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Monumental successes of
the Advanced detectors

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

First detection of GWs from a BNS system (GW170817)
e Birth of the multimessenger astronomy with GWs
e Costraining EOS of NS

Localisation capabilities of a GW source
Measurement of the GW propagation speed
Test of GR

Alternative measurement of H,

GW polarisations

Intermediate mass black hole (GW190521)



Near future

* 04 run, including the Advanced LIGO,
Advanced Virgo and KAGRA detectors should

Updated = O1 02 wmO3 mm O4 05
16 March 2022
80 100 100-140 160-180
LI G O Mpc  Mpe Mpc Mpc 240 280 325 Mpc
30 40-50 80-115 150-260
1 Mpe Mpec Mpc Mpc
Virgo ] |
o7 (1-3) ~10 25-128
GRA Mpec Mpe Mpc
i Il [l ]
G2002127-v11 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028
Binary Neutron Stars Events
T 1 T T
3| |~ — running at O2 sensitivity 825X —
6 10 |~ — running at O3 sensitivity E
- L |— — running at aLIGO 04 sensitivity no A+ upgrade
° A+ upgrade 230X —
.‘g = c
£ _A- ©
2 102F i =
£V 04 — T 120X o
=~ ~~ — 7 A+ upgrade
P R
= 03 | i/~ 4K
X 7 Upgrad
— pgrade
2 10'f e
3 i 02 S—
° | d
S L upgrade _
Nevents = <R>VT
100 1 1 1 1
2016 2018 2020 2022 2024 2026

Calendar year

10—20

start March 2023

* Current detectors have a well defined plan of
upgrades and science runs
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OK, all done?

e aLlGO and AdV achieved awesome results with
a sensitivity below the nominal one

 When they will reach or over-perform their
nominal (updated) sensitivity can we exploit all
the potential of GW observations?

« 2" generation GW detectors will explore the
local Universe, even in their post-O5
configuration, initiating precision GW
astronomy, but to have cosmological
investigations a factor of 10 improvement in
terms detection distance is needed
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Detection distance of GWD
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Where to look for new physics?

* Terrestrial interferometric
detectors have access roughly to
the [few, fewx103] Hz frequency
interval of the GW signal

 GW sources produce signals in
different GW ranges

* Discovery machines must have the
widest possible frequency range

* Precision measurement machines
should have the best sensitivity

e 3G GW observatories must have
both

More detectors

warning Stochastic Sky localization BNS
localization Y

Tests of General relativity
IMBH Source-frame v

masses Distance/ Inclination/

or
high-z Cosmology =~ EM modeling
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4 Einste'ih Te\eSCOpe (ET)

-
_— "‘b ET p|oneered the |de&fﬁd

generation-GW obsefvatory: -~ -

* A new infrastructure capable to host futﬁ%"
upgrades for decades without limiting the
- ~~ , observation capabilities

' ﬁ\%"**g AL * A sensitivity at least 10 times better than the

] ominal) advanced detectors on a large

fraction of the (detection) frequency band

A dramatic improvement in sensitivity in the

low frequency (few Hz — 10Hz) range

High reliability and improved observation

capability

Polarisation disentanglement

. e f)h-'""

Corner halls
depth about
200m
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ET h lstory E T‘TELESC’(:iPE

2000 ESF exploratory workshop in Perugia on 3G GW detectors

/

Enabling technologies (seeds)

ILIAS (FP6) ELITES (FP7) Project
Networking activity (KAGRA-ET synergies)
of future GW P dah i

ET conceptual
design study (FP7)

.

ldea CD

funded by ASPERA-2

ET-History 9



40 km and 20 km L-shaped surface observatories e
10x sensitivity of today’s observatories (Advanced LIGO+) —
Global network together with Einstein Telescope
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Why low frequency focus?
160

GW 190521 M; = 85%21Mg, M, = 661171 Mg

at z~0.82 (5.3Gpc) E
Remnant My = 1427%¢Mgq ‘Z‘::
* Very special event: % ®
e M,, a black hole that should not exist : -
* M, the first IMBH ever seen .

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

Hanford Livingston

LIGO-Virgo Black Hole Mergers
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Why low frequency focus?

GW190521: LIGO-Virgo sensitivity to the BBH merger
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ET Science in a nutshell

ASTROPHYSICS

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

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

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

« Detection of new astrophysical sources
» core collapse supernovae
* isolated neutron stars
« stochastic background of astrophysical origin

FUNDAMENTAL PHYSICS AND COSMOLOGY

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

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

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

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




ET Science in a nutshell

ET will explore almost the entire Universe listening the gravitational
waves emitted by black hole, back to the dark ages after the Big
Bang

ET 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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GWs are probing GR in strong field conditions
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Extreme gravity

. IrII'GR, r)wo-hair theorem predicts that BHs are described only by their mass and spin (and
charge

* However, when a BH is perturbed, it reacts (in GR) in a very specific manner, relaxing to its stationary
configuration by oscillating in a superpositions of quasi-normal modes, which are damped by the emission

of GWs.
* A BH, a pure space-time configuration, reacts like an elastic body - Testing the “elasticity” of the space-
time fabric
* Exotic compact bodies could have a different QN emission and have echoes 350 Msun binary @ 100 Mpc
| London et al. 201l4 TE:FI;-]EIG()
100 - T . T — T T T —1-(2,2,0)
R.Brito et al, 2017 - arXiv:1701.06318 __ fas |1 e E%g?g
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Primordial BHs

* ET (and CE) will detect BH well beyond the SFR peak z~2

* comparing the redshift dependence of the BH-BH merger rate with the cosmic
star formation rate it will be possible to disentangle the contribution of BHs of
stellar origin from that of possible BHs of primordial origin (whose merger rate is
not expected to be correlated with the star formation density)

* Any BBH merger at z>30 will be of primordial origin
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:
100}

De Luca et al. 2102.03809
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Tidal deformation Merger

E T aer 3 Q“fz;;i:zr‘a\ 255 Structure of a
o Neutron Star

Takami, LR, Baiotti (2014, 2015), LR+ (201¢€

Stephen Fairhurst
ET meeting 27-28 March 2017
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e Supermassive Black Holes (SMBHSs) are present at the
Seeds and center of many galaxies:

Su permassive Black  What is their history? How have they formed?

2
Holes What are the seeds-

Black Holes in the Gravitational Universe
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| ET(ge
Low frequency: Multi-messenger astronomy

* |f we are able to cumulate enough SNR before the merging phase, we can trigger
e.m. observations before the emission of photons

» Keyword: low frequency sensitivity:

lday 6hr.  1Thr. 10mmn. Imin. 10s I's 100 ms
i 1[} 1 1 | | | 1 I _]
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Design of ET B TR i o
| De5|gn R’eport —
k. Ein’vs_,'te_in.grovitc:'rionol wave Telescope Update 2020 ' '. -,% :

ol . —
~onceptual Design Study

for the Ei’nsleln Telescope .

00086 ide ST
- 2005-ET idea wj_.w, _
- =R007-ET CDR proposal =

Qe fa_gon ELCDE. .
2082-2018 Tech developme

ET Steering Committee Editorial Team
- released September 2020




ET key elements

/ Requirements Design Specificationx
* Wide frequency range * Xylophone (multi-
* Massive black holes (LF focus) interferometer)
* Localisation capability Design
* (more) Uniform sky coverage * Underground
* Polarisation disentanglement e Cryogenic S
* High Reliability (high duty * Triangular shape
cycle) * Multi-detector design A_{“\{' (T T

=== 1550 nm beam
[] fused silica optics

! High SNR * Longerarms /

[] silicon optics

ET e
TELESCOPE




Challenging
engineering

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

ET Enabling

Technologies

* The multi-
interferometer
approach asks for two

parallel technology

developments:

Underground
Cryogenics
Silicon (
Large test masses
New coatings

New laser wavelength
Seismic suspensions

Frequency dependent
squeezing

Parameter

Arm length

Input power (after IMC)
Arm power

Temperature

Mirror material

Mirror diameter / thickness
Mirror masses

Laser wavelength
SR-phase (rad)

SR transmittance
Quantum noise suppression
Filter cavities

Squeezing level

Beam shape

Beam radius

Scatter loss per surface
Seismic isolation

Seismic (for f > 1 Hz)

Gravity gradient subtraction none

E T ‘ EINSTEIN
TELESCOPE

290K 10-20K

fused silica silicon

62cm/30cm 45cm/ 57 cm

200kg 211kg

1064 nm

tuned (0.0)

10 % 20 %

freq. dep. squeez. freq. dep. squeez.

1%300m 2%1.0km Evolved laser
10dB (effective) 10dB (effective) technolo gy
TEMogo TEMoyo

12.0cm 9cm

37 ppm 37 ppm

SA, 8m tall mod SA, 17 m tall

5.10710 m/ 2 5.10"10 m/ f2 Evolved

factor of a few technology in

) test masses

* ET-HF:

* High power laser
* Large test masses
* New coatings

* Thermal compensation

* Frequency dependent
squeezing

optics

Highly
innovative
} adaptive optics

High quality
opto-
electronics and

new controls



Challenging Engineering: key points

* ~30km of underground tunnels

» Safety (fire, cryogenic gasses, escape lanes, heat handling during the vacuum pipe
backing)

* Noise (creeping, acoustic noise, seismic noise, Newtonian noise)

* Minimisation of the volumes, but preservation of future potential)
* Water handling, hydro-geology and tunnels inclination

* Cost

* Large caverns
* |In addition to the previous points:
Stability
Cleanliness
Thermal stability
Ventilation and acoustic noise



ET operative temperature ~10K

Key issues

e Acoustic and vibration noises
e Laser absorption and heat extraction
e Cleanliness and contamination

e Cooling time (large masses, commissioning
time, ...)

e Infrastructures

e Technology (gasses or cryo-coolers)

e Materials

o Safety

Cryo-cooling

26
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—Virgo Broadband (03)
—ET design sensitivity
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™

 Underground |
infrastructure

'—LIGO Broadband (Livingston, O3)
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Gravitational-wave band —»

e 17m tall seismic
filtering
suspensions

Low .

* Large impact 1] 1 |

F re q u e n Cy On Cavern 10-20‘ earthquakes peaks resonances |

engineering 10° 10° 10° 10 102

Frequency [HZz]

and costs Image: Conor Mow-Lowry

* R&D in active-
passive filtering
systems and
seismic sensors

ET target: 200 000

10‘15 .
to 7 000 000 reduction

Displacement spectrum [m/+/Hz]

special focus

1
| . == l |
- i S —

Low frequency seismometers Ultralow frequency tiltmeter

. . 6-D interferometric readout inertial sensor
C re d | tS : A . F re | S e Credit: Conor Mow-Lowry, VU Amsterdam Credit: Christophe Collette, U. Liege 1» Credit: ARCHIMEDES and VIRGO Coll. iy
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Cl;‘edits: A.Freise i Absorption of “best 45 cm” MCZ Si: 1.5um

Stanford/Glasgow/Berkeley/Caltech 2019
i \

8952PT, 1.5 um
[}
.
® o-o'.'.
L T

New Optics

e Substrates Challenge: Advanced LIGO — 40 kg/EOO kg Nikon SiO, L
 Substrate (ET-HF silica / ET-LF silicon) of 200 kg-scale, diam=>45cm, with required
purity and optical homogeneity/abs.
* Silicon Challenge:

* Czochralski (CZ) method produced test masses could have the required size, but show
absorption excesses due to the (crucible) contaminants

* Float Zone (FZ)Oloroduced samples show the required purity, but of reduced size (20cm wrt
>45cm required)

* Magnetic Czochralski (mCZ) could be the possible solution?

e Coating Challenge:

* major challenge over recent years:

 Amorphous 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) — not both

* AlGaAs Crystalline coatings could satisfy ET-LF requirements, but currently limited to
200mm diameter.

| ;:'.'?!' D

o O
o O O

o

Alpha (ppm/cm)
- N 8 »

o o
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ET

EINSTEIN
TELESCOPE

New Laser
and Opto-
Electronic
Technology

Virgo and LIGO developed CW low noise
lasers at 1064nm

e In ET-HF their evolution toward higher power will be
investigated

In ET-LF we will use a different wavelength
because of the Silicon test masses:

e A=1.55pum or 2um?

New electro-optic components:

e High quantum efficiency photodiodes
e Low absorption e.o.m.
e Low dissipation faraday isolators



Other relevant

challenges

* Auxiliary optics, adaptive optics and thermal
compensation of optical aberrations

* Precision mechanics, alignment and positioning

Vacuum (the largest volume under UHV in the
World):

 More than 120km of vacuum pipes

* ~1 m diameter, total volume 9.4x10% m3

* 10 mbar for H,, 10! mbar for N, and
less than 101* mbar for Hydrocarbons

* Joint development with CERN involving ET
and CE

* Low noise controls

* Computing
 Computation intensive, not data intensive

* Governance & Organisation

30
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ET timeline
* ET timeline presented to ESFRI

* As expected, the ESFRI approval boosted the activities at all the levels: « Scientists
* Tentative schedule o Agencies

O‘PEMMM‘W . Governments
o ESRIsaws

CDR  ESFRI proposal

2011 2020
- Enabling technologies development CDR evaluations:
Sites qualification —|_’<> Site decision * Total budget ~ 2G€
Cost evaluation I

e Observatory budget ~ 1.7G€
* Infrastructure Budget:
e Civil infrastructure: ~930M€
* Vacuum system: “570M<€

Building governance
Raising initial funds
Raising construction funds
Committing construction funds

Pre-engineering studies

» RI operative TD ET RI construction

-

-~ » Detector operative TD ~© ETITFs construction
ET installation

Commissioning CHISISIND

ESFRI Phases: Design Preparatory Implementation Operation -



Policy & monitoring

{1ttt

-
e
/

' Proto-council

Deliverables:

Beam pipe vacuum
Site Preparation
Civil Infrastructure

=

monitoring
reporting

N

INFRA-DEV
M. Martinez

* WP1 Coordination and Management

* WP2 Organization , Governance, Legal

* WP3 Financial Architecture

* WP4 Site Preparation

* WPS5 Project Office/Engineering Dept.

* WP6Technical Design

* WP7Transfer of Technology

* WP8 Computing and Data Access

* WP9 Sustainable Development
Strategy

* WP10 Education, Outreach, Citizen

Engagement

. Advisory Bodies

+ Scientific and Technical
<___> . Advisory Committee

. Program Advisory Board

____________________________________

ET Collaboration

Policy proposals+
monitoring

Providing
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SSB
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Instrument
Science Board
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S8 Collaboration Board
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Infrastructure
Board

Informing
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Official Birth of the ET Collaboration

XIl ET Symposium, Budapest on June 7th - 8t
More than 400 scientists,

out of >1200 members of the Collaboration,

attended the meeting in person or remotely.

\II Einstein Telescope

Symposim

https://indico.ego-gw.it/event/411/




The Einstein Telescope Collaboration

» )

ACRE!

T

I I. Belgium
—
_. Hungary

El® Portugal

>

=y

= In this graphic:

~ Members associated
) Jr\fﬁ'"i' to Countries

A by RU membership

i Bulgaria
I I- Italy
!. Spain

EINSTEIN
TELESCOPE

I Im France EEE Germany  *=M Greece
:.‘ M Korea, South B Netherlands ; Poland
switzerland  [JI|™ Taiwan M United Kingdom

ca. 300 FRTEs
(FRTE # FTE)

NORTHERN
TERRITORY

Australien

WESTERN
AUSTRALUA




ET site(s)

Currently there are two sites, in Europe,
candidate to host ET:
* The Sardinia site, close to the Sos Enattos mine

* The EU Regio Rhine-Meusse site, close to the NL-
B-D border

A third option in Saxony (Germany) is under
discussion (Today!)

Sites are investigated through

* seismic noise measurements on surface, in
boreholes and in mine (Sardinia)

* Magnetic and ambient noises measurements
* Geophysical and geotechnical characterizations

Large funds needed to elaborate and
propose the candidature of the sites
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Einstein Telescope in Euregio Meuse-Rhine (EMR)

Connected institutions in:
Belgium,
Germany &

the Netherlands

Nationaal Groeifonds (the Netherlands)

) @ Emphasis on
XES00 potential
fovVee socio-economic
Impact
o Submitted by
" OCW Ministry
A =k (EZK Ministry support)
Einstein
il Supported by ~70
Projectvoorstel Nationaal Groeifonds Dutch

Industries/institutions

In October 2021 the Netherlands submitted
large funding proposal within context of the
‘Nationaal Groeifonds’. Decision in April 2022.

Includes 42 M€ for geology, R&D & organization
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as well as possible Dutch share towards ET realization



ETIC — Einstein Telescope Infrastructure Consortium
Next Generation EU (PNRR)
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Discussion ongoing with the INEN — CA
Italian Government on an Italian Cagliari University
share toward ET realization




italian government support to ET

* Past Tuesday, the Italian Government made public the letter of
support to the candidature of the Sardinian site for ET:

* The Presidency of the Ministries conseil defined the initial financial
support and the way to fund in the future the ET infrastructure, if
realized in Italy



German Center for Astrophysics
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Pressemitteilung

Forschung von Weltrang in der Lausitz

Deutsches Zentrum fur Astrophysik — Forschung.
Technologie. Digitalisierung. (DZA) gewinnt Wettbewerb
zur Strukturforderung

Gorlitz, 29.09.2022 Die Entscheidung im Wettbewerb ,,Wissen.schafft.Perspektiven* ist
getroffen: Mit dem Deutschen Zentrum fiir Astrophysik - Forschung. Technologie.
Digitalisierung. (DZA) entsteht ein nationales GroRforschungszentrum mit
internationaler Strahlkraft, das ressourcensparende Digitalisierung vorantreibt, neue
Technologien entwickelt, fiir Transfer sorgt und Perspektiven fiir die Region schafft —
fest verwurzelt in der sachsischen Lausitz.
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EINSTEIN

Cosmology/Cosmography with ET E T et e

* ET will reveal 10° BBH/BNS coalescences per year

* A fraction (about 103/year) of the BNS will have a electromagnetic counterpart
(thanks also to new telescopes like THESEUS, E-ELT, ...),,

Il standard sirens
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Fermi-GBM+ET Fermi-GBM+(ET+CE)

B injected B injected

B GW detections [l GW detections

i I y-ray detections - Hl y-ray detections

Bl joint GW+y-ray detections Il joint GW+y-ray detections

. 0.4 0.6 0.8 1.0
o A dshift | redshift

Simulation of T0°BNS with 0° < 9, < 10°
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