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100 years after their prediction as
part of Einstein's theory of general
relativity, the discovery of
gravitational waves opens a new
way to explore and study the
Universe!

Nobel Prize in Physics 2017

r' /«
2017 NOBEL PRIZE IN PHYSICS
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Black hole 15M,

Neutron star 1.4 Mg
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@ David Ball, University of Arizona: http://bhpire.arizona.edu/research/tools/black-hole-photo-filter/
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SOLAR SYSTEM

. @ A. Z. Colvin

INTERSTELLAR NEIGHBORHOOD

LOCAL SUPERCLUSTERS
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93 BILLION LIGHT YEARS, 100

28 BILLION PARSECS Redshift

»

vl 25 GW150914 \ ‘
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= EE
Telescope

@ A. Z. Colvin

Einstein Telescope aims to study

OBSERVARBLE most of the observable Universe

UNNERSE LIMIT



Institut national de physique nucléaire Cﬂ r{:
D

G W ) p e Ct rum et de physique des particules

Physical phenomenon, Search techniques

Wave period

age of the -
. years hours seconds milliseconds
Universe | | I | | | |

| 1 T T T 1 |
Big Bang (quantum fluctuations in early Universe)
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Supermassive Black Hole Binary Merger

Compact Binary Inspirgl and Merger
T 1
Extreme Mass- Pulsars,
Ratio Inspirals Supernovae
€ > € 3
CmB Radio pulsar Space-based Terrestrial
polarization timing arrays interferometers |interferometefs
| >
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The LIGO-Virgo-KAGRA (LVK) network  Simiasiaiser cirs

LIGO Hanford

LIGO Livingston
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““future upgrades for decades

limiting'obServing capabilities

ensif i’vity at least 10 times better than

urrent (nominal) detectors over a large

part of the frequency band

A dramatic improvement in sensitivity

in the low frequency range (a few Hz to

10 Hz)

* High reliability and improved
observation capability

Profondeur:
200m
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ASTROPHYSICS FUNDAMENTAL PHYSICS AND COSMOLOGY
Black hole properties The nature of compact objects

origin (stellar vs. primordial) near-horizon physics, tests of no-hair theorem

evolution, demography exotic compact objects, phase transition in dense matter
Neutron star properties Tests of General Relativity

interior structure, equation of state & properties post-Newtonian expansion, strong field regime

of dense matter, demography
Dark matter

Multi-band and -messenger astronomy primordial BHs
joint GW/EM observations (GRB, kilonova,...) axions, dark matter accreting on compact objects
multiband GW detection (LISA)
neutrinos Dark energy and modifications of gravity on cosmological
scales
Detection of new astrophysical sources dark energy equation of state,
core collapse supernovae modified GW propagation
isolated neutron stars (Radio, X, g and GW, FRB, ...)
stochastic background of astrophysical origin Stochastic backgrounds of cosmological origin inflation,

phase transitions, cosmic strings

The “unexpected” ? .
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BINARY NEUTRON-STAR MERGERS BINARY BLACK-HOLE MERGERS
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Redshift of detected signals

10*

e 10°-10° BBH detections per year g
e 10%10° BNS detections per year among ~
which ~10-100 with EM counterparts : | " N g:

+ High SNR events
e Overlapping events

== aLLIGO
== ET
== CE

s i i
1 10 100 1000
Total source-frame mass [M]

~1 detection every 30s
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. h ET detections
*  BNS detection with EM counterparts and localization precision me ET, <1000deg”2
2 103 ™ ET, <100deg”2
< 20 deg? : 0(10-100) per year W ET, <20deg~2
*  Overlap with many BBH signals 2
. . & 107
*  Potentially, very long signals s
*  ET will be able to provide alerts few hours before the merger 5
101_
Inspi:al I I Merger Ringl- 100 +— T
down 0.0 0.1 0.2 0.3 0.4 0.5
Identlfy ea rly the Redshift of detected signals
inspiral eee o and prOVIde alert 005 g — Jo?z‘n BBH+GW170817 Counterpart
|_—before the merger phase g St
0.04 1 ! = Prior (Uniform)
— i Planck
= i —— SHOES
Z 0.03- i i
yi i i
-1.0 — Numerical relativity 7 ,.E E EE
-‘-Reconstructed (template) | l : 0.02 i ii
= i i
Y N
LK T O L
*  And with ~500 BNS-EM detection, we can reach Planck - , | i ,
I t H t 20 40 60 80 100 120 140
resolution on H, measuremen Ho (km 5! Mpe-)
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2000 ESF exploratory workshop in Perugia on 3G GW detectors

/ http://esf-gw.pg.infn.it/

ELITES (FP7) Project
(KAGRA-ET synergies)

* X %
* *

o |LIAS (FP6)

S Networking activity
of future GW

/

* x

*

ET conceptual
design study (FP7)

* X %
* *
* *
* *

* 5 *

ded by ASPERA-2
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The geneSiS Of the Einstein Telescope Institut national de physique nucléaire Can
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ET Steering Committee Editorial Team
released September 2020




Underground infrastructure

Xylophone: 2 sensitive interferometers
at different frequencies

Triangle configuration to
have 3 detectors in the
same infrastructure

X
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Laser
1550nm  SRM

Laser
1064nm  SRM

N\

11

=]
IDI Squeezer

room temperature

L
Optical element, Optical element,
n Fused Silica, Silicon,

cryogenic

~

Laser beam 1550nm
Laser beam 1064nm

--- squeezed light beam Y

ﬁ-" 1064 nm beam

= 1550 nm beam
[] fused silica optics
[ silicon optics

Parameter ET-HF ET-LF

Arm length 10km 10km

Input power (after IMC) 500 W 3W

Arm power 3IMW 18 kW
Temperature 290K 10-20K

Mirror material fused silica silicon

Mirror diameter / thickness ~ 62cm/ 30 cm 45cm/ 57 cm
Mirror masses 200kg 211kg

Laser wavelength 1064 nm 1550 nm
SR-phase (rad) tuned (0.0) detuned (0.6)

SR transmittance 10 % 20 %

Quantum noise suppression  freq. dep. squeez. freq. dep. squeez.
Filter cavities %300 m 2x1.0km
Squeezing level 10dB (effective)  10dB (effective)
Beam shape TEMgg TEMgo

Beam radius 12.0cm 9cm

Scatter loss per surface 37 ppm 37 ppm

Seismic isolation SA, 8 m tall mod SA, 17 m tall
Seismic (for f > 1 Hz) 5.10710m/ 2 5.107"0my/ 2
Gravity gradient subtraction none

factor of a few
15
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Clia [ The multi-interferometer approach asks for
engineering
two parallel technology developments: Evolved laser
technology
New technology . . .
in cryo-cooling ET-LF: ET-HF: Evolved
* Underground * High power laser technology in

optics

Highly innovative
adaptive optics

* Cryogenics * Large test masses
* Silicon (Sapphire) test masses * New coatings
in optics
* Large test masses * Thermal compensation
New laser * New coatings * Frequency dependent
technology * New laser wavelength squeezing

— * Seismic suspensions
igh precision High quality opto-

mechanics and * Frequency dependent electronics and
low noise controls squeezing new controls

High quality opto-
electronics and
new controls

17
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e Extrapolation of current or planned
technologies for Virgo and LIGO

Superattenuator Payload

oy | \./ )| Interface to
steering filter

— Squeezing (quantum states of light) | e S
w _— Rl | ‘,1
— High power lasers way = i > sctation

— Bigger mirrors
— New thin films for mirrors o o | .

— Thermal compensation techniques
— Seismic suspension systems

* Technologies not tested in Virgo and LIGO
(prototypes and/or R&D in progress)

— Cryogenics ( => KAGRA)
— New cryogenic materials
— New laser wavelengths

EGO/Virgo Laser Lab

= Implementation of R&D programs




Vacuum pipe system

Vacuum systems planned for 3G detectors are likely to
be the largest UHV systems built

*  The beam tube is its most important component
(~1/2 of the cost of the system)

. 120 km of UHV tubes of 1 m diameter, total volume
~10° m3

*  Vacuum requirements: factor > 5 stricter than Virgo:

* 10 mbar for H2

* 10! mbar for N2

* <10 mbar for hydrocarbons

*  Lifespan: 50 years

*  Preliminary estimated cost ~560 M€

Joint development with CERN involving Einstein
Telescope and Cosmic Explorer (US Project)

Institut national de physique nucléaire
et de physique des particules

CNrs
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1370 collaborators from 202 institutes in
23 countries worldwide

,,,,,,,,

nnnnnn

Birth of the ET Collaboration
in June 2022 in Budapest

20
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ET Observatory ET Collaboration

(future legal entitv) 1250 members
The EU supports the == spokeperson: M. Punturo ot

creation of the ET ESFRI Board of Gavernment . Deputy: H.Lick <@==p Collaboration
. f coordinators Representatives PrOJects Eon
infrastructure (ETO)

through the financing S. Bentvelsen BSR Infradev ET-PP 80 Research Units

R Executive
A. Zoccoli Board of Scientific ;
of an Infradev Occoll Renieniathne Implementation B e
L]

lan of ET :

project: | P « Service& =
L
-

Observato e
M M i Stences Gowd S
Project Directorate 3 AR R R R R R R R R R R

Einstein Telescope Bodies F. Ferronl, A. Frelse, (Managed by
M. Martinez Project Directorate) EIB

Preparatory Phase STAC and PAC ISB Electronics/
(ET PP) CESEN NN RN NN RN l e e T Contationl

Design of ET Infrastructure Board
........ I........ l I Vacuum Pipe

. : P. Chiggiato

. ication = i i i RS 0sB SCB

. Comamim estion - Engmee"ng PTOJ.ECt (CERN coordmatlon) Observational Science Site Caracterization
Dpt Office Board Board

External Advisory

Since the summer of 2022, the ET structures are being put in place



Calendrier Virgo (2G)
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Updated == Of 02 == O3 == O4 05
15 Nov 2022
80 100 100-140 160-190 240-325
LI G O Mpc  Mpc Mpc Mpc Mpc
30 40-50 80-115 150-260
) Mpc Mpc Mpc Mpc
Virgo
0.7 (1-3) ~10 25-128
KAGRA i * T
T T T T T T T T T T T T T T
G2002127-v13 2015 2016 2017 2018 2019 2020 2021 2022 § 2023 2024 202 fJ2026 2027 2028
Advanced AdV+ AdV+
Virgo (AdV) phase 1 phase 2

06

Stable
cavities

Mirror
coating

Virgo_nEXT

/

Cnrs

Virgo and LIGO are currently studying post-O5 upgrades, Virgo_nEXT (not yet approved) and A#

KAGRA is also planning major upgrades

22
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* Tentative schedule

xlommmmmmm-m
o S ESRsas

CDR  ESFRI proposal

2011 2020
 Enabling technologies development
Sites qualification -1, Site decision

O

Cost evaluation
Building governance
Raising initial funds
Raising construction funds
Committing construction funds
Pre-engineering studies

— Rloperative TD —+ ET RI construction

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
~—— Detector operative TD ———— ETITFs construction :
|

ET installation

Commissioning SIS

ESFRI Phases: Design  Preparatory Implementation Operation 23
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Site candidates in Europe e e e e CIrs
. . . Atlantic |
There are currently two candidate sites in Europe Ocasn :L'ler‘?‘n i
INITE DENMARK  pai
to host ET: KINGDOM P
Dublin
* The Sardinia site, near the Sos Enattos mine IRELAND
* The EU Regio Rhine-Meusse site, close to the Ny e -
Earthquake -  Brdor ot
NL-B-D border risk map o 5 “Pn
s:n GERMANY
* Athird option in Saxony (Germany) is under / TN
discussion EU Regio R . i
. . Rhine-Meusse - e
Sites are studied through FRANCE e, Al
*  seismic noise measurements at surface, | . e P
borehole and mine (Sardinia) ' . Senc, e
* Magnetic and ambient noise measurements pors BRI Marseit el
_ . o rarsgors, SATAINIA =
* Geophysical and geotechnical characterizations rordE  Modic o \ -
s ... B SPAIN ‘
Significant funds are required to develop a site ,
application ) Mediterranean Sea

24



Site candidates in Europe
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Sardinia - Italy

€50 million for R&D and
preparatory work

ETIC in Italy

Einstein Telescope Infrastructure Consortium

"Multi-100 M€" financing if ET's
site is in Sardinia

Euregio Meuse-Rhin Netherland

€42 million for R&D and
preparatory work

ET-Pathfinder in Maastricht

"Multi-100 M€" financing if the ET
site is in Euregio Meuse-Rhine

2 locations for research,
technology, digitalisation

Saxe — Germany

The German Centre
for Astrophysics

for research,

Leipzig

cccccccc

New DZA laboratory (2022)
170 M€/year over 10 years

3 pillars: astrophysics,
data science, technology

25
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ET-PATHFINDER

» New facility for testing ET-LF technology in a
low-noise, full-interferometer setup

+ Key aspects: Silicon mirrors (3 to 100+kg), oy
cryogenics cryogenic liquids and sorption o R
coolers, water/ice management), ‘new” s S
wavelengths (1550 and 2090nm), coatings

: g nterreg i
« Start with 2 FPMI, one initially at 120K and :,,aanderen_Nfg e ]
one 15K (2022+) o o o q

Inverted pendulum 2

« >20 partners from NL/B/G/FR/SP/UK
« Initial capital funding of 14.5 MEuro

+ Detailed Design Report available at
apps.et-gw.eu/tds/?content=3&r=17177

» Open for everyone interested to join
« For more information please see:
www.etpathfinder.eu

Active platform

Inverted pendulum 1

Beam splitter tower 4 pendulum stages

t
Fabry-Pere
izh'f‘“":oi J0m length

Hi
s —— il

Vacuum System of 130 cubic meters.

Vacuum system EU tender completed.

Vessels in production now.

First tower acceptance test (18-9mbar) in July
First tower delivery scheduled for 4. August 2021 2 6

CREDIT: S. Hild
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One of the axes of the ETIC project is the development of a cryo lab in Rome

OO0 (NN 3G Gravitational-Wave Lab »

ttats Nasmale & Fruca Nackeare RESEARCH CENTER

With ARC funds, we are preparing a lab for low temperature
tests on a real size prototype of an ET LF-Payload

Cryogenic Tests Area:

Test Cryostat for a full size LF-Payload, cooled by two PT (~@ 3 m x
3.5m):

- 2 thermal shields in insulation vacuum

- 1 experimental chamber with separated vacuum

The Romel ET Group:

From Virgo:

Sibilla Di Pace (Post Doc Researcher)
Ettore Majorana (Full Professor)
Valentina Mangano (Post Doc Researcher)
Luca Naticchioni (INFN Researcher)
Maurizio Perciballi (INFN Technician)
Paola Puppo (INFN Researcher)

Payload Development and Piero Rapagnani (Associate Professor)
Fulvio Ricci (Full Professor)

Test Area (LF Payload — Real

size) From CUORE:

Angelo  Cruciani  (INFN Researcher)
Antonio D'Addabbo (Post Doc Researcher LNGS)

Stefano  Pirro (INFN Researcher)
From EGO:
Paolo Ruggi (EGO Researcher)

27
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ET will use a distributed computing infrastructure in Europe, based largely on existing infrastructures
such as CC-IN2P3 in France (ET = ~10% of an LHC exp. at CERN).

Increasing use of high-performance parallel computing (HPC) vs HTC computing.

Use of tools and services developed in the framework of the European Open Science Cloud and European
projects such as ESCAPE for multi-messenger physics

External Cloud Facilities

The Data Lake Alert Generation
services <
>
Public Data
Services
‘ Other Services
z " (catalogues, workload
T o management,...)
Computing Centres Caching Content-Delivery ——————) §
Network 8
High-Performance ‘_8 > Low-latency |
Computing Centres computing facilities

ET

’F INSTEIN
| TELESCOPE

Custodial Storage Facilities

— & &

R ———
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Tunnel 781 M€

Optics I Surface Lab 98 M€
EI Underground Services 44 M€
Direction 9 M€

932 M€

. Vacuum Systems 566 M€

566 M€

Surface Optics & Lasers 125 M€

Lab Suspensions 48 M€

Cryogenics 45 M€

|.- Installation 20 M€

ESFRI costing 238 M€

2021

Cnrs
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Einstein Telescope is a very ambitious project which requires:
* Anintensive R&D program to develop new technologies
* Alarge, structured and organized scientific collaboration

e Strong partnerships between academic research and
industries

There are important synergies between Einstein Telescope,
existing 2G detectors (LIGO-Virgo-KAGRA) and future
detectors (Cosmic Explorer)

30



