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Outline

1. Science of the GW-FP initiative
2. Current and future activities

3. Overview on the science of the Einstein Telescope (ET)
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GW science: much more than Astro

uclear hysics ews
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Fundamental Physics in the Gravitational-Wave Era
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Avekst KURKELA®, ANN-CECILIE LARSEN’, MARLENE NAHRGANG®, Samava NissankeZ, PaorLo Pant’,
RaFAEL PorTo!?, AnToNio RiotTo!! ) AND STEPHAN ROSswoa!? .

April 2022

» GW revolution opened new avenues for fundamental physics:
» Matter under extreme conditions
» Multimessenger astronomy: role of nuclear and atomic physics
* GWs & Cosmology
* Fundamental problems in high-energy and gravitational physics

» Multidisciplinary, cross-cutting effort at the interface between different

communities — synergies, complementarities, community building
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Matter under extreme conditions

GWs from binary neutron-star mergers provide a way to investigate

strongly interacting matter at ultra-high density, temperature, and isospin

> Equation of state (EoS) & phase structure in the core (hyperons? quarks?)

» Temperature and densities comparable to heavy-ion collisions

» Single ET' detection will constrain FEoS at unprecedented levels

Neutron-star IMEerger [Rosswog-Diener CQG 2021]
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Nuclear/Atomic physics & Multimessenger

EM counterpart of GW170817 is the strongest evidence to date of
heavy-element nucleo-synthesis through the r-process

Nuclear theory

for neutron-rich, unstable nuclei

e N

[ Kilonova, ]4_> [ large-scale }

nuclear network calculations

1 5K+ nuclei; 50K+ reactions

Appearance and detectability of kilonovae

strongly depends on atomic physics i
Future X-ray missions (XRISM, Athena, § m;f 3 /
< 105]

[Arnould+ Phys. Rep. 2007] / “
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NICER, GRAVITY) — high-res spectra
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GWs & Cosmology

» GW standard sirens at large redshift can measure Hubble constant

and shed light on dark energy and modified gravity
» Stochastic GW background — inflation and phase transitions

> 3G/LISA: unique discovery machines for primordial black holes
(may be 100% of the dark matter)
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Fundamental Physics and GWs

» GWs searches for dark matter & new fundamental fields
» Classical and quantum extensions of General Relativity
> Hep techniques to compute waveforms (eg. EFT, scattering amplitudes)

GWs from ultralight dark matter Constraints on dark photons
(axion ALPs, dark photons, ...) e .
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Detectable also in the DM “nightmare”

scenario! (i.e. ~no coupling to SM)

Arvanitaki+ PRD 2014; Brito+ PRL 2017-2020; Baumann+ PRD 2020, PRL 2022
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GW probes of dark matter

Bertone+ 2020

Formation Signatures

: Phase Primordial ! 2
Electroweak F1a Tiio 2 Black Holes tions for
ransitions }ac oles WIMPs

Non-
Dark perturbative
photons DM pro- S
duction of dark matter effects

Gravitational Fovirons

wave probes mental Dephasing

Light DM

Solitons
cditons clouds

Direct Exotic

searches objects

with "
with

vitlzar : ;
: ; interfo-

BH mim- Captured
ri||'|i'||!;__ ickars DM

Arrayvs

P. Pani — GW probes of Fundamental Physics — JENAS 2022



Community building

FEBRUARY 8-12, 2021

ONLINE WORKSHOP ON ZOOM

Hidden Dark don- :
sectors finement Y Dizmat
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INVITED SPEAKERS:
SSE, BERTI, BUONANNOC, BYRNES, CAUDILL,
REEN, HINDERER, INMAN, JEDAM KOVETZ,
> GIORE, MINGARELLI, SERPICO, VEERMAE

200+ (online) participants

ORGANIZING COMMITTEE:

3 BHAGWAT, DE LUCA, FRANCIOLINI, PANI, RICTTO
Brought together experts from SCIENTIFIC SECRETARIAT:
i i ALESSANDRA. CURTOUNIROMALIT

GW, hep, & Cosmo communities
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Connection with EuCAPT ‘éf’

SAPIENZA

UNIVERSITA DI ROMA

JUNE 15-17 2022
SAPIENZA UNIVERSITY OF ROME

https://agenda.infn.it/e/GWenvironment

https://agenda.infn.it/e/GWenvironment

GRAVITATIONAL WAVE PROBES OF
BLACK HOLE ENVIRONMENTS
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OVERVIEW ON CURRENT AND FUTURE STATUS OF GW OBSERVATIONS
GW SEARCHES FOR DARK MATTER
i t ENVIRONMENTAL EFFECTS IN GW ASTRONOMY AND TESTS OF GRAVITY
e
ENVIRONMENTAL EFFECTS & PRIMORDIAL BLACK HOLES
MODELLING ACCRETION ONTO BLACK HOLES

INNOVATIVE DATA ANALYSIS AND SEARCH PIPELINES

with

interfo- : ['"t"!‘\’;'*‘{ INVITED SPEAKERS
Fometers 2 2
A.Antonelli (JHU) M.Correia (CERN) T.lkeda (Sapienza)
J.Bamber (Oxford) G.Cusin (Paris) B.Kavanagh (Santander)
E.Barausse (SISSA) V.De Luca (Geneva) O.Piccinni (Barcelona)
R.Brito (IST) A.Derdzinski (Zurich) A.Riotto (Geneva)
A.Chua (Caltech) F.Duque (IST) G.Tomaselli (Amsterdam)
P.Cole (Amsterdam) P.Gupta (Kyoto) R.Vicente (Barcelona)

Expected ~100 (in-person) participants ORGANIZING COMMITTEE P

@ P.Astone, G.Bertone, V.Cardoso, E.Cuoco, G.Franciolini,
e L.Gualtieri, P.Leaci, A.Maselli, P.Pani, L.Sberna EuCAPT

RESEARCH CENTER
SCIENTIFIC SECRETARIAT

Qo m alessandra.curtoeuniromal.it
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https://agenda.infn.it/e/GWenvironment

GWSci: a COST Action proposal

/

\

/ GR dynamics \/

\/ Fundamental \

GR: General Relativity, AGN: Active Galactic Nucleus, BH: black hole, BBH: BH binary, MBH: Massive BH, NS:
Neutron Star, DM/DE: Dark Matter/Energy, EM: Electromagnetic, EOB: Effective one-body, EFT: Effective Field
Theory, LV: Lorentz Violations, EOS: Equation of State, pN: post-Newtonian, QCD: Quantum chromodynamics

Astrophysics & Modeling Cosmology Physics
4 MBH growth; AGN Inspiral: pN, EOB, Nature of DM and DE; BH hair & new fields; )
Black Holes spectroscopy; BBH EFT, amplitudes; structure formation; tests of GR; near-
and their formation channels; phenom. Models; primordial BHs; horizon quantum
binaries BH masses/spins, nonlinear dynamics standard sirens; ... effects; nature of DM;

L supernovae; ... in and beyond GR; ...

4 Multimessenger NS microphysics & Multimessenger EOS; QCD phase
Neutron Stars | astrophysics; EOS; NS | imprint on GW; astrophysics and transitions; quark

and their structure; gamma ray | dynamical tides; cosmological deconfinement; tests
Giiaiies bursts; kilonovas; ... postmerger parameters; nature of | of GR & LV; new
E oscillations; MHD ... DM fields; ...
( Dense stellar BH perturbations & Standard sirens & BH hair & new fields,
IMRIs & environments; EM self force; Resonant cosmological tests of GR; near-
EMRIs counterparts; IMRI and Environmental parameters; nature of | horizon quantum
formation; MBH low effects; Numerical DM; primordial BHs; effects; nature of DM;

k. redshift evolution, ... Relativity ...

4 GW High redshift sources; | GWs from Cosmic Inflation; early Early universe phase
Backgrounds, | GW confusion; Strings; Stochastic universe phase transitions; boson
Foregrounds, hyperbolic encounter | GWs; GWs from transitions; cosmic clouds; tests of GR &

sitid Blirsts rates and parameters; | hyperbolic strings; primordial LV;.2

_ \ encounters; ... BHs;

ocoskE

EUROPEAN COOPERATION
IN SCIENCE & TECHNOLOGY

» Budget: ~0.5M EUR (workshops, dissemination, scientific visits, esp. ECRs)

» Submitted in Oct 2021 — Results expected in May 2022
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Einstein Telescope (ET)

ET pioneered the idea of a 3" generation GW observatory:

o« New infrastructure capable to host future
upgrades for decades without limiting the

observation capabilities (~50yr time scale)

e Sensitivity at least 10 times better than
(nominal) adv. detectors on a large fraction of
the (detection) frequency band

e Dramatic improvement in sensitivity at
low frequency (few Hz — 10Hz) range —
intermediate-mass black holes

e High reliability and improved observation
capability

« Standalone localization & polarization

disentanglement

Both precision physics and discovery machine!
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European Strategy Forum I |:E : I i\ I { I : =
on Research Infrastructures I Oad I ap E I

-

nlandia |

ET CA originally signed by 41 institutions

sy
b= sheryy Bt o Fipmmarr= i e ores

. Proposal su bm%d by o S
ROADMAP 2021 : s
= % ; & E o ,_ S | Consortium currently coordmated by INFN and lehef

B el B —

. Netherlands 9
- Paland: - T (7 JBsgno Unite N e S BI :
Irlanda Mar _égb'r o :
® | ”Spaln . o 9 o B Polonia @
2 1 Prgject and 4 Y N : Ueral
' P A borition activities e '
now also include Q el v so o’ cninace 0%
agencies and institutions A R e e o ey
belonging to: g, : st Blcares
° 1 & \ Erzegovina 1, 412 Sofia
Large preparatory funds AT 2 w09 f g A
available in some country (IT, = ¢ France i f M@ ‘_ N = :
NL, ..), an EU INFRA-DEV Germany porogals _ Q = ' s
proposal just approved with a Hungary pic spagna Q& Q 69 R
grant of 3.45M€ and an EU oY i ] g : £
INFRA-TECH proposal has
been just submitted Uk Several hundred scientists and engineers involved

» NL: intended investment of 42M€ for geology, R&D, organization
(+ 870ME€ reserved in case of Dutch construction)

» Similar investments under discussion in I'T' (outcome expected by June 2022)

P. Pani — GW probes of Fundamental Physics — JENAS 2022



Legal Entity: ET Observatory

ET Collaboration

policyH
monitoling
Surjxodaft ’

e

<

INFRA-DEV _

Mario Martinez

o managing reportin
ET Project l Tp e

e Beam pipe vacuum Specific Boards

e Site Preparation
SCB OSB ISB EIB

e Civil Infrastructure
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ET Collaboration: current organization

ET Steering

Committee http://www.et-gw.eu/index.php/et-steering-committee

Specific Boards
SCB OSB ISB EIB
Site Characterization Board Observation Science Board Instrument Science Board E-Infrastructure Board

Site Studies Fundamental Physics

On-site

Suspensions
P Infrastructure

Environmental studies Cosmology

Distributed

Population Studies infrastructure

Geophysical studies

Multimessenger Obs.

Software &
frameworks

Data management std. Interferometer

Analysis tools and data Synergies with GWDs

comparison Vacuum and - DlVlSlOHS

Nuclear Physics :
Cryogenics

Detector Optimisation
p Stellar collapse and

isolated neutron stars

Active Noise
Mitigation

Community relations
Waveforms

Costs and socio-
economic impact

Civil
Infrastructures

Scientific potentials ...

Legal

Data Analysis Platform
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XII ET Symposium

XII Einstein Telescope
Symposium

Budapest June 7-8, 2022
Formal birth of the ET collaboration
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Strain noise [ 1/Hz"

ET key elements

Design specifications

Requirements

* Wide frequency range

* Low-frequency sensitivity

* Localization capability

* (more) Uniform sky coverage

* Polarization disentanglement

* High reliability (high duty cycle) *

* High SNR

* Xylophone (multi-
interferometer) design

* Underground

* Cryogenic

* Triangular shape

Longer arms (>10km)

Pl
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A I 100 F

Wide frequency range

Median source
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| s Optimal source
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ET science in a nutshell E

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 -messanger astronomy
- Joint GW/EM observations (GRBs, kilonova)
—  Multiband GW detection (LISA)
—  Neutrinos

Detection of new astrophysical sources
-  Core-collapse supernovae
—  Isolated neutron stars

—  Stochastic background of astrophysical origin

Fund. physics & 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 black holes

- Axion clouds, environment
~ Dark energy & modified gravity

-  Dark energy equation of state

-  Modified GW propagation
> Stochastic background of cosmological origin

—  Inflation, phase transistion, cosmic strings
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BNS mergers

BH & NS demography: ].05 eventS/yr (1 event every 5min)
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FEoS constraints with ET

Ad.’LI.G. e ET (1 event every 5 min)
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GW170817 with LIGO/Virgo GW170817-like in ET
— limited constraining power — rule out most EoS
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Outlook of the Initiative

> Work in progress:

~ Contribution to ET science (OSB Divisions & Blue Book)
— Contribution to LISA science (FP & Cosmo WGs)

— Workshop organizations

> (Goals for the future:

— Fund raising

* Short-term Scientific Missions
* Training next-gen of leaders in GW physics
* Software Repositories

~— Organization of working groups and recurrent meetings
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XII Einstein Telescope
Svmposium

Budapest June 7-8, 2022
Formal birth of the ET collaboration

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



Backup slides

“Nothing 1s More Necessary than
the Unnecessary” [cit. ]
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GW searches for ultralight dark matter

Axion-like particles (ALPs) Dark photons
R v = 0 PR T B’
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. g 2 s
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T 2
o €
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GW constraints do not require dark-matter couplings to SM!
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ET-LISA horizon for ultrahght DM
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E'T timeline

* ET timeline presented to ESFRI

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

O‘OEEMMM‘W i GOVEPATERtS

CDR  ESFRI proposal

2011 2020
 Enabling technologies development CDR evaluations:
Sites qualification o : Site decision » Total budget ~ 2G€

Cost evaluation —

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

Building governance
Raising initial funds
Raising construction funds
Committing construction funds

Pre-engineering studies

+ Rl operative TD ~+ ET RI construction
» Detector operative TD —+ ETITFs construction
ET installation
Commissioning CHEEIED
ESFRI Phases: Design Preparatory Implementation Operation

40
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* Currently there are two
European candidate sites

to host ET':

* The Sardinia site, close to
the Sos Enattos mine

BT
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close to the NL-B-D border

* A third option in Saxony

(Germany) is under
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