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Gravitational waves 

Gravitational waves (GWs) are very small perturbations of the space time, 
so small that their effect on the test masses of a GW interferometric 
detector can be even confused with the effect of vacuum fluctuations! 

Interferometric 

GW detector

Main sources 

of noise
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Quantum harmonic oscillator

Harmonic oscillator

Mechanical Harmonic Oscillator Electro-magnetic oscillator 

zero-point energy

Light wave

Quantized e.m field 

vacuum fluctuations

k→mode 

λ→polarization

What are vacuum fluctuations?
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Danilishin2012

Light wave

Vacuum quantum 

state

https://link.springer.com/article/10.12942/lrr-2012-5
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Vacuum amplitude-
fluctuations, more evident at 
lower frequencies.

Frequency-dependent response of the instrument

Vacuum phase-fluctuations more 
evident at higher frequencies

RADIATION 

PRESSURE

NOISE SHOT 

NOISE

Quantum noise in Advanced Virgo
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SQL (Standard Quantum Limit)
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C. M Caves. Physical Review D, 23(8):1693, 1981

Proposed solution: squeezed vacuum state injection
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Electro-magnetic field in terms of quadrature operators

Amplitude quadrature Phase quadrature

Heisenberg Uncertanty Principle

Towards the definition of squeezed states of light

Minimumuncertainty states 
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7

Coherent states Amplitude-squeezed states Phase-squeezed states

Squeezed states of light
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Optical Parametric Oscillator (OPO)

Squeezed vacuum generation via OPO
Nonlinear processes Higher order polarization effects in media
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QSD2022, June 1-3            Valeria Sequino

A squeezed light source is not just an OPO…

generation

detection
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Many of these

components

need to be 

controlled.
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2007: Squeezing in AUDIO-FREQUENCY band

Squeezed states in audio-frequency band
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1985: Squeezing in RADIO-FREQUENCY band

NOT ENOUGH FOR A GW DETECTOR…
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How does it mean squeezing in audio-frequency band?

Pump beam 

phase stabilization

Local Oscillator beam 

phase stabilization
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Quantum noise reduction techniques in 

GW interferometers 

Part II
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Acernese, F., et al.  Physical Review Letters 123.23 (2019): 231108.

Squeezer – Interferometer Interface
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Acernese, F., et al.  Physical Review Letters 123.23 (2019): 231108.

• absence of squeezed light 

• with squeezing

• with anti-squeezing

Results
Measured squeezing level:

3.2 ± 0.1 dB

Measured anti-squeezing level: 

8.5 ± 0.1 dB

normalization to the reference at 2.8 kHz

injected squeezing level about 10 dB

Sensitivity improvement of a GW detector
Frequency-Independent Squeezing (FIS)
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Need for a Frequency-Dependent Squeezing (FDS)

NEXT OBSERVATIVE RUN

1. Filter Cavity 

FDS angle rotation:

Broadband QN reduction
Detuning

Cavity linewidth
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➢ 2005: first demonstration in MHz region→ cavity length L=0.5 m 
Chelkowski et al. Phys. Rev. A 71 (Jan, 2005) 013806

➢ 2015: first demonstration in kHz region→ cavity length L=2 m
Oelker et al. Phys. Rev. Lett. 116 (Jan, 2016) 041102

➢ 2020: first demonstration below 100 Hz → cavity length L=300 m
Zhao, Yuhang, et al. "Frequency-Dependent Squeezed Vacuum Source for Broadband Quantum Noise Reduction in Advanced

Gravitational-Wave Detectors." Physical Review Letters 124.17 (2020): 171101.

Frequency of interest for Gravitational Wave detectors

Preliminary measurements done also in Advanced Virgo Plus 

(results not yet published) 

Need for hundred meter long cavity → less squeezing degradation induced by cavity losses
T. Isogai, J. Miller, P. Kwee, L. Barsotti, and M. Evans, ‘’Loss in long-storage-time optical cavities", Opt. Express 21 no. 24, (Dec, 2013) 30114{30125}
E. Capocasa et al. ‘’Estimation of losses in a 300 m filter cavity and quantum noise reduction in the KAGRAgravitational-wave detector", Phys. Rev. D 93 (Apr, 2016) 082004.

Filter cavity: state of the art
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AdV+ required squeezing angle rotation: 20-30 Hz

Parallel to the ITF North Arm

⚫ length L=285 m;

⚫ finesse F=11000 (@1064 nm)

Filter cavity in Advanced Virgo Plus

CAVITY MIRRORS

⚫ diameter d=15 cm;

⚫ radius of curvature RoC= 558 m;

⚫ round-trip losses l< 40 ppm
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Advanced Virgo Plus (AdV+): FDS overall conceptual design

Suspended 

benches

Not suspended 

benches
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AdV+ FDS vacuum system

Filter cavity

Detection

Interferometer

Filter cavity

SQB2 

tank

SQB1 

tank
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EQB1 OVERVIEW

SQZ SOURCE

OPLLs

AdV+: in-air external squeezing bench (EQB1)
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SQB1

SQB2

AdV+: in-vacuum suspended squeezing benches
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AdV+: in-air auxiliary benches

FCEB

EQB2
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What we want to do in ET

Part III
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Other squeezing activities in ET
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Subgroups

•Phase noise (Valeria Sequino: valeria.sequino@na.infn.it) 

•pyGWINC

•EPR squeezing (Mateusz Bawaj: mateusz.bawaj@unipg.it) 

•SQZ source 1550 nm

•SQZ source 1064 nm

•Global design 

•Filter Cavity 1064 nm

•Filter Cavity 1550 nm

•2um R&D

https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/PhaseNoise
mailto:valeria.sequino@na.infn.it
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/PyGWINC
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/EPRsqueezing
mailto:mateusz.bawaj@unipg.it
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/SQZsource1550
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/SQZsource1064
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/GlobalDesign
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/FilterCavity1064
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/FilterCavity1550
https://wiki.et-gw.eu/ISB/Optics/SqueezedLight/2UmResearch


Need for a Frequency-Dependent Squeezing (FDS)

2. EPR entangled beams
NEXT OBSERVATIVE RUN

ITF both GW detector and the filter cavity (FC)

Advantages: less expensive, more compact setup, avoids the 1ppm/m round trip losses for the FC

Disadvantages: two squeezed beams so double losses, need for two Homodyne Detectors
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Our EPR experiment at the EGO site
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Some pictures of our EPR experiment
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The small suspended interferometer

Upper plate
(auxiliary bench)

Cylindrical
baffles

Input + BS
minipayloads

End
minipayloads

Main optical bench
Michelson ITF with two
Fabry-Pérot cavities
finesse=23000 L=35cm
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y

z

x

Ɵy

Ɵx

Ɵz

pitch

yaw

roll

Prototype Dummy

end 

mirror

Test of local control of 
suspended elements:
Coils behind mirror and 
magnets glued on the 
mirror
Coils-magnets also on the 
marionette

Some pictures small suspended interferometer
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Many calculations and simulations to do…

We need to deeply understand how EPR  

works in a GW interferometer and, in 

particular, in ET.

BARBARA GARAVENTA & VALERIA SEQUINO 



If you are interested in contributing…

Please contact us: 

barbara.garaventa@ge.infn.it

valeria.sequino@na.infn.it 
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