calibration
— precision on the GW waveform shape at the same time as the detectors
— precision on the parameter estimation
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Calibration impact

First Multi Messenger detection - GW170817

- GW detected by LIGO and Virgo
Gamma Ray Burst (GRB) detected 1.7 s later by
INTEGRAL et Fermi

- Importance of the gravitational wave detectors
network — Precise localisation

r~ u S
counts/s (arb. scale)

normalized F,

400 600 1000
wavelength (nm)

30°

Calibration
Uncertainty on the h(t) strain phase
— precision on the time of detection
— precision on the localisation
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|l. Gravitational waves detection
Advanced Virgo detection method
Interferometer controls
Electromagnetic actuators
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Advanced Virgo detection method

. . WE West End
Ground interferometer with 3 km long arms: Mirror
- Laser source, near-IR (1064 nm)
Input
Mode
- Beam splitter g
- End mirrors S Westinput
Power | | mirror
.. recc;cl?ng Beam 3k
- 3 km long resonant Fabry-Perot cavities mirrer splitter < >
. . BS [
— Increases the effective distance traveled by Ty — A'P Z L '__+E
the laser beam inside the arms Laser Pi Niﬂh oot ~-
— Increases the laser power variation on the i ] ior
detection photodiode Signal | | soween
recycling SR ! queezing
mirror :[: system
@ ffffffffffffff "
Detection ‘ [*i Dark fringe
photodiode P

(D]
T
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Advanced Virgo detection method

Ground interferometer with 3 km long arms:

Laser source, near-IR (1064 nm) ——
Beam splitter
End mirrors Sl =

3 km long resonant Fabry-Perot cavities

— Increases the effective distance traveled by
the laser beam inside the arms

— Increases the laser power variation on the
detection photodiode

Mirrors are suspended with a passive
attenuation system in vacuum




Gravitational wave effect on an interferometer:

- Alternatively modifying the arm length L, et L
— Changes in the interference pattern
— Changes in the measured power

- We measure the differential arm length variations
AL~— Ly— L

- The gravitational wave signal is given by

AL
Lg

h(t) =

Where L0 =3 km

SOURCE - IUCAA

AL ~10" m




Interferometer controls

Mirror displacement at low frequency caused by WE | \estEnd
different “noise” (seismic, quantum, etc.) Mirror
. . oy InpUt
Necessary to very precisely control the mirror position e
and the resonant cavities length to allow for GW ==
detection
- West Input
Power wi | mirror
b
Sirror e 3km .
Use control loops 1 85|
: -: Jvlr 1 . iNI HNE
Laser PR North Input )
mirror i North End
j,l- s ..{H mirror
Allow to control the different parameters of the e sn Squeczing
. i —_— ! system
interferometer mor— L |
'7! rrrrrrrrrrrrrr 7o
Example : DARM — allow to keep the interferometer on the same S
i || rk frin
position on the interference pattern — counteract the AL variations hotocions ! j menennes DARM — AL
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Electromagnetic actuators

E.M. actuators are composed of:

Magnets placed at the back of the Virgo mirrors

S
Coil placed in front of these magnets in the actuation cage

Control [V] | I [m ] Marionette
signal AE_M_(f) AL
Actuation
Cage
Mirror
With A_,, (f) the actuator response function in [m/V] composed Coils
of:
Magnets

The electronic response in [N/V]
The mechanical response in[m/N]
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l1l. Advanced Virgo calibration
Calibration principle
Newtonian Calibrator
Photon Calibrator
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Calibration principle

g(f) Dark fringe
signal [W]

Interferometer operated thanks to control loops and

Control signals

. ; Optical i
electromagnetic actuators Stutors[v]  Actustors  responses T
[m/V] [W/m] [W/W]

. . . . SCNE,mir(f) A’{ ANE,mir(f) H ONE(f)
CONSEQUENCE: A part of the gravitational wave signal is
“diluted” in the control signal SCye,mar(f) — Angmar) |—{ Ope()
— Need to reconstruct the h(t) strain signal Sy 1) | O

Hrec algorithm: SCuemar(f) —+ Awgmar(f) |—{ Oyelf)
GW signal reconstruction by subtracting from the dark fringe

YV sig IStrL ysu g KTNSO

signal the contribution of the different control loop signal

ScBS,mar(f) "{ ABS,mar(f) ’_’l OBS(f)

S (f A, (f T

NEEd tO have: CPR,m|r( ) 4’{ PR,mlr( ) H OPR( )

- Electromagnetic actuator response models S i) —{Pamm®) | OalD

- Optical responses

Optical response of the ITF,
. . nominal cavity [ell\}\?tl’] [OITF(f)'LO].l
Calibration measurements |

Reconstructed strain signal

[h] h
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Calibration transfers principle

NCal & PCal Electromagnetic actuators calibration

A

Mirror displacement reference for
electromagnetic actuators

calibration
O )
)
NCal >
PCAL NE
PCAL WE
NIST .
PTB _
Dedicated -/
power
calibration
measurements —

WI MIR — BS MIR




Newtonian Calibrator

Uses a variable gravitational field created by rotating masses to

induce a miroir displacement with an uncertainty of + 0.12 % W%
: : P
NCal composed of several rotors — with each 2 rotating masses 7 oy N
NCal — Absolute displacement reference during 04 o - :(l/
South NCal ',.,"""/North Endx.“‘*.u East NCal
. . setup mirror setup
NCal can induce displacement up to 150 Hz NN e, NEN
Y. il YO\, NEF
NSF 3% ;" 2.1m

21m

R T

—

z
L Side view

X X

y K

Mirror

=

d
arssssaseereran é
o Beam axis
L |
x /2 +x/2

SOURCE - VIR-08551-25
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hoon Calibrator

Uses radiation pressure of an auxiliary beam send toward an end mirror with an angle 6 to induce a displacement Ax
2 cos(0)

C

Arpoais) = (Apend + Adram) AFrar(T) To get Ax we need to measure AP,
Injection bench Injection bench:

- Laser collimator (1047 nm)
- 2 photodiodes (Tx_PD1 et Tx_PD2)

Reflection bench:
- Director mirror M3

Ax - Integrating sphere Rx to measure the
------------ Interferometer main beam
reflected beam power
Pror Reflection bench
M3 . .
The PCal can induce a Ax displacement

End mirror

(mass m) from 10 Hz up to ~8 kHz
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Phoon Calibrator

Power measurement devices — Integrating spheres

sphere wall
- Measure a voltage V — need to convert this voltage in power W

- Conversion factor — responsivity p — unique for each sphere
light ! v

scattered

incident light |

! \
! field
of

Virgo — 4 integrating spheres

- 2 Rx spheres, one on each PCal benches (NE et WE)

- WSV (Working Standard Virgo): Reference sphere for Rx calibration at Virgo
- GSV (Gold Standard Virgo): Monitoring sphere, always staying at LAPP

entrance
port

2 Transfer Standard spheres used to intercalibrate within the LVK
collaboration

- TSA (Transfer Standard A)
- TSB (Transfer Standard B)
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IV. Photon Calibrators calibration
Integrating spheres intercalibration
Power measurement devices calibration
Detection electronic calibration
Optical losses
Mechanical response measurement
Final PCal response model
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PCals calibration

Power

devices
calibration

measurement

!

Power

the Rx

measured by

sphere (Pg,)

\ 7

Sphere
readout and
timing

Alv)r'cf —

APp, g

Coptery

y;(]ﬂu/ (f)  —

Estimation of
the incident
power inside

Rx (P

inc)

\ 7

Ail:PC?al(f) = (‘41_)(.,l(1 - fldrum)

Estimation of
the reflected
power by the

mirror (P

ref)

Optical losses

2 cos(#)

C

Al)rr:f (f)

-~

\ 7

Estimation of the
displacement
induced on the
mirror (Ax)

~

J

Mechanical
response of
the mirror and
laser beam
incident angle




Integrating spheres intercalibration

Power
measurement
devices
calibration

l | Reference spheres | Virgo spheres
g g ¥ \
& N \

[NlST/PTB B Calibrates < . >/ \ 4 E

Intercalibration at LAPP

Power
measured by
the Rx
sphere (Py,)

.




GOAL : Measure the responsivity p for WSV and GSV sphere using

TSA and TSB as references

o+ I

05/‘23 ! 09}23 : 11/‘23 : 01/;4 : 03;24 : 05;24 ‘ 07/24 ' 03/24 ‘ 11’/24 01:/25 : 03;25 : 05:/25 :
08/23 10/23 12/23 02/24 04/24 06/24 08/24 10/24 12/24 02/25 04/25 06/25 TSA responsivity over time
4.350
TSA 355
— 3 measurements at NIST and 2 at PTB S
— 2 measurements at LAPP |
- 22’01;-10 2023-01 2023-05 2023-08 2023-12 20;4»03 2024-06 C:\::‘;JIJ 2‘02'31‘1 GAuujyll‘ClZ): 1
TSB TSB responsivity over time
— 4 measurements at NIST and 2 at PTB
— 4 measurements at LAPP i) l
: 230003 om0 00m00 eyt 1T [ """"""""""""""""""""""
CROBW] | u(CR) [%] @ Dok [%] | u(DoE) (o = 2) [%] o] T
TSA | -4.35988 0.08 -().21 2022-10 2023.01 2023.05 2023.08 202312 2024.03 2024.06 202310 202501

0.32

TSB | -4.27856 0.08 -0.23

Relative variation x10%

Relative variation x10*




Intercalibration : Measurement protocol

Protocol (example for TSA) :
- TSA and WSV are placed on pneumatic rails in LAPP clean room

- A laser beam is sent towards the two spheres (0.3 W on each sphere)

- Th long measurement with change in sphere position every 15 s
- Data acquired for 10 s

Sphere 1 Sphere 2 PD2 Bl I.IIII

a
P, BS4 diaphragme P M3
WSV G | . A Eq o8
] l Mo g ,v.-f"'ai-;bhragme
= PBS1
Pa = L]
A
TSA ‘ M4 [ K [ Bs2

BS%

P

Back rail Front rail PD1

VI.




a’ ratio computation at 300.15 K

Correcting from the spheres temperature

. ) : Vst AT« Py Gx el Iy g I—
dependencies, we can compute the a’ coefficient & = 4o sv( in) Ywsy ( in) _ Pwsy

. . . (R« Py PR (T =« By, ) Pl
which corresponds to the responsivity ratio rsA - TSA M TSA

responsivity ratio with temperature correction

Sphere 1 Sphere 2 1.0003 4 + responsivity ratio
RIEis 3 E = mean ratio = 0.61197 +/- 0.00006
S 1.0002-
P+ el
WSV E 1.0001 4
g 1.0000 ' e e s L S
= % v
€ 0.9999 = . - :
P s : R :
P, 0.9998 1 - ——
TSA ‘ 0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
time [h] | start at 2023-09-01 12:45:48.000
Back rail Front rail




ratio

a

0549775

0.59750

0.nus2s

0.58700

06070

Mean = 0.59734 + 0.00023
stat)

staty; 2
WSV In front
WSV in back
unknown position

202306 202601

GSV/TSA responsivity ratio

GSV/TSB responsivity ratio

202405 2024-10

Mean = 0.60732 = 0.00028
0.73e-05 (stat) :
infront
WSV In ba
unknown position

202507

GSV — +0.05 % variations within 2 years

WSV — +0.05 % variations within 2 years

2
c
2
£
T
>
@
2
&
2

a' ratio

ratio

o

0.6026

0.6024 -

0.6022

0.6020

0.6120-

1.0096

1.0090

1.0084

1.0078

WSV/TSA responsivity ratio

Mean = 0.60228 = 0.00021
7.46e-05 (stat) ; 1.96e-04 {syst)

2 >
WSV in front Iy 2
WSV in back &
Unknown-pesition -2 :Z;

i~
o
0 >
¢
-2
-4
WSV/TSB responsivity ratio
oé Mean = 0.61239 + 0.00030
9.47e-05 (stat) ; 2.82e-04 (syst) |20 -
WSV in front L5 =
WSV in back S
Unknown position 10 %
5 E
o
o B
T
T
-5
T 1 -10
WSV/GSV responsivity ratio
<
+10
k=)
=2
T
c
2
5
3 - 0 2
B €
>
® WsSVin front
° WSV in back 1]
¢ #  Unknown position
2022-02 2022-09 2024-02 2024-08 2025-01 2025-07

Increased variations caused by the misadjustment of diaphragm
opening on the setup
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Intercalibration : Responsivity computation

Responsivity computation at 300.15 K

Vet el : e /
T Vitsy (T - Pin) Viggyv (R - Pin) _ Pwsv —
e SRS -~ OTT OrT {1 / / . , /
VESH(R - Py) VFEA(T - Pw)  prga Pwsv = PrsaA &

1

CR[V/W]

—— o TSA | -4.35988
P, T 4.27856

.y 8 TSB | -4.27856

Back rail Front rail




Intercalibration : Responsivity evolution

WSV responsivity over time computed using consensus value of NIST and PTB

Highlighting of a ~0.2% discrepancy |

between the responsivity computed with . - | ! - | iy
TSA and TSB S ,
. . . ) %.-72.6115 0.2% > ?;
This difference is seen with both WSV and BRI SEHOT 10 3
GSV BRI 1 e =
Total = -2.62097 * 0.00267 20
4.94e-04 (stat) ; 2.63e-03 (syst)

Similar difference seen at LIGO starting in i R RMm W mF0
. GSV responsivity over time computed using consensus value of NIST and PTB
July 2024 —Need to confirm with further -

-15

measurements g™
—-2.5975 o
-5 ~
x
5
g ° %
= -2.6000 I
< = 5
= 0.2% :
vs TSA = -2.60329 + 0,00101 10 =
-2.6025 3.98e-04 (stat) ; 9.32e-04 (syst) T
vs TSB = -2.59705 #= 0.00118 15 &«

3.73e-04 (stat) ; 1.12e-03 (syst)

_ Total = -2.59922 + 0.00284 20
—2.6050 J 6.63e-04 (stat) ; 2.76e-03 (syst)
2023-08 2024-01 2024-05 2024-10 2025-02 2025-07

5




Intercalibration : Responsivity evolution

WSV responsivity over time computed using consensus value of NIST and PTB

WSV responsivity computed using 2 years of
intercalibration measurement compared to the _,,,

-20

initial value used for 04 .
g—z.ezo é
Pwsy = —2.61787 £ 0.00288 V/W =

Total = -2.62097 * 0.00267

Pl = —2.62097 + 0.00267 V/W P el T .

04 WSV reference = -2.6179 + 0.0029

2023-08 2024-01 2024-05 2024-10 2025-02 2025-07

Source Relative uncertainty [%]
TS responsivity 0.08
TSA/TSB discrepancy 0.16
a' ratio WSV/TS 0.05
: pwsy temperature dependence 0.04
| ADC conversion 0.03
Output voltage Background voltage | .03
Total - 0.04
Total 0.19




Power measurement devices calibration

Power
measurement
devices
calibration

l | Reference spheres |

. ), E
Calibrat ‘ \/ \:
[ NIST/PTB |f——s / > (WSV)

Power
measured by
the Rx
sphere (Py,)

. Power calibration




VI.

GOAL : Measuring the Rx sphere responsivity p pusing WSV as reference
Protocole :

- Placing WSV in Rx’s place

- Calibrating the photodiodes with WSV as reference — ~6h measurement with laser at 1.3W

ADC channels
calibration

- Putting Rx back at its place
- Calibrating Rx using a photodiode as reference— ~6h measurement with laser at 1.3W

Tx_PDi

Calibrates \

| Before calibrating |

After calibrating

| PCAL_NE_Rx_PD1_DC_mean |

Injection Bench

| PCAL_NE_Rx_PDI_DC_mean

- - | PCAL_NE_Tx_PD1_DC_mean |
13} - A
1.209 —
1.208 —
S S T N
- L S — B — 1 - - 1 I
- 08h15 08h30 08ha5 09h00 08h30 08ha5 09h00
1393488900.0000 Mar 3 2024 08:14:42 UTC 1395821700.0000 Mar30 2024 08:14:42 UTC
Reflection Bench ‘ PCAL_WE_R»_PDL_DC_mean PCAL_WE_Rx_PDI_DC_mean
S e PCAL_WE_Tx_PD1_DC_mean = { PCAL_WE_Tx_PD1_DC_mean
- E 1.302[—
o= 1.3015 — C
1301~ -
1.3005 (— C
135 138
E I I i b S — - ==L
08h15 08h30 08h45 09h00 08h15 08h30 08h45 09h00

1393488900.0000 Mar 3 2024 08:14:42 UTC

1395821700.0000 Mar30 2024 08:14:42 UTC
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Power measurement devices calibration

Rx responsivity evolution

-1364{ ® Y Mean = -1.36855 + -0.00261 V/W
. . s 1.65e-03 (stat) ; 2.03e-03 (syst) | "”B
Calibration measurement made before = NE 20%
and during 04: Q I 0.19 % 0
] 0 g
- December 2022 & -1370 o

120

- June 2023 2022-11 2023-05 2023-10 20z4-04 2024-10 2025-04 :

- March 2024 (just before 04b) —
. . caamsst | L el ] | 1'47e.03 (otat) -1 496-03 (aysty |15,
- April 2025 (juste before WE 3 WE =
2 i 0.14 % oy
replacement) T 8
g o5
5—1.4485 5 ;
& f10 B
§ ~1.4500 t15 <

120

2022-11 2023-05 2023-10 2024.04 2024-10 2025-04
Source Relative uncertainty [%]
WSV responsivity | 0.19 Value used during all of 04
Rx calibration 7 0.19
Total 0.27
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Detection electronic calibration

AF )Ii’.l'

T : 2 cos(#
AP"C.I" - A ’ ‘Sl’(]"u/(f) —) AJ"‘PC’@[(,#‘) . (Apcnd =t Adrum) A Al)re.f(f)

l C OptEff C

Estimation of

the incident

power inside
Rx (P

inc)

\ 7

Sphere
readout and
timing




PCal readout chain:

GPS receiver Timing distribution

IRIG-B signal
Photodiode DAQbox, ADC mezzanine Real Time PC
Tx_PD1
Butterworth Butterworth — 20 K
»|  Bth order N ‘zgc »|  8th order s::m =20 kHz ac I?J?;i&;ion
Laser Beam fo= B0 kHz fo = 7503.63 Hz q
f-=1MHz
Analog part 2 Numerical part

raw signal

Frequency response measurement of the readout chain:

T PCal NE WE
S Sensor Tx_PDI1 | Tx _PD2 [ Rx | Tx PDI ‘ Tx PD2| Rx
§ Analog filter 5% order Butterworth filter f.= 80 kHz
% Digital filter 8" order Butterworth filter f.= 7503.65 kHz
Z | Down sampling delay -49 ps
Fitted residual delay 0.62 us | 054 pus | 1.45 pus | 0.72 pus | 0.66 ps | 1.38 us

CREDIT - Paul Lagabbe
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Optical losses

APpe &1 13 2 cos(#)
AP"C‘f - C -~ B ‘Sl"('u/(.f) —) A‘T‘P,C‘V(L[(f) . (Apcnd *t Adrum) _‘
1 ‘OptEf f ¢

Estimation of
the reflected
power by the
mirror (P

Al_)rr:.f (f)

ref)

\ 7 \ 7

Optical losses
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Optical losses

Optical losses: lyp = 0.57 & 0.096%
viewport
PRy = . M3 | Iy = 0.107 £0.012%
Preg(f) = : Sz --- ]
1) (1 —lop) (1 — Lar) peal/)
Measurement made with samples at LAPP Rx

Then, estimation on site in June 2023

— Confirming optical losses for WE Uncertainty on optical losses — 0.1%
— Higher losses for NE

CREDIT - Paul Lagabbe




\ Il 1. V. VI.

Mechanical response measurement

Mechanical
response of
the mirror and
laser beam
incident angle
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Mechanical response measurement

Model composed of:

PCal mechanical response model

Pendulum response (fp = 0.6 Hz) e
=3 | — Total
First drum vibration mode (fd = ~7900 Hz) .
- Higher order modes approximated with a static .|
gain o]
04 =
APC(LI(f) = Aps’n(l + Adrum,l + Ghod ! ! ] g ;
Gp Gd 0.0 T
= — —+ T ; + Ghod
A (f)2 AR NS el
I+~ &) 1+gn—(5) >
g | —— Pendulum
T —— Drum + HOD
_'E —— Total
_3.0_

Frequency [Hz]
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Mechanical response measurement

Protocol:

High frequency lines injection (1 kHz a 8 kHz)with the PCals

Computing the transfer function between the power measured by Rx and the power measured by the dark fringe
photodiode of the ITF — Fit of the TF with the mechanical response model

Modulus residuals

L — 7
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£ = : . N 10
107 s 1(\E : 10 P
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| 107" I =1
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Phase re Phase duals
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Final PCal displacement model

APg, g - : 2 cos(f
API'(E‘f — T ’ *S}’(]"u/(.f) —) AQI:PC,‘al(f) — (Apcnd F 14(17‘11“771) ] ( ) AP?Cf(f)
l ~OptEff C
4 )

Estimation of the
displacement
induced on the
mirror (Ax)

. J

\ 7 \ 7 \ 7
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Final PCal displacement model

Source Relative uncertainty [%] Source Relative uncertainty [%]
WSV responsivity 0.19 . o~
X responsivity ).27
Rx calibration 0.19 Rx 1« BPONSIVICY 0.21
Total 0.27 | | Deformation model 0.15
Optical efficiency 0.10
Incident angle, cos(d) | 0.16
Source Relative uncertainty [%] ETM mass, M 0.05
TS FeBoBTRt 0.08 Pendulum model ‘ :
o ETM rotation 0.09
TSA/TSB discrepancy 0.16
o' ratio WSV/TS 0.05 Total 0.19
Pwsy temperature dependence 0.04 Total 0.48
ADC conversion 0.03
Output voltage Background voltage | 0.03 Uncertainty on the displacement induced by the PCal:
Total | 0.04 - Great progress compared to 03 (1.36%)
Total 0.19
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V. Electromagnetic actuators calibration
Calibration principle
Results for NE and WE actuators
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Calibration principle

Electromagnetic actuators response: i a
. : mir . T mech T elec —27 fT,
- Mirror mechanical response A™(f) = 1+ id fye " 11,1 : '
- Actuators electronic response + Qoo <f) T e

We want to characterise the electronic response

F7

Marionette

Cage

Mirror

Magnets
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VI.

Calibration principle

Electromagnetic actuators response:

- Mirror mechanical response
- Actuators electronic response

We want to characterise the electronic response

Protocol:

- Series of calibration transferts
- Comparing an actuator of reference (ref) to
an actuator to calibrate (new)

Rref= CALref X Aref X ITF
R = CALnew X Anew X

new

ITF

A

ref

. ]mi'/' ('1’4/”. .
Ama (f) s . 11.1«('/1 ‘ 12 Tf Tel
el i . ]
l‘*‘m'/j—(‘ l'wL/'/"/H
— )
CAL
ref ] A ———~ R
ref ref
)
ITF
)
CAL —1 A — R
new new new
-— )
Anew = (Rnew /CALnew) X (R /CAI‘ref)_1 X




The electromagnetic actuators models for 04 have been computed using the average of all calibration

measurement made between August 2023 and April 2024

NE model WE model

x[()*’ [ Modulus <107 [ Modulus residuals
().44: > ()ﬁf 0.44E- ] F Zf i [ g . e
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V.

esults for NE and WE actuators

VI.

The electromagnetic actuators models for 04 have been computed using the average of all calibration

measurement made between August 2023 and April 2024

Additional calibration measurement are performed once a week during the run to monitor potential calibration
variations — Stable within 0.5% for NE and WE

NE model WE model
xl()*’ [(Modulus ], -6 [ Modulus residuals
0.44F & 08 0.44E- = g [- -
F ST o6k 0435+ o L5E t
043 1 5 o4f 04 o I |
b RER . = 4h 2 b 3 P
: Ty /% 02f v L o
42 7 % L ] ! b 42 = O forpo bk
0.4 F T 2 Qb aslarmgnami el 3 ( = : ] o i
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0.41E S g —0.2p (| 8 TR £ b T _E
E g —04f 0,405 EE el 1y ] e £
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l. Il. 1. V. V.

VI. h(t) strain reconstruction and uncertainty computation
Reconstruction principle
Reconstruction monitoring
Bias and uncertainty computation methods
Results and stability during the run




Reconstruction principle

Hrec Algorithm:
g(f)

GW signal is reconstructed by subtracting the

Control signals Optical
H H H H sent to the Actuators responses
contributions of the different control loop signal aenisote e o]

from the dark fringe signal — 'h__(f)

Sci,mir/mar(f) 4{ Ai,mi/mar(f) H_—{ oi(f) R

Prou ()
Unbiasing of the “raw” signal — h ... (f)
Mirror Optical
displacement responses
[m] [W/m]
. . . . ALcaI(f) ol(f) [
Subtracting the calibration lines — N¢jean(f)
Pclean(f)

Noise channel

[m]
f)

Transfer function
[W/m]

mnoise(

Subtracting noises — h___(f)

Dark fringe
signal [W]

Photodiode
sensing
[W/W]

Optical response of the ITF,
nominal cavity length

I ——

Unbiasing

Braw(F)

1 [0(F).L 1" [

B (AHI*

F— hypae()

D)

4" [O(f).Lp] ™ I_—l

(B ()]

— Par(®)

[07e(F).L 1 [

[B ()]

— h.®




Reconstruction principle

Hrec Algorithm:

h_ (f)

raw(

Unbiasing of the “raw” signal — h_ . (f)

hclean(f)

hrec(f)

&(f) Dark fringe

Control signals Optical
sent to the Actuators responses
actuators [V] [m/V] [W/m]

Sci,mir/mar(f) A{IAi,mi/mar(f) H_—{ oi(f) R

Prsw(F)

raw

Mirror Optical
displacement responses
[m] [W/m]

AL, (F)

o]

Noise channel
[m] Transfer function
[W/m]

mnoise(f)

signal [W]

Photodiode
sensing
[W/W]

Optical response of the ITF,
nominal cavity length

I —— G

Unbiasing

—— 0T [ BOI! | hypeu®
2
—— 0.1 |— [B®IT |— (D)

O 0.1 ] B@OF F— n.0
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Reconstruction monitoring

Monitoring principle:

Calibration injections — Sinusoidal excitation of the mirror induced with the actuators (PCal or electromagnetic)
Comparing the reconstructed h(t) with Hrec > h,
To the h(t) reconstructed using the actuator calibration model directly > Tn,

Allows to monitor the reconstruction bias — needs to be close to 1 (modulus) and close to 0 (phase)




Monitoring principle:
Calibration injections — Sinusoidal excitation of the mirror induced with the actuators (PCal or electromagnetic)

Comparing the reconstructed h(t) with Hrec > h,
To the h(t) reconstructed using the actuator calibration model directly > h_,

Allows to monitor the reconstruction bias — needs to be close to 1 (modulus) and close to 0 (phase)

Mean value of modulus of hrecthinj over 600.0 sec since Mon Sep 15 14:06:22 2025 (600 sec locked)

Two injection types: w VE 3
. =R = . s
Permanent lines ==
-8 | el SN vV R W TR S U W SN NS W NN
- 16 lines distributed between NE and WE = E . . § 1 i
0.95 — ® ®
- Injected with the PCal and E.M. - i _
10 T WZ
actuators _ _ Rl
Mean value of phase of hrec/hinj over 600.0 sec since Mon Sep 15 14:06:22 2025 (600 sec locked)
. . 01 - [] Fvnvm TFfMollriNE hrec:?::n! thfse
- Injected permanently to monitor b,/ o E DT
. . .. (2} - 5
- Injections frequency limited but allows @ ofF—----f---------- .. 9 5 0 W E— S — - - -, ,
. . £ = ¢ . : 2 [ {1
to check on the bias shape and its O oos O
evolution iE L R Ll
10 Freq (Wz)

-3
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Reconstruction monitoring

Monitoring principle:
Calibration injections — Sinusoidal excitation of the mirror induced with the actuators (PCal or electromagnetic)
Comparing the reconstructed h(t) with Hrec > h,
To the h(t) reconstructed using the actuator calibration model directly > h_,

—~~

Allows to monitor the reconstruction bias — needs to be close to 1 (modulus) and close to 0 (phase)

& MiNE
@& MirWE

1.1
1.08
1.06

¥ PcalNE

Two injection types: @ 104E - Lhreme
. 2 102; .me- L ¥ J .@@M 1
Weekly lines 3 o i, T i it
O 096Ety I e e
- 32lines injected between 18 Hz and 1238 Hz = 0%
0.95 .
- Injected for a few minutes every week with the NE 10° Frequency (Hz)
and WE PCal and E.M. actuators 015
15—
= & MirNE
- Allows to monitor the reconstruction bias more o Vi
precisely © 0‘032.3 o b8, o R N ~serry
T _00st Il LP WY L2
- Allows to check the agreement between the 4 g
. —0.1E
different actuators s

10? 10°?
————— Expected values Frequency (Hz)
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Bias and uncertainty computation method

GOAL: To develop a method for estimating the h(t) reconstruction bias and uncertainty on the full frequency band

Method:
1. Bias estimation to correct online the h(t) reconstruction— Weekly lines

- Precise bias estimation with the 32 lines
- Monitor the stability for only a few minutes
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Results and stability during the run

GOAL: To develop a method for estimating the h(t) reconstruction bias and uncertainty on the full frequency band

Weekly lines— BIAIS

Hrec Bias with weekly lines from the 2024-04-07 to 2024-04-10

[
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Hrec/Hinj Modulus
o
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e o = B» ¢t
© v © o
(v I~ N
o wu v

0.900

=}
=
w
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| |
© © o o o
= o o o =
o w o w o

-0.15 T T
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Weekly lines

Hree/Hinj from Tue Jan 28 17

00:00 2025 to Tue Feb 25 04:00:00 2025

. [ewmr=
E ® wwr
E [

+.-{ @ Fetar

Modulus
=

L3

1

Frequency (Hz)

Hrec bias

Hre: Biss with weesly mes from the 2024.02.07 (o 2024.04-10

= G ¥ [P = o e s

Send to analysis pipelines

Residual bias negligible
compared to the calibration
uncertainties
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> :
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Bias and uncertainty computation method

GOAL: To develop a method for estimating the h(t) reconstruction bias and uncertainty on the full frequency band

Method:
1. Bias estimation to correct online the h(t) reconstruction— Weekly lines

- Precise bias estimation with the 32 lines
- Monitor the stability for only a few minutes

2. Uncertainty estimation on the unbiased h(t) — Permanent Lines

- Permanently injected lines
- Monitor the stability on a longer timescale
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Results and stability during the run

To develop a method for estimating the h(t) reconstruction bias and uncertainty on the full frequency band

Permanent lines — INCERTITUDE

Hrec uncertainty

356 Permanent lines from the 2024-05-14 to 2024-06-18

1.075 4

1.025 1

0.975 4

Hrec/Hinj Modulus
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0.900

0.15

0.10 4

0.05 1

Hrec/Hinj Phase

—-0.10 4

-0.15 — —
1 2 3

frequency (Hz)
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Results and stability during the run

Hrec residual bias is below 1% and 10 mrad on
the full frequency band 1100

1.075

Hrec residual bias and uncertainty for the 2024-05-14 to 2024-06-18 period

1.050 1

1.025 A

1.000

The uncertainty is £ 2.5% on the modulus

Hrec/Hinj Modulus

0.975

And for the phase, inferior to + 70 mrad up to -_—
500 Hz and * 10 ps at higher frequency 09251
The data distributed to analysis pipeline 010 {
corresponds to: 005 |

0.00

Hrec/Hinj Phase

h(t) (unbiased)
+ frequency dependent uncertainties
+ residual bias

—0.05

—0.10 A

-0.15 T T
10! 10? 10°
frequency (Hz)




Conclusion

Success of the intercalibration scheme between the LVK observatories
Regular measurement during the entire run

PCal used as permanent reference for the Virgo calibration
Uncertainty of 0.48 % compared to 1.36% during 03
Stability of 0.15 % during the run

H(t) reconstruction uncertainty improved
2.5% compared to 5% in 03
Frequency dependent uncertainty

Calibration is crucial in order to get a precise h(t) strain signal
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Sources dondes gravitationnelles

Un onde gravitationnelle ne peut étre produite que par des systemes asymétriques.

e Autres signaux attendus

Explosions Ondes continues Fond stochastique

CREDIT - SNR 0519-69.0 - Chandra X ray telescope - NASA CREDIT - Olena Shmahalo

CREDIT - Casey Reed - Penn State University




h(t) @mis par coalescences binaire compact

Signal d'0G émis par coalescences systeme binaire

By = Zﬂ(l + cos? i)(7r,f\/if)§ cos(P + W)

- dg

hy = 4/—\4 COS i(7r,"\/1f)§ sin(® + W)
ar,
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Physique des ondes gravitationnelles

e Mesures de la constante de Hubble
Mesure de la constante de Hubble avec GW170817
— plus de détections multimessagers permettront de discriminer entre résultats des mesures “locales” (SHOES) et des

mesures CMB (Planck)
0.05 T T
e Joint BBH+GW170817 Counterpart

e Joint BBH -
GW170817 Counterpart =2
0.04 4 Prior (Uniform) =
— Planck 5
5 SHOES g
= : B
wn 0.03 ' =
it i S
r i .
= : =
e E S
__0.024 ! ' o]
o \ | S
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0.01 4 | i <
i 4 1k o ;
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BNS - NSBH population

Taux volumétrique de coalescences en fonction de la masse de l'objet 1

Pic autour de 2 masses solaires — masse maximale des étoiles a neutrons postulée ~2.5M
Déficit de masse en dessous de 5 M ; — masse minimale des trous noirs postulée a ~ 5 M g

Cependant, la courbe ne tombe pas complétement a zéros — quelques trous noir créés en dessous de 5 M(D — Supernova peuvent créer

des trous noires a ces masses — change notre compréhension des supernova

vt Mt

dR/dm, [Gpe™

103 4

107 5

10! 4

100 5

1071

FuLLPor-4.0
BGP

CREDIT - LVK - GWTC-4 Population

1072

6

my [Mg)]

10

14



https://fr.wikipedia.org/wiki/%E2%98%89
https://fr.wikipedia.org/wiki/%E2%98%89
https://fr.wikipedia.org/wiki/%E2%98%89
https://fr.wikipedia.org/wiki/%E2%98%89

BBH population

Pica10 M, — Exigence de transfert de masse stable entre deux étoiles binaires — créer des trous noirs autour de 10 M

Pic a 35 M, — Beaucoup d’hypotheses différentes

Déficit de masse apres 45 M ,— instabilité de paire des supernova — instabilité du coeur des supernova quand on dépasse une
certaine masse — pas de formation de trous noir — mysteére pourquoi on voit tout de méme des trous noirs dans cette région

B-SpPLINE, GWTC-4.0
— 10* 5 BROKEN POWER LAw + 2 PEAKS, GWTC-4.0 |
(ORI 7 ¢ |\ S A S s Power Law + PrAk, GWTC-3.0
~
T 100
T
ICRUSE
2 1077 4 X
1073



https://fr.wikipedia.org/wiki/%E2%98%89
https://fr.wikipedia.org/wiki/%E2%98%89
https://fr.wikipedia.org/wiki/%E2%98%89
https://fr.wikipedia.org/wiki/%E2%98%89

GW230814 - Test RG

SNR de 42.4
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GW250114 - Test RG
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Forme d'onde et approximations GR

NR: “exact”

PN: v2 ~ (my +my)/r < 1
PM: (m; +mo)/r < 1
GSF: my/my < 1

ringdown: |g.s — g5 < 1

Compactness (mq+my)/r

0

Black hole o

verturbation theory

Weak field expansions

Post Newtonian/Minkowskian

Numerical e

Relativity f——

p———

Mass ratio my/m;
[Credit: LISA Waveforms White Paper]




Forme d'onde et approximations GR

)

i

~
o
e
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=
=
w

Inspiral Merger Ringdown

d & & 8

b

gravitational self force s

\ e ®—

!’ asymmetric

eccentricity

Post-Newtonian Numerical Black hole pert- -
Theory Relativity urbation theory ‘. : .'_,.
, | separatlon .
[Image adapted from Antelis and Moreno] equa circular




Impact de la calibration

Etude des trous noirs et des étoiles a neutrons

- Premiere détection en 2015 par les détecteurs LIGO
(GW150914) — coalescence de 2 trous noirs (BBH)

Strain (10%")

Frequency (Hz)
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VI.

Livingston, Louisiana (L1)
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_1 0 H — Numerical relativity
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Etude des trous noirs et des étoiles a neutrons

- Premiere détection en 2015 par les détecteurs LIGO
(GW150914) — coalescence de 2 trous noirs (BBH)

- Depuis, plusieurs centaines d’autres coalescences
détectées (BBH, BNS, NSBH)

- Permet de faire des études de populations
— information sur les processus a l'origine de la
création des trous noirs et des étoiles a neutrons

N the Stell_ar Gra

veyard

EM Neutron Stars




AstrophyS|que Multi Messagers (MM)
Premiére détection multimessager 0G/EM en 2017
(GW170817) — BNS avec contrepartie électromagnétique

0G détectées par LIGO et Virgo, 1.7 s plus tard détection d'un
sursaut gamma (GRB) par INTEGRAL et Fermi.

Importance de la détection en réseaux — localisation o o v

précise

288 LIGO - Virgo

VI.

normalized F,
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AstrophyS|que Multi Messagers (MM)
Premiére détection multimessager 0G/EM en 2017
(GW170817) — BNS avec contrepartie électromagnétique

400 600 1000 2000
wavelength (nm)

- 0G détectées par LIGO et Virgo, 1.7 s plus tard détection d'un GW-
sursaut gamma (GRB) par INTEGRAL et Fermi. ray
- Importance de la détection en réseaux — localisation précise o "
o
LU0 I |
- Puis détections a travers tout le spectre E.M. jusqu’a ] IR N
. . adalo ~ -
plusieurs jours plus tard. iilwmgy f &
-100 -50 0750 107 10" 10° 10'
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1M2H Swope DLT40 VISTA Chandra

Détections MM permettent :
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Physique des ondes gravitationnelles

THE SPECTRUM OF GRAVITATIONAL WAVES

Observatories
& experiments

Timescales milliseconds

Ground-based
experiment : ; '

Space-based observatory Pulsar timing array

a

-

hours

.

Frequency (Hz)

Cosmic
sources

o

Cosmic fluctuations in the early Universe

o

Compact object falling
onto a supermassive

BRI
Merging supermassive blaclk holes
black hole

esa

Cosmic microwave
background polarisation

billions of years

Merging neutron.
stars in other galaxies

Merging stellar-mass black holes
in other galaxies J

Merging white dwarfs
In our Galaxy




Méthode de détection avec Advanced Virgo

Interférometre terrestre avec des bras de 3 km: [ We | wiroirbout
i Ouest
Source Laser, proche-IR (1064 nm)
Lame séparatrice (BS)
Miroirs de bout de bras (NE, WE)
Lame 3km
séparatrice ~{ >
/BS I
: ) au INE
Laser "/ o
Miroir bout
. Nord
Frange noir
Photodiode de . i
détection .

i



Cavité Fabry-Perot résonante




Super attenuator system

Pendulum : longitudinal displacement

_;;:;“'—Inverted Pendulum
__——Pendulum Wire

Blade springs : vertical displacement

S
“—Inner Structure

\

\
\/* Pendulum Chain
/

Torsion threads : rotation

10560

Resonant frequency < 1Hz




Controle de l'interféerometre

Mouvement des miroir dus a différents “bruits” (sismiques, quantiques, etc)

Nécessaire de contrdler tres précisément la position des miroirs et la longueurs des cavités résonantes pour détecter les 0G

—Quantum
Seismic
Newtonian
——Suspension Thermal
Coating Brownian
- - Coating Thermo-optic
-~ Substrate Brownian
Excess Gas
Technical noise
—Total noise -

1021k
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N
w
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Frequency [HZ]
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Systeme de contréle de Virgo
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<

RFC
""""" 3 wi
ey B4 =cp
6,56,8,22MHz | ] | i B2[ Q
® 4 I [ /
Main Laser @ ] RFC Refl NI NE
E—-h ‘ x />Bs ¥

£\

PR |

- N e ] | I

EOM & i~
A  IMC Refl . ; N c

¥ ‘ [\
9 Q, “@p.—‘ " ; | ,4,,‘
g T T o ‘
1

1 S—— SR
i D Photodiode - i : EJ? J
, CARMI SSFS ! »@’ Bin 1:—9 85
: MICH ! j ___J7T Squeezed
: Servo w—  PRCL : i 1= vacuum Source
I SRCL i Lo
d e o N ) -




Chaine d'acquisition des actionneurs E.M.

CALnoise

Cal’,| |Cal

DSP mario.

Coil driver

- Filters

LY LSC .Cal’s.
LSC_Ctrl* Extension
LSC_Acl " [to 40 kHz
LSC_Cal; y
Channels
RTPC 3 arid
packets .
at 10 kHz DSP mirror
<5 | |[Decimation]
SUSP_Fb % £0.10.kHz.
I | &
SCir DSP DAQ
RTPC 4 DSP board

A




Sensibilité 04 des détecteurs LIGO et Virgo

—

GW amplitude spectral density [strain/Vv Hz]
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IGWN gravitational-wave strain

" 100 | 7 1000
Frequency [HZ]

m Hanford
Livingston
= \irgo

H — ~150 Mpc
L— ~150 Mpc
V— ~55 Mpc




Calibration lines injections

Perm_lines FFT_420Hz

Lines injections :

EO" T —V1:CAL_NE MIR Z CORR
. . . . . . 1 |—V1:CAL_WE_MIR_Z CORR
- Sinusoidal signals sent to move the mirrors using the different actuators (Pcal and gn - |=v1.GAL 85 MR 2 conn
Electromagnetic) S '
- Example of the 420Hz lines injected with E.M. actuators on NE, WE and BS mirrors ~ ™°
- Lines injected seen in the Fourier transform of the DARM signal 10" :
10-13 : :
107 > : : | ‘h-ﬁ;-
P T T S T )
Start=Oct 12 00:00:00 2023 duratién=600 §ec Freq (Hz)
DARM| FFT_420Hz !
§ i | [=V1:LSC_DARM
£ ! | |
qo* i ; ;
3 ! -
« : 1 1
107 ' l I
10°
e ) Ay o
L : =
P T -

Start=Oct 12 00:00:00 2023 duration=600 sec Freq (Hz) .



PCal optical layout
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Bruit des capteurs de puissances sans laser

PCal sensing noise on the 14th of January 2025

Tx_PD1NE

L E Tx_PD2 NE
g 10 Er T e T sy o g T
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= | i losuunrwill v o G | 1 |
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1420886675.00 Jan14 2025 10:44:17 UTC dt:2s nAv:34
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Bruit capteurs de puissances sans boucle

Constraint on PCal laser power noise (h/10), O4 low

NE

PCal laser power noise (W/@)

| .
10°
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1 4
Frequency (Hg)

Constraint on PCal laser power noise (h/10), O4 low
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(2] 4
S q02E
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3 107
o
107°
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Boucle de controle laser PCal

&
Preq + = Fc { HPCal | ' Pom
pre

Figure 3.14: Representation of the PCal laser control loop.




PCal laser power noise constraint for 04

Spectral power of NE PCal sensors

—— Tx_PD1NE
—— Tx_PD2NE
— RxNE

W/sqrt(Hz)
S o
A =
[T ‘ l * I w (T

10°
10°®
1l L L oy ooy oep gyl L L PO R T TV | L L PRI | L f PR | Lo
1 10 1 10 10° 10° 10*
Start=Jan 10 00:00:00 2025 duration=1go sec Freq (Hz)
Spectral power of WE PCal sensors
= 1 = ‘ = Ti_PD1 WE ]
T 10" — e e
:%—- =
E 10'3 e
10°
10'7 =
10'9_— R ; | ; R e ; R R . R
102 10™ 1 10 102 2 10*
Start=Jan 10 00:00:00 2025 duration:‘go sec Freq (Hz)



Investigation ghost beam setup intercalibration

narmalized WSY output voltage vs Iateral shlft of the heam without aperture

orma WSV outpul ve ge vs ang 2 slcence ¢ 2 hea wiltnnu 0 L " 247 NS
Normalized WSV output voltage vs angle of incldence of the beam withaut anerture relative errar 3420057 ppm

—300 2816 e
relative prme 515.4272 ppr 3 -
s -3000
z - Ll -2.534
3 ~
2 = o
g & - £-28%
g -1000§ &
200 = 83
S v ~2.838 »
2.8440 3 5
400
2.8845 0
. 0
> 5 =
i -2.824 .
—2.8350 . s
2.8430 eror 89.5132 pom 0
| £ oo : ;
-0 =75 -5.0 -75 0o 2.5 5.0 7.5 0.0 ] } oo = -75 =50 5.0 (X
” -4 -2 [ 2 ]

angle of incidence i
angle of incidence [7]

CREDIT - Paul Lagabbe



Investigation ghost beam setup intercalibration

Normalized WSV output v

elative error 143.1922 ppr

|

)
2 -2.61100
—
5 t
2.63150
10 5 0 [

Lateral shift {mm)

(a) Diaphragm closed

Normalized V

relative error 796,5839 ppm

-2.352
e
2 -2.354
S
a
& -2.356
£ g ¥ 1
> -2360
o )
> i

10 5

C 5
Lateral shift fmm)

(¢) Diaphragm open, dichroic mirror after BS1

oftage vs lateral shift of the beam 2023 _12_06_measurel

voltage vs lateral shift of the bearmn 2023 12 _05_measure3

10

Normalized WSV output voltage vs fateral shift of the beam 2023 12 05 n

relative error B06,5175 ppm

35l B2
E i E
P
= 652 .
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Lateral shift [mm)

(b) Diaphragm open

lized WSV output voltage v laters

shift of the beam 2023 12 0

. relative error 1538,80 o

]
0%
. E

!
.
.
L]
10 5 5 10

Lateral shift [mm

(d) Diaphragm open, dichroic mirror after collima-
tor




Calibration TSA/TSB a NIST

[ Primary standard ]
Beam

splitter

{ Beam Shapng | | | TSA
TSB
|

( Data Acquisition ]
| andcontol |




Calcul responsivité consensus a NIST et PTB

CR u(CR) [%] | DoE [%] | u(DoE) (¢ = 2) [%]
TSA | -4.35988 0.08 -0.21
TSDB | -4.27856 0.08 -0.23

0.32

CR = (1 > ARR) - Rrr w(CR) = /(Agg - u(Agg))? + v2(Rgr)

' 1
- with u(Agrg) =
SRS ZMAI \/Zz LuT2(A)
I=1
with A; = i —1
and Ay
and w; = —
l Zi—l u=?(Ay) U(RRR) — U(RNJST) = 0.075%

where u(A) = \/u2(R)) + u?(Ru) + 1, ugs = 0.001%




Calcul responsivité consensus a NIST et PTB

CR | u(CR) [%] | DoE [%] | u(DoE) (¢ = 2) [%]

el
w(Rrr) = uw(RnisT) = 0.075%
DoE = Aprg — ANnrsT ugs = 0.001%
_ _(RNIST 1)
RRr




Systeme pneumatique intercalibration

Compressed
air supply

\

Switches

Y

3\
exhaust «—{ Distribution valve J

L

Pneumatic
rail

15V

5V

DAC mezzanine

Voltage supplier




Calibration canaux ADC

ADC calibration for the power channel - 2024-02-28 15-18

007 o Measurement —>*

s —— Linear regression : y = 1.9942 * 0.5 * x + 0.00408 ey

“v‘:m[ = a- ‘;71 T b 1€ e ‘/
1.5 ’
-2.0 e

2.5

Voltage measured [V]

-3.01 -
-3.51

N 2 —-4.0+ ¢
Zf:l € Y

2
“ 0.0002 1
X mar

Osys =

0.0000 +
-0.00021 *

Data - Fit [V]

—0.0004 - - ; - - = + 4 4 °
~-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
Voltage injected [V]
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PCal intercalibration: Temperature dependence of background

Protocol for background voltage temperature dependence :

- Insulates the test sphere with bubble wrap

- Put it in an oven at 40°C (313.K) for 30 min

- Record the background voltage and temperature of the sphere while it's cooling down to room temp

-2.501
Compute temperature dependence coefficient m : S -275 R e e i
- Fit the measurements data following this model 3 o0
§ -3.251 o
rbg — ‘ = ! bg 2 —3.50- S
VPI(T)=m- (T —300.15 K) + V" ™ 2 i —
7 bg : g—a.oo‘ \\_\\
Where V’ %9 is the value of the background voltage at 300.15K 3 _455- T
300 302 304 306 308 310 312 314
Temperature background voltage correction : 002211, measured - model
(1.8 A N.C0.S — 0.015-
/7{)(](7’) = m - (’7" _ 7'771(?([.\) + ‘/blzll(,(ls E 0.010 &
: ; % 0.005- D8 .
ERRCAI )
¢ -0.005 B ) e
~0.010+ i s
Current m values : =0:0157 ' i ! . i
300 302 304 306 308 310 312 314
% A - temperature [K]
mwsy = —0.1667 = 0.0013 mV /K

mgsy = —0.1324 £ 0.0017 mV /K




PCal intercalibration: Temperature dependence of responsivity

Protocol for responsivity temperature dependence :
- Insulates the test sphere with bubble wrap
- Put it in an oven at 40°C (313.K) for 30 min

- Do a responsivity ratio (or) measurement of the test sphere while it is cooling down to room temp

Compute temperature dependence coefficient x : e s . fopea = AR Q0T haRR L= AL 000

-The temperature dependency of test sphere model as

Ptest(T) = Press + (L + K- (T — 300.15 K))

0.4630+
Ref sphere is

PS3 here (one of

0.46281 LIGO sphere)
Where p’is the value of the responsivity at 300.15K
2 0.4626 -
- The temperature dependant background voltage is subtracted using the
previous measurement result and we can model a as SR
a(T) = %;,LL' (14+k-(T-30015K))=a'- (1+ - (T —300.15 K)) °**
! 0.4620-
- We down-sampled to 1 point every 0.5 K and fit the @ model to the data 304 306 B R 312 3i4
- Error bars are increased until the p-value of the fit reach 0.05 — 0.04% o .
uncertainty Current x values : T e
' kwsy = —187+ 29 ppm/K

Temperature variation are ~0.01 - 0.02 %/K, very small but still corrected




Impact des différentes corrections sur la tensio

Background correction and temperature dependence correction steps

WSV GSvV
I L-40
l_35
~0.7475 -
t_30
)
~0.7480 -
25, .
5 -0.75401 - Raw [ o7 ~0.7485 - «Raw 5
» Bg 5 Bg | r-20 5
5 « BgMm|l_152 -+ By =
,_Eg -0.7545 . tho(m || 15 ,g -0.7490 - « tho(T) -g
108 a8
~0.75501 : -0.7495 e
. |t-s
~0.75551 e e e PR I - -0.7500 o . lo
i | f ' ' — -0.7505 -~ i i i . i i
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 04 0.6 0.8 10
-0.7805 B I - [=40
sy | SN -0.7745 1
-0.7810 =30 a0
-0.7750 - x
~0.78151 L T
= . Raw |[—20 -0.7755 - - Raw %)
2. -0.7820 4 Bg 3 By |[~20 g
B - Bg(m) 2 _0.7760 - - By S
& _0.78251 « tho(T) || _10% . tho(T) %
[a ~0.7765 - r-10g
~0.7830 1
lo -0.7770 -
‘ Lo
-0.7835+
~0.7775 -
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 04 0.6 0.8 10

time [h] | start at 2025-03-26 10:13:53.000 time [h] | start at 2025-03-26 10:13:53.000




Mesure du ratio a

x10°% +1 Temperature corrected ratios

« WSV Trans/ GSV _Refl | mean = 0.9727 +/- 0.0004
0.6+ + WSV refl/ GSV _trans | mean = 1.0450 +/- 0.0004

0.4+
0.2+
0.0+
-0.2+
-0.4
-0.6-
-0.8

Normalized ratio [V/V]

0.0 0.2 0.4 0.6 0.8 1.0
x10-4+1.008 Responsivity ratio with temperature correction
3.5 .

. 5 J '. . = ; - 1
3.0 = . : & —_—

n
3]
:

Ratio [V/V]
N
o
o

-
(&)}
'

Relative variation x 10+

responsivity ratio
=  mean ratio = 1.00822 +/- 0.00007

o -
o O
L L

0.0 0.2 0.4 06 0.8 1.0
time [h] | start at 2025-03-26 10:13:53.000




Intercalibration des sphéres intégrantes

B H : SIHA H WSV responsivity over time
Premiere estimation de la responsivité de WSV en avril P y a0
™ , “ . » -2.6125
2024 en utilisant la méthode “derniere valeur =
¥ =30
~2.6150 =
/ ¢ al 2 I8 A7 B
Plysy = —2.61787 £ 0.00288 V/W e
i 6175 2
. x
2 5
2 ¢ 1038
= -2.6200 =
o Vs GSV = -2,6231 * 0,0008 g
% -2.6225 vs TSA = -2.6267 % 0.0010 -0 @
@ £ & S e Pt s U Sevraie s
= vs TSB = -2.6204 + 0.0006 b =
— vs PS3 = -2.6125 + 0.0002 Lo &
B Total = -2.6229 + 0.0006
04 WSV reference = -2.6179 + 0.0029
2.6275- O WSV in front * =20
® WSV in back odlie.
2.6300- ™ Unknown position : L35
2022.05 2022-09 202301 202306 202310 202402 202406 202411 202503 202507
< 2592 — 1-25G
:i: 2.596- —— e o
T —2.600 o5 1o §
@ s _ : =
< 2604 § Gy = H 25 &
f~ —2.608 Ed >
2022-05 2022-09 2023-01 2023-06 2023-10 2024-02 2024-06 2024-11 2025-03 2025-07
= —4.350 - 20
Sl § NSTTSA 3
2-4350- IBIoA 0 35
m —4.365 g
ﬁ —4.370- 20 ;
2022-05 2022-09 2023-01 2023-06 2023-10 2024-02 2024-06 2024-11 2025-03 2025-07
= r—25=
= —42107 NIST TSB ‘ 3
2 -4.276- PTB TSB 0 g
@ —4.282 1 . =
a —4.288 25 %
o 2

2022-05 2022-09 2023-01 2023-06 2023-10 2024-02 2024-06 2024-11 2025-03 2025-07



Intercalibration : Responsivity evolution

WSV responsivity over time computed using consensus value of NIST and PTB

Highlighting of a ~0.2% discrepancy

-2.6175
between the responsivity computed with g
TSA and TSB B B i
§ Vs TSB = -2.61875 * 0.00127 T — - Y ki
< 4.05e-04 (stat) ; 1.20e-03 (syst) < ]
. . . . @ -26225{ Total = -2.62097 + 0.00267 v
This difference is seen with both WSV and 4.94e-04 (stat) ; 2.63¢-03 (syst) w B

G SV -2.6250 15

H H H H H 2023-08 2024-01 2024-05 2024-10 2025-02 2025-07
Slmllal' dlfference seen at LIGO Startmg In GSV responsivity over time computed using consensus value of NIST and PTB
July 2024 —Need to confirm with further
—2.6175
measurements 10,
—2.6200 vs TSA = -2.62484 + 0,00091 =5 E
.. 0 . § 3.25e-04 (stat) ; §A54e-04 (syst) ; g _g
— Addition of a 0.16% uncertainty S VSTSB = ZSIE7S £ 000127
@ -2.62251 Total = -2.62097 % 0.00267 4 9
4.94e-04 (stat) ; 2.63e-03 (syst) " %
-2.6250 15 *

_ PWSVA — PWSVp

\/§ 2023-08 2024-01 2024-05 2024-10 2025-02 2025-07

20

107



Incertitudes PCal estimées au début de 04

Source Relative uncertainty [%]
TS responsivity 0.08
o ratio GSV/TS 0.03
o ratio WSV /GSV 0.03
pwsy temperature dependence 0.04
ADC conversion 0.02
Background voltage 0.02

Output voltage

Temperature dependence | 0.04

Total 0.05

Total

0.11

Source Relative uncertainty [%]
Rx responsivity 0.15
Deformation model 0.30
Optical efficiency 0.40
Incident angle, cos(€) | 0.16
Pendulum model ETM mass, M 005
ETM rotation 0.09
Total 0.19
Total 0.56




Différence entre LIGO et Virgo intercalibration

LIGO

1.00:

(W]

e apg = 0.9164, rel.std.dev = 0.0004

1.001 e b

1.000{ ¢ o & % &

awe /WG

0.999 . -

S
(0.998 0 20 40 60 80

Measurement Number

/(1 WG

Oy

1.002

1.001

1.000

0.999
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Virgo

awa = 1.0085, rel.std.dev = 0.00006
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Evolution des Gold Standard de LIGO et Virgo

Virgo gold standard

w.mean = 2.5985 V/W via TSA

={.0003 via TSB

B>

Sep 23

Jan24  Mar24  May 24

LIGO gold standard

104

Rel. var.

5.1400
— w.nean = 5.1309 V/W via TSA
20 5.1375 w.std.err = (.0002 via TSB
=
= -
T, S5.1350
10 = <
X ~
5. 5.1325
% .
= 5.1300
7
10 = 51275
5.1250
20
Jul23  Oct23  Jan’24  Apr’24  Jul'24  Oct 24

CREDIT - Dripta Bhattacharjee




Calibration des sphéres Rx a LIGO

LHO displacement factors from ES measurements

£ 1,009 !¢ ¢ @® LHOX: mean = -1.5733¢-14
; [ LHOY: mean H87THe-14
Measurement . (%) 03 (%) 04 (%) E . # s ¢ ® LHOY: mean = 1 14
uncertainty » 3 & ' ®
< L00f - @ @ @8 # o
LHO 0.75% 0.42% 0.29% ¢ e e 3 » s .®
® ¥ ¢ LA
LLO 0.75% 0.54% 0.15% Z0.998 * '
Jan 23 May 23 Sep 23 Jan 24 May 24 Sep 24 Jan 25 May 25 Sep 25
LLO displacement factors from ES measurements
Regular Rx/WS and optical efficiency LOBII™®  LLOX: mean — 1.6556-14
measurements made at LHO and LLO Z 1.002{|@__LLOY: mean —-1.6099%-14 @ 1
end stations. E! , ¢
s L.001 r [ 1 - ~ l : @ '
) . MY i <>DJ, ’ & |
Slow variations of ~ +/- 0.2 % over 2.5 g 1000 ® & i = i " z i
years E 1.999 (i> i i . ! |- @
Z. = ® [i) i ® |
().998 .
Jan 23 May 23 Sep 23 Jan 24 May 24 Sep 24 Jan 25 May 25 Sep 25

Measurement at LLO used two different sensors as WS

CREDIT - Dripta Bhattacharjee



Calibration photodiodes PCal pour O4

NE (;nr’u' (W/V) ()lu'u' (W) \\'E C:m'u' (W/V) ()n(’w (W)
Tx PDi1 -0.775253 -0.000758 Tx: .PDI1 -0.740169 0.000648
Tx PD2 -0.858946 -0.000843 Ix PD2 -0.783431 0.001054

0.9969 0.99920 1
= . measurement s ‘ : measurement
S —— ratio = 0,996516 +/- 0.000118 $ 0999151 3 ratio = 0.998973 +/- 0.000065
= 0.9967 E 0.99910 { “
a & 0.99905 |
' 0.9966 = ‘
E £ 0.99900 |
§ s g 0.99895 |
= 0.9964 [
5 S 0.99890
© 0.9963 © 0.99885 |
6 8 10 12 14 16 18 26 27 28 29 30 31 32 33
187365
sz 0.9990 . y - measurement E 0.99795 measurement
509089 ratio = 0.998696 +/- 0.000100 S ratio = 0,997811 +/- 0000050
g ; 50997904
= 09908 21099785 {
£ 0.9987 (3
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Calibration spheres Rx PCal 04

ratio Tx_PD1/Rx [

0.9989

/W]
o
0
©
@
©

[W.

0.9987
0.9986
'0.9985

ratio Tx_PD2/Rx

0.9984
0.9983

RX Gm'u' [W/V] (')nr*u' [W]

NE 0.730861 -0.002632

WE 0.690639

-0.001155

Rx calibration NE -ratio measurement - 2024-03-13_14-15-00

measurement
—— ratio = 0.998872 +4/- 0.000094
26 27 28 29 30 31 32 33
+3873e5
measurement
ratio = 0,998587 +/- 0.000082
Lt i > : 3 A :;
26 27 28 29 30 31 32 33

time [h] (start gps time 1394374518 s) 795

(a) NE

0.99815
= 0.99810
0.99805 {

W,

ratio Tx_PD1/Rx

0.99785 1

0.99780 1

ratio Tx_PD2/Rx [W/W]

o
o
©
~
v
o

Rx calibration WE -ratio measurement - 2024-03-14_15-00-00

0.99800 1
10.99795 |
0.99790 1

measurement
— ratio = 0.997977 +/- 0.000056

+3.8735e5

0.99775
0.99770
|0.997654
0.99760 1

measurement
- ratio = 0.997663 +/- 0.000045

1 2 3 4 5 6 7
time [h] (start gps time 1394463618 s) XA0ASES

(b) WE




Evolution calibration canaux ADC PCal 04

NE ADC channels calibration evolution , 4 WE ADC channels calibration evolution
2.0046 { 5 0.0006 |

> Mean = 2,00410 + 0.00019 V/V Mean = 2.00638 + 0.00005 V/V [ 1.00
s 1.49e-04 (stat) ; 1.13e-04 (syst) [2.0 _ S 4.53e-05 (stat) ; 0,00e+00 (syst) "
» . < S = 1075 o
.E 2.00441 15 ’; 2 0.0005 { :
= t10 § 8 [050
€ | = c lo2s =
S 2.0042 | los & S | 25 ®
P | © ¥ 0.0004 ‘ | I
g too > 8 {000 >
g [ g 2 [ $
< 2.00401 {-05% ] 0255
5 @ + 0.0003 { o
g P g 050
5 5
< 200381 t-15 s {=0.75
2022-11 2023-05 2023-11 2024-04 2024-10 2025-04 2022-11 202305 202311 2024-04 202410 202504
Z 14 2 -
R4 Mean = 200.62762 * 0.02876 K/V bt ~ Mean = 200.62166 = 0.00385 K/V [8
S 1.97e-02 (stat) ; 2.09e-02 (syst) 3 o g 00321 3.85e-03 (stat) ; 0.00e+00 (syst) -
T 200.68 | o < to4 ©
& t2 % = <
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? SR e =
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Evolution calibration photodiodes PCal 04

NE photodiodes calibration evolution

s ik I }-200 WE photodiodes calibration evolution
S -0.765 | s
.;; 1 on > -0.7376 . Mean = -0,73957 % -0.00121 W)V
s j-100%, = 8.30e-04 (stat) ; 8,79e-04 (syst) .
8 I =} © 205
3 -0.780 I 0 e S -0.7384 | -
& 5 8 5
c 1 = 2 -108

| 1100 ¢ c 5
©n ] o O .0.7392 =
o | > v I}
g ; ; <
£ -0.795 ] 1200 i:l' f>) to z
S B | Y—— >
a8 ! {300 B g ~0.7400 ]
g 1 Mean = -0.77829 + -0.01410 W/V = a 0.8
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= R 1 3
= =08107 Mean = -0.85321 + -0.01959 WV | -500 & 1-10
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- -400% £ Loaia
8 -0825 ! po + =0.7835 | 5%
v} 1 =300 C S 9
g :
s | =] ® o €
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2 ~0.840 | | € < 4 3
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9 1 100 2 N 2
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Calibration des capteurs de puissances

Monitoring de la puissance mesurée par les capteurs du PCal

Augmentation des variations pour NE au début du run

— causées par la dépendance au variation d’humidité de Tx_PD1

(photodiode de la boucle de contrdle)

Changement de la photodiode de boucle pour NE — diminution

des variations — + 0.15 % comme pour WE

Rx pavies
1x_PO1 power
Tx_PO2 power
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WE PCal power sensor evolution during O4 messsmm—— Rx power
T T y Tx_PD1 power
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Calibration de I'électronique de détection

Chaine d'acquisition du PCal :

- Photodiode

- —s filtre anti-repliement + Analog to Digital Converter (ADC)
- Process digital — filtre anti-repliement + sous échantillonage (delai 49 ps)

Timing :

- Receveur GPS principal placé dans le batiment central et distribue le timing a tous les autres
batiments grace a un signal IRIG-B envoyé a des TDBox

- Les TDBox distribuent aux DAQBox, RTPCs...

Mesure de la réponse fréquentielle :

P T I
GRS receiver _"\ optical ‘f?bers ,}_’ TDBox Timing distribution
‘ e A IRIG-B signal
- une LED placée devant Tx_PD1 IRIG-B signal
L. Photddiode DAQbox, ADC mezzanine RTPC
- Connectée a la TDBox — permet de ED 1etoy
;s . . s - Butterworth Butterworth =
générer un signal synchronisé avec D ( } in . [ e @ AR net signal
. N f.= 80 kHz P = z
I'horloge interne de la DAQBox reseries - e
5= 4

raw signal




Calibration de I'électronique de détection

200

1- Mesure de la réponse pour Tx_PD1 175 i P
residual delay = 0. - 77 ps
7 . o~ 1501 -
- Laser PCal éteint S 1250
- Utilise la LED pour flasher un signal IRIG-B a Tx_PD1 Sors] ]
. . E 5
- Calcul de la fonction de transfert entre le signal IRIG-B et o
I'output de la photodiode 0N Eaga EEes T E Bss "R g
- Fit de la fonction de transfert (modéle nominal + retard) o [Ty, D I
2 esidual delay = 0.7418 +/- 0.01 3
T 1
2- Mesure de la réponse pour Tx_PD2 ou Rx 3 °f 1 —
. . ) . £ -11
- Injection d'un bruit blanc avec le laser PCal |
- Calcul de la fonction de transfert entre Tx_PD1 et Tx_PD2 ~L e : - - e
- Fit avec un délai résiduel L0100 ' =
y :ZZZ.. residual delay = -0.0579 +/- 0,0001 pis
- Reproduire la méme chose pour Rx s 1 S B 9 s
t—‘: 0.9975
;]:@97;’
- PCal NE WE . " . i i
2 Sensor Tx_PD1[Tx_PD2| Rx [T PDI1[Tx PD2| Rx 00030 [N ey = 00579 +1-00001 s
E; Analog filter 5" order Butterworth filter f.= 80 kT ) 3 ﬂ‘ggi
E Digital filter 8" order Butterworth filter fo= 7503.65 kI g :sgi;
7| Down sampling delay -49 s "o “22:"
0.0000 {
Residnal delay 0.62 pus | 054 ps | 145 ps | 0.72 ps 0.66 ps | 1.38 pus ~-0.0005 | Ll ! L
10° 10? 10°

, TThp
CREDIT - Paul Lagabbe frequency



Pertes optiques

Losses of the M_3 mirror

0.57
Pertes optiques :
- Miroir directeur M3
- Viewport entre le banc et |a tour du miroir de bout de bras %m

P Rx ‘ calll
Prp ; ( . 1L ) S— l' 0.1+ —a ‘
. (f) <1 = Z’UZ)) (1 o= [;\ I ) peal (f) '10 15 20 25 30 35 40 45

Angle of incidence of the laser beam on the mirror [°]

b = 0,107 0.012% Lpsees of e viewpar
viewport ool S

lvp = 057+ 0096%x 031

losses [%]

Incertitude sur les pertes 031 * \
optiques — 0.1%

0.0 0.5 10 15 2.0 255 30 35
Tilt of the viewport with respect to the bench [°]

CREDIT - Paul Lagabbe




PCal mechanical stability during 04

Additional mechanical response measurements were performed at the beginning of
the break in April 2024 and before the restart of the run in June 2025

Residual between the two models computed in March 2024 and April 2024 shows a
stability within 0.7% for NE and 0.5 % for WE

NE residual WE residual

1.5
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\ Il 1. V. VI.

Mechanical response measurement

The uncertainty on the mechanical response is composed of:

. NE
Uncertainty on the pendulum response
107" = - . . .
E L\;{ [_’ sl ey ...... 3
S 2 2 2 71‘: ‘_‘: E . : 2 ol |
Opend = \/OH + T Mass .y O Rotation 10 § = s OSEie
- —14[ %’T’ 1)
= v0.16% 4 0.05% + 0.09% = 0.2% % s oo
g .
- Uncertainty on the mirror vibration modes 107" e I{ 2 ispo -]
— 075 0" ¥ . & 20
Odrum — ()7/& & . - Frequency [Hz|
Phase residuals
3 T 015f
2f Z ol |
\: % 005 N
F ) \E | T - ot
oF : @ el %
; g —0.05 :
=L 3 -0l
) g 0.1
_af £ -02

10° 10* 10°




\ Il 1. V. VI.

Mechanical response measurement

The uncertainty on the mechanical response is composed of:

PCal mechanical response model

- Uncertainty on the pendulum response — endtam
. —— Total
_ 2 2 2 -16 |
Opend = \/OH + O Mass + T Rotation glo
= 1/0.162 4 0.052 + 0.092 = 0.2% i
10722 C
- Uncertainty on the mirror vibration modes YQ
Odrum = 0 1% 6itiq
BUT the uncertainty on the vibration modes must be
weighted with regard to its contribution over the pendulum - = "”T'm
response one at 1Khz e
" . 0_2 L 0_2 ‘4(11‘(1.111(1 ]‘H:) -3.01
Pcal _model — nd 1r S : ! : : !
cal__modae penc arum 4 [)(—'nd(] ll'H:I) " s 07 = =

Frequency [Hz]

=+/0.22 +0.72-0.22 = 0.38%




Variation réponse meécanique

fixed fitted
Gy Gy fa Qu Ghod Usage
(h/W) (h/W) (Hz) (h/W)
3.51e-15 | 3.32e-23 | 7798.1 5.69eb 2.58e-22 )
NE - 04 model
= +3.26e-25 | +0.1 +1.52e6 | £1.82e-24
March 2024 35115 | -3.42e23 | 7814.7 | 1.12e7 | -2.52¢-22 | O4 model
WE , until April
- +5.54e-25 | +0.1 +1.94e6 | £1.87e-24 2025
NE | 3.51e-15 | 3.36e-23 | 7798.1 2.31e8 2.50e-22 o
— , Monitoring
- +1.46e-23 | +£0.1 | £9.52¢ell | +1.64e-24
April 2025 - , — —
i -3.51e-15 | -3.23e-23 | 7814.3 2.13e8 -2.59e-22 o
WE _ Monitoring
- +1.36e-25 | +£0.1 | £1.39ell | £9.56e-25
3.01e-15 3.41e-23 | 7798.2 1.46e6 2.55e-22 L
NE - . Monitoring
- +4.14e-25 | +0.1 +6.35e6 | +2.11e-24
June 2025 3.51le-15 | -3.37e-23 | 7814.8 | 3.31e3 | -2.60e-22 | O4 model
WE after June
- +4.28e-25 | £ 0.3 +8.6e2 +1.47e-24

2025

Table 6.9:

PCal mechanical response model fitted parameters for NE and WE.
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Final PCal displacement model

PCal NCal comparison:

[ll[ll!IXIIII‘IIAAIIIIII[’llIIII]lI lll[lI'IIIIIIIIIIIITIIIIIIYITIL

After all the calibration steps - T opteal | ot o ok an 1

. | inss calibration E _

— WE PCal and NCal: in agreement il e L ~

— NE PCal and NCal: 0.9% discrepancy L i

Reason of this discrepancy is unknown (higher optical - B 4 ~ e e, ]

losses ?) - T = -

Since NCal uncertainty is + 0.12% < PCal uncertainty i |
— Addition of a correction factor of 0.9% inthe PCal -1 mean NCalFar_NCalNear
d. | t d | = mean PCalNE_NCalNear
ISp acemen mo e ’-111111111 1.1 ll 111L11111 ALl I“ea'] PCHI\VE NCJINear

— After which PCal and NCal for NE are in agreement 1902 2602 0403 1103 1803 2503 0104 0804
Start: GPS=1391817618 UTC=Feb 13 00:00:00 2024
— Stable throughout the rest of the run

NCal — Absolute reference of mirror displacement for 04




Amélioration PCal 03 — 04

Avant tous les capteurs de puissance étaient des photodiode Silicon — corrélation avec variations de température
Banc injection — remplacé par photodiode InGaAs — plus stable avec la température

Banc réflexion — sphere intégrante
— car réponse indépendante de I'angle d'incidence du faisceau laser dans la sphere
— et sphere peuvent mesurer jusqu'a 3 W de puissance — permet mesure directe du faisceau sans jeter la
majorité de la puissance
— Diminue impact des pertes optiques — moins d’optiques sur banc de réflection

Améliorer la configuration optique : utilisation de cubes séparateurs a la place de miroirs beam splitters qui variaient
beaucoup avec I'humidité pendant 04




PCal / NCal comparison during 04

The NE PCal was recalibrated with regard to the NCal with a correction factor of 0.9%

PCal over NCal comparison very stable throughout the run

PCal_NE/NCal_Far hRec/hInj -1 (%)

PCal_WE/NCal_Far hRec/hinj -1 (%)

A i I .

P P B [P e T o PR

r ¢ ! ndf 80.59 / 55 B %2 ndl 71.8/51

- Constant 1463235 200— Constant 147.1 £35
200— Mean 0.02172 = 0.01454 IC Mean 0.07167 +0.01480
= Sigma 0.7543 = 0.0109 r Sigma 0.7522 +0.0109

- ] 150~ ]
150 7 r ]
100~ = 100~ ]
500 7 50 ]
S oo | ] B o 1 oy o,

9" 2 0 2 3 0—= 2 0 2 3
Start: GPS=1427414418 UTC=Mar 31 00:00:00 2025 Start: GPS=1427414418 UTC=Mar 31 00:00:00 2025
PCal_NE/NCal_Near hRec/hInj -1 (%) PCal_WE/NCal_Near hRec/hinj -1 (%)
— T T T - e e e S R

L 25 ¢ ndf 37.54/39 L. **  ndt 28.13/32

+ Constant 2132=5.1 300 i Constant 220 +52
300~ Mean  0.05287=0.00997 [ Mean  -0.03254 +0.00968
: Sigma 0.5251=0.0079 L Sigma 05107 +0.0073

L ] 200/ o
200~ . - 1
100 _ 100 r “
| N I ] R [ SRR | - -

0= 2 2 0= 2 2

Start: GPS=1427414418 UTC=Mar 31 00:00:00 2025

Start: GPS=1427414418 UTC=Mar 31 00:00:00 2025

NCal_Far/NCal_Near hRec/hinj -1 (%)

L T s L e P ) e . R

L o ndf 46.96 (55
200 Constant 138 =32
C Mean  0.03584 =0.01540
- Sigma 0.8087 =0.0113
150 —
100 —
50— —
0 ERGTPRN] LI PO | RS
-4 -2 0 2 4

Start: GPS=1427414418 UTC=Mar 31 00:00:00 2025

Mean history (%) (THR sum=150.0) v24_06_26

L N N R R R R R R R E R R RN RERRRRR AR

r mean NCalFar_NCalNear

mean PCaINE_NCalNear

Culriiileeieriirnsn,ly, ][ mean PCAWE NCalNear
0402 1102 1802 2502 0403 1103 1803 2503 0104
Start: GPS=1422403218 UTC=Feb 1 00:00:00 2025




Schémas des mesures de calibrations

1 & 3 4 &

A A
4 A N O N N\

ITF in LN1
but with NI,WI
actuators enabled

R
PCAL NE
NIST
PTB
Dedicated
power PCAL WE
measurements

Locked PR-WI ()
ITF in LN1 cavity BS MIR
but with NI,WI ~— —
actuators enabled PN
WI MIR - PRMIR




Variation actionneurs EM entre pre04 et 04

Modulus Modulus
[ Modulus |
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Calcul réponses optiques

DARM DARM :
O = | — — Y» A (F) S
mir () ((",114,,,,,)” ) (D,sm/ N()[b‘E) ) - A (F) ()

CAL, . —1 Ay | Oy DARM_NOISE
—~ YA 4 YO H— + S(f) — DARM
)4[ D(f)




Calcul réponses optiques

Mirror | f,. [Hz] 0. Gmir [W/m] fp, Hz] | 7 [us]
NE 74+0.7 | 7.8+ 11 x 107 | 1.916 £+ 0.006 x 10 | 169+8 | -12 + 1
WE 744+ 0.7 {94419 x 10" | 1.9194+ 0.006 x 10° | 1678 | -17 £ 1
BS 17.9 £ 0.1 1.4 £+ 0.1 6.921 4+ 0.009 x 10° | 140+ 1 | -43 £ 2
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Calcul réponses optiques

Hz

180

170

| I
18h20 18h35 18h50 19h05 19h20

1427480418.0000 Mar31 2025 18:20:00 UTC




Hrec contribution breakdown

1/YHz

10°

10°®
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Hrec Control breakdown at GPS=1441545000 (Wed Sep 10 13:09:42 2025 UTC)
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Injection broadband

Pic a 50 Hz et 150 Hz — fréquence
de modulation électricité en europe
et harmonique

50 Hz
— 20 % module
— 50 mrad phase

150 Hz
— 4% module
— 20 mrad phase

Modulus [%]

Phase [rad]

Coherence

hw/hinj broadband injections with NE Mir from 2025-03-10 15:54:32 UTC

B%% il = ! 6;.
10 10~ 10° Frequency [Hz]
10 10° 10° Frequency [Hz]
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09E S
08E _ o
0.7E E i B
0.6 E b N v
0.5E Looded iod L -\4..;&}.-:
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Interpolation avec lignes permanentes

Hrec Uncertainty - PermLines from Tue Dec 31 (09:00:00 2024 to Tue Dec 31 19:00:00 2024 I
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O K R0 — 0

oooo
Clovioo
= TﬂTHI

4

10 10° 10

Phase
|9,

N

AR

3

|

TTTT II[_]IHIvl:l'I-lrl TTTT]TTTT

3

' 10
Frequency (Hz)

1 10 10° 10




Biais et incertitude pendant 03

3.9 % sur le module

30 mrad sur la phase

lHrn /Hinj: modulus average J £ NE EM
WE EM

=2 +— NE PCal
El —%— WE PCal
| ¢ NE EM (free Mich
:‘ WE EM (free Mich)
“E' @ Wt ST TEE 33 8 S 8300 00
= of 2 - o LS ) I RS
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EL A 1
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Biais de Hrec apres changement WE

Hrec/Hinj from Wed Sep 3 00:00:00 2025 to Thu Sep 4 00:00:00 2025 |
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The bias and the uncertainty on the reconstructed signal h(t) were computed monthly during the run
The bias is corrected online and was updated only 4 times during 04
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Figure 2. LIGO Hanford (left) and Livingston (right) frequency-dependent calibration error for a one-hour time period in O4a starting at
January 15, 2024 08:00:00 UTC. The magnitude of the calibration error is shown in the top plots and the phase of the calibration error (in
units of degrees) is shown in the bottom plots. The median systematic error of the calibration is given by the solid line. The lo uncertainty on
this systematic error is given by the dotted lines. The black dots overlaid on the figure at specific frequencies are direct measurements of the

calibration error at a specific frequency during this one-hour time period. These measurements are made using sinusoidal injections with the

photon-calibrator system. These uncertainties are representative of typical LIGO calibration uncertainties throughout Oda.



Objectif : estimation du biais et de I'incertitude sur la reconstruction du signal h(t) pour toute la bande de fréquence
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Méthode de calcul du biais et de l'incertitude

estimation du biais et de I'incertitude sur la reconstruction du signal h(t) pour toute la bande de fréquence
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Méthode de calcul du biais et de l'incertitude

estimation du biais et de I'incertitude sur la reconstruction du signal h(t) pour toute la bande de fréquence
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Diminution de la latence de reconstruction

Latence de reconstruction de h(t) — ~ 10s Causal IIR filtering
Ty 10 KH Delay

. . . _ BExtension — Shaping Anti-alias B::!‘:frll\:]?;rﬂ‘:%‘ih:l\

Objectif : atteindre ~ 1s de latence pour 05 £ filter Anti-alies
+
Méthodes investiguées : S — Extension — SPRE — Anticalias A = | T
( (sample shift +
7 Butterworth filter) 5 .
- Reconstruction temporelle Decimation
- Reconstruction fréquentielle avec zero
paddlng Non-causal DFT filtering T
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| atence emission circulaire initiale rrt

Distribution of O4b+c alerts by hour

7h

Europe TZ

Hour of the Day, UTC

15h

E ADVNO (14)

N ADVOK (122)

uUs TZ

23h

500

from Event(To) to Initial Circular(Tinitiai circular)

400 4

300 A

200 4

100 4
90
80 A
70 4
60 4

50 4

40 A

301 .

20 A

© Takahiro
Sawada ¥

Tinitiat Circular — To  [Mins]
»

Asia-Pacific TZ

]
|

Europe TZ

* ADVOK (122)

¢ ADVNO (14)

us 7Z

23h

7h

Time UTC

15h

23h




| atence emission circulaire initiale rrt

[mins]

ADVOK (176)
ADVNO (17)
ADVOK and HP (27)
ADVNO and HP (8)

804 00 emem Y™y}
...................................................................................................................................................................................

Josessensasasaniisansususasnnassnsnsiaianenassuasnsdecssinssnsussssanusnansasassasanunsunsnnoniariuassseresancsncnssadesansnndinsanguesasisabinsasnanansusasssnntniitasansananannse

Date

© Takahiro Sawada & Keita Kawabe

< 04b | Odc —>

20




Mesure de linéarité des spheres au LAPP
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