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

* aLIGO 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

Years Atter the Big Bang—l—ﬂ;

400 thousand 0.1 billion 1 billion 4 billion 8 biIIon ~14 biilion
" 5 TheDark X - I Y N
B First'» - - i:}/vr‘ . ‘g I@, Q’eiént
= Astrorﬁ)rmcai . ‘-_-{;'-"", . Y L~
F D Objects Ft)rrﬁ / ) ‘ N - vl . 1y ® 3y l '

% x / -‘ I
'I I ‘ . (y, _\__‘V | f. , ‘ ‘.
1000 100 10 - I

1 + Redshift (z) I :
Loy |
Z~2 (2G GWD)
3G Target |

M.Punturo: GW perspectives
Image credit: NAOJ/ALMA http://alma.mtk.nao.ac.jp/

7=0,45 (GW170729)



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

e Precision measurement machines
should have the best sensitivity

e 3G GW observatories must have
both

More detectors

warning Stochastic Sky localization BNS
localization i

Tests of General relativity
IMBH Source-frame v
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4 Einste'i'n TeIeScope (ET)

<
_— "‘b ET ploneered the |de%fﬁd

.~~~ _generation.GW obsefvatory; -~ - -
: e * Anew infrastructure capable to host future
upgrades for decades without limiting the
- ~~ , observation capabilities
' ﬁ\%"**xh LA * 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

Corner halls
depth about
200m
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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? 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
« 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

. I?]GR, r)1o-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
100 London et al. 2014 i?z%]lig(()
90:-
ET will resolve QN — 8of

emission by BH =

60 |
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Primordial BHs

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

e 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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Tidal deformation Merger
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Seeds and

Supermassive Black

Holes

e Supermassive Black Holes (SMBHs) are present at the
center of many galaxies:

What is their history? How have they formed?
What are the seeds?

log (mass distribution)
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| ET(gm
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:
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ET key elements

e | 550 nm beam

/ Requirements Design Specificationx
* Wide frequency range e Xylophone (multi-
e Massive black holes (LF focus) interferometer)
* Localisation capability Design
* (more) Uniform sky coverage  Underground
* Polarisation disentanglement * Cryogenic ™
* High Reliability (high duty e Triangular shape
cycle) * Multi-detector design __{;’ R

! High SNR * Longer arms /

[] fused silica optics

[] silicon optics

E T‘EINST-:_E_IN
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

St EINSTEIN
AL E T ‘ TELESCOPE
Input power (after IMC) ¥
Arm power

Temperature 290K 10-20K

Mirror material fused silica silicon

Mirror diameter / thickness 62cm/30cm 45cm/ 57 cm

Mirror masses 200kg 211kg

Laser wavelength 1064 nm

SR-phase (rad) tuned (0.0)

SR transmittance 10 % 20 %

Quantum noise suppression  freq. dep. squeez. freq. dep. squeez.

Filter cavities 1%300m 2%1.0km Evolved laser
Squeezing level 10dB (effective) 10dB (effective) technolo gy
Beam shape TEMqg TEMuo

Beam radius 12.0cm 9cm

Scatter loss per surface 37 ppm 37 ppm

Seismic isolation SA, 8 mtall mod SA, 17 m tall

Seismic (for f > 1 Hz) 5-10m/f2 | 5.1000m/f? Evolved

Gravity gradient subtraction none factor of a few

technology in

) test masses

optics

* ET-HF:
* High power laser
e Large test masses
* New coatings
* Thermal compensation

* Frequency dependent
squeezing

Highly
innovative
} adaptive optics

High quality
opto-
electronics and

new controls



Challenging Engineering: key points

e ~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
* |n 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

e Safety

Cryo-cooling

25



—Virgo Broadband (O3)

——LIGO Broadband (Livingston, O3)
——ET design sensitivity

| - -
-~

* Underground |
infrastructure

—_

S
-
o

Gravitational-wave band —»

e 17m tall seismic
filtering
suspensions

Low .
* Large impact — S
F re q u e n Cy O n Cave rn 10—20‘ earthqquegs' peaks resonances |

special focus engineering .
and costs Image: Conor Mow-Lowry

e 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]

i — T —
o o 6-D interferometric readout inertial sensor Low frequency seismometers Ultralow frequency tiltmeter
C re d I tS : A . F re I S e Credit: Conor Mow-Lowry, VU Amsterdam Credit: Christophe Collette, U. Liege 1z Credit: ARCHIMEDES and VIRGO Coll. iy
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Cfedits: A.Freise . Absorption of “best 45 cm” MCZ Si: 1.5um
Stanford/Glasgow/Berkeley/Caltech 2019
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Advanced LIGO - 40 kg / ET 200 kg Nikon SiO, 0 50 100 150 200 250 300

e Substrates Challenge:

 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)O,oroduced 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.

£ 30}
o

& 20

o
< 10
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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=1.55um 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

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

* Joint development with CERN involving ET
and CE

* Low noise controls

* Computing
 Computation intensive, not data intensive

* Governance & Organisation

29



-
F

European Strategy
on Research Infr: Idrll

rinlandia

Lty Lo i = iy, - Norvegia &
ROADMAP 2021 \ . . . o
- . - > Bl
@ SIoCCoima ]
= Estonia
Lettonia
o Lituania
et iachien
Regno Unito Danimarca & . WiHek
sola di Man .@ %
Bielorussia

" _The ET-PP (preparatory Q ' oy

phase) funded by EU 9 5’% . |

I uv

[ LeMmmission with 3.45M€: ¥ Focih e}

.’ ._ t0_01/09/2022 o “Rioet saq. 0 ks

It includes also agencies and MR A 22" 3 omanis
Thstitutions belonging to: e
Austria 20 9.
France e
Germany partoate .. S i, |
R . : spaona Q4O D
Switzerland i

Serbia

2" Bulgaria



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‘PMMMM . Governments
. ESRIsaws

CDR  ESFRI proposal

2011 2020
~ Enabling technologies development CDR evaluations:
Sites qualification —|_’<> Site decision » Total budget ~ 2G€
Cost evaluation T

[
|
|
[
[
|
| * Observatory budget ~ 1.7G€
Building governance : * Infrastructure Budget:
Raising initial funds : e Civil infrastructure: ~930M€
[
[
|
[
[
I
I
I

Raising construction funds e \acuum system: ~570ME£E
Committing construction funds

Pre-engineering studies

» Rl operative TD ET RI construction

v

—— Detector operative TD ——— ETITFs construction
ET installation

Commissioning (SIS

ESFRI Phases: Design Preparatory Implementation Operation -
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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.

AT Einstein Telescope

Symposim

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

Sites are investigated through

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

* Magnetic and ambient noises measurements
e 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)

Nationaal Groeifonds (the Netherlands)

) % Emphasis on
X potential
rovVee socio-economic
Impact

Submitted by
OCW Ministry

é o (EZK Ministry support)

Einstein

Telescope Supported by ~70
Projectvoorstel Nationaal Groeifonds
Dutch

Industries/institutions

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

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

Connected institutions in:
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Next Generation EU (PNRR)

INFN — GE INFN-BO INFN-PD
Investment focused on ET Genova University Bologna Padova INFN-PG
enabling technology and Lpherstty —_— UF:IT\::rgsI?cy
Sardinian site candidature _INEN 0w e -
support = 5 ‘f*?-—* i f" ‘ ,"'NFE;;?.G-S-*-:-
e e :

Leaded by INFN, "'" e '_"'W“ = _‘"'_";“": 5% Vanvitell
Partners: o INEN—DI INAF-Adoni = DTS
11 Universities Pisa University INEN — RM1 ; Mool
INAF and Italian Space Agency P Lf‘J:i"i‘/Zir:‘ti/a INFN — RM2 ] R

rv"‘.':. Q - TS;X/ZE;? Fed.ericc.) Il
Budget 50M€ approved I\t\‘-“‘ ( e University
Start of the project: e :ﬂ“*
15t December 2022 > |
Discussion ongoing with the INEN — CA

Italian Government on an ltalian
share toward ET realization

Cagliari University

ETIC — Einstein Telescope Infrastructure Consortium
ET |gusie

. . ._'.ﬂ:q:-_‘l:_ -

[
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EINSTEIN

Cosmology/Cosmography with ET E T fuscoe
* 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, ...),,

I standard sirens
I CMB+4+BAO+SNe
—0.4} 'B.S.Sathyaprakas et al, CQG 27 (2010) 2015006 - —0.4 /R CMB+BAO+SNe+standard sirens
S 0.6-
S
3 —0.8-
-0.8 & o
-1 1]
£
3 ~1.24
—1.2¢ S
@
1.4 S Y
=0.1 0 0.1 0 0.2 0.3 0.4 %2 o4 o6 o8 1o 12 14 16
M —
=0
c(l+z ® dz o _
Di(z) = ( 7 ) / Ve Investigating the DE sector in
0 Jo [Qu(1+42)% 4+ Qa(1 + 2)30+w)] modified theories of gravity

M.Punturo: GW perspectives 39



Multimessenger Astronomy

* GW + y-ray joint detection per year (credits: M.Branchesi)

s A large fraction of detected short GRB will have a GW counterpart!

MM Fermi-GBM+ET Fermi-GBM+(ET+CE)

0.4 0.6 0.8 1.0

o kit ' | redshift

" Explorer

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



ET Localisation Capabilities

detected

|| AQ < 1000 deg?
AQ < 100 deg?

B AQ<10 deg?

AQ < 1 deg?

Redshlft

- ET low frequency sensitivity makes
possibile to localize BNS!

Redshlft

O(100) detection per year with sky-localization (90% c.r.)<100

deg? (early warning alerts!) c.r.)<10 deg?

detected

AQ < 1000 deg?

AQ < 100 deg?
AQ < 10 deg?
AQ <1 deg?

Cosmic
~ Explorer

O(1000) detection per year with sky-localization (90%

41



;‘7‘

. o A -" 5r” ‘,l / J ’ : SI S tg—" : £ ! -
Vi b \\ 8 ovenia ;
ET-Italia KW T Gl
Ve " 2 R e “‘ 4 B Ay \ 5 i » a5

rab ¢ ,San M=rino

nze AV O') Y
- = L : 8.5 )
O

=

* The ET-Italia collaboration is AN
composed by 18 INFN units, several S e A O g
university groups belonging to more | '
than 11 universities, INAF, INGV and
ASI research groups

* In the figure, yellow marks are
corresponding to the INFN groups,
blue marks to the ETIC OUs

Messina &
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