
L’optique quantique au service des ondes gravitationnelles 

Quand la m®canique quantique aide ¨ observer lôunivers

Antoine HEIDMANN
Laboratoire Kastler Brossel

Ecole Normale Supérieure, Sorbonne Université, Collège de France - Paris



Gravitational waves :

a consequence of JnsxyjnsúxGeneral Relativity



Gravitational waves :

a consequence of JnsxyjnsúxGeneral Relativity



Effect of gravitational waves on earth

Gravitational waves Waves of water

Ripplesof space-time metric induceschanges in distances 
betweenfree-fall objects

Effectof gravitationalwave:

Alternative compression and 
expansion of distances
(dependon polarization
and direction of the wave)

Gravitational waveamplitude: Ὤ ɝὒȾὒ Binary system

(Ὢ 1 Hz to 1 kHz)

ὶ Ὑ

Mass M

Ὑḗρππkm, ὓḗσπὓἄ
rotation at ὪḗρππHz

ᴼ Ὤḗρπ at ὶ τππMpc
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Interferometer: measurement of relative lengths between 2 arms

Displacement

Sensitive optical measurement of displacements

Michelson ïMorley interferometer

Sensitivity ͯ ρᴠ ρπ Í



Moving

mirror

Use of a high-finesse cavity:

(F : cavityfinesse)Resonancewidth:

Phase of the reflectedlight:

Ultra-sensitive displacement sensor

Fabry ïPerot cavity

Sensitivity ͯ ρπ Í



Advanced LIGO and Virgo interferometers

Interferometry pushed at its limits:

•Arms of km length

•Fabry-Perotcavitiesin eacharm

•Incident power 10 W to 200 W

•Control/reductionƻŦ ƴƻƛǎŜǎΧ

H1- Hanford –Washington state

L1- Livingston –Louisiana state

Virgo –Cascina (Pisa)



Drastic technological advances in many domains

Unique high-qualitymirrors!

Silica mirrors ‰ συcm

Roughness corrected in situ < 1 nm

Optical losses < 1 ppm

Optical coatings made at Lyon (LMA)



Observation of

gravitational waves



7ms

Binary black hole merger!

First observation September 14th, 2015

LIGO Hanford
Washington

LIGO Livingston
Louisiana

2 signalsobservedwith both LIGO detectors



Summary of the 90 detections (2015 to 2020)

90 eventsdetected since 2015

•Almost only binary black holes (BBH), way more than initially predicted!

•2 Binary neutron stars (BNS), including one with electromagneticcounterpart

­ The beginningof a real gravitationalastronomy!
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Photons emitted by a laser have a random distribution in time 

(Poisson law ɝὔ ὔ)

Quantum noise of light

Time ὸ

Weak flow

Time ὸ

Largerflow

Light issubjectto quantum fluctuations



Quantum noise of light: representation in phase space

ὙὩ꜡

Ὅά꜡

‌

•

Trajectory

Intensity:  Ὅὸ ‌ὸ

Fluctuations: ‏Ὅὸḗ‏‌‌ὸ

Electromagnetic field: ꜡ ὸ ‌ὸὩ



Intensity fluctuations:  

Ὅ‏ ḗ‏‌‌ḗ ӶὍ

Phase noise:  

•‏ ḗ ϳρ‌ḗ ϳρ ӶὍ

Quantum noise of light: coherent state

Electromagnetic field: ꜡ ὸ ‌ ‌ὸ‏ Ὡ

‌ḗρ‏
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Coherentstate
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Quantum noise of light: squeezed states

Squeezedstate

ὙὩ꜡

Ὅά꜡

Electromagnetic field: ꜡ ὸ ‌ ‌ὸ‏ Ὡ
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Noise in the reflectedphase:

Signal

Moving

mirror

Quantum noise in displacement sensor
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Classical noise
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Input phase noise
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Limit of sensitivityinducedby the quantum noise:

Effectof finite cavitybandwith



Virgo sensitivity (2007 - 2010)

Computed
for 1 kW

Ὤ ḗ
ρ
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Quantum shot
noise



Virgo sensitivity (2007 - 2010)

Seismic
noise

Pendulum
thermal noise

Mirror thermal
noise

Violinmodes

Quantum shot
noise



Squeezing in Advanced Virgo

Phase squeezingincreasesthe 
sensitivityby 3 dBat high frequency

Phys. Rev. Lett. 123, 231108 (2019)

Vacuum

Squeezing

Injection of a squeezedstate 
via the output port



Quantum

radiation pressure 23

Image from ERC projectMassQ, Hamburg



•‏

Noise in the reflectedphase:

Signal

Moving

mirror

Radiation pressure in displacement sensor

•‏ ḗ
ꞈ

‗

Classical noiseInput phase noise

ὒ‏ὒ‏ ὼ‏

Radiation pressure:Ὂ ςᴐὯὍ

Fundamental principle of quantum measurement
The measurement (‏• ‌‏ , ) disturbs the system (‏ὼ )

Intensityincrease: ‏• ᶿρȾ ӶὍ but ‏ὼ ᶿ ӶὍ

Standard quantum limit (SQL)



Has motivated the emergence of quantum optics in the 80’s 

and of quantum optomechanics in the 90’s-2000’s

Quantum noises in interferometric measurements



Demonstration of SQL with an optomechanical device

Schliesser, Nature (2018)

Very thin and light mechanicalmembrane 
in a high-finesse cavity



Beyond the SQL in gravitational-wave detectors

Phase noise

Radiation 
pressure noise

Phase noise

Radiation 
pressure noise

•‏ ḗ‏•
ꞈ

‗
ὼ‏ὒ‏

Phase noise

Radiation 
pressure noise

SQL



Beyond the SQL in gravitational-wave detectors

Frequency dependent squeezing required!

•‏ ḗ‏•
ꞈ

‗
ὼ‏ὒ‏

SQL



Frequency dependent squeezing

Rotate the squeezing ellipse with a detuned cavity

Rotate the squeezed sideband

Corner frequency and width given by
the detuning and linewidth of the cavity

R. Schnabel et al., PRA (2005)
Ellipse rotation



Installation in Advanced Virgo (run starting in 2023)



Installation in Advanced Virgo (run starting in 2023)

Expected sensitivity:

A. Bertolini(Nikhef)



Developments at LKB for Virgo

•Demonstration of a sub-SQL 
measurement with a MHz-resonator

Use of a very high-quality 
nano-membrane

•Demonstration of frequency dependent 
squeezing with a corner frequency of 50Hz

Use of a long (50m) and 
high-finesse (30 000) cavity

Coherent state

Phase squeezing

Broadband 

sub-SQL  meas.

CALVA group in Orsay



Conclusion: also 30 years of research on optomechanics!

Gravitational interferometer mirror
High displacement sensitivity

Nanoresonator
High mechanical response

Mass ~ kg

Length ~ km

Frequency ~ Hz

Mass ~ pg

Length ~ nm

Frequency ~ MHz-GHz

Internal vibration modes 
of cm-scale mirror

Micromirror 
(MEMS) 

Mass ~ g to µg

Length ~ mm

Frequency ~ kHz-MHz

1 mm

Micro-pillars

Small input mirrors
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Merci au LMA pour toutes ces années de collaboration

Bon 30ème anniversaire !

Et merci à tous pour votre attention


