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Coupling constants
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GW emission: very energetic events but almost no interaction

ü In SN collapse ˄ withstand 103 interactions before leaving the star, GW leave the core undisturbed
ü GW Decoupling after Big Bang
Ç GW ~ 10-43 s (T ~ 1019 GeV)
Ç n ~ 1 s (T ~ 1 MeV)
Ç e.m. ~ 1012 s (T ~ 0.2 eV)

Ideal information carrier
Universe transparent to GW all the way back to the Big Bang
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In General Relativity(GR) the relationshipbetweengravity, mass distributionand curvature of 
space-time isexpressedby the field equation

Ὃ Ὣ
ψ“Ὃ

ὧ
Ὕ Mass-energy distribution

(causesthe deformation)
Geometry
(effectof the deformation)

Matter tellsthe spacetimehowto curve, and curvedspacetellsto matterhowto move(J. Wheeler) 

Non-linear equations, solvableonly in case of particularsymmetry

In 1916 Einstein publishes an article on the «linearization» of the field equations

Ą Gravitational Waves
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In General Relativity(GR) the relationshipbetweengravity, mass distributionand curvature of 
space-time isexpressedby the field equation

Ὃ Ὣ
ψ“Ὃ

ὧ
Ὕ

Ὤ ḺρSmall perturbation

Flat metric
Imposingthis condition, equationsreduce to:

Planewavesolution

‐ Ą Polarization tensor

2 degrees of freedom in GR

+ polarization

 polarization
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GW amplitude
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The amplitude of gravitational waves is proportional to the quadrupole 

moment of the source masses through the constant G/c4 М ΫΪ-45 N-1

Ą Only astrophysical sources can produce 
detectable effects

Binary compact objects (BBH, BNS, BH-NS), 
pulsars, bursts, stochastic background

L

[Ω

ὒ ὒ ὒθ‏ Ὤὒ

▐  for GW produced by huge astrophysical sources

The distance  between two free-falling masses 
separated by ~km will change by ♯╛ m

/ƻƳǇŀǊŀōƭŜ ǘƻ ŀ ƘŀƛǊΩǎ-width change in the 
distance from the Sun to Alpha Centauri
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Use an interferometer as a transducer: convert displacements into optical signals
ὒθ‏ Ὤὒ

Suspended mirrors to reproduce the free-fall condition

GWs produce a differential variation of the 
arm lengths which is revealed at the 
antisymmetric port (ASY) of the 
interferometer

Interferometer working point: dark fringe 
condition (to be more sensitive to power 
variation due to a Gravitational Wave) Destructive 

interference

Michelson Interferometry to detect GW
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Enhance the signal
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Michelson Interferometry to detect GW‏ὒθ Ὤὒ
Credits to A. Allocca
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Enhance the signal
Michelson Interferometry to detect GW‏ὒθ Ὤὒ

Credits to A. Allocca
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For a good sensitivity: limit effects preventing the perfect destructive interference between 

recombining beams

Enhance the signal
Michelson Interferometry to detect GW‏ὒθ Ὤὒ

Credits to A. Allocca
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Current GW detectors
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Cascina (Pisa)

Virgo LIGO

KAGRA
2.5G detectors 
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GW detectors today
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üO1+O2+O3 = 90 events 

üO4 = 201 public alerts 
(as of March, 25 2025) 

üAll from the coalescence 
of compact binaries. 
Three events catalogs: 

üGWTC-1 (2018) 

üGWTC-2 (2020) 

üGWTC-3 (2023)
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GW detectors today
üCompact object binaries that merge within a Hubble time exist in the Universe; 

üIntermediate Mass Black Holes exist (GW190521); 

üNeutron stars and black holes span a mass range of ḗ м ҍ мллaἄ  

üThe spins of the compact objects in the binaries are small; 

üBinary neutron star mergers are the progenitors of some short gamma-ray bursts and an 
astrophysical site of heavy element nucleosynthesis (GW170817); 

üMultimessenger observation campaigns are feasible and are paramount to exploit GW 
events to their full science potential.

17
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Whatsnext?
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Z=0,45 (GW170729)

Z~2 (2G GWD)

3G ground-based detectors will be required to access the high redshift Universe

Z = 100 (3G GWD)

Second Generation GWD

Third Generation GWD

10-2

Total source-ŦǊŀƳŜ Ƴŀǎǎ ώa╒ϐ

Z

GW150914

GW151012

GW151226

GW170104

GW170608

GW170729

GW170809

GW170814

GW170817

GW170818

GW170823

100 101 102 103 104

10-1

100
GW190413_134308

GW200220 061928
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Towards the new generation era
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ET primary science target: low frequency

üOne of the primary science targets 
of ET is to access the 1-10Hz 
frequency range
ÇIntermediate mass black holes
VFill the gap between the stellar mass 

black holes (à la LIGO/Virgo) and the 
supermassive black holes (à la LISA)

ÇCosmology
Vhigh red-ǎƘƛŦǘ Ҧ ƭƻǿ ŦǊŜǉǳŜƴŎȅ
VPrimordial BH and the Dark Matter 

quest

ÇEarly warning in multimessenger 
astronomy with GW emitted by BNS

20

https://www.sr.bham.ac.uk/~cplb/GWplotter/
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²ƘŀǘΩǎ ǘƘŜ 9ƛƴǎǘŜƛƴ ¢ŜƭŜǎŎƻǇŜ ό9¢ύ

ü3rd generation GW observatory Sensitivity aims at least one order of 
magnitude better with respect to the nominal sensitivity of advanced 
detectors in all the detection frequency band

üPrecision measurement and a new discovery project. A wide frequency 
band observatory

üSpecial focus on massive (or intermediate mass) black holes. Extraordinary 
sensitivity at low frequency (few Hz) 

üHigh reliability. High observation duty cycle

üLifetime of several decades, (50 years in the ET proposal). Capable to host 
the evolution of the detectors, without limiting their sensitivity

22
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ET Design: key elements
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ÅWide frequency range
ÅMassive black holes (LF focus)
ÅLocalisation capability
Å (more) Uniform sky coverage
ÅPolarisation disentanglement
ÅHigh Reliability (high duty 

cycle)
ÅHigh SNR

ÅXylophone (multi-
interferometer) 
Design

ÅUnderground
ÅCryogenic
ÅTriangular shape
ÅMulti-detector design
ÅLonger arms

Requirements Design Specifications
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ETScience Case in a nutshell
ASTROPHYSICS

Å Black hole properties

Å origin (stellar vs. primordial)

Å evolution, demography

Å Neutron star properties

Å interior structure (QCD at ultra-high densities,
exotic states of matter)

Å demography

ÅMulti -band and -messenger astronomy

Å joint GW/EM observations (GRB, kilonova,...)

Åmultiband GW detection (LISA)

Å neutrinos

Å Detection of new astrophysical sources

Å core collapse supernovae

Å isolated neutron stars

Å stochastic background of astrophysical origin

FUNDAMENTAL PHYSICS AND COSMOLOGY

Å The  nature of compact object s

Å near-horizon physics

Å tests of no-hair theorem

Å exotic compact objects

Å Tests of  General Relativity

Å post-Newtonian expansion

Å strong field regime

Å Dark matter

Å primordial BHs
Å axion clouds, dark matter accreting on 

compact objects

Å Dark energy and modifications of gravity on 

cosmological scales

Å dark energy equation of state
Å modified GW propagation

Å Stochastic backgrounds of cosmological
origin

Å inflation, phase transitions, cosmic strings
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ETScience in a nutshell: 
double nature 
üET will be a new discovery machine:
ÇGW emitted by black hole, back to the dark 

ages after the Big Bang 
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400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion

Years after the Big Bang

ÅET will be a precision measurement 
observatory:
ÅET will detect, with high SNR, hundreds of 

thousands coalescences of binary systems of 
Neutron Stars per year, revealing the most 
intimate structure of the nuclear matter in their 
nuclei 

Credit: M.Branchesi
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ETScience in a nutshell: double nature 
üGW science targets are almost equally distributed in 

the frequency range accessible by terrestrial GW 
ŘŜǘŜŎǘƻǊǎ όōǳǘ ǘŜŎƘƴƛŎŀƭ ŘƛŦŦƛŎǳƭǘƛŜǎ ŀǊŜƴΩǘύ

üWe want to have access both to low and high 
frequency targets
Ç BBH up to z~50-100, 105 BBH/year, Masses ὓὝ ṏ 

103 ὓɸ
ÇBNS to z~2, 105 BNS/year,  Possibly O(10-100)/year with 

e.m. counterpart
ÇHigh SNR

ÅET will be a wide 
band observatory 
with a special focus 
on (intermediate) 
massive compact 
object: 
ÅLow frequency!
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Activities on three fronts
ü ETO (international project organisation)
ω tǊƻǾƛŘŜ project management and all engineering work.
ω 5ŜŎƛŘŜ ƻƴ governanceΣ ǘȅǇŜ ƻŦ ƭŜƎŀƭ Ŝƴǘƛǘȅ ŀƴŘ ŦƛƴŀƴŎƛŀƭ ŦǊŀƳŜǿƻǊƪǎΣ ΦΦΦ ω Engineering 
work and technical design of the research infrastructure. 

ü ET Collaboration (international) 
ÇDefine scientific vision and detector requirements. For example: science case for ET, 

which are the key characteristics of a good ET site. 
ÇResearch and development the technology required for ET. For example, silicon 

mirrors, cryogenic suspension systems, ... 

ü Local teams 
ÇSite characterisation with seismic and geological studies. 
ÇDeliver design and implementation plans that are unique to the region. 
ÇDevelop economic case and deliver socio-economic impact plan. 
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ET Collaboration

1822 Members 
93 Research Units
264 Institutions 
31 countries.

ET aŜƳōŜǊΨǎaffiliation map

Jun 12th 2025
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ET Italy
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ü~ 600 members of 81 institutions for 27 RU

ü Site Characterization

ü R&D enabling technologies

ü Science case
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Current Main Activities
üUpdating the ET science case ȹ or 2L

üDefine a feasible optical layout and the key elements of the ET 
detector 

üRealizing a European network of R&D infrastructures

üDeveloping the design of the ET governance, civil and technical 
infrastructures, evaluating their costs

üPreparing the bidbook  for the candidature of the sites

33
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ET science case: ɲ or (two) L
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ü Since 2011 (CDS, triangle configuration) the situation 
drastically changed:

Ç First detections, GTWC-о ŎŀǘŀƭƻƎ Ҧ .I ǇƻǇǳƭŀǘƛƻƴ Ҧ 
new evolution models;

Ç Science case developed;

Ç Know-how with advanced (L) detectors;

Ç International scenario (+ Cosmic Explorer in US);

Ç Two candidate sites strongly supported (and a potential 
ǘƘƛǊŘ ǎƛǘŜΧύΦ

ü  The Collaboration is analyzing both configurations: 
optimizing science return, differential risk assessment.

ü  First results on the science return published in Marica 
Branchesi et al JCAP07(2023)068:

ü A preliminary differential risk analysis, provided by a 
specific committee, shown that for integration, 
commissioning, data taking and upgrade activities, the L 
geometry has a lower risk level

The 2L 15 km geometry shows an improved science 
return in a relevant number of science targets, 
improving by factors 2-3 on the errors of relevant 
parameters
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ET Science Case
1. Fundamental Physics
2. Cosmology
3. Population studies
4. Multimessenger
5. Synergy with other GW detectors
6. Subatomic Physics
7. Stellar collapse and rotating NS
8. Waveforms
9. Tools
10.Data Analysis

35

https://arxiv.org/pdf/2503.12263 880 pages, >200 figures, > 4800 refs
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Challenging 
engineering
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ET TECHNOLOGY (MAIN) CHALLENGES
ÅThemulti-

interferometer 
approachasksfor two 
parallel technology 
developments

ÅET-LF
ÅUnderground

ÅCryogenics

ÅSilicon(Sapphire) test masses

ÅLargetest masses

ÅNewcoatings

ÅNewlaser wavelength

ÅSeismicsuspensions

ÅFrequencydependent 
squeezing

ÅET-HF
ÅHighpowerlaser

ÅLargetest masses

ÅNewcoatings

ÅThermal compensation

ÅFrequencydependent 
squeezing 32

New 
technologyin 
cryo-cooling

New 
technologyin 

optics

Newlaser 
technology

Highprecision 
mechanicsand 

low noise 
controls

Highquality
opto-

electronicsand 
newcontrols

Evolvedlaser 
technology

Evolved 
technologyin 

optics

Highly 
innovative 

adaptiveoptics

Highquality 
opto-

electronicsand
newcontrols
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Low frequency GW detection 
and ET Site Characterization
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ὓ ψυ ὓ , ὓ φφ ὓ  
at ᾀͯπȢψς (5.3Gpc)

Remnant ὓ ρτςὓ

GW190521

üVery special event:
ÇM1, a black hole 

that should not 
exist

ÇMf, the first 
IMBH ever seen

Where is the chirp?

Phys. Rev. Lett. 125, 101102 (2020)
Astrophys. J. Lett. 900, L13 (2020)

40

Why low frequency focus?

Michele Punturo

Credits to M. Punturo
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GW190521: LIGO-Virgo sensitivity to the BBH merger

üHigher masses 
correspond to 
lower frequency 
GW emission

41

(Top) Kip Thorne; (Bottom) B. P. Abbott et al.; 
adapted by APS/Carin Cain

Why low frequency focus? Credits to M. Punturo
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Focus at low frequencies
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üLF noise is given by 

ÇMicroseism motion 

ÇNewtonian noise 

ÇThermal noise 

ÇUpconversion of residual motion 
into the detection band 

ÇControl noise 

üNewtonian noise crossing: 

2 x 10-22 Hz-1/2 at 1.8 Hz (AdV: 3.2 Hz) 



Einstein Telescope

Focus at low frequencies
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üLF noise is given by 

ÇMicroseism motion 

ÇNewtonian noise 

ÇThermal noise 

ÇUpconversion of residual motion 
into the detection band 

ÇControl noise 

üNewtonian noise crossing: 

2 x 10-22 Hz-1/2 at 1.8 Hz (AdV: 3.2 Hz) 

SiteCharacterization coordinated in the framework of the ET 
Collaboration: Site Characterization Board (SCB).


