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Gravitational Waves (GW)
LC{ 66 Oscillations of the space-time curvature produced by accelerated
ol 4 masses, and propagating at the speed of light in vacum. - eq
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Gravitational Waves (GW)

66 Oscillations of the space-time curvature produced by accelerated

masses, and propagating af the speed of light in vacuum.
' propagating P d A. Einstein 1916 99
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AMPLITUDE OF A GRAVITATIONAL WAVE

* Amplitude of space-time strain at distance r given by:

SL/L = h(r)/2 < 1/r

* Example : coalescence of black-hole binaries (15t observation, 2015)

my = m, = 30 My, distance r = 400 Mpc

rﬂ 16/12/2025

= §L/L ~ 10721
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Gravitational Waves (GW)

66 Oscillations of the space-time curvature produced by accelerated

masses, and propagating af the speed of light in vacuum.
' propagating P d A. Einstein 1916 99
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— State-of-the-art sensitivity < 10723 aser ‘%’ I
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— Arms length ~ 3—4 km (5L ~ 1020 m) _ ,
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— Suspended mirrors
— Fabry-Perot cavities /\/\ /\ A /\A
— Vacuum interferometer p ’ @,
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Main noise sources affecting ground-based GW detectors

CLASSICAL NOISE SOURCES

e Mechanical noise
— Seismic + Newtonian

» Solution: underground/spaceborne
(upcoming projects ET/CE...)

—— Total noise

—— Quantum noise
—— Seismic noise
—— Newtonian noise

-22 : :
e 10 —— Thermal noise (mirrors)
o — Thermal noise (suspensions)
<
A 23
= 10
=
A

10 100 1000
Frequency [Hz]

Source: ADV+ TDR
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Main noise sources affecting ground-based GW detectors

CLASSICAL NOISE SOURCES QUANTUM NOISE SOURCES

* Mechanical noise
— Seismic + Newtonian
» Solution: underground/spaceborne
(upcoming projects ET/CE...)
e Thermal (Brownian) noise
— Mirrors + suspensions

» Solution: cryogenic environment
(upcoming projects)

—— Total noise
—— Quantum noise
—— Other sources
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Main noise sources affecting ground-based GW detectors

CLASSICAL NOISE SOURCES QUANTUM NOISE SOURCES
Suspended
* Mechanical noise * Radiation pressure noise mirror\
— Seismic + Newtonian — Dominates at low frequency
» Solution: underground/spaceborne — Amplitude-noise-related

(upcoming projects ET/CE...)

e Thermal (Brownian) noise
— Mirrors + suspensions

» Solution: cryogenic environment
(upcoming projects)

Radiation pressure noise

—— Total noise
—— Quantum noise
—— Other sources
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Main noise sources affecting ground-based GW detectors

CLASSICAL NOISE SOURCES QUANTUM NOISE SOURCES
Suspended
* Mechanical noise * Radiation pressure noise mirror\
— Seismic + Newtonian — Dominates at low frequency
» Solution: underground/spaceborne — Amplitude-noise-related

(upcoming projects ET/CE...)

* Thermal (Brownian) noise .
: | ) » Photon shot noise Photodetector
— Mirrors + suspensions

> Solution: cryogenic environment a Domma’rgs at high frequency
(upcoming projects) — Phase-noise-related

Radiation pressure noise

—— Total noise
—— Quantum noise
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Squeezed states of light

HARNESSING QUANTUM PROPERTIES OF LIGHT TO REDUCE NOISE

» Optical Parametric Oscillator (OPO): )
quantum entanglement between 2 photons
> squeezed mode at w
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Squeezed states of light

HARNESSING QUANTUM PROPERTIES OF LIGHT TO REDUCE NOISE

* Optical Parametric Oscillator (OPO):
quantum entanglement between 2 photons

> squeezed mode at w,

wo 2wy wo + Q)
MNV\»SHGVW\WV\W@W
T Wy — 0

¥

Heisenberg's uncertainty relation:

AA X Ap = h/2
APhase quadrature A o— n
Coherent , 0=0 ~2
light ,/ .
Squeezed A A Ae/ S aA
||8ht Homodyne Am%htL)éde S
uadrature
wo £ () detection - > > >
Coherent state Squeezing (phase) (amplitude)
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Squeezed states of light
HARNESSING QUANTUM PROPERTIES OF LIGHT TO REDUCE NOISE

» Optical Parametric Oscillator (OPO): ) 2wy wo + ()
quantum entanglement between 2 photons WwSHG T e

> squeezed mode at w, !

Heisenberg's uncertainty relation:

AA X Ap = h/2
APhase quadrature A A "
Coherent wo =0 T2
light ,/ <
=) ng M
wp = () detection i “5 > >
Coherent state Squeezing (phase) (amplitude)
GW sidebands 1 T 1 >
T — Quantum noise reduction!
Entangled sidebands I i o

wo—§2 wg wot(?
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Implementation of squeezed states of light for Advanced-Virgo

CURRENT PROGRESS
v Phase squeezing implemented on Advanced Virgo
« 3 dB gain at high frequency

* Low-frequency noise not yet dominated by quantum sources

— No squeezing
— Phase squeezing
\ — Amplitude squeezing

Observatory noise
calibrated to GW-strain [1/V Hz]

20 30 40 60 80 100 200 300 400 600 800 1k 2k 3k
Frequency [Hz]

Source: Advanced Virgo
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Implementation of squeezed states of light for Advanced-Virgo

CURRENT PROGRESS
v Phase squeezing implemented on Advanced Virgo
« 3 dB gain at high frequency

* Low-frequency noise not yet dominated by quantum sources

—> Reduce quantum noise over the whole
frequency range?
— No squeezing

— Phase squeezing
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Implementation of squeezed states of light for Advanced-Virgo

CURRENT PROGRESS
v Phase squeezing implemented on Advanced Virgo
« 3 dB gain at high frequency

* Low-frequency noise not yet dominated by quantum sources

—> Reduce quantum noise over the whole
frequency range?

— No squeezing
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Frequency-dependent squeezing

2wo wg + () Filter
WWWV‘M—W Squeezed cavity
wo— € VBNt ep b FL

Coherent
light

N : rD)
Homodyne

detection
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Frequency-dependent squeezing

Squeezed

Filter
cavity

L1

I

| F, L

Coherent
light

N ’ rD)
Homodyne

detection

Squeezing-ellipse angle

9 =

Ap(wy + Q) + Ap(wy — Q)

2

A¢: cavity phase shifts
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Frequency-dependent squeezing

A Reflected amplitude

Squeezed

Filter
cavity

1 ——

Detuned cavity:

=

I

| F, L

Coherent
light

N : rD)
> Homodyne

16/12/2025

W detection
Squeezing-ellipse angle
0 — Ap(wo + Q) + Ap(wo — Q)
B 2
A¢: cavity phase shifts
>
w
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Frequency-dependent squeezing

2wo wg + () Filter
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wo — Q) light 2

A Reflected amplitude

1 —— gl I| F L
. y Coherent
Detuned cavity: {light
We F Wy \\44% ;D)
0 : > : Homodyne
W detection
27T Squeezing-ellipse angle
0 — Ap(wo + Q) + Ap(wo — Q)
B 2
gr/2 A¢: cavity phase shifts
0 »
W
AOPO output ¥
0)0—01;;(4)04—01
wWo w

16/12/2025 Manuel Andia — Univers du Péle A2C 7/19



Frequency-dependent squeezing
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Frequency-dependent squeezing

. 2w wg + () Filter
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The Exsqueez project and CALVA experiment

Squeezer system
under vacuum

|

Suspended
filter cavity

OpIic;1I
bench
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The Exsqueez project and CALVA experiment

Squeezer system
(PPKTP crystal in
bow-tie cavity)
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Reducing quanfum noise over the whole frequency range

ADAPTING THE SQUEEZING CORNER FREQUENCY

« Control finesse of filter cavity
— Tunable mirror “QFilter”

— Pre-cavity & mirror with tunable reflectivity

I
i Filter cavity

ﬂ 16/12/2025 Manuel Andia — Univers du Péle A2C 9/19
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Reducing quanfum noise over the whole frequency range

ADAPTING THE SQUEEZING CORNER FREQUENCY

« Control finesse of filter cavity
— Tunable mirror “QFilter”

— Pre-cavity & mirror with tunable reflectivity

 Allows for tunability of Q,

— 700 Hz (Exsqueez, no QFilter) —» 30 Hz (Exsqueez, with QFilter & Adyv. Virgo)
— Equivalent to F* = Fx 20

I
i Filter cavity

10 10 10 10° 10 10" 10°

*
Frequency [Hz]
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Reducing quanfum noise over the whole frequency range

ADAPTING THE SQUEEZING CORNER FREQUENCY

« Control finesse of filter cavity
— Tunable mirror “QFilter”

— Pre-cavity & mirror with tunable reflectivity

 Allows for tunability of Q,

— 700 Hz (Exsqueez, no QFilter) —» 30 Hz (Exsqueez, with QFilter & Adyv. Virgo)
— Equivalent to F* = Fx 20

 Three-mirror cavity model developed in our teaml!!

I
i Filter cavity

n/2

:__QFilter &
@
*
r n
@ 30 Hz -
f* \le) :
0 .
107" 10” 10 10° 10 10" 10°

Frequency [Hz]
[1] P. Stevens et al., Class. Quantum Grav. 42, 065014 (2025). [DOI]
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Three-mirror cavities: variable finesse (1/2)

* Microscopic change in sub-cavity length © tuning of cavity finesse
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Three-mirror cavities: variable finesse (1/2)

* Microscopic change in sub-cavity length & tuning of cavity finesse

60

Simulation
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Three-mirror cavities: variable finesse (2/2)

* Inconsistent maximum finesse possibly due to mirror misalignments

Simulation
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Three-mirror cavities: variable finesse (2/2)

* Inconsistent maximum finesse possibly due to mirror misalignments
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Three-mirror cavities: variable finesse (2/2)

* Inconsistent maximum finesse possibly due to mirror misalignments

Simulation il
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Three-mirror cavities: resonant behaviour

* Resonant behaviour # 2 Fabry-Perot cavities !

”' \ 4 —— Fabry-Perot
1\ 7 \‘ = = Three-mirror cavity

10—1-

 Shows single or double resonance peak

2 102

* Benefits for GW detection:

Transmitted field power [W]
For 1W input field

10-3 4

— Single peak — tuneability of corner freq. £,

— Double peak — 2 corner freq. le) and ng) =

[1] P. Stevens et al., Class. Quantum Grav. 42, 065014 (2025). [DOI]
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Three-mirror cavities: resonant behaviour

« Resonant behaviour # 2 Fabry-Perot cavities

» Shows single or double resonance peak

th
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Benefits for GW detection:

— Single peak — tuneability of corner freq. Q;

— Double peak — 2 corner freq. le) and ng)
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Large-scale three-mirror cavity in CALVA

New clean room will be built to accommodate third mirror (upcoming late 2026)

Two possible configurations:

* Symmetric cavities (25 m | 25 m)
— double-peak feature (ET-LF)

» Asymmetric cavities (19 m | 31 m)
— variable finesse (ET-LF, ET-HF, CE...)

Existing tank

FIS source

and HD Control room

4 ; /i" )
\ AP
[

Existing 50 m pipe

Existing room 2

Existing room 1 Existing tanks
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Impact of filter-cavity-length noise on squeezing

CONTROLLING LENGTH OF FILTER CAVITY
* High finesse (— 3000)

 Length control via control laser (frequency f)
AL _ Af
- 7=
— Aim: <1dB squeezing degradation (10dB produced)
» We need AL < 4 pm

» Translatesinto Af < 20 Hz (L =50m, Ajzger = 1064nm)

Filter cavity length noise AL |

= — 20 pm
=3[ — 15 pm
£ 10 pm
=2

S 4+ — 8 pm
g — 6 pm
T o5 — 4 pm
= — 2 pm
[<b]

2 6+ — 1 pm
S

= — 0 pm
£ 7

=

S 8/

o

+ Source: thesis of
A. Lartaux-Vollard

102 103 104
Frequency [Hz]
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Impact of filter-cavity-length noise on squeezing

CONTROLLING LENGTH OF FILTER CAVITY
* High finesse (— 3000)

 Length control via control laser (frequency f)
_ AL _ A
L f
— Aim: <1dB squeezing degradation (10dB produced)
» We need AL < 4 pm

» Translatesinto Af < 20 Hz (L = 50m, Ajpger = 1064nm) — We need state-of-the-art frequency stabilisation!

Filter cavity length noise AL |

— — 20 pm
==

=3[ — 15 pm
£ 10 pm
=2

S 4+ — 8 pm
g — 6 pm
T 5¢ — 4 pm
= — 2 pm
[<b]

2 -6r — 1 pm
= — 0 pm
£ 7

=

S 8-

o

+ Source: thesis of
A. Lartaux-Vollard
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Frequency [Hz]

16/12/2025 Manuel Andia — Univers du Péle A2C 14/19




Refimeve research infrastructure

s National links PTE

s INtErNational links NPL

RESEAU FIBRE METROLOGIQUE A VOCATION EUROPEENNE

a8 Laboratory partner

* National research infrastructure funded by
PIA/Equipex projects
 Dissemination of time/frequency references

— Currently used in state-of-the-art international

comparisons of atomic clocks

« Signal now available at IJCLab / CALVA e N

LPL

I ite
PARIS \_cavity modulation Rabbit )

REGION

/LKB-LERMA-LPNHE

L O : ¥
ISMO-LAC-1JCLab- APC-MPQ
LSCE-SOLEIL-LCF-LPGP Source: LPL

[*]
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Refimeve research infrastructure

s National links -

s INtErNational links NPL

RESEAU FIBRE METROLOGIQUE A VOCATION EUROPEENNE o o

a8 Laboratory partner

* National research infrastructure funded by

PIA/Equipex projects

 Dissemination of time/frequency references

— Currently used in state-of-the-art international

comparisons of atomic clocks

 Signal now available at IJCLab / CALVA T N "

STABILITY OF REFIMEVE SIGNAL (1542nm)

=
» Equivalent stability ~ 1 Hz at 1s (at 1064 nm) v [ S
PARIS gy
* Close to the stability reached by LIGO/Virgo REGION
 Transter stability from 1542 mn to 1064 nm?¢ /
( ﬂ ), LKB-LERMA-LPNHE
— Optical frequency comb LTE Q™ g
ISMO-LAC-1JCLab- ! APC-MPQ
LSCE-SOLEIL-LCF-LPGP Source: LPL

3
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Optical Frequency Comb (OFC)

WORKING PRINCIPLE

* Brief pulses, controlled repetition rate

« Acts as a frequency “ruler” with evenly-
spaced “teeth” (frep = 80 MHz)

« Covers an octave of frequencies

A
A

T S(A) 1064 nm 1542 nm
(squeezing laser) (Refimeve + signal)
A
JII||||H H | il ‘HH H || | ““ 11T [";"]
» Octave 500 nm — 1 pm N\ Octave 1 pm — 2 pm 1@“

(Ti:Sa OFCs) (fibred OFCs)
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Optical Frequency Comb (OFC)

WORKING PRINCIPLE

* Brief pulses, controlled repetition rate

« Acts as a frequency “ruler” with evenly-
spaced “teeth” (frep = 80 MHz)

« Covers an octave of frequencies

A
A

T S(A) 1064 nm 1542 nm
(squeezing laser) (Refimeve + signal)
A
JII||||H H | il ‘HH H || | | ““ 11T [";"]
» Octave 500 nm — 1 pm N\ Octave 1 pm — 2 pm 1@“

(Ti:Sa OFCs) (fibred OFCs)

Application fo our project: frequency stabilisation of OFC on Refimeve signal, then 1064 nm laser on OFC

—> 2 upcoming internships on this topic!
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Other recent research efforts at CALVA in a nuishell

* RedPitaya-based control of squeezing-ellipse

angle with higher bandwidth

rﬁ 16/12/2025

Fast analog outputs Fast analog inputs
125 MS/s, 14 bits, £1V 125 MS/s, 14 bits, £1V

Y

Digital extension
16 1/0 ch., 125 MS/s, 3.3 V

Analog extension
~100 kS/s, ~12 bits, 0-1.8 V
4 SAR ADC ch., 4 PWM DAC ch.,

Microprocessor + FPGA

Dual core ARM-Cortex A9 Zync SoC DDR3 RAM
512 MB
Daisy chain
{5 . microSD
J=gs | [ 0S drive & FPGA design
Ethermel _/. micro USB
1Gbis USB microUSB V%"
oTG SO console !
Manuel Andia — Univers du Péle A2C 17/19



Other recent research efforts at CALVA in a nuishell

* RedPitaya-based control of squeezing-ellipse

angle with higher bandwidth

* Realisation of filter-cavity control setup (new

PhD student Fangfei Liu)

m 16/12/2025

Fast analog outputs Fast analog inputs
125 MS/s, 14 bits, #1V 125 MS/s, 14 bits, £1V
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4 SAR ADC ch., 4 PWM DAC ch.,

Microprocessor + FPGA

Dual core ARM-Cortex A9 Zync SoC DDR3 RAM
512 MB
Daisy chain
: . microSD
J=gs | [ 0S drive & FPGA design
Ethermel _/. micro USB
1Gbis USB microUSB V%"
oTG SO console !
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Other recent research efforts at CALVA in a nuishell

* RedPitaya-based control of squeezing-ellipse
angle with higher bandwidth

* Realisation of filter-cavity control setup (new
PhD student Fangfei Liu)

« Study of OPO to understand misalignment
issues (IOGS student Noam Letocart)

* Vacuum operation for Homodyne Detection
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125 MS/s, 14 bits, £1V 125 MS/s, 14 bits, 1V

Y

Analog extension
~100 kS/s, ~12 bits, 0-1.8 V
4 SAR ADC ch., 4 PWM DAC ch.,

Digital extension
16 1/0 ch., 125 MS/s, 3.3 V

Microprocessor + FPGA
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Involvement in the Einstein Telescope project

UpcomiNG EUROPEAN GW DETECTOR (2035 — 2040 FOR NOW...)
* Single triangular shape (10 km) or two “I” shapes (20 km)

* Underground (better control of seismic vibrations)

* Low- and a high-frequency interferometers (ET-LF / ET-HF)

— ET-LF will require cryogenic operation (may require changing wavelength to 1.55 um)
— ET-HF will use more optical power

Source: Einstein Telescope / EGO (hitps://www.et-qw.eu/)
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https://www.et-gw.eu/

Involvement in the Einstein Telescope project (2)

CALVA IN THE CONTEXT OF EINSTEIN TELESCOPE

 Testbed for upcoming (frequency-dependent) squeezing techniques

— CALVA filter cavity can adapt thanks to our work on 3-mirror cavities!

— Unique feature: state-of-the-art laser stabilisation through Refimeve!

* The group is also involved in simulation, optics and technical aspects of ET’s design

XIII ET Symposivm, Cagliari, May 2023
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