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2015-2017: Scientific revolution V.k},@)

* The detection of GW has been a huge scientific achievement, result of a century of
efforts, but actually it is the beginning of a new era in the observation of the
Universe

* The discoveries announced by LIGO and Virgo are crucial milestones in Science:

* GW150914: “ueo ko

 the first direct detection of GW. Confirmation of the Einstein’s prediction of GW.
Discovery/Confirmation of the existence of stellar mass black holes. Birth of the experimental physics of
the gravitation in strong field and of the astrophysics of stellar mass black holes

e GW170814: ueGo (JNRD

* The first detection in a network of 3 GW detectors of GW emitted by the coalescence of black holes.
The first test of GW polarisation. The birth of the gravitational wave astronomy and astrophysics thanks
to the localisation capability.

e GW170817: ueGo (2JJVRG

* The first detection of the GW emitted by the coalescence of two Neutron Stars. Test of GR versus
alternative theories of gravity. The birth of the multi-messenger astronomy and astrophysics with GW



How it has been possible?
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Network of GW detectors
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It will operate as part of*the :
LIGO Network and CoIIaeratlon

LIGO Scientific CoIIaboratieh-‘-' KAGRA Collaboration:

Virgo Collaboration
« 1263 collaborators (|nclud| ) * 343 collaborators * 260 collaborators
« 20 countries * 8countries = e 12 countries s o

* 8 computing centres * 5 computing centres * 5 computing centres
~1.5 GS of total mvestment e ~0.42 G£ of total investment ~16.4 G¥ of construction costs




. EIN%EEAN
Short term evolutions ET TELEsCOpE

Five year plan for observational runs, commissioning and upgrades

2019 2020 2021 2022 2023 2024 2025 2026

Virgo AdV+ Proposed upgrade plan

(I Observing Run 03 (> 60 Mpc)
G D-sion, infrastructure preparation for AdV+

@& stall signal recycling (AdV) and frequencir dependent squeezing (AdV+)

O ? | Observing Run 04 (> 120 Mpc)
_ Install %\dV+ large mirror upgrades
G ~:\+ commissioning

Observing Runs _
I
LIGO A+ Upgrade plan (see LIGO-G1702134) :

G - fabrication |
o InstaIIA:+ upgrades

@ A+ integration into chambers

- A+ commissioning

<> Completion AdV+ and A+

Note: duration of O4 has not been decided at this moment
VIR-0943A-17

M.Punturo - HAS2018 7



Plans for LIGO-KAGRA-Virgo runs

arXiv: 1304.0670v4 KAGRA & LIGO & VIRGO

Binary Neutron Stars Events

First Detection Early mmMid Late  mmDesign ' 1 ! '
N _ 3L |~ — running at O2 sensitivity 825X]
50-80 120-170 190 6 10 - = runn?ng at O3 sensitivity .
Mpc Mpc Mpc - — — running at aLIGO O4 sensitivity no A+ upgrade :
LIGO \@ § D e 230X
First Triple 65-85 65-115 125 E - ] |
.« . - - S o
Coincidence Mpo Mpo Mpc c 102 3 04 - — E
. g 1% — 120X
V|rgo o I - p = “Avupgrade
First BNS 25-40 40-140 140 E B =ttt 45X |
Mpc  Mpc Mpc »
KAGRA ] il 1
| | | | | | | | | E ; ]
= 02
2015 2016 2017 2018 2019 2020 2021 2022 2023 3
— . . S upgrade _
Luminosity £ I—) / N, e = <R>VT
HEPP physicists? — 109 : : : |
Branching ratio R 2016 2018 2020 2022 2024 2026
- . Calendar year
* <R> average astrophysical rate
« V  volume of the universe probed = (Range)3
e T coincident observing time
M.Punturo - HAS2018 8




. EINSTEIN
Short term evolutions E T‘TELESEDPE

Five yea

an for observational runs, commissioning and upgrades

2019 2020 2021 2022 2023 2024 2025 2026

Virgo Ad

KAGRA, 3 km underground ar | cryogenic
@ | stall signal recycling (AdV) and frequenc# dependerniqueezing (AdV+
7 f | Observing LIGO-India

_ InstaIIszV+ large 4km
G /qV+ co

Observing Runs

I

LIGO A+@bgrade plan (see LIGO-G1702134) :
G - fabrication 1
G st A{+ upgrades

@ A+ integration

Voyager?

b chambers

oning
AdV+ and A+

Note: duftion of O4 has not been decided at this moment
VIR-0943A-17
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2029 outlook

* In 2029 we will have a really heterogeneous 2.xG network

* The concepts of “obsolescence” and “limit of the infrastructure”, that are driving the
quest for new research infrastructures (rather more than a new detector) apply
differently to the different continents

LIGO H1 l;
America
LIGO L1 !
GEO600 & A
Europe . |
Virgo Q JAN
KAGRA Q
Asia
LIGO India Q

M.Punturo - HAS2018 10



How to keep a scientific relevance
in Europe?

Risk: Obsolescence and limits of the European
Infrastructures in a 20 years timeline
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The 3G/ET key points

* ET is THE 3G new GW observatory
* 3G: Factor 10 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, with special attention to low frequency (few HZ)
* See later

» Capable to work alone (characteristic to be evaluated in the international scenario)
* (poor) Localization capability
* Polarisations (triangle)
* High duty cycle: redundancy
* 50-years lifetime of the infrastructure
* Compliant with the upgrades of the hosted detectors  m.runturo-HAs2018 13




ET h lstory E T‘TELﬁé{ift: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 Rl

ET conceptual
design study (FP7)

.

ldea CD

2020

funded by ASPERA-2

M.Punturo - HAS2018 14
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Some of the questions addressed by GW (AdV+, ET)

Fundamental questions in Gravity:
* New/further tests of GR
* Exploration of possible alternative theories of Gravity

* How to disprove that Nature black holes are black holes in GR (e.g. non tensorial radiation, quasi normal modes inconsistency, absence of
horizon, echoes, tidal deformability, spin-induced multipoles)

HEPP Fundamental interactions, Dark matter, dark energy

« Fundamental questions in particle physics HEPP Inflation, additional interactions, dark matter

* Axions and ultralight particle through the evaluation of the consequences of new interactions, their impact on two bodies mechanics, in
population and characterisics of BHs, NSs

* Probing the EOS of neutron stars HEPP Nuclear physics, quark-gluon plasma

» Exotic objects and phenomena (cosmic strings, exotic compact objects: boson stars, strange stars/gravastars, ...)

* Cosmology and Cosmography with GWs HEPP Cosmology

e Accurate Modelling of GW waveforms

* GW models in alternative theory of gravitation HEPP Cosmology

* The population of compact objects discovered by GWs is the same measured by EM? Selection effects on BHs and NSs?
* What is the explosion mechanism in Supernovae? HEPP Nuclear physics

* What is the history of SuperMassive black holes?

« GW Stochastic Background? Probing the big bang? HEPP Cosmology, inflation

 Multimessenger Astronomy in 3G?
8 Y HEPP Astroparticle, GRB, Neutrino Physics

M.Punturo - HAS2018 16



Some of the fundamental
guestions

* Is Einstein’s General Relativity THE theory (R4 Vil 1(s s ket
* Test of GR
* Polarisations
* Mass of the “graviton” TWIMP Taxzon

816 A7

. ? St
Do wg need .Dark Matter- G, =227, wp G, (T _I_TDM

* Wimps, Axions or black holes? c’ c*
TBH
* Do we need Dark Energy? G = 87G T 876 N
- ' gY! _ uvo C‘4 uv G/W T Gﬂv o C4 “v- Alternative
* Alternative theories of Gravity theories of

Gravity

* Are Neutron Stars “strange”?
¢ EOS Of NS M.Punturo - HAS2018 17



GW150914 ... e BBH coalescences

M.Punturo - HAS2018
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Probing GR in strong field conditions el '
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conditions T 10 y o
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Yunes N. et al. 10 * . . ; =
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Test of GR: PN approximation

* Going in strong field regime, allow to constrain eventual discrepancies

with respect to PN approximation of the GR

* BBH template

: T o[ (D) (i—5)/°
U(f) =2nft. — . — n + Z Yy + ¢ hlf} fl=5)/3,

G=M
) 10°
0.3 2.0 Inspiral 20—
02 | 15} ] I4- 115}
' AvAS B 2_ ] o
0.1 1 0.5} ] st
S00 1 O.DI Of o == I K I 0,] 10!
-0.5} ] | S Y
0.1 ] _ ]
-1.0f 21 -10} = B
0.2 1-1510 _al | 15t 1[}[] %
B | N )| N - : - N 20l
0PN 0.5PN IPN 1.5PN 2PN 2 5pN® 3PN 3p B
D; 107! -
B. P. Abbott et al. (LIGO Scientific and Virgo -
. )
Collaboration) 107 ¢
Phys. Rev. Lett. 118, 221101 — supplement material
M.Punturo - HAS2018
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J0737-3039 first double pulsar (2003)
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A 4 §
= ] 1
o 0O 4
(I
[ GW150914
A 4 WY 10737-3039 |,

PN order
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Alternative theories of Gravity: polarisations V.k@)

* GR predicts a tensorial nature of GW with two polarisations
» Alternative theories of gravity could predict extra polarisations of GW (up to 6)

el o
. » L LT
] ] 3
e ® * e R
[ ] L ] [ 3 P
: 4
X
. :
I‘ .‘
. K
‘0 O‘

. ? ¢ o o *® * o v
* . .:. (a) (b)
e | —
* Present and future GW detectors are setting stringent limits /\ /’ ‘\
« GW170814: \ / x & // :
* Thanks to the presence of Virgo has been possible the evaluate the Ry :
contribution of extra polarisations in the detected GW resulted disfavoured € . @ y

M.Punturo - HAS2018 (e) ) 21



probability

Is the Graviton massless?

* |f the graviton has mass>0 the GW propagates slowly and with dispersion

e=0, b=0, g=0, d=0,1

£=0,04

| (\W—

. I
08 | g
g
3]
=]
g
0.6 =
Q
>
(5]
\:’»\b
K
0.4 =
2
a
=
02 L O
0.0

109 101() 101 1

1012

1013 10‘14 1615 1616
g (km)

1017

* Dispersion relation: E* = p*c’ +m§c4

« A, = h/(mgc)

* Thanks to GW170104, measured at about 3
billions of light years it is possible to set an upper
limit:

A, > 1.6x10" km= m, < 7.7x10 eV /c?

Citation: C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 {2016) and 2017 update

1(JPCYy = 01(1— )

v (photon)
+ MASS

Results prior to 2008 are critiqued in GOLDHABER 10. All experimental
results published prior to 2005 are summarized in detail by TU 05.

The following conversions are useful: 1 eV = 1.783 = 10— 33 g = 1957 =
10=6 m_; X~ = (1.973 x 1077 m)x (1 eV/m_).

VALUE (V) CL% OOCUMENT 1D TECN COMMENT

=l x lﬂ_m 1 ryuTtov o7 MHD of solar wind

M.Punturo - HAS2018
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Multimessenger Astronomy and Fundamental Physics

* The beginning of the multimessenger astronomy, marked by GW170817
allowed several fundamental physics tests Ve =
-15 w -16
* Constrain the difference of speed between y and GW: —3x107" < N =< 7x10

e Test the equivalence principle and discard families (tensor-scalar) of alternative theories
of gravity
* Shapiro effect predicts that the propagation time of massless particles in curved spacetime, i.e.,
through gravitational fields, is slightly increased with respect to the flat spacetime case:

- L+ [*

Otg = ———— / U(x(1))dl,
r, observation point ¢ re
r. emission point -
U(r) gravitational 19 %1076 < voaw — YEM < 2.6 X 10~7 _

potential

* The y factor parametrises the coupling of the
density energy with the curvature; in the Einstein

General Relativity yeuw = vy = 1



Dark Energy and Dark Matter after GW170817 VIRﬁG

GW170817 had consequences for our understanding of Dark Energy and Dark Matter

GWs: many models of modified gravity ruled out!
Viable after GW170817 (c,=c) Not Viable after GW170817 (c,%c)
% General Relativity Quartic/quintic Galileon
)
©
g Quintessence/K-essence “Fab-Four” Nicola Bartolo, private communication
- K-mouflage
v Brans-Dicke/f(R)
-+ DHOST with A,;=0=B,=G.
©
§ v Derivative Conformal
g Also, e.g., Also strongly affected:
- Massive gravity - Vector Dark Energy
- Einstein Aether theories
- Some sectors of Horava gravity
- TeVeS
See, e.g., Ezquiaga & Zumalacarregui’17; - MOND-like theories
Baker et al. 17; Creminelli & Vernizzi ‘17 - Generalized PROCA theories
24
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Ok, the Dark Matter paradigm seems
strengthened

T WIMP T axion

7
But what kind of Dark Matter? G, = 872G (T +TDQ
C

BH
7,



LIGO-Virgo detections

Masses in the Stellar Graveyard

in Solar Masses
80

40-

20

0.01

Qppn/Qpm

0.001 ] oo "% I o
| 0,* o N o 2% e o
_——I' *" ' . ' . ' '_ _.. -' -‘. .
10 o LIGO-Virgo Neutron Stars o
10718 10715 1078 1073 , ,
Mpgua/Me GO-Virgo | Frank Elavsky | Northwestern

Juan Garcia-Bellido 2017 J. Phys.: Conf. Ser. 840 012032
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Axions and GW

e Axions or, in general, light scalar fields are a possible extension of the Particle

standard model and they could be a component of the dark matter or dark energy
e Axions could provide an inflation mechanism

e What GW could tell about Axions?

BNS coalescence

repulsive attractive

L1G
VIRG

i

. a8
BH superradiance L L

force force .
: scalar < Logio[A/m]
g: radiation 13 11 9 7 5 3
'9,: > — .
S &
s [ | &
%: NS-NS Inspiral
@ i
F 3 g: _14
strain Q, = BH-NS Inspiral
o Junwu Huang e E
[ |
. arXiv:1807.021 2 _,ql
time S A
Pulsar \
-18} &
. . . . = / L, My .
-20 -18 -16 -14 -12 -10 -8 -6

-12
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Cosmology with GW

* GW by coalescence of compact bodies are standard eandles sirens

* GW170817 has been the first taste of the potential of the multimessenger
astronomy in cosmology:

* Measure of the Hubble constant with an independent method H, = 70.0*}%°kms~! Mpc™

—~=n) ¢ ET will reveal thousands of BNS coalescence:
* Test of the cosmological model

SHoES
0.04

p(Hg) (km~!sMpc)

i :
iLIGO+Virgo etal., Nature 551, 85 (2017) 1.0 . . . . .
0.03 .
i : 0.9 1
0.8 ' 0.4. B-S-Sathyaprakas et al, CQG 27 (2010) 201500¢
0.02 0.7 -Vt = - =U. - B
_0.6; - R
0.5 ~0.6 S ]
&g ol 0.4+ Del Pozzo, PRD 86, 043011 (2012) %%
0.3 -0.8
0.2 >
0.00 = T — T T T T T 0.1 ' ' ! * ! -1t
50 60 70 80 90 100 110 120 130 140 0 10 20 30 40 50
Ho (kms=1 Mpc—1) number of events
-1.2f
c(l+2) [? dz
DL(ZJ) = % 73 —1.4}
( ~13 ~Y3(1+w : . . .
M.Punturo - HAS2018 0 0 [=2M(1 + 4’) + Qf\(l + "') ( )} -0.1 0 0.1 0.2 33 0.4




GW Stochastic Background and inflation

* Inflation, reheating, preheating models could be distinguishible in the GW stochastich
background in case of some blue-shift mechanism

* information on: new additional degrees of freedom, interactions and/or new symmetry patterns
underlying high energy physics of early universe

10°

i ! |
Earth’s Normal Modes, ...}

Initial LIGO-Virgo [

/

~

tits T~ o alIGO Of

ilndireb

~
-~

|
=} -

c

0
! I o: T
Cosmic (super)strin

| BNS —

-
L
-, taat

1.J. Blanco-Pillado ALB

b

| | / \ SlOW—FioIIInﬂanon N |
-16 i i i i i | ]

10
107 10 10" 107° 107~ 107 -~ 10 10° 10° 10°
Frequency (Hz)

3

Axion inflation

Abbot, B.P. et al, Phys Rev Lett 118 (12), 2017, 121101
ot etdl FhysRevie (12), ’ (see for example V. Domcke arXiv:1704.03464)
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Our Collider

*

M.Punturo - HAS2018.



Neutron Star is a nuclear physics lab

* Neutron stars are an extreme laboratory for nuclear physics
* The external crust is a Coulomb Crystal of progressively more neutron-reach nuclei
* The core is a Fermi liquid of uniform neutron-rich matter (“Exotic phases”? Quark-Gluon plasma?)

A NEUTRON STAR: SURFACE and INTERIOR
. ‘EWISS 5 f._l _|:|__q[- 1

Homogeneous
Matter

ATMOSPHERE

ENVELOPE
CRUST
OUTER GORE
INNER CORE

o
—
=
©
P -
[
o
5
'_

Folar cap

1 .
Cone o

_ma

. Atomic nuclei Neutron stars

fluid = ] ; . %
Neutron Superfluid + /‘L);'JJ Baryon density

Neutron Yortex  Proton Supercanductor

) Meutron Vortex ) /
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GW170817: Nuclear Physics “experiment” V.k@)

* The collision of two NS in GW170817 has been a complex nuclear physics
experiment, where it has been possible

* The accurate measure the mass and radius of the NS through the tidal deformation of
the star - Constrain the EOS

* To observe the production of heavy elements through r-processes

M2JINIRGD




Constraining the NS EOS

* Measuring the tidal deformation through the
dephasing in the GW signal is possible to

constrain the EOS of the NS

* Adding the em information helps to impose

more stringent constrain

* Knowing the EOS it is possible to describe the status
of the matter in the over-critical pressure condition

< 600F __— R

— H4 —— BHBA¢ MPA1 —— SLy
HB — ALF2 — ENG —— APR4
— DD2 — 15220 SFHo FPS
L L 1 I
ooor __—— !
' GW170817 |

R I oy S

400 — - p— S E— A

AT2017gfo ]

200 Mchirp = 1.188 Mg, =

in the NS o —eaesvanesans]| 0.5 0.6 0.7 0.8 0.9 1.0
HQ!FO;QQ distribut - - Injected value H4
- ' 4 | -- Injected value MS1 || 'q
el N iy L emane D. Radice et al. (APJ Letters, 852, 2, 2018),
e / 53 i 1 95%CIMS1
4
h(t)
V/\V/\V/\V/\ A\ l\ ﬂ h/\ A
VY UVV Time 05 =5 00 50 500 M. Agathos et al, Phys. Rev. D 92, 023012 (2015)
Black hole M.Punturo - HAS2018 33
Post-Newtonian Numerical perturbation
techniques relativity methods



OK, all done?

* alLlGO and AdV achieved awesome results with a
reduced sensitivity

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

« 2" generation GW detectors will explore local
Universe, initiating the precision GW astronomy, but
to have cosmological investigations a factor of 10
improvement in terms detection distance is needed

Redshift

102_ T T l[llll[ T T l[llll]’ T T lrllrr‘l

Primordial BH?

-~ 4 T

memmmmm Hor1zon E
10% detected
50% detected-

10! |- -
; BBHs from POP3 stars merger? i
| Peak BBH merger rate rate from globular cluster

| iﬂ’ ‘ i, |
/// ST 15101
() 6“‘1%]_.1(}0 = ET
10_1 & 1.‘“:}’:‘1 Ll ' GWlSlZ;;N%g;yoy{igeir e — .(J:.]_‘; 1 F
10° 101 10% (€63 10t

N Total source-frame mass [ M5 ]

10'2 ® GW170817

103
1 10 100

V.punturo - Has201g  Total source-frame mass 34



Extreme gravity

* But, are the massive objects seen by aLIGO and AdV

really GR-BBH?
* Unable to disentangle the QNM

* Do exotic compact objects (Boson
stars, strange stars) exists?

350 Msun binary @ 100 Mpc

* Do singularities and event horizons

really forms?

London et al. 2014

M.Punturo - HAS2018



EINSTEIN

ET:

TELESCOPE

Tidal deformation Merger
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Structure of a
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- Stephen Fairhurst
- ET meeting 27-28 March 2017
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EINSTEIN
TELESCOPE

Low frequency?
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. EINSTEIN
Seeds and Supermassive Black Holes E'T s s

e Supermassive Black Holes (SMBHs) are present at the center of many galaxies:
* What is their history? How they formed? What are the seeds? N G

e Horizon =
""" 10% detected
50% detected

" 10t |
Big bang Death of massive o a5
* 200 Myr . Direct collapse . stars E
© ] :
- /
| . . o . 100 :;;_ d
| d
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Seeds and Supermassive Black Holes

e LISA will detect the coalescences of SMBHSs, but what about the seeds?
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Low frequency: Multi-messenger astronomy

 GW are the only messenger that transport information before the event is occurred
« GW170817 is present in LIGO/Virgo outputs for dozens of seconds, but the trigger to

telescopes is arrived with a certain delay

GwW150914 |/

LYT151012

GW151226

GW170104

GW170814 000

GW170817

0

W -_1.1|I|'|||’»_

1
time observable {seconds)

!

LHV sky localization

‘o «j\
NS merger Short GRB X-ray Radio
afteﬂlow \
r g
t0 1.7s +5.23hrs \10 .87 hrs +9 days +16 days
UV/Optical/NIR Kilonova

LVC + astronomers, AplJL, 848, L12



Low frequency: Multi-messenger astronomy

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

* Keyword: low frequency sensitivity:

lday 6hr.  1hr 10mmn. Tmm. 105
! ! ! | ! ! : aLIGO ET
aLIGO ET 1 N == Voyager === CE

° o {=== Voyager === CE
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Realising ET
Where we are?

The European context
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ET: project roadmap

* ET has a clearly defined project roadmap, presented to APPEC:

2018-2019 Form the ET collaboration

2019-2020 ESFRI roadmap

* In Apr 2019 ET and the GW GRI (Global Research Infrastructure) will be presented as case study to the G7
body GSO (Group of Senior Officer)

* We need to define the site selection parameters before to submit the proposal
* The requirement to be compliant with alternative design options (A vs L) could be a crucial point

2022 Site Selection

* Technical/political activity

* Requirements need to be compared with the site characteristics through an intense experimental activity in
the next 3 years

2023 Full Technical Design Report < | Here, the design options are frozen
Cost definition

2025 Infrastructure realization start (excavation, ....)

2030 -2031 end of infrastructure construction, beginning of installation

2032+: installation / commissioning / operation
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European Strategy on Particle Physics

e Stimulate the reciprocal interest between GW and HEPP communities
Europeap\ﬁ@ European Particle Physics Strategy Update

> wn P e w0
\ P

Jan.2018 Dec.2018 \ | 2~ nhaif of Jan.2020
Call for proposals Febr.2018 Closing submission Strategy Update
for venues for Open Call for Scierﬁiﬁzm community input Drafting Session
Symposium and P (deadline Dec 18, 2018) One week
Strategy Drafting | l L
Session March.2018
(deadline May 15, 2018) ‘éll for nominations of 2 haif of May. 2019
Open Symposium
PPG & ESG members o March.2020
| I e Strategy Update
/ June.2018 Sept.2019 submitted to Council
Council decision on Physics Briefing
venues and dates Book available
consultation &
Sept.2018 consensus building
Council to launch the
organisation & Strategy Update process & [ oomsmmmm e ————— 1 May.2020

by community

Physics results appearing
1 after May 2019 will be taken
I into account in the process

Council to approve
: Strategy Update
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HEPP and GW physics similitudes & synergies

° S . ’ - - N i
ynergies . | . E T F&_H___
* There are strong synergies in the Physics and : AN ESCO
Technologies in the two fields &\ \ \ £ s ¥ 3
* Physics: GW - HEPP gy e |

e Technology: HEPP - GW

M.Punturo - HAS2018




| 'echnologiesi_,, 4
AHEPP > GW ‘BB

. Curreht and future GW detectors can hugely benefit of the technologies
developed at CERN for HEPP

* ET needs from CERN/HEPP:

* Underground infrastructures

Material and surface science

* Civil Engineering * Special materials, surface treatments
e Cryogenics (~10K) » Electronics/Data acquisition
* Large, underground plants, low noise * Monitoring, timing, high rate DAQ
e Controls, Safety, handling o Computing
* Vacuum (<10 mbar) « Data handling, computing methods,
e ET, the largest volume under vacuum GRID, GPUs

e Controls, safety, handling
M.Punturo - HAS2018 46
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Enabling Technologies
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SENSITIVITY GOAL: ~x10 better

ET|

h(f) [1/sqrt(Hz)]

M.Punturo - HAS2018
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ET g
Widening the band: low frequency

* Low frequency limitation for GW detectors is given by the seismic noise and
Newtonian noise

* Both can be reduced going underground

Horizontal spectral motion at various sites

- Virgo0Om —
| Netherlands 10 m ——
10" ||  Sardinia 185/m — rall
- Hungary 400 m — =
|| Spain LSC-800 m — | .
10712 ’ ” r
i ,.'I /ﬂﬂ—
J.
T 1013 N L noise at 2 Hz reduced by
o A=A ~2 orders of magnitude
E P
o 101 LY
10713 :
\\
'\\ “‘\\
10716 :
10-‘1? -
0.1 1 10

Frequency [Hz] M.Punturo - HAS2018  ET design study 49



Air

Newtonian
Noise

Infrasound waves 1-2.3

m
Virgo ~ 9m
- : e
} ﬁ ;’ 717777 LL ]
gy E st gt == ET ~17m?
Seismic waves 1 2 R R
Saulson Phys. Rev. D 30, 732, J. Harms Terrestrial Gravity Fluctuations,
Creighton CQG. 25 (2008) 125011, C.Cafaro, S. A. Ali arXiv:0906.4844 [g )
Huge impact on the

NEWTONIAN NOISE 1N infrastructure cost:
' Enabling Technology!

ﬁ(f)=const.x:(—/jj)'xo(f) )

e

redit M.Lorenzini



WIDEN THE BAND: XYLOPHONE

* Improving al low and high frequency with a single detector is very
challenging
* HF requires more laser power
* LF requires cold mirrors

* |dea: split the detection band over 2 “specialized” instruments

d ET-C/ET-D

High Frequency

== ET-C/ET-D )
Low Frequency

IMx EMxi

Filter cavity 2

Laser
1550nm SRM

Laser

1064nm SRM ) .
Filter cavity 1

Squeezer _ pp Filter cavity 1 PD =
om-------- S - .U .......... }] HDH Squeezer
- I\ /
4 Optical element, Optical element, Laser beam 1550nm }
n Fused Silica, E Silicon, Laser beam 1064nm
\_ room temperature ayogenic 0000 ceccceaces squeezed light beam
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‘echnologies

* The main ingredients are:
e Size: 10km vs 3km
* Xylophone design: ET-LF, ET-HF

* ET-LF:

Underground

Cryogenics

Silicon (Sapphire) test masses
Large test masses

New coatings

New laser wavelength
Seismic suspensions
Frequency dependent
squeezing

M.Punturo - HAS2018

* ET-HF:

High power laser

Large test masses

New coatings

Thermal compensation

Frequency dependent
squeezing
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Cryogenics

* ET design asks for 10-20K operation temperature
 How to cool down without introducing vibrational noises?
* How to cool down without polluting the mirrors?

* How to cool down in a way compatible with the commissioning activities? (KAGRA bad
experience)

How to realise cryostats having a reduced footprint

* Impact on the infrastructure cost due to special cross-compatibility between the different
interferometers

e Collaboration with KAGRA is a “must”

M.Punturo - HAS2018 54



Cryogenic Materials

e Silicon indicated as first choice material (Sapphire as backup solution)
* Best thermal noise behavior at low temperature
* Small thermal expansion coefficient (zero) at low temperature
* “Transparent” at A>1550nm
e Heavily used in industry

 Question marks:

* Test Masses:
* Large size samples (r~30cm, M~300kg) are produced through Czochralski grown method
* High optical absorption (hundreds of ppm)
* Few ppm absorption seems possible with Float Zone method grown samples, but small size samples are produced
* Magnetic Czochralski samples promise to solve this dilemma

* Payload:

» Suspensions in Silicon fibers/ribbons?
* How to produce them?
* What are the effective performances (thermal noise, thermal conductibility, ....)?

* How to assemble the payload through (silicate) bonding?
* Mirrors:

* Coatings @ cryogenic Temperature
* Materials
* Nano-layers, amorphous / crystalline structure, ...

M.Punturo - HAS2018 55



Squeezing

* The frequency dependent squeezing is used both by ET-LF and ET-HF

* In the ET-LF interferometer requirements are quite stringent
* Long filtering cavities are imposed by optical requirements

* Short filtering cavities are suggested by infrastructural constraints
e Optical design and simulation is necessary to find the optimal compromise

M.Punturo - HAS2018
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STAND-ALONE OBSERVATORY

] Sta rt With a Single Einstein Telescope

Xylophone option (ET-C)

(Xyl O p h one ) Each detector (red, green and blue)

consists of two Michelson inter-
ferometers. The HF detectors need
d ete Cto r one filtercavity each, while the LF
detectors require 2 filter cavities
each due to the use of detuned
signal recycling.

M.Punturo - HAS2018
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STAND-ALONE OBSERVATORY

] Sta rt With a Single Einstein Telescope

Xylophone option (ET-C)

(Xyl O p h one ) Each detector (red, green and blue)

consists of two Michelson inter-
ferometers. The HF detectors need
d ete Cto r one filtercavity each, while the LF
detectors require 2 filter cavities
each due to the use of detuned
signal recycling.

* Add a second one
to fully resolve
polarizations

In O
Antenna pattern for a polarized GW: Outﬁ—_z—_—- —==z=z====

simple “L” (left) vs Triangle (right)
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STAND-ALONE OBSERVATORY

~»>

 Start with a single
(xylophone)
detector

e Add a 2" one to

fully resolve
polarization

* Add a 3" one for
null stream and
redundancy

Einstein Telescope
Xylophone option (ET-C) ”

I/,,
Each detector (red, green and blue) “ y
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.

Number of 'long' suspensions = 21
- (ITM, ETM, SRM, BS, PRM of LF-IFOs)
Grn-LF of which 12 are crogenic.

Number of 'normal’ suspensions
(PRM, BS, BD and FC) = 45 for
linerar filtercavities and 54 for
triangular filter cavities

Beams per tunnel =7

In
- - %
-_-_-_-_-___-_-_-_-_-_-_-_-_-_-_-_-|.-|.-|.-|--|.-|.-|.-|.-|.-..-..-.-._-|_-|_—_-—[| (o]
Out mmmmmm——EmCEEEEEETAAAAAAEAEEmEmAEEEEE - -—-—- |:| <

M.Punturo - HAS2018
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Organisation

M.Punturo - HAS2018

60



ET collaboration: Letter of Intent E T fiuscie

Spain; 35; 5% Poland; 6; 1%
’ ’ o

* Addressed to all the | ungary; 54 8% /- PUIBeT19 35 0%
. . Belgium; 46; 7%
scientists and \ _apan.@ )
engineers interested o
ech; 2; 0%
to the 3G GW /
. Netherlands; enmark; 1; 0%
science and 36; 5% / Switzerland: USA; 25; 4%
4; 1%
tECh n O I Ogy | ExtraEU; 56; 8%
I China; 2; 0%
A aio; 4; 1%
Brazil; 2; 0%
DG - d; 3, 0%
-
———ie: 1 %

http://www.et-gw.eu/index.php/letter-of-intent

* The signatories (667
persons, the 315t of
October) probably
will become the
future members of
the ET collaboration
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http://www.et-gw.eu/index.php/letter-of-intent

The Executive Board

Geometry and
topology
discussion forum

EINSTEIN

TELESCOPE

Science
case

Technical
design

ESFRI
proposal

e_
Infrastr
uctures

Infrastr
ucture

Vacuum
and
cryogenics

Vacuum

M.Punturo - HAS2018

plants

Mirror

Strong interaction
with APPEC

Suspen
sions
and
cryo-
payload

Cost Governance &

evaluation management

Sites
comparison

Scientific

Cryo pay team excellence
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From the conceptual to the technical design

e Currently our efforts are addressed to transform the ET infrastructure
concept in a project

E T ‘ EINSTEIN
TELESCOPE

M.Punturo - HAS2018



TELESCOPE

The Technical design Team E T s

= Technical design

|
=

Interferometer
modelling+design

Detection

Squeezed light

Auxilliary optics

Calibration

L1
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Site Selection
The European competition
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ET site: 3 candidates

Horizontal spectral motion at various sites e What are the technical
selection parameters?

T Vigoom -
|| Netherlands 10 n — | L4 .
1011 || Sardinia 185/m A L. 48 e How the sites match these
—  Hungary 400 m !I'.;iiiilii::. —/ i
| Spain LSC-800 m — Pa rameters?
_12 - P o . o o -
10 : s « Complete the site qualification
- !
E 1{]_13 .\1 : Amstgrda
q.__'.E E% Lorédra e ’
N I ‘ognla
-E- - - s I 1 L\\l‘:‘&elﬁio
o 101 [ il -\\ i | EhSam
w ! ~ L PQ@gi
o 4 1
-15 :
1{] Francia
[ : ﬂ\'\ i
'-u‘ "lnn,‘.ﬁ
10716 N
Wdogap
‘r » W ,"‘: - 1. Barc?lona
1 ﬂ_1 ? - - H ] /alencia
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Inturo - -
- geri
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EUREGIO MEUSE-RHINE

* A proposal to realize ET in the Limburg area

* A strong asset: a detector hosted by 3
countries (B-D-NL)

* Initial funding (4-6M€) by NL and B

* Site still to be qualified with a long and
complete seismic measurement campaign (to
be started in 2019) -

E ‘EINSTEIN
TELESCOPE

EUREGIO MAAS-RIJN

M EIES
3 TALEN | 3 LANDEN |

() Viiegveld binnen 1 uur reistijd

indhoven @) . €Y Dosseicort

REGIO
M.Punturo - HAS201¢ =

NEDERLA

REGIO ROTTERDAM €40 MILJARD

«Tongeren
ND €500 MILIARD ® Metz "
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E:I Foreland areas
[_] Foredeep basins

|| I:I Shortening areas in the
|

T

14°E
s
T
il ||':'!,H!|

T
10°E Molasse basin
1H|
|

Al 8
Population Density | © 20 400 60 S0 1000 . .- ; | !
. <o T — I i ; '
— X : 15 A4 1] 1E
. » A I 1“ i
3 1Ty 1 ; !P’ \ 1

Sardinia - Italy N ’ YW e ele

e Site (preliminarily) qualified with
a long measurement campaign,
published in CQG

* Very high quality geological,
seismic, constructive and
environmental characteristics

||| Apannines
I Extensional areas in the
I} the

[ Jpackarc
||| Apennines subduction
HIEH [T st thrust bt
: Basement outcrops
B Ocenic Crust
Eua: Flo-Fleistocens
b: Mesozoic
Thrus! fault
MNommal fault
. Sirike-slip fault
Undifferentzated faul

Tyrrhenian -
Sea »

e Support of the Italian
Government

* 17 M€ promised to support AdV+
and the ET site candidature
 5.5M€ delivered in 2018
* 1M<€ delivered by Sardinia region

e 2 M€ to be delivered soon M.Punturo - HAS2018




e

MATRA MOUNTAINS: Hungary

e Underground lab (-88m) realized and used for seismic
measurements

* Two years of seismic data available (arXiv:1811.05198)

A = . =

10—12

10—13

1014

1015

PSD Acc [(m~2/s™~4)/Hz]

10716 L

10—17

EINSTEIN Frequency [Hz]
TELESCOPE M.Punturo - HAS2018 bY
L L AL




* Various andesite types from same

geological era, limestone basis
JNG AR OO

» Local seismicity level

* 3 earthquakes in the last 200 yrs

« M =3.5(1879), 3.2 (1895), 3.1 0
(1980)

* Explosions nearby
* 91 between 03.2016—-12.2017

19.7E 19.8°E 19.9°E 20°E 20.1°E
| |

48'N = S e =

47.9'N

‘ show legend

48N M.Punturo - HAS2018
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The International scenario
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The international scenario

 The GW detection, the beginning of the GW multi-messenger astronomy and
the acceleration of the ET project stimulated a worldwide excitation for the 3G
detectors

* LIGO colleagues elaborated a 3G idea named Cosmic Explorer (CE)

* In 2018 NSF funded a design study for CE, confirming the validity of the pioneer activity
realised by the ET community and admitting a “10 years” delay with respect to ET

* In August 2018 NSF organised a DAWN meeting dedicated to 3G in Europe

Dawn IV: Global strategies for Gravitational Wave
_ Astronomy

& 30-31 August 2018
*  De Rode Hoed

* Participation of “delegates” of national funding agencies in Europe including CERN, that it is preparing
the Particle Physics European Roadmap

* Sparkling discussions on many aspects, but clear statement on the need of a global coordination
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G W | C 3 G O rga n I S at I O n Chairs.Reitze

Coordination of the Ground-based GW Networking among Ground-based GW

Science Drivers for 3G detectors ; :
Community Community

Agency interfacing and advocacy Investigate governance schemes

Chairs:
M. Punturo
D. Reitze

Chairs: Chairs:

S. Rowan (on behalf of S. Katsanevas
the GWIC) G. Sanders

Chairs:
V. Kalogera

H. Lueck
D. McClelland

B.Sathyaprakash
J.v.d. Brand

Talk to Governance,

founding global
agencies organisation

Enabling
Technologies,
Common R&D

Networking,
Joint
meetings

Science
Case

https://gwic.ligo.org/3Gsubcomm/
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GW'C 36 Organlsathn 3G subcommittee

Chairs: M. Punturo, D. Reitze

Science Drivers for 3G detectors Ceorllieilen @ i Gr9und-based @y e AT R Grc_)und-based @y Agency interfacing and advocacy Investigate governance schemes
Community Community
Chairs: : Chairs: Chairs: Chairs:

H. Lueck

V. Kalogera b. McClelland M. Punturo S. Rowan (on behalf of S. Katsanevas
B.Sathyaprakash D. Reitze the GWIC) G. Sanders
J.v.d. Brand

More than 200 scientists
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ET e

3G Science case workshop

e Postdam, 1-2 October 2018

* Very exciting and scientifically
interesting meeting

e Science Case document that will
be the input for

* CERN roadmap (18t of December
2018)

* Decadal Survey (18t of January
2019)

e ET ESFRI proposal (Apr. 2020)
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Conclusions

* ET is a frontier project on GW research

* |tis the only project that can guarantee a scientific relevance of Europe in the
2030 decade (terrestrial detectors)

* It is paving the path toward 3G detectors

* Its design is based on the hypothesis to be the only one 3G observatory

* |In case other 3G detectors/observatories will be realised in the world, ET design can be
simplified keeping the same scientific potential, but reducing the complexity

* A pan-European effort on its design, technology development and realisation
is needed

* The competition on the possible site in Europe is healthy because it
stimulates activities and interest, but it must find a convergence in the first
years of the next decade
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