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Introduction
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Gravitational-waves (GW) in GR

• Consequence of general relativity

• Oscillatory small perturbation of the metric

• Speed of light 

• 2 transverse polarizations 

• Produced by acceleration of the mass quadrupole
moment 

h ~ 10-21
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Detectors and projects
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New objects, new 
populations

Same objects 
observed in a new 
way

Alerts for 
electromagnetic 
observatories 

Why GW with (ground-based) 
detectors science?  
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New tests of 
gravity

New 
cosmological 

measurements 

Study of extreme states of 
matter

Populations of 
compact objects

Why GW with (ground-based) 
detectors science?  



Detections so far by LIGO-Virgo-KAGRA
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GW detectors
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Sensitivity needed h ~ 10-21 @ ~ 100 Hz (~10-18 m for 3 km arms)

Challenges: 

- Seismic noise ~ 10-6 m 
- Wavelength of the light ~ 10-6 m 
- Brownian motion of the atoms of the mirrors
- Other environmental and technical noises

Interferometers



Credit: Virgo

Suspensions





Interferometer progress in the last 40 years 

Figure modified by E.Capocasa from R.Adhikari, Gravitational Radiation 
Detection with Laser Interferometry, arXiv:1305.5188, 2013

Prototypes

Initial detectors

Advanced detectors 

3rd 
generation 
detectors 
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First detection



Seismic and 
gravity 
gradient 
noise
Geophysics

Quantum noise
Quantum mechanics

Thermal noise
Thermodynamics

Advanced Virgo sensitivity curve

13



Ground based GW detectors: 
the big picture

•A# 

•Virgo_nEXT

Decade 2030

•Cosmic Explorer 

•EinsteinTelescope

Current infrastructures New infrastructures
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First detection

First mulit-messenger source

90 sources Now



Intro: Gravitational-wave observatory network 
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AdVirgo

aLIGO
Livingston

aLIGO
Hanford KAGRA

LIGO
India

operational

planned



KAGRA 

Japanese "2.5" Generation 

detector
• Undeground 
• Cryogenic

3 km 
Kamioka mine
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The period 2030-2040
New Virgo/LIGO upgrades under study

A# and Virgo_nEXT 

• Reach the limit of the infrastructures with 2G detectors
• Continue the science program 

• Ultimate goal ~ x2 with respect to AdVanced Virgo+ and Advanced 
LIGO+

• Testbench for 3G detectors technologies

• Technologies

• Better coatings
• Higher laser powers
• Higher squeezing level 
• Reduce technical noises at low frequency
• Reduce Newtonian noise
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Einstein Telescope (ET) and 
Cosmic Explorer (CE) projects  

18Credit: Eddie Anaya, California State 
University Fullerton

• EU
• Triangular shape (3 

detectors) 
• 10 km 
• Underground 
• Xilophone (hot and cold) 

• US
• 1-2 L-shaped
• 20-40 km 
• Surface  
• Room temperature 

(initially)



Gain one order of magnitude in 
sensitivity and enlarge the bandwidth
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ET science 
•  Black-holes evolution 

• Black-hole mergers in the entire Universe and 
before the first galaxies

• Intermediate-mass black-holes

• Nature of gravitation 
• Nature of black-holes
• Process in the primordial Universe 
• Signs of quantum gravity (i.e. échos)

• Cosmology Nature of dark eneregy
• An alternative cosmology
• Test of modified gravity theories with new 

observables

• Nature of matter at the smaller scales 
• Study of nuclear matter

• Physics of Supernovae

• Multi-messenger astrophysics 
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https://arxiv.org/pdf/1912.02622
ET science case

https://arxiv.org/pdf/1912.02622


• Extrapolation of current or planned 
technologies for Virgo and LIGO 
– Squeezing (non classical states of light)
– High-power lasers
– Large mirrors
– New mirror’s coatings 
– Thermal compensation techniques
– Seismic suspension systems

• Technologies not tested in Virgo and LIGO 
– Cryogenics (also in KAGRA)
– New cryogenic materials
– New laser wavelengths

The ET technologies and challenges 
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GW detectors and PROBES
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GW EU-Usa-Japan collaborations

• Strong pressure on the Virgo scientists working on the 
instrument to start the O4 data taking (March 2024)

• Among the main collaborations with USA and Japan:   

• Squeezing/quantum technologies

• calibration 

• Suspensions, cryogenics (cryogenic payload), 
sensors, squeezing
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GW EU-Usa-Japan collaborations

24Credit H.Vocca

Squeezing 

Cryogenic payload 
control 



Which is the fundamental 
limitation of this measurement ? 

Laser

Suspended 
mirror

Light
DetectionVacuum (zero-

point) fluctuations 



Squeezing 

Laser

Suspended 
mirror

Light
Detection

Vacuum 
fluctuations 

Squeezed 
vacuum 
fluctuations

Vacuum 
fluctuations



Frequency dependent squeezing via filter cavity 

• Reflect frequency independent squeezing off a detuned Fabry-Perot 
cavity

• Rotation frequency depends on cavity line-width

• Optimal rotation 
frequency around 25 
Hz for Advirgo
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Filter cavity recently implemented in Virgo
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Conclusions
• LIGO-Virgo-KAGRA O4b data taking  will start soon for 

Virgo, lot of science expected (see Barbara Patricelli 
talk)

• Next upgrades A# and Virgo_nEXT (2030-2040) at study, 
as bridge with 3rd detectors (Einstein Telescope, Cosmic 
explorer)

• 3rd generation detector program (> 2035) start to be
solid

• Huge collaboration program EU-Japan-US about 
detector physics in view of 3rd generation

• Central role of PROBES for exchange of scientists and 
students 

29


