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• The big picture
• Some historical elements 
• Gravitational-wave detector basic structure
• Experimental techniques, challenges, and opportunities
• Detector noise sources and related physics
• Some of the astrophysical results of the LIGO-Virgo-KAGRA network
• The future of GW astronomy

Scope and outline of the lectures
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The big picture 

 



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



Einstein 1916

“Approximative integration of the field equation of gravitation”
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Detectors/projects and science goals
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Gravitational-wave observatory network 
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AdVirgo

aLIGO
Livingston

aLIGO
Hanford KAGRA

LIGO
India

operational

planned



Detections so far by LIGO-Virgo-KAGRA

GWTC-3: Compact Binary Coalescences Observed by LIGO and Virgo During the Second Part of 
the Third Observing Run; LIGO-Virgo-KAGRA collaborations, https://arxiv.org/abs/2111.03606



Detections and online candidates so far by 
LIGO-Virgo-KAGRA

Online candidates



Ground based GW detectors: possible roadmap 
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•A# 

•Virgo_nEXT

Decade 2030

•Cosmic Explorer 

•EinsteinTelescope

Current infrastructures New infrastructures



Alternate observing periods with upgrades

Credit: P.Brady

Credit:P.Brady
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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?  



Some history



Russell A. Hulse

Joseph H.Taylor Jr Source: www.NSF.gov

Weber’s bars

• Sensitive around the resonance 
frequency

• ~ 1 kHz
• Limitation: size of the bar, and 

narrow-band detector 
• Max sensitivity: h~ 10-19
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Michelson and Morley experiment (1887)

Already some concepts of the 
modern GW interferometric 
detectors: multiple beams and 
seismic isolation
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Joseph H.Taylor Jr Source: www.NSF.gov

Interferometric detectors: the early years 

• Concept/ideas: Gertsenshtein and V. I. Pustovoit (1962), Pirani (1962)

• Unpublished work by Weber and Forward (Weber’s student), 
foreground for Forward experiment in Malibù 

• First prototype: E. Moss, L. R. Miller, and R. L. Forward (1971)  
~ 10-14 mHz-1/2

• R. Weiss (1972) – realistic study of the noises  17



Weiss: Quarterly progress report 

http://www.sciencemag.org/news/2016/08/meet-college-dropout-who-invented-gravitational-wave-detector

https://dcc.ligo.org/LIGO-P720002/public 18

https://dcc.ligo.org/LIGO-P720002/public


Virgo

Adalberto Giazotto (INFN)

Alain Brillet (CNRS)
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Some of the Conditions to build Virgo 
and LIGO

Theoretical developments 
(GW are real, waveforms, 
estimation of the 
amplitudes)

Discovery of black-
holes and neutron 
stars (~ 1970)

Technology: lasers 
(~ 1960), control systems 
(>1945) 

Hulse and Taylor 
binary pulsar (GW 
exist)

Motivated community 
To detect h=10-21



LIGO Hanford 

LIGO Livingston Virgo

GEO 

Kilometric detectors (~ 2000) 

+ TAMA (300 m) in Japan 21



Benefits:

• Confidence in detection

• Sky coverage

• Duty cycle 

• Sky position localization

The LIGO-Virgo network (~ 2007) 
Agreement : data exchange, common publication of results 
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X 10 sensitivity increase à x1000 rate increase

1 day of AdVirgo/aLIGO = 3 years of Virgo/LIGO 

Advanced VirgoAdvanced LIGO

Advanced detectors 



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 



credit:LIGO
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14 September 2015: GW150914



Energy in GW 

Luminosity



BNS Inspiral vs detector sensitivity
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Triple detection – 14 August 2017

60 deg2

BBH 25 and 30 
solar masses 
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GW170817: Binary neutron star merger

GW170817: Observation of 
Gravitational Waves from a Binary 
Neutron Star Inspiral, B.P.Abbott, Phys. 
Rev. Lett. 119, 161101 (2017) 



The gravitational-wave detectors 
principle and optical scheme 



Light detectors

boring space-time events linked by the light beam is given by

(1)

This says that the effect of the gravitational wave is to modulate the square of the
distance between two neighboring points of fixed coordinate separation (as marked,
in this gauge, by freely-falling test particles) by a fractional amount .

We can evaluate the light travel time from the beam splitter to the end of the arm
by integrating the square root of Eq. 1

(2)

where, because we will only encounter situations in which , we’ve used the
binomial expansion of the square root, and dropped the utterly negligible terms with
more than one power of We can write a similar equation for the return trip

(3)

The total round trip time is thus

(4)

The integrals are to be evaluated by expressing the arguments as a function just of the
position of a particular wavefront (the one that left the beam-splitter at ) as it
propagates through the apparatus. That is, we should make the substitution for
the outbound leg, and for the return leg. Corrections to these relations
due to the effect of the gravitational wave itself are negligible.

A similar expression can be written for the light that travels through the arm. The
only differences are that it will depend on instead of and will involve a different
substitution for .

If , then we can treat the metric perturbation as approximately con-
stant during the time any given flash is present in the apparatus. There will be equal
and opposite perturbations to the light travel time in the two arms. The total travel time
difference will therefore be

(5)

boring space-time events linked by the light beam is given by

(1)

This says that the effect of the gravitational wave is to modulate the square of the
distance between two neighboring points of fixed coordinate separation (as marked,
in this gauge, by freely-falling test particles) by a fractional amount .

We can evaluate the light travel time from the beam splitter to the end of the arm
by integrating the square root of Eq. 1

(2)

where, because we will only encounter situations in which , we’ve used the
binomial expansion of the square root, and dropped the utterly negligible terms with
more than one power of We can write a similar equation for the return trip

(3)

The total round trip time is thus

(4)

The integrals are to be evaluated by expressing the arguments as a function just of the
position of a particular wavefront (the one that left the beam-splitter at ) as it
propagates through the apparatus. That is, we should make the substitution for
the outbound leg, and for the return leg. Corrections to these relations
due to the effect of the gravitational wave itself are negligible.

A similar expression can be written for the light that travels through the arm. The
only differences are that it will depend on instead of and will involve a different
substitution for .

If , then we can treat the metric perturbation as approximately con-
stant during the time any given flash is present in the apparatus. There will be equal
and opposite perturbations to the light travel time in the two arms. The total travel time
difference will therefore be

(5)

x

y



Light detectors

boring space-time events linked by the light beam is given by

(1)

This says that the effect of the gravitational wave is to modulate the square of the
distance between two neighboring points of fixed coordinate separation (as marked,
in this gauge, by freely-falling test particles) by a fractional amount .

We can evaluate the light travel time from the beam splitter to the end of the arm
by integrating the square root of Eq. 1

(2)

where, because we will only encounter situations in which , we’ve used the
binomial expansion of the square root, and dropped the utterly negligible terms with
more than one power of We can write a similar equation for the return trip

(3)

The total round trip time is thus

(4)

The integrals are to be evaluated by expressing the arguments as a function just of the
position of a particular wavefront (the one that left the beam-splitter at ) as it
propagates through the apparatus. That is, we should make the substitution for
the outbound leg, and for the return leg. Corrections to these relations
due to the effect of the gravitational wave itself are negligible.

A similar expression can be written for the light that travels through the arm. The
only differences are that it will depend on instead of and will involve a different
substitution for .

If , then we can treat the metric perturbation as approximately con-
stant during the time any given flash is present in the apparatus. There will be equal
and opposite perturbations to the light travel time in the two arms. The total travel time
difference will therefore be

(5)

boring space-time events linked by the light beam is given by

(1)

This says that the effect of the gravitational wave is to modulate the square of the
distance between two neighboring points of fixed coordinate separation (as marked,
in this gauge, by freely-falling test particles) by a fractional amount .

We can evaluate the light travel time from the beam splitter to the end of the arm
by integrating the square root of Eq. 1

(2)

where, because we will only encounter situations in which , we’ve used the
binomial expansion of the square root, and dropped the utterly negligible terms with
more than one power of We can write a similar equation for the return trip

(3)

The total round trip time is thus

(4)

The integrals are to be evaluated by expressing the arguments as a function just of the
position of a particular wavefront (the one that left the beam-splitter at ) as it
propagates through the apparatus. That is, we should make the substitution for
the outbound leg, and for the return leg. Corrections to these relations
due to the effect of the gravitational wave itself are negligible.

A similar expression can be written for the light that travels through the arm. The
only differences are that it will depend on instead of and will involve a different
substitution for .

If , then we can treat the metric perturbation as approximately con-
stant during the time any given flash is present in the apparatus. There will be equal
and opposite perturbations to the light travel time in the two arms. The total travel time
difference will therefore be

(5)

boring space-time events linked by the light beam is given by

(1)

This says that the effect of the gravitational wave is to modulate the square of the
distance between two neighboring points of fixed coordinate separation (as marked,
in this gauge, by freely-falling test particles) by a fractional amount .

We can evaluate the light travel time from the beam splitter to the end of the arm
by integrating the square root of Eq. 1

(2)

where, because we will only encounter situations in which , we’ve used the
binomial expansion of the square root, and dropped the utterly negligible terms with
more than one power of We can write a similar equation for the return trip

(3)

The total round trip time is thus

(4)

The integrals are to be evaluated by expressing the arguments as a function just of the
position of a particular wavefront (the one that left the beam-splitter at ) as it
propagates through the apparatus. That is, we should make the substitution for
the outbound leg, and for the return leg. Corrections to these relations
due to the effect of the gravitational wave itself are negligible.

A similar expression can be written for the light that travels through the arm. The
only differences are that it will depend on instead of and will involve a different
substitution for .

If , then we can treat the metric perturbation as approximately con-
stant during the time any given flash is present in the apparatus. There will be equal
and opposite perturbations to the light travel time in the two arms. The total travel time
difference will therefore be

(5)

where we have defined .
If we imagine replacing the flashing lamp with a laser that emits a coherent beam of

light, we can express the travel time difference as a phase shift by comparing the travel
time difference to the (reduced) period of oscillation of the light, or

(6)

Another way to say this is that the phase shift between the light that traveled in the two
arms is equal to a fraction of the total phase a light beam accumulates as it traverses
the apparatus. This immediately says that the longer the optical path in the apparatus,
the larger will be the phase shift due to the gravitational wave.

Thus, this gedanken experiment has demonstrated that gravitational waves do in-
deed have physical reality, since they can (at least in principle) be measured. Further-
more, it suggests a straightforward interpretation of the dimensionless metric perturba-
tion . The gravitational wave amplitude gives the fractional change in the difference
in light travel times along two perpendicular paths whose endpoints are marked by
freely-falling test masses.

1.4 Another way to picture the effect of a gravitational wave on test
bodies

In standard laboratory practice, it is not customary to define coordinates by the world-
lines of freely-falling test masses. Instead, rigid rulers usually are used to do the job.
The forces that make a rigid ruler rigid are something of a foreign concept in relativity,
appearing ugly and awkward after the gravitational force has been made to disappear
by expressing it as the curvature of space-time. On the other hand, non-gravitational
forces are not only a fact of nature, but part of the familiar world of the laboratory. For
many purposes, it is convenient to retreat from a purely relativistic picture and instead
use a Newtonian picture in which gravity is treated as force on the same level as other
forces.

What we are seeking is not a different theory of gravitational waves, but a trans-
lation of the theory discussed in the previous section into more familiar language. So
let us reconsider the same gedanken experiment as before, but imagine that we have
augmented the equipment with a rigid ruler along each axis. We saw that when a gravi-
tational wave passed through our set of test masses, the amount of time it took for light
to travel from the vertex mass to the end mass and back was made to vary. How can we
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Fig. 9.10 Frequency response function of a Fabry–Pérot cavity to gravitational waves
(cavity length of 3 km and Finesse of 157). The response of a single-bounce beam is shown
together for comparison: 3-km and 300-km round-trips by the dashed and dotted curves,
respectively.

The round-trip phase change (expressed as travel time change) of the1

photon, caused by gravitational waves, can then be written as2

∆t =
2L

c
+

1

2

∫ t

t− 2L
c

h+(t
′)dt′. (9.41)

The second term represents the effect caused by gravitational waves. The3

frequency response to gravitational waves is investigated by substituting the4

Fourier transformation of h+(t),5

h+(t) =

∫ ∞

−∞
h+(ω)e

iωtdω, (9.42)

into the second term of Equation (9.41). The phase change due to the6

gravitational waves is given by:7

δφGR = ΩlaserδtGR =

∫ ∞

−∞
HRT(ω)h+(ω)e

iωtdω, (9.43)

where HRT(ω) is the response of the single-round-trip laser beam to8

gravitational waves with an angular frequency of ω, written by9

HRT(ω) =
Ωlaser

ω
sin γ e−iγ , (9.44)



Response of a Michelson interferometer to 
a GW 

• Why we don’t use only one arm?

GW

41



The rubber ruler puzzle  

• Question: if a GW stretches space, doesn’t it also stretch 
the light traveling in that space? If the « ruler » is stretched 
by the same amount, how can we use this ruler?

42
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Modified Michelson 
interferometer with 
seismically isolated test 
masses

3 km arms 
Fabry-Perot cavities 
Optical length ~ 1000 km 

Advanced Virgo
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Advanced Virgo

Modified Michelson 
interferometer with 
seismically isolated test 
masses

“mode cleaners” 
Fabry-Perot 
cavities 



Building blocks: pendula
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1014

Virgo superattenuator Virgo superattenuator transfer 
function 

Building blocks: Suspensions
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Bulding blocks: Suspensions 

1014

Active controls needed 

47



Credit Virgo

Bulding blocks: mirrors

48



Bulding blocks Mirror = substrate + coating

no 

nH > no 

nL < nH 

nH > nB 

nL < nH 

nH > nL 

nS < nH 

      λ /2  λ /2  3λ /2 3λ /2 5λ /2 5λ /2 

λ/2 

λ/2 

λ/2 

0 

0 

0 

air no 

nH > no 

nB < nH 

nH > n 

nB < nH 

nH > nB 

nS < nH 

High index 

High index 

Low index 

Low index 

Substrate 

High index 

Constructive 
interferences  Path length differences: 

Thickness = λ/4 

Credit: LMA, www.lma.in2p3.fr 



• Fabry-Perot cavities: amplify the length-to-phase
transduction

• Drawback: works only at resonance

Bulding blocks: Fabry-Perot cavities 

50

October 15, 201818:23Advanced Interferometric Gravitational-Wave Detectors9.61in x 6.69in1st Readingb3434-v1-ch09page 245
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(cavity length of 3 km and Finesse of 157). The response of a single-bounce beam is shown
together for comparison: 3-km and 300-km round-trips by the dashed and dotted curves,
respectively.

The round-trip phase change (expressed as travel time change) of the1

photon, caused by gravitational waves, can then be written as2

∆t =
2L

c
+

1

2

∫ t

t− 2L
c

h+(t
′)dt′. (9.41)

The second term represents the effect caused by gravitational waves. The3

frequency response to gravitational waves is investigated by substituting the4

Fourier transformation of h+(t),5

h+(t) =

∫ ∞

−∞
h+(ω)e

iωtdω, (9.42)

into the second term of Equation (9.41). The phase change due to the6

gravitational waves is given by:7

δφGR = ΩlaserδtGR =

∫ ∞

−∞
HRT(ω)h+(ω)e

iωtdω, (9.43)

where HRT(ω) is the response of the single-round-trip laser beam to8

gravitational waves with an angular frequency of ω, written by9

HRT(ω) =
Ωlaser

ω
sin γ e−iγ , (9.44)



Fabry-Perot cavities
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A possible classification:

• Fundamental noises (from first principles)
• Quantum, thermal 

• Technical noises
• Laser, electronics, vacuum pressure

• Enviromental noises (from the environment)
• Seismic, acoustic, magnetic

Another classification:

• Displacement noises (create a real displacement): seismic, 
thermal

• Read-out noises (ability of the instrument to sense test-mass 
mition) quantum, electronic noises of the readout

Noise sources



Seismic and 
gravity 
gradient 
noise
Geophysics

Quantum noise
Quantum mechanics

Thermal noise
Thermodynamics

Advanced Virgo sensitivity curve



The real sensitivity curve

Sensitivity of the Advanced LIGO detectors at the beginning of 
gravitational wave astronomy
D. V. Martynov et al. Phys. Rev. D 93, 112004 – (2016)



The real sensitivity curve

Sensitivity of the Advanced LIGO detectors at the beginning of 
gravitational wave astronomy
D. V. Martynov et al. Phys. Rev. D 93, 112004 – (2016)



Example of sensitivity evolution  



The quantum noise

61



Which is the intrinsic limitation of an 
interferometric measurement ? 

Laser

Suspended 
mirror

Light
Detection



Quantum noise: a semiclassical picture

Radiation 
pressure noise Shot noise

• Poissonian statistics 
on the photon 
arrival time

• Fluctuation in the 
momentum transferred to 
the mirror 63



Full quanto-mechanical treatement : 
Quantization of e.m. fields 

• Quantum noise: consequence of 
quantization of e.m. field

• Quantization of e.m. field: 
rersponsible for spontaneous 
emission and Lamb shift 

• Existence of zero-point fluctuations



Quantum noise in GW interferometers

• If the cavities are symmetric, only vacuum 
fluctuations are responsible for quantum noise

• Standard quantum limit can be circumvented 
introducing correlation between vacuum 
fluctuations

Vacuum 
Fluctuations

VAmplitude

Phase

GW signal

65



Squeezed states

• Non classical light state

• Noise in one quadrature is 
reduced with respect to 
the one of a coherent 
state

• Squeezing factor (magnitude of the 
squeezing)

• Squeezing angle (orientation of the ellipse)

Each state is characterized by:

VVV

VV

Amplitude

Phase

66



Quantum noise reduction 
using squeezed vacuum

Ordinary vacuum state 

Squeezed vacuum state 

V

VVV

VV

Amplitude

Phase

Amplitude

Phase

GW signal

GW signal



Quantum noise reduction using squeezed light

6
8

• Simulated output of Michelson interferometer where a signal is produced by modulating the relative 
arm length

• With squeezing the shot noise is reduced and a sinusoidal signal is visible

Simulation by B. Hage, 

Albert Einstein Institute



Vacuum squeezed source for Virgo

The Squeezed Light Source for the Advanced 
Virgo Detector in the Observation Run O3
M.Mehmet, H.Vahlbruch, Galaxies 2020, 8(4), 79.
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Application to LIGO and Virgo: results

Advanced LIGO

• Best measured ~3 dB 
• Detection rate improvement: 

50%

Advanced Virgo

• Best measured ~3dB 
• Detection rate improvement: 16-26%
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Summary quantum noise   

• Quantum noise originated by vacuum fluctuations is the main 
limitation of GW detector sensitivity 

• Most effective mitigation strategy: squeezed vacuum injection

• After 40 year of developments squeezing is routinely used in GW 
detectors with relevant impact on sensitivity

• Key technology also for 3rd generation: ongoing work to optimise 
its performances: loss reduction, complex rotation od the 
squeezing ellipse, etc..



The thermal noise 
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The thermal noise: bibliography 

For a review on the thermal noise: 
Optical Coatings and Thermal Noise in Precision 
Measurement, Cambridge University Press, 2012 

For an introduction of thermal noise see: P.R.Saulson, 
Thermal noise in mechanical experiments, Phys Rev D 42 8 
(1990)
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Introduction

Phase noise 

What is the distribution of thermal energy 
versus the frequency? How this energy is 
converted in displacement?

What is the power spectrum of thermal 
noise?



q There is a relation between the response of a driven dissipative system and the 
spontaneous fluctuations of a generalized variable (i.e. the position) of the 
system in equilibrium: the fluctuation dissipation-stheorem (Callen 1951).

The fluctuation-dissipation theorem 

Dissipation Fluctuation



Types of thermal noise in GW detectors

Phase noise of 
the laser beam 

Pendulum thermal noise
fres ~ 1 Hz 
à thermal noise above resonance 

Mirror thermal noise
fres ~ a few kHz 
à thermal noise below resonance

Apparent 
fluctuation of mirror 
surface as seen as a 
laser beam 

Center of mass 
fluctuation



Mirror = substrate + coating

no 

nH > no 

nL < nH 

nH > nB 

nL < nH 

nH > nL 

nS < nH 

      λ /2  λ /2  3λ /2 3λ /2 5λ /2 5λ /2 

λ/2 

λ/2 

λ/2 

0 

0 

0 

air no 

nH > no 

nB < nH 

nH > n 

nB < nH 

nH > nB 

nS < nH 

High index 

High index 

Low index 

Low index 

Substrate 

High index 

Constructive 
interferences  Path length differences: 

Thickness = λ/4 

The performances of a km scale interferometer are limited by ~ 5 micron surface coating ! 

Credit: LMA, www.lma.in2p3.fr 



Virgo-LIGO-KAGRA network 
results
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Intro: Gravitational-wave observatory network 

7
9

AdVirgo

aLIGO
Livingston

aLIGO
Hanford KAGRA

LIGO
India

operational

planned



Summary of the results

• First detection of gravitational-waves 
• First test of gravitational-wave polarisation 
• Gravitational waves travel at the speed-of-light 
• Tests of the emission at higher harmonics of GW 
• Tests of GR in strong field regime

• First observations of a NS-NS merger 
• First observations of BH-BH mergers  
• A new population of BH with high masses 
• First measurements on NS tidal deformability 
• Link between GRB and neutron star mergers 
• Kilonova powered by binary NS merger

• Alternative measurement of Hubble constant
• Speed of gravity à consequences on gravity alternative theories80



Energy in GW 

Luminosity

GW150914: a binary black-hole system  

Solar luminosity 3 x 1033 erg/s 81



First triple detection: GW170814

~ 60 deg2

GW170814: A Three-Detector Observation 
of Gravitational Waves from a Binary 
Black Hole Coalescence, B.P. Abbott et 
al, Phys. Rev. Lett. 119, 141101 (2017) 

• ~ x 10 better localization 
• first tests of GW polarization
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Photons 
emitted 10 
seconds after

GW and photons 
emitted at the 
same time

Tests of GR : gravitational-wave properties

~ 130 millions light-year travel (at the speed of light) 
~ 1.7 seconds delay betwen GRB and GW 
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Test of GR: impact of GW170817 on 
modified gravity theories 

Credit
American Physical Society 



Consistency check: high and low 
waveform
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GW190412: BBH with unequal masses 

GW190412: Observation of a Binary-Black-Hole 
Coalescence with Asymmetric Masses, LIGO and Virgo 
Collaborations, arXiv:2004.08342
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Summary of the results

• First detection of gravitational-waves 
• First test of gravitational-wave polarisation 
• Gravitational waves travel at the speed-of-light 
• Tesf of the emission at higher harmonics of GW 
•  Test of GR in strong field regime

• First observations of a NS-NS merger 
• First observations of BH-BH mergers  
• A new population of BH with high masses 
• First measurements on NS tidal deformability 
• Link between GRB and neutron star mergers 
• Kilonova powered by binary NS merger

• Alternative measurement of Hubble constant
• Speed of gravity à consequences on gravity alternative theories90



n

n

n

n
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Proof of existence of gravitational-waves
Observation of NS binary inspirals 

Binary Pulsar P1913+16
energy loss

Weisberg et Taylor 

Hulse and Taylor
Prix Nobel 1993

« for the discovery of a new type of pulsar, a 
discovery that has opened up new possibilities for 
the study of gravitation »



The signal in Hanford
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The instrumental glitch in Livingston 
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The signal in Virgo 
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Final localization

Distance with Virgo/LIGO = 40 +/- 8 Mpc
Distance with Galaxy NGC4993 identification = 40.4 +/- 3.4 
Mpc

100



Source parameters 

NS masses in BNS [1.17, ~1.6]
Largest NS mass 2.01
Masses BH in Binaries > 5 
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Masses : Black-holes or neutron stars

1.6

1.17

0.86

2.26

NS masses in BNS [1.17, ~1.6]
Largest NS mass 2.01
Masses BH in Binaries > 5 
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Source localiza�on and 
1st op�cal detec�on

t
c
 + 40 min: 1st LV announcement

candidate BNS associated with GRB

t
c
 + 1h05 : Fermi report

preliminary localiza"on = 1100 deg2

t
c
 + 1h30 min: LV update

H1-only loc. and distance =  37 ± 12 Mpc

t
c
 + 5h : LIGO Virgo loc.  = 30 deg2 

distance = 40 ± 8 Mpc 
Too late for Australia and South Africa

t
c
 + 11h : Swope detects SSS17a and its 

host galaxy NGC4993
9th Geld taken at 20:33 LT, Las Campanas Obs

+ 5 more independent detec"ons in the 

following hour

t
c
 + 13h: Swope announcement

GCN Circular #21529

t
c
 + 17h: 1st  report on spectroscopic obs. 

(GCN Circular #21547)

Credit: Eric Chassande-Mottin



The optical counterpart discovery 



Swope telescope – Las campanas



The galaxy identification and the kilonova
GW170817: Observation of 
Gravitational Waves from a Binary 
Neutron Star Inspiral, B.P.Abbott, Phys. 
Rev. Lett. 119, 161101 (2017) 

https://ziggy.ucolick.org/sss17a/

Properties of the Binary Neutron Star 
Merger GW170817, B. P. Abbott et al., 
Phys. Rev. X 9, 011001 (2019)



HST images of the kilonova



Multi-Messenger Observations of a 
Binary Neutron Star Merger, 
B.P.Abbott, et al. (Virgo and LIGO 
and other astrophysics group) 
Astrophys. J. Lett. 848, L12 (2017) 

56 teams and 
collaborations, 
3600 authors 

A planetary observation



A second BNS 
with total mass ~ 3.4 solar masses

GW190425: Observation of a Compact Binary Coalescence with Total 
Mass ~ 3.4 M, LIGO and Virgo Collaborations, The Astrophysical Journal 
Letters, 892:L3, 2020
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First IMBH and a black-hole in the mass 
gap

GW190521: BBH merger with component masses ∼ 66M⊙ and ∼ 85M⊙. 
The final BH is 142 M⊙ - the first intermediate-mass black-hole 

Credit: LIGO/Virgo
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NS-BH systems 

• GW200105 - 8.9 and 1.9 solar masses 
• GW200115 – 5.7 and 1.5 solar masses

Observation of Gravitational Waves 
from Two Neutron 
Star–Black Hole Coalescences, 
LIGO/Virgo/KAGRA Collaborations
The Astrophysical Journal Letters, 
Volume 915, Number 1 (2021)
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Black-hole populations

Next data takings: 

~ hundreds of events in O4 
~ 103 events/year  for O5

The population of merging 
compact binaries inferred using 
gravitational waves through 
GWTC-3, LIGO/Virgo/KAGRA 
Collaborations, arXiv:2111.03634
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https://arxiv.org/abs/2111.03634


Tidal deformabilities 
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effectively point-particle
tidal effects

NS-NS 
merger
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BBH

credit:J.Read

Nuclear matter: GW for different equations 
of state 
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Tidal deformabilities Nuclear matter: GW for different equations 
of state 

credit:J.Read 114



Nuclear matter: Measurements of EoS 
equation of state

Tidal interactions between neutron-stars give their imprint in 
the gravitational-wave signal 

This allows to put constraints on the radii and EoS of the stars

Measurements of Neutron Star Radii 
and Equation of State, B. P. Abbott et 
al, Phys. Rev. Lett. 121, 161101 (2018)

Properties of the Binary Neutron Star 
Merger GW170817, B. P. Abbott et al., 
Phys. Rev. X 9, 011001 (2019)
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The future
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Ground based GW detectors: possible roadmap 

1
1
7

•A# 

•Virgo_nEXT

Decade 2030

•Cosmic Explorer 

•EinsteinTelescope

Current infrastructures New infrastructures



1
1
8

KAGRA 

Japanese "2.5" Generation 

detector
• Undeground 
• Cryogenic

3 km 
Kamioka mine



The period 2030-2035
New Virgo/LIGO upgrades under study

• 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

• Better coatings
• Higher laser powers
• Higher squeezing level 
• Reduce technical noises at low frequency
• Reduce Newtonian noise



Einstein Telescope 
a 3G detector

• An order of magnitude better 
than current detectors 

• Pushing down to ~ 2 Hz the 
observational bandwdith 
(compared to ~ 10-20 Hz today)
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Gain one order of magnitude 
in sensitivity
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Gain one order of magnitude 
in sensitivity
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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


Horizon for compact objects
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https://arxiv.org/pdf/1912.02622
ET science case

GW190521 
z = 0.8

https://arxiv.org/pdf/1912.02622


ET design 

126

• Underground (seismic noise reduction)
•  10- km long arms (signal increase)
• Triangle configuration à polarisation 
• « Xylophone » (two combined 

detectors)
• Cryogenics (20 K) (thermal noise 

reduction)

http://www.et-gw.eu/



Triangle shaped detector

• Start with a single 
(xylophone) detector

• Add a 2nd one to fully 
resolve polarization

• Add a 3rd one for null 
stream and redundancy   
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Widening the band at low 
frequency

• Low frequency limitation for GW detectors is given by the seismic noise and 
Newtonian noise à going underground

• Other benefits: less in-band noise (scattered light, etc...
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Atmospheric Newtonian Noise
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• Improving al low and high frequency with a single detector is very 
challenging
– HF requires more laser power
– LF requires cold mirrors

• Split the detection band over 2 “specialized” instruments 
instruments 
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Xylophone
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• 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

• R&D program needed

• Challenges in building a complex underground 
facilities 

The ET technologies and challenges 
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