DIPARTIMENTO DI FISICA

¥ SAPIENZA @ INFN

ituto Nazionale di Fisica Nucleare
di Rom

UNIVERSITA DI ROMA

AMALDI
RESEARCH CENTER

Einstein Telescope and the future
of ground-based GW detection

E. Majorana

experience - motivations and R&D need

XXIII SIGRAV Conference, Urbino 7-9 Sept 2021



SIGRAV X Conf, Bardonecchia 1992

Proceedings of the X ltalian Conference on
General Relativity and Gravitational Physics
Bardonecchia (TO, Italy), Sept. 1-5, 1992
© 1993 World Scientific Publishing Company

Developmentof a Back Action Evading Transducing
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Summary: We present the design
wave antennas (g.w.a.) suitable fg
results of some tests at low temp
mechanical merit factor (2.8 - 10
ppm and an electrical quality fac
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GWIC Releases the GWIC-3G Subcommittee Reports on

Next Generation Ground-based Observatories

Expanding the Reach of Gravitational Wave
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Plans for LIGO-KAGRA-Virgo runs

Binary Neutron Stars Events
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What's next ?

Prospects for observing and localizing gravitational-wave transients with Advanced LIGO, Advanced
Virgo and KAGRA https://doi.org/10.1007/s41114-020-00026-9
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https://doi.org/10.1007/s41114-020-00026-9

Masses in the Stellar Graveyard

in Solar Masses

Cumulative Count of Events and (non-retracted) Alerts
01 =3,02 =8, 03a = 39, O3b = 23, Total = 73
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GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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h(f) [1/sgrt(Hz)]

SENSITIVITY GOAL: ¥x10-20 better

Merging Black Holes throughout the whole
universe and reconstruct BH demography
Explore new physics in gravity and
fundamental properties of compact objects

Study the properties of the hottest matter
in the universe

Investigate connection between high
energy processes in radiation/particle VS
gravitation

Investigate primeval universe and
connections with particle physics

XXIII SIGRAV Conference, Urbino 7-9 Sept 2021



CBS 10° to 10° events/year

Strain noise [1/Hz!/?]

Strain sensitivity
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Binary Coalescences Overview:
Demography of stellar and

100 F—

10 |

Redshift

cence of compact binary objects .

== BT
= CE

_] H(;riz'on 3
10% detected
50% detected

intermediate-mass BBH
population over full Universe,

1

High SNR events will provide

excellent precision to do accurate
test of GR, nature of the BH,
strong-field dynamics, black hole
no-hair theorem etc;

Observe several 10,000 binary
neutron star mergers per year.

ET will determine NS EOS.
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Thin atmosphere:

We really need much more to he |
reconstruct NS composition through EOS

Outer crust: ions, electrons

Inner crust: ion lattice, soaked
in superfluid neutrons (SFn)

Outer core liquid: e~, -, SFn,

perconductlng protons
Inner core: unknown

More events, higher sensitivity !
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Gravitational Waves ... vs EM telescopes

1990 ‘

Ground-based observatories

51 1995 *’-

Hubble Deep Field

2004 *

Hubble Ultra Deep Field

2010 @'

| Hubble Ultra Déop Field-1R - -

ayte: FUTUREQ&@W
; James Webb Space Te
| 45 (GW170729) 1 =X
Redshift (2): 4 7 8 10 >20

Time after  Present . 6 %' 185 W . 4 . ‘. .800 480 200
the Big Bang ’ " biltion ’ ) billion : _million million million
years years * years years  years

Can we dare to embracg the.wheole Universe through GW observations ?




{How to: 3G ideas, very different paths in US and in Europe ET g

2"d generation detectors evolution and 3G roadmap: different scenarios in US vs Europe in the last decade

’ | | | Ny
FP6-ET

EINSTEIN TELESCOPE
gravitational wave observatory

vvvvvvvvvvvvvvv

FP7-
GRAVIToN

V| r‘QO. «Sparse»
Community R

units

H2020-
NS

Voyager ?
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Conceptual Design Studies

https://tds.virgo- https://apps.et-
gw.eu/?call_file=ET-0106C-10.pdf gw.eu/tds/?content=3&r=17245

* In 2020 governments of 5 EU
e . countries (ltaly, the Netherlands,
: 'De‘sign F{e;aort | - — Belgium, Spain and Poland)
| Updaté 2020 . < ¥ | submitted the ET application to
: < X ESFRI (European Strategy Forum on
Research Infrastructure).

Einstein gravitational wave Telescope

Conceptual Design Study

2008 — 2011, FE = B W N -
™ : for the Einstein Telescope .

*

* July 2021 ET obtained ESFRI status,
as the highest value project ever to
feature on an ESFRI roadmap.

+* Constitution of the ET

collaboration
+» Site definition (2024)

ET Steering Committee Editorial Team
released September 2020

XXII'SIGRAV Conference, Urbino 7-9 Sept 2021
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ET collaboration current organisation

E TlElNSTElN
TELESCOPE

The proto-collaboration is
currently the most organised
component of the ET project

ET Steering Committee

Specific Boards

F____

Site Preparation Board

Site Studies

Environmental studies

Geophysical studies

Data management std.

Analysis tools and data
comparison

Detector Optimisation

Community relations

Costs and socio-
economic impact

Legal

0SB

Observation Science Board

= Fundamental Physics

Cosmology

Population Studies

Multimessenger Obs.

Synergies with GWDs

Nuclear Physics

Transient GW Sources

Waveforms

Scientific potentials ...

Data Analysis Platform

Instrument Science Board

-
Interferometer
B Vacuumand
Cryogenics
B Active Noise
Mitigation

Civil
Infrastructures

EIB

E-Infrastructure Board

Distributed
infrastructure

Software &
frameworks

s All the four trees are pro-active

¢ The path from a concept design
to a Technical Design is long and
treacherous

s Though a mature experience
with present detectors most of
the main aspects to improve the
sensitivity require R&D

|:>m

nnnnnnnnn




Typical Timelines, an history/disclaimers

 GW detectors are scientific
infrastructures with a long “time
constant”

* |deasin the '70s
* Projects in the ‘80
* 1G integration, end of ‘90s

* The typical time constant (CDR-to-
realisation) for a GW detector is about
14-16 years

=>»nowadays how long building a 2G
detector would it take ? (INDIGO approval
2016)

=» Something has to change !
s*Infrastructure is the main issue
s*Timeline to have the whole ITF in high
sensitivity operation

**Who produces scientific data meanwhile?

LIGO Virgo

Design of a

ikm IFO 198
multikm 3 -

NSF approval White Paper, CDR. (1989)

R&D

: g Approval (1994)
Site constructiq®¥ rinai Design, TDR (1595)

Beginning
Infrastructure (1996)

First coincidenglill Completion installation
Detector (2003)

Nominal Scientific data taking
Sensitivity (2006) (2007)

Decommissioning (2!

LVC Sept 2017

XXIIl SIGRAV Conference, Urbino 7-9 Sept 2021
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R&D CDR (1999)

First AV,
sensitivity projection (2004

'V White Paper, CDR 2"y .
AdY. aper, CDR (2P punding (2006)
Approval (2009) Building (2008)
First orders (2010)
TDR (2012)

Installing completion

2014
Completion Installation (201%) Data t)aking (2015)
First data taking (2017)

M. Punturo at LVC Aug 238 2017
Toward a 3G GW network
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ET, the European 3G idea

* The 3G detector conceived in Europe is a new GW observatory
* 3G: Factor 10-20 better than advanced (2G) detectors

* New:

 We need a new infrastructures because
e Current infrastructures will limit the sensitivity of future upgrades
* In 2030 current infrastructures will be obsolete

* Observatory:

* Wide frequency range, with special attention to low frequency (few Hz) Cryo-LF/QNR
* LF and HF technologies separated <

e Capable to work alone and produce science results (though aiming to be in a 3G net)

e (poor) Localization capability Standalone operation for localization is now unconceivable
* Polarizations (triangle) ET was born as a triangle

* Redundancy
* 40-50-years lifetime of the infrastructure

XXIIl SIGRAV Conference, Urbino 7-9 Sept 2021
e Compliant with the upgrades (a big-science facility) 15
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Conceptl - Detection band widening: two instruments in one

* Improving low and high frequency with a single detector is very challenging

* HF requires more laser power
e LF requires cold mirrors (suspension thermal noise)

» 2 “specialized” instruments in one: a very wide detection bandwidth

/
EMy

IMy

PRM

Laser
1550nm SRM

ET-C/ET-D ([

Low Frequency

Laser
1064nm

\

ET-C/ET-D
High Frequency

SRM

Filter cavity 2 Filter cavity 1
TN | Hvbivee N [
Squeez_e; PD : Filter cavity 1 FB =
om-------- ol - - U .......... ﬂ HDH Squeezer
- N\ /
é Optical element, Optical element, Laser beam 1550nm )
Fused Silica, Silicon, Laser beam 1064nm
room temperature cryogenic  ceeeceece-- squeezed light beam

Efforts with one detector imply

* Technical issues
 Constrains on detectable sources

The “too-short-blanket” and optimization

of a single detector(excercize done by KAGRA)
Y. Michimura et al., Particle swarm optimization of the
sensitivity of a cryogenic gravitational wave detector

Phys. Rev. D 97, 122003 — Published 12 June 2018

e E R Urbin’é 7-9 Sept 2021
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The path towards a “STAND-ALONE OBSERVATORY”

. Y , I
e Start with a “single B e E1:)

hy b rl d d ete CtO r Each detector (red, green and blue)

consists of two Michelson inter-

ferometers. The HF detectors need
one filtercavity each, while the LF
detectors require 2 filter cavities
each due to the use of detuned
signal recycling.

& %
*
S Y

10km

In—g E i:|
. ﬁ ------------------------- e T e e e " " ﬂ
Antenna pattern (*in case of a 90deg L) Ot~k zzz2====2z==== sz issssssmss=ccce==-= I

XXIIl SIGRAV Conference, Urbino 7-9 Sept 2021
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The path towards a “STAND-ALONE OBSERVATORY”

° Sta rt W|th a ”Si ngle” Einstein Telescope
] Xylophone option (ET-C)
hy b rl d d ete Cto r Each detector (red, green and blue)

consists of two Michelson inter-
ferometers. The HF detectors need

[ J Add a Second One to one filtercavity each, while the LF

detectors require 2 filter cavities
each due to the use of detuned

fu | |y reSO|Ve signal recycling.
polarizations

Antenna pattern for a polarized GW:
simple “L” (left) vs Triangle (right)
XXIII SIGRAV Conference, Urbino 7-9 Sept 2021
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..Finally, “STAND-ALONE OBSERVATORY”

e Start with a “single” Einstein Telescope
. Xylophone option (ET-C) "
” y
hy b rl d d ete Cto r Each detector (red, green and blue) ,”Il,
consists of two Michelson inter- “

ferometers. The HF detectors need

[ ] Add a an One to fuuy one filtercavity each, while the LF

detectors require 2 filter cavities
each due to the use of detuned

resolve polarization Sl recycing,

e Add a 3™ one for null

stream (A. Freise et al 2009

Class. Quantum Grav. 26
085012)

e and redundancy

Minimal numbers

s 21 Long suspensions for Test masses
BSs and recyclers (signal and power)

s 45 (minimal) shorter towers

s 12 cryostats

s 7 Pipes/tunnel

+* position/acceleration/ba
ckground: thousands of
in-loop sensors for

+* Thousands of global

sensors for optical D.O.F

of beams

XXIII SIGRAV Conference, Urbino 7-9 Sept 2021
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3D is not simply a rescaling: ;
. Class. Quantum Grav. 29 (2012) 124013
the triangle/L debate

7.5 km

doubled pair € 10 km

Triangularor L ? o

II
"
III
7
(¢’
W
> "

ds
. €2

Virgo

~ 1.5 ] T (1) 9 = } 2

= : = 2
S 1Mo08 13

£ 05l i 0.7 & 1.2
g . 06 & 1.1
2 o 1Hoa 3 0.9

Q : Q .

T -05¢ . 18803 3 0.8
g .l W03 E 06

o) : o) :

@) _1 _5 | | pr— | | 0 QO - 1 | | 0.5

-3 -2 -1 0 1 2 3 0 1 2
Azimuth ¢ (in radians) Azimuth ¢ (in radians)

* Characteristics of a triangular array : sum of outputs depends only on background noise
e Reconstruction of signal polarizations and null stream veto

 Two L shaped arrays (misaligned) do not provide null stream veto

* Fortwo L shaped interferometers a wide separation would be essential = localization

* ET reference solution is a triangle, but cost/feasibility/network studies still going on.

XXIIl SIGRAV Conference, Urbino 7-9 Sept 2021
22




Concept2 — Where: Underground

The site, an open issue... slowly converging

PSD [m?/s*/Hz]

1070 |
10" 4

10-12 ”,,”4;,, E S W N

1612
10714

10°1°

Netherlands 10 m~*
Sardinia 185 m — |
Hungary 400 m — |-

~ltaly, Vi)goOm — |

————————————————————————————————————————

_________

sl iclio gt

- Spain, LSC 800/m

__________________

,,,,,,,,,,,,,,,,,,

________

-----

________

------------------

Frequency [Hz]
Serval possible sites in the world. Site selection started long ago, seismic aspects are not the whole story

M. Beker exploration 2013:
18 sites, 12 underground: preliminary selection

ET|

EINSTEIN
TELESCOPE

Many other ingredients: Anthropogenic vibrational noise, overall cost of the infrastructure, its servicing and operation,
national impact of the enterprise, social and economical impact of the area ...



P8l TODAY !!! SEISMIC INSTRUMENTS |
' DEEPED IN THE BORE HOLES

SPB: ET sites under characteri.

Euregio Meuse-Rhine Sardinia |
* A 250-m deep borehole has been * Longsta
excavated and equipped minein¢
* Seismic data under acquisition and * Seism
analysis crI:ara‘
* 3-5 other boreholes expected e
. . . & o * Undergr
* Extensive active and passive site construc e
characterisation with sensor arrays in ' —
2021 * Two ~290m boreholes have been
s ’ : . excavated and they will be equipped in
* Good seismic noise attenuation given the next weeks
by the particular geological structure _ ;
e ET pathfind ¢ g * Intense & international surface
patitinaer centre unaer investigations programme in Summer/Fall
construction 2021
* ~30ME funding through Interreg  ~30M£ funding through national and

grants regional funds



. . . — . ET'EINSTEIN
Euregio Meuse-Rhine site (Terziet)
32 ic i O p—
O x10 10 10;2_ 10 siltstone
i 20 ;- 20 Sandstone
8 305 :s Conglomerate
1 30
100} = Nt BEE4N 40
E 16 = 50 50
= 0 L2 off = o
N o ? — = _ 11
200}~ g' §70 '%_ 70
> < 3803 80
[ I -
90 % 90
300 500 o
0 100 200 300 10
x [m]
90°%
N
=
"2 10
Credit: S. Koley, GWADW 2021 E
https:/ /www.nikhef.nl/ wp- o s
content/uploads/2019/10/ Terziet-Drilling-Campaign- ,' a 10
Final-NoC.pdf b i ’
f = = Peterson LNM/HNM - = Peterson LNM/HNM
10-18 [ 250 m deep 10.18 250 m deep
: : = | Surface : : i) Surface
10" 10° 10’ 107" 10° 10’
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https://www.nikhef.nl/wp-content/uploads/2019/10/Terziet-Drilling-Campaign-Final-NoC.pdf

Sardinia SosEnattos ET'EINS’TE'N

TELESCOPE

* so far measurements done not in the bore holes
very soon exactly the same standard devising as in Terziet

aaaaa ‘7

Bitti and Onani corners

AR
2020)
» N e
Orfihi . “«

SarGrav surface lab » * . ﬁ : V e 4 | CA\)ERN = :
SOEO (surface) N S : - "

SarGrav surface lab

SarGrav Lab excavation zone |
integrated into the INGV seismome ter network w4 =N

\ 7/

http://cnt.rm.ingv.it/en/instruments/station/SENA *_ i
SOEO (surf.) : Sos Enattos Minej \

SOE1, SOE2, SOE3 4 : 4::1'

4 broadband seismometers, 3 short-perioé"@é‘%‘i‘i’(cﬁ?ﬁ%w?ﬁ?”Mﬁé?’ié%lmeters,
1 tiltmeter distributed over underground and surface stations

(-84m, -111m, -160m)

mmmmmmmmmmmmmmm

Credits D‘Urso, Naticchioni
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SOE1 2021 data
-84m  January-April

Sardinia Sos Enattos

Vertical Horizontal

SOE1 - HHZ SOE1 - HHE

1
Frequency [Hz] Frequency [Hz]

L. Naticchioni et al., Characterization of the SosEnattos site for the Einstein Telescope, JPCS1468,2020

M. Di Giovanni et al., A seismological study of the SosEnattos Area - the Sardinia Candidate Site for the Einstein
Telescope, SRL, 2020 https://doi.org/10.1785/0220200186

A. Allocca et al., Seismic glitchness at SosEnattos site: impact on intermediate black hole binaries detection
efficiency, EPJP, 2021 https://doi.org/lO.1140/epjp/sl33§gqugll,:g;§_%g-n§erence’ Urbino 7-9 Sept 2021

Another report in preparation...

ET’EINST@N

SOE1 - HHN

Frequency [Hz]

Credits L. Naticchioni
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https://doi.org/10.1785/0220200186
https://doi.org/10.1140/epjp/s13360-021-01450-8

Concept 3 —R&D
most of the experimental | <
aspects of ET require R&D) a8
A factor 20 in sensitivity is v I
not for free ! > V Y

3 l | ]

Just an example (dedicated to Urbino ik

colleagues) : test masses are mirrors

Quasi-inertial, for ET we claimed 2-3 Hz & ® 0

cryogenic (for Virgo room T and 10 Hz) s % %ﬂﬁ’ﬁ




Relevance 4 ;f_im\cryogenlc and underground, % X

of Low e go further and reach low frequency targets L
Frequencyg . Y%
sensitivity f |

4% SIGRAV cOnfereg Ey Q9Qtay |O a d

"l TWez - stwm ag



From Room Temperature prospective: A) two issues TN (intrinsic),
B) Driving technical noise (electromechanical design a study is possible at RT)

T L] L] L L] L)

seismic noise
thermal noise

LM DARM displacement
Wy \ ! %

10712 \ i 5 i | MA DAC noise |=

- 03 data

10-14 -

m/sqrt(Hz)
S
o

=>» Let’s start from A (intrinsic)
XXIII SIGRAV Conferfrequency {Hz]2021
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Conductive cooling using heat link is a working technology suitable for KAGRA, vibration drag from inner shields for was
sufficiently attenuated, but a deep R&D upon that base must be done for ET (high sensitivity from 3 Hz)

,- ‘_l‘ - - ' ‘ ! : - ot X o . 1."
AN, — —_— —-:\h:— e - - \ ™~ — —
T. Yamada, “Low-Vibration Conductive Cooling of KAGRA Cryogenic Mirror Suspension”, KAGRA International Workshop 7 Dec. (2020)

Cryogenics of the TM is achieved, but what about actual mechanical thermal noise ?
We started to consider also that in ET perspective.

XXIII SIGRAV Conference, Urbino 7-9 Sept 2021 31



Seed modelling for a “good payload”

e Good to attenuate cryostat vibration injection

* Analytical Modelling! now includes soft heat Links?

* Structural modelling and TN in interfaces requires FEM * Bad concerning violin modes and related thermal noise

P, Ruggi, Thesis VIR-0020A-21 (2003), °T. Yamada, “High Performance Heat Conductor with Small Spring Constant for Cryogenic Applications”, arXiv:2003.13457
(2020); *Gabriela I. Gonzalez and Peter R. Saulson, “Brownian motion of a mass suspended by an anelastic wire”, J. Acoust. Soc Am 96 (1) (1994)

suspension thermal noise

10-14E T T T T T T T T
: : —— mirror single pendulum, T = 10K
—— ma-mi double pendulum, ma loss angle = 2e-4, T = 10K
ma-mi + 49*28 AL wires d=0.00015 loss = 0.5, T = 10K
10713 : ——ma-mi, T = 300K

10716

m/sqrt(Hz)
[
-l
N

1018
101° * This is the time to start
the actual design...
10-20 1 L L L L L 1 1
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the seeds of resent updated R&D/technical/scientific perspective:
e GW observation with 2G detectors,

2021 ET concept design considered with prioroty Harmony,
* KAGRA experience

big science please
* infrastructure development is the garden to plant them
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