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Masses in the Stellar Graveyard
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Monumental successes of
the Advanced detectors

A First detection of GWs from a BBH system (GW150914
A Physics of BHs

A First detection of GWs from a BNS system (GW170817
A Birth of themultimessengerstronomy with GWs
A CostrainingeOS of NS

A Localisatiorcapabilities of a GW source

A Measurement of the GW propagation speed
A Test of GR

A Alternative measurement of H

A GWpolarisations

A Intermediate mass black hole (GW190521,
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The ET science mission (maiestions

La 9AYauSAyQa DSYSNIt wStloAgAGe
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
densitv?

What complementarities do we share AstroparticlePhysics?
(akaMultimessenne,idctrannmy/)

What is Dark Energy? Can the cosmological propagation of the
GW shade a quht on the dark enerm: nninman

How the supermassive black holes at the center of the galaxies
formed? What is the role of the IMBH?
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AOne of the primary science targets of ET is to
access the 110Hz frequency range

ET primary AcCosmology -
: Ahighreda KATG I 26 FTNBIljdzSyOe
SCIeﬂCe A Primordial BH and the Dark Matter quest

AIntermediate mass black holes

A Fill the gap between the stellar mass black holes (a la
LIGO/Virgo) and the supermassive black holes (a la

LISA)
AEarly warning imultimessengeastronomy with '

GW emitted by BNS

o

C 9

target: low
frequency




Urgency of the low frequency?
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The ET design principia

AThe whole ET observatory is designed to be
compliant with the low frequency (30Hz)
sensitivity -

ALonger arm
A To improve the wide band sensitivity
AUnderground . M““

A to minimize the impact of the seismic and Nevvtonlan noises

A To minimize the environmental disturbances (wind, human
and industrial activities)

mmee]

AXylophone (2 interferometers for ET detector): : (=== 1064 nm beam
A To have an interferometer (EIF) designed for the low | 0 ey
frequencies and one for the high frequencies-HH) bk 0 silicon opticsp
A Cryogenic: 3 S J
A To improve the performances of £F &=-1-¥

ARenouncing to the low frequency characteristics is
missing the soul of ET

X
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Optimizethe ETGeometry

Aln the ET CDR the reference geometry of ET was triangular:
At is the design that minimize the number of tunnels and caverns

Aln 2011 was quite optimistic to think to have more than one country, in Europe, willing to hc
the ET infrastructure

An theory, this geometry allowtouse the-6bl f f SR dabdzE f &GNBF YE

Aln a decade, the whole scenario is changed
A GW detection shown the cruciality of the source localization in Amuétssenger astronomy
A GW research is the most attractive fundamental physics and astrophysics research field
A9 dzNRB LISFY O2dzyUNASa FFNB O2YLISUGAYy3 (02 Kz2al
ACKS O2a0 &ai0NHMz2OU0dzNBE FyR (UKS Tdzy RAY 3 A yNI-KN
respect to the 2011 evaluations

AFor these reason both at the level of the al%:;enci_es (for example in the ESFRI
proposal preparation and in ETO) and at the scientific collaboration level, we
decided to compare different geometries:

A The final possible configurations of ET are a triangle of 10km of side anéB5a PEkm arm.

m ; V /), EINSTEIN

TELESCOPE
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ET (efined) science case

AThe ETollaborationpublished(nowin JCAP) a completiscription
of the ET science In the/o geometries
A «The Science of the Einstein Telesoap&drianAbacet al, arXiv:2503.12263
[9r-qc]
AMore than 800 pages, with all the ET sciemigectivesin Fundamental
PhysicsCosmologynd Astrophysics

AFewselectedh 1 SYa X



ETScience in a nutshell

ASTROPHYSICS

A Black hole properties
A origin (stellar vs. primordial)
A evolution, demography

A Neutron star properties
A interior structure (QCD at ultra-high densities,
exotic states of matter)
A demography

A Multi-band and -messenger astronomy
A joint GW/EM observations (GRB, kilonova,...)
A multiband GW detection (LISA)
A neutrinos

A Detection of new astrophysical sources
A core collapse supernovae
A isolated neutron stars
A stochastic background of astrophysical origin

FUNDAMENTAL PHYSICS AND COSMOLOGY

A The nature of compact objects
A near-horizon physics
A tests of no-hair theorem
A exotic compact objects

A Tests of General Relativity
A post-Newtonian expansion
A strong field regime

A Dark matter
A primordial BHs
A axion clouds, dark matter accreting on
compact objects

A Dark energy and modifications of gravity on
cosmological scales
A dark energy equation of state
A modified GW propagation
A Stochastic backgrounds of cosmological
origin
A inflation, phase transitions, cosmic strings




ETScience Iin a nutshell

A ET will explore almost the entire Universe listening the gravitational
\évaves emitted by black hole, back to the dark ages after the Big
ang

A ET will detect, with hi%h 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” o
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ET &= GW Science with ET

ExtremeGravity conditions Primordial BlackHoles

Aln GR,no-hair theorem predictsthat ~ AET(and CE)will detect BH well beyond

BHsare describedonly by their mass the SFRpeako~2
andspin(andcharge) A comparingthe redshift dependenceof the

BHBH merger rate with the cosmic star

AHowever, when a BH is perturbed, it formation rate to disentangle the
reacts(in GR)in a very specificmanner, contribution of BHs of stellar origin from
relaxing to its stationary configuration that of possibleBHsof primordial origin: any
by oscillating in- a superpositions of BBHmerger at z>30 will be of primordial

guastnormal (QN) modes, which _are origin.

dampedby the emissionof GWs

A A BH, a pure spacetime configuration,
reactslike an elasticbody ' Testingthe
a St | aalthe@padetnse fabric

A Exotic compact bodies could have a _
different QNemissionandhaveechoes ) 10 20 30 40 50 60




Tidal deformation Merger

ET asr Q"?z:;:::rla\ s Structure of a
” | Neutron Star

TE LE E ORE

StephenFairhurst
ET meeting 228 March 2017
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GW Science with ET 1

ANeutron stars are an extreme
laboratory for nuclearphysics

Temperature (billion Kelvin)

2000

1‘ Early universe
= Quark-gluon plasma
Heavy ion
| Q"e,.
collisions ‘f‘s
quark-hadron transition
= °e7
% 0,
o
s Dense quark
matter
Nuclear
experiments Neutron star mergers
1 Color super-
=~ conductor
L, ._“ Neut:ron stars, . .__“_|_>
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Density (g/cm3)
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A The external crust is a Coulomb Crystal of
progressivelynore neutron-reachnuclet

A The core is a Fermi liquid of uniform _
neutronrich matter 0 a 9 EZAJKA @ Sa € K
QuarkGluonplasma?)

104 ~12

~11.5

A Tidal deformation from ._
the dephasingin the GW #°0"
signal 'h constrain the
EOSfthe NS

A EM information M more
stringentconstrain

A EOSdescribesthe status
of the matter in the over-
critical pressurecondition

Inner Crust:

nuclei, electrons, neutrons

Outer Core:

neutrons, protons,
electrons, muons

Quark-hadron

transition ~3



AKeyword: low frequency sensitivity:

| H p—

Low frequency: Mukimessenger astronomn

Alf we are able to cumulate enough SNR before the merging phase, we can triggel
e.m.observations before the emission of photons

awisog1a |11
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— ET Enabling Technologies ET &S

engineering A ET aims to improve the sensitivity by a factor

10 with respect current detectors (a factor®10 i
New at low frequency!) Ai-l;lrt]eerfrgrli)lﬂleter
technology In A Part of this improvement is achieved
cryo-cooling increasing the arm length approach asks for two

New A The remaining part must be realized selecting garalllel teCh?O_IOgy
technoloav in a very low noise site (low frequency) and a evelopments: Evolved laser
opt'cs?y ' ugetechnology development technology
I \

FLE

New laser A Underground Evolved
technology A Cryogenics technology in

. - A Silicon ¢ ) test masses
High precision
mechanics and 2 Large test masses RETHE ™
: i ighly
0 IR New coatings A High power laser innovative
controls A New laser wavelength

o . A Large test masse
High quality A Seismic suspensions j_

A New coatings
A Frequency dependent ATh I "
squeezing ermal compensatic

new controls A Frequency dependent

Michele PuniuogquUeezing new controls
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Challenges in the ET civil
Infrastructure

A ET will be one of the largest underground infrastructures in the world:
A About 45 Millions of cubic meters of rock to be excavated
A More than 30km of tunnels deeper thaB00m
A Large experimental halls
A Tens of cranes to be designed and realized
A Tens of clean rooms for optical manipulation to be realized
A Technical services:
A Power plants
A Cryogenic plants
A Ventilation systems and HVAC

ET LF: central beam splitter and input output optics

A ETO, with the CERMNlvice shoulddefinethe requirements

A Hevators A Nationalhostteams mustustomizethe design in thesroposedsites
A In ltaly, acontractwithin the ETIG PNRR project with a consortium
E I : of world leadingcompaniegdelivereda pre-feasibilitydesign of

Einstein Telescope suchlargeinfrastructurein 2025 =
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Thelargestvacuum system in the Worl

AET will have the largest UHV system in the world:

A More than 120km of vacuum pipes
A ~1 m diameter, total volume 9RLO* m3

A 5x10 mbar for H, 5x102mbar for N 10 for H,0 and less than 1@ mbar for Hydrocarbons

o

A CERN had a contract with ET to develop the design of the ET vacuum pipe system:

A ET0005A25 ¢ Vacuum pipe designhttps://apps.etgw.eu/tds/ql/?2c=17732

A 40 m prototype under realization at CERN, funded by INFNN#itbf

A About 10.000 modules 12m long, 1m diameter to be realized, thermally treated, cleaned,

transported, mounted and evacuated

A 128/129 vacuum/in air towers to be
realized, transported, mounted

A Even the logistic is a challenge!

iﬁ __J ‘w ‘3]
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High-level Suspension System design considerations summarized per Residual Motion category in Supporting document
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https://apps.et-gw.eu/tds/ql/?c=17732

Major R&D Facilities in ET (incomplete)

s and Compact Laser Interferometry
]

‘Glasgow OmniSense at Nikhef

Etpathfinder in Maastricht

Hambur
interrey Ml e Main target ‘ > g
provice & wsibed for ET techng .
concepls and qualy them in lov Studies of vibean
2 FPMI inmartercaveteny: envronment
31
2) 9 Hann r
‘Amsterdam ‘ SRRONS
On solid ground
Maastricht Gorlitz V]

‘Lou‘\vam

E-TEST : Einstein Telescope EMR Site and Technology
1= r— E-TEST objectives > -
Test facility for experimental investigations of the
Radative cooing He-ll based ET-LF payload cooling concept

w20 beam
+ Magratron

, an incomplete selection of

ium

From the XIIl ET sympos
thepresented large facilities

Goals
* Test the Smies of active seissic isctution in an urderpround emvrcnment [ |
T s Interpl J 0 rol
e la Sismologia b3 ’
New et

Extving LMA e * Tent rww inertisl semanns
[T —

Extesson

SAR-GRAV Laboratory _%_ ¥st iss i <
. Fasliy dedicated 1o ¢n - <
ET activtios 35 well a5 Emimt-Veiuny fot utuae st Sutr pery - (L MEET devalcpmant for £1 o —
et s 3 e w3 ;

antid Phiysics
e =

activities

Cavemn that should host the
Archimedes exgeriment

=

See Mondey tak
By {1zoce Majorana

See Monday tak
by Ennco Catand

Google Earth



* Challenges In
Cryacooling

[ Einstein |
Telescope-‘- <
S—

ET operative temperature ~10K

Key issues

wAcoustic and vibration noises
wLaser absorption and heat extractio
wCleanliness and contamination

wCooling time (large masses,
O2YYAaaAzZyAy3d

ET-LF TM tower and cryostat layout

a Toyvr !ayout KpGRATn Gt} ® Conceptual cryostat Iayout Cryostat

Room Temperature
- vacuum chamber
D |+ 60 K shield (OTS)

§ + 8 Kshield (ITS)

E I 1ITALY \ :

Einstein Telescope

Soft AlI6N
heatllnks

wlinfrastructures _
wTechnology (crydluids or cryecoolers) (F, A, M1, AC
wMaterials -l
wS afety (sapphire) suspensions

designs by A. Marra,
F. Bronzini, V.L. Hoang, A. Rezaei

Michele Punturo Amaﬂcd]ﬁ R@S@am@[h) Center in Rome




Low frequency focus

ALow noise site

AUnderground infrastructure ’ M

- Samuk, (o

GemintLNGStaly

PLANET, INFINA, Italy

A12-17m tall seismic filtering suspensions
ALarge impact on cavern engineering and cos

AR&D in activepassive filtering systems and
seismic sensors

AFacilities realized in Europe to develop
filtering system

13050

200

Vrije Universiteit
Amsterdam, NL




Credits:A.Freise Absorption of “best 45 cm” MCZ Si: 1.5um

Stanford/Glasgow/Berkeley/Caltech 2019

60 L WO
50 8952PT, 1.5 um
T 40
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NewOptics

ASubstrateChallenge: ™eea 41, S _ Nikon 510, e \
ASubstrate (E-HF silica / ELF silicon) of 200kg O £ ST RALF Yxn p C
purity and optical homogeneity/abs.

ASilicon Challenge:
A CzochralskiCZ) method produced test masses could have the required size, but show
absorption excesses due to the (crucible) contaminants
A Float Zgne (Fﬁ? ﬁ)roduced samples show the required purity, but of reduced sizewWB0cm
XnpoY j dzZA NB R UL

A MagneticCzochralskimCZ could be the possible solution?

ACoating Challenge:

Amajor challenge over recent years:

A Amorphous dielectric coating solutions often either satisfy thermal noise requirement (C
times better than the current coating®) optical performance requirement (less than
0.5ppm)¢ not both

A AlGaA<rystalline coatings could satisfy-EFR requirements, but currently limited to
200mm diameter.

Michele Punturo 27



ScientificSustainabilitpf ET B

AETis a researchnfrastructurethat should beableto produce competitive
data for about 50years

¥ 10UE Firstyearsof Virgo i

AWhat will be the evolutionary path of ET &.F | |

. . . .ﬁ E C7 Sep 2005
In its life? § 10 g e L T | e
) - VSR2 October 2009

LIGO-T2300411 10" B '\\1“ : e —— Virgos dosign

=+ 01, BNS range: 68 Mpc
==+ 02, BNS range: 94 Mpc
== 03, BNS range: 128 Mpc
0O4a, BNS range: 155 Mpc
me Aplus (+20% TechN of 04), BNS range: 324 Mpc

s \/irgo 04, BNS range: 52 Mpc
=== \/irgo O5 target (high), BNS range: 106 Mpc
— Virgo 05 target (low), BNS range: 160 Mpc C1 & C2: single arm ; C3 & C4: recombined ; C5 & after: recycled | Frequency [Hz]

Virgo nEXT target, BNS range: 498 Mpc

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

AHow to minimize this risk in ET in a 50 years time interval?

AGeometry:
A Most performantgeometyin terms of science reach potential (2L vs Triangle)
A Lenghtof the arms (longer is better)
A Size of the caverns (larger is better)
A Site quality
A Seismic and environmental noise

A Low noise structural solutions
A Dewatering, powering, ventilation and temperature stabilization
A Site preservation



