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Gravitational Waves

2015: the first detection of the 
GW emitted by the coalescence 
of a binary system of black holes

2017: the first detection of the 
GW emitted by the coalescence 
of a binary system of Neutron 

stars

New era: 
gravitational

wave
astronomy

New way to 
observethe 
Universe: 

Multimessenger 
astronomy

Black 
Hole 

physics

Test of GR 
and 

alternative 
theories of 

gravity
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nuclear
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the NS EOS

Alternative 
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the expansion
of the 

Universe

Black Hole 
population
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Monumental successes of 
the Advanced detectors

ÅFirst detection of GWs from a BBH system (GW150914)
ÅPhysics of BHs

ÅFirst detection of GWs from a BNS system (GW170817)
ÅBirth of the multimessengerastronomy with GWs
ÅCostrainingEOS of NS

ÅLocalisationcapabilities of a GW source

ÅMeasurement of the GW propagation speed

ÅTest of GR

ÅAlternative measurement of H0
ÅGW polarisations

ÅIntermediate mass black hole (GW190521, 
D²номмноψморполΣ Χ ύ
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What Next?
CǊƻƳ ǘƘŜ άTelescopiumέ ǘƻ 9ƛƴǎǘŜƛƴ ¢ŜƭŜǎŎƻǇŜ
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The ET science mission (main questions)
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Lǎ 9ƛƴǎǘŜƛƴΩǎ DŜƴŜǊŀƭ wŜƭŀǘƛǾƛǘȅ ǘƘŜ ǳƭǘƛƳŀǘŜ ǘƘŜƻǊȅ ƻŦ 
Gravitation?

Are the compact objects we are observing really GR Black 
Holes?

What is the nature of Dark Matter?  Are the PBH a DM 
component?

What is the nuclear physics of QCD matter at overcritical 
density?

What complementarities do we share in AstroparticlePhysics? 
(aka MultimessengerAstronomy)

What is Dark Energy? Can the cosmological propagation of the 
GW shade a light on the dark energy enigma?

How the supermassive black holes at the center of the galaxies 
formed? What is the role of the IMBH?



Explore the whole Universe 
with GW
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3G Target

Image credit: NAOJ/ALMA http://alma.mtk.nao.ac.jp/
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ET primary 
science 
target: low 
frequency

ÅOne of the primary science targets of ET is to 
access the 1-10Hz frequency range
ÅCosmology
Åhigh red-ǎƘƛŦǘ Ҧ ƭƻǿ ŦǊŜǉǳŜƴŎȅ

ÅPrimordial BH and the Dark Matter quest

ÅIntermediate mass black holes
ÅFill the gap between the stellar mass black holes (à la 

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

ÅEarly warning in multimessengerastronomy with 
GW emitted by BNS
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GW190521

Where is the chirp?
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Urgency of the low frequency?

Michele Punturo

GW231123

GW190521

GW231123

arXiv:2507.08219 [astro-ph.HE]
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ὓ ψυ ὓ , ὓ φφ ὓ
at ᾀͯπȢψς(5.3Gpc)

Remnant ὓ ρτςὓ

ὓ ρσχὓ , ὓ ρπσὓ
at ᾀͯπȢσω(07-4.1Gpc)

Remnant ὓ ςςυὓ



ET: a long path

ILIAS (FP6)
Networking activity
of future GW

ESF exploratoryworkshop 
in Perugia on 3G GW detectors

ET conceptual
design study(FP7) 

Idea

CDR

Enablingtechnologies(seeds)

ESFRI proposal

ET R&D 
fundedby ASPERA-2

ELiTES(FP7) Project 
(KAGRA-ET synergies)

ESFRI status

ET Collaboration formed

Michele Punturo
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ET Organization formed

ET Geometryoptimization studies

ET optical and detector 
design optimization

& ET Blue Book



The ET design principia

ÅThe whole ET observatory is designed to be 
compliant with the low frequency (2-50Hz) 
sensitivity
ÅLonger arm
ÅTo improve the wide band sensitivity

ÅUnderground
Åto minimize the impact of the seismic and Newtonian noises
ÅTo minimize the environmental disturbances (wind, human 

and industrial activities)

ÅXylophone (2 interferometers for ET detector):
ÅTo have an interferometer (ET-LF) designed for the low 

frequencies and one for the high frequencies (ET-HF)

ÅCryogenic:
ÅTo improve the performances of ET-LF

ÅRenouncing to the low frequency characteristics is 
missing the soul of ET
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Optimizethe ET Geometry
ÅIn the ET CDR the reference geometry of ET was triangular:
ÅIt is the design that minimize the number of tunnels and caverns
ÅIn 2011 was quite optimistic to think to have more than one country, in Europe, willing to host 

the ET infrastructure
ÅIn theory, this geometry allow to use the so-ŎŀƭƭŜŘ άbǳƭƭ ǎǘǊŜŀƳέ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ŦŀƭǎŜ ŀƭŀǊƳ ǊŀǘŜ

ÅIn a decade, the whole scenario is changed
ÅGW detection shown the cruciality of the source localization in multi-messenger astronomy 
ÅGW research is the most attractive fundamental physics and astrophysics research field
Å9ǳǊƻǇŜŀƴ ŎƻǳƴǘǊƛŜǎ ŀǊŜ ŎƻƳǇŜǘƛƴƎ ǘƻ Ƙƻǎǘ 9¢Σ Χ ŀƴŘ /9 ƛǎ ƴƻǿ ŀǇǇǊƻŀŎƘƛƴƎ 9¢
Å¢ƘŜ Ŏƻǎǘ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǘƘŜ ŦǳƴŘƛƴƎ ŀǊŎƘƛǘŜŎǘǳǊŜ ŀǊŜ ōȅ ŦŀǊ ƳƻǊŜ ŎƻƳǇƭŜȄ ŀƴŘ άƴƻƴ-ƭƛƴŜŀǊέ ǿƛǘƘ 

respect to the 2011 evaluations 

ÅFor these reason both at the level of the agencies (for example in the ESFRI 
proposal preparation and in ETO) and at the scientific collaboration level, we 
decided to compare different geometries:
ÅThe final possible configurations of ET are a triangle of 10km of side and a 2L-45° 15km arm.
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ET (refined) science case

ÅThe ET collaborationpublished(now in JCAP) a complete description
of the ET science in the two geometries:
Å«The Science of the Einstein Telescope», Adrian Abacet al, arXiv:2503.12263 

[gr-qc]

ÅMore than 800 pages, with all the ET science objectivesin Fundamental
Physics, Cosmologyand Astrophysics

ÅFewselectedƛǘŜƳǎ Χ
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ETScience in a nutshell
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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

Å Multi-band and -messenger astronomy

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

Å multiband 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 objects

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

Åmodified GW propagation

Å Stochastic backgrounds of cosmological

origin

Å inflation, phase transitions, cosmic strings
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ETScience in a nutshell
ÅET will explore almost the entire Universe listening the gravitational 

waves emitted by black hole, back to the dark ages after the Big 
Bang 

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 
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Credit: M.Branchesi

O(105) mergers/year
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GW Science with ET

ExtremeGravityconditions

ÅIn GR,no-hair theorem predictsthat
BHsare describedonly by their mass
andspin(andcharge)
ÅHowever, when a BH is perturbed, it

reacts(in GR)in a very specificmanner,
relaxing to its stationary configuration
by oscillating in a superpositions of
quasi-normal (QN) modes, which are
dampedby the emissionof GWs.

ÅA BH,a pure space-time configuration,
reactslike an elasticbodyҦTestingthe
άŜƭŀǎǘƛŎƛǘȅέof the space-time fabric

ÅExotic compact bodies could have a
different QNemissionandhaveechoes.

PrimordialBlackHoles

ÅET(and CE)will detect BH well beyond
the SFRpeakᾀ~2
Åcomparingthe redshift dependenceof the

BH-BH merger rate with the cosmic star
formation rate to disentangle the
contribution of BHs of stellar origin from
that of possibleBHsof primordialorigin: any
BBH merger at z>30 will be of primordial
origin.



Structure of a 
Neutron Star

Michele Punturo
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Stephen Fairhurst
ET meeting 27-28 March 2017
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GW Science with ET

ÅNeutron stars are an extreme
laboratory for nuclearphysics
ÅThe external crust is a CoulombCrystalof

progressivelymoreneutron-reachnuclei.
ÅThe core is a Fermi liquid of uniform

neutron-rich matter όά9ȄƻǘƛŎǇƘŀǎŜǎέΚ
Quark-Gluonplasma?)

ÅTidal deformation from
the dephasingin the GW
signal Ҧ constrain the
EOSof the NS.

ÅEM information Ҧ more
stringentconstrain.

ÅEOSdescribesthe status
of the matter in the over-
criticalpressurecondition.



Low frequency: Multi-messenger astronomy
ÅIf we are able to cumulate enough SNR before the merging phase, we can trigger 

e.m.observations before the emission of photons

ÅKeyword: low frequency sensitivity:
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Challenging 
engineering

ET Enabling Technologies

ÅThe multi-
interferometer 
approach asks for two 
parallel technology 
developments: 

Michele Punturo 21

ÅET-LF:
ÅUnderground

ÅCryogenics

ÅSilicon (Sapphire) test masses

ÅLarge test masses

ÅNew coatings

ÅNew laser wavelength 

ÅSeismic suspensions

ÅFrequency dependent 
squeezing

ÅET-HF:
ÅHigh power laser

ÅLarge test masses

ÅNew coatings

ÅThermal compensation

ÅFrequency dependent 
squeezing

New 
technology in 
cryo-cooling

New 
technology in 

optics

New laser 
technology

High precision 
mechanics and 

low noise 
controls

High quality 
opto-

electronics and 
new controls

Evolved laser 
technology

Evolved 
technology in 

optics

Highly 
innovative 

adaptive optics

High quality 
opto-

electronics and 
new controls

ÅET aims to improve the sensitivity by a factor 
10 with respect current detectors (a factor 105

at low frequency!)

ÅPart of this improvement is achieved 
increasing the arm length

ÅThe remaining part must be realized selecting 
a very low noise site (low frequency) and a 
huge technology development



Challenges in the ET civil 
infrastructure 

ÅET will be one of the largest underground infrastructures in the world:

ÅAbout 4-5 Millions of cubic meters of rock to be excavated

ÅMore than 30km of tunnels deeper than -200m

ÅLarge experimental halls

ÅTens of cranes to be designed and realized

ÅTens of clean rooms for optical manipulation to be realized

ÅTechnical services:

ÅPower plants

ÅCryogenic plants

ÅVentilation systems and HVAC

ÅElevators
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Å ETO, with the CERN advice, should definethe requirements
Å National host teams must customizethe design in the proposedsites
Å In Italy, a contractwithin the ETIC - PNRR project with a consortium 

of world leadingcompanies delivereda pre-feasibilitydesign of 
suchlarge infrastructurein 2025



The largestvacuum system in the World
ÅET will have the largest UHV system in the world:
ÅMore than 120km of vacuum pipes
Å~1 m diameter, total volume 9.4Ҏ104 m3

Å5×10-11 mbar for H2, 5×10-12 mbar for N2 10-11 for H2O and less than 10-14 mbar for Hydrocarbons
ÅCERN had a contract with ET to develop the design of the ET vacuum pipe system:
ÅET-0005A-25 ςVacuum pipe design - https://apps.et-gw.eu/tds/ql/?c=17732
Å40 m prototype under realization at CERN, funded by INFN and Nikhef

ÅAbout 10.000 modules 12m long, 1m diameter to be realized, thermally treated, cleaned, 
transported, mounted and evacuated
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Å128/129 vacuum/in air towers to be 
realized, transported, mounted

ÅEven the logistic is a challenge!

https://apps.et-gw.eu/tds/ql/?c=17732
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Challenges in 
Cryo-cooling

Michele Punturo 25

ET operative temperature ~10K

Key issues

ωAcoustic and vibration noises

ωLaser absorption and heat extraction

ωCleanliness and contamination

ωCooling time (large masses, 
ŎƻƳƳƛǎǎƛƻƴƛƴƎ ǘƛƳŜΣ Χύ

ωInfrastructures

ωTechnology (cryo-fluids or cryo-coolers)

ωMaterials

ωSafety



Low frequency focus
ÅLow noise site

ÅUnderground infrastructure

Å12-17m tall seismic filtering suspensions

ÅLarge impact on cavern engineering and costs

ÅR&D in active-passive filtering systems and 
seismic sensors

ÅFacilities realized in Europe to develop the ET 
filtering system
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New Optics
ÅSubstratesChallenge: 
ÅSubstrate (ET-HF silica / ET-LF silicon) of 200 kg-ǎŎŀƭŜΣ ŘƛŀƳҗпрŎƳΣ ǿƛǘƘ ǊŜǉǳƛǊŜŘ 

purity and optical homogeneity/abs. 
ÅSilicon Challenge:
ÅCzochralski(CZ) method produced test masses could have the required size, but show 

absorption excesses due to the (crucible) contaminants 
ÅFloat Zone (FZ) produced samples show the required purity, but of reduced size (20cm wrt
җпрŎƳ ǊŜǉǳƛǊŜŘύ
ÅMagnetic Czochralski(mCZ) could be the possible solution?

ÅCoating Challenge:
Åmajor challenge over recent years: 
ÅAmorphous dielectric coating solutions often either satisfy thermal noise requirement (3.2 

times better than the current coatings) or optical performance requirement (less than 
0.5ppm) ςnot both
ÅAlGaAsCrystalline coatings could satisfy ET-LF requirements, but currently limited to 

200mm diameter.
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Credits: A.Freise



Scientific Sustainabilityof ET

ÅET isa research infrastructurethat should be ableto produce competitive 
data for about 50 years
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ÅWhat will be the evolutionary path of ET 
in its life? 

First yearsof Virgo

Infrastructure limits to the evolution of the Virgo layout (stable filter cavity 
design) are preventing the sensitivity evolution of Virgo
After 20 years, Virgo Data risks to be no more useful for GW science! Heavy 
civil works on the infrastructure are needed



Scientific Sustainability of ET

ÅHow to minimize this risk in ET in a 50 years time interval?
ÅGeometry:
ÅMost performant geometyin terms of science reach potential (2L vs Triangle)

ÅLenghtof the arms (longer is better)

ÅSize of the caverns (larger is better)

ÅSite quality
ÅSeismic and environmental noise

ÅLow noise structural solutions
ÅDewatering, powering, ventilation and temperature stabilization

ÅSite preservation
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