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Vitor Cardoso (IST - PT)
A cross-cutting initiative for a

Roberto Emparan (ICCUB - ES) common platform to:

e Foster synergies among astroparticle, atomic,
* & S A
Tetyana GalatyUK (GSI - DE) nuclear, high-energy, and gravitational physics, O R Nuclear &

cosmology, and GW and multi-messenger physics high-energy physics

Alexander Kalweit (CERN) astronomy
GW astronomy

Strengthen the connection between the
theoretical and experimental/observational
communities

Aleksi Kurkela (CERN)

Ann-Cecilie Larsen (UiO - NOR)

o Share expertise, tools, cutting edge technologies
to attack multidisciplinary problems

Samaya Nissanke (Amsterdam U. - NL) Foundational Cosmology
e Train a new generation of researchers with S

* Paolo Pani (Sapienza - |T) diverse expertise and background
¢ Share and disseminate knowledge in fundamental

Rafael Porto (DESY - DE) e

Antonio Riotto (Geneve U. - CH)

Stephan Rosswog (Stockholm u.- SWE) Endorse this initiative @ https://agenda.infn.it/e/GWFundPhys

“Recording a GW [...] has never been a big motivation for LIGO,

the motivation has always been to open a new window to the Universe”
— Kip Thorne (BBC interview, 2016)



Multi-messenger astronomy

More by Samaya Nissanke
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First detection of a binary neutron star YTay
me rge rS th ro u g h g ravitati O nal WaVGS Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.S.S., HAWC, Konus-Wind

LIGO + VIRGO, PRL 119 (2017) 1611001

= GRB 170817A ~1,7 s later
Observation of the same event through
electromagnetic waves (gamma-ray burst)

Fermi GBM + INTEGRAL + LIGO + Virgo,
Astrophys.J.Lett. 848 (2017)
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Gravitational wave signal More by Stephan Rosswog More by Ann-Cecilie Larsen : ;ﬁﬂf
depends critically on nuclear
equation of state (EoS)

Neutron star

Nuclear, atomic
high-energy physics

Production cite of heavy
elements in cosmos
(driven by nuclear
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Spectral lines of highly charged
atoms reveals composition in
the ejecta (lack of atomic data!)

‘ More by Alexander Kalweit,
-15 —10 75X((f)rn) 5 10 15 Aleksi Kurkela More by Sven Bernitt
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GW events as labs for Fund Phys

In 5 yr GW astronomy has reshaped fundamental physics
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[GW150914 discovery paper: LVC, PRL 116, 061102 (2016)] [GW190521 discovery paper: LVKC, PRL 125 101102 (2020)]

= New physics beyond General Relativity?

= How/where do BHs form? Are they classical BHs? More by V. Cardoso

= Hints of quantum gravity at the horizon? More by R. Emparan

= New sources: signatures of dark-matter environment More by G. Bertone

= New sources: stochastic bkg, GW signatures of inflation? More by A. Riotto

= Advanced GW modelling is crucial (esp. for ET and LISA) — tools from hep
More by R. Porto
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The case of GW190521

Masses in the Stellar Graveyard
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Synergy with nuclear physics

“How Were the Elements from Iron to Uranium Made?”

Cormedmgrl< ’ Eleven Science Questions for the New Century
uarks:
\\'igc Cosmos

[M. Arnould, S. Goriely, and K.Takahashi,

10° Phys. Rep. 450, 97 (2007)]
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Synergy with nuclear physics

Nucleosynthesis network calculations: = 7 000 nuclei and = 70 000 reaction rates

Jonas Lippuner, Skynet network code https://jonaslippuner.com/research/skynet/ /\
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However: nuclear physics input is very uncertain (orders of magnitude)!
GW170817 is so far the only NSM with a measured «afterglow»
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https://jonaslippuner.com/research/skynet/

Synergy with Atomic Physics
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Synergy with Atomic Physics

Hitomi collaboration, Nature 551, 478-480 (2017)

= The next generation of x-ray observatories

A (XRISM, Athena) will feature much higher
i | ] spectral resolution than the current one
15 f seex | | = Todays most sophisticated spectral models are

insufficient, lacking atomic data, with some
processes not included

S, counts s*' kev-'

= Combined efforts from astronomers, laboratory
experiments and atomic-structure theory are
required
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Quark matter in Neutron Stars
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Heavy-ion collisions study how in extreme densities nuclear matter melts to Quark Matter

Conditions in the cores of Neutron Stars resemble the environment in heavy-ion collisions:
|s there Quark Matter in neutron stars?

Gravitational wave observations can determine:

= |s there hyperons or deconfined Quark Matter in neutron stars?

= Does Quark Matter exist in exotic phase? Color superconductor, Crystalline phase, ...?7

—> Both heavy-ion collisions and gravitational waves explore the phase diagram of QCD.

Strong synergy with the theory of heavy-ion theory community (Methods, calculations, tools..)
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Quark matter in Neutron Stars
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Heavy-ion collisions study how in extreme densities nuclear matter melts to Quark Matter

Conditions in the cores of Neutron Stars resemble the environment in heavy-ion collisions:
|s there Quark Matter in neutron stars?

Gravitational wave observations can determine:

= |s there hyperons or deconfined Quark Matter in neutron stars?

= Does Quark Matter exist in exotic phase? Color superconductor, Crystalline phase, ...?7

—> Both heavy-ion collisions and gravitational waves explore the phase diagram of QCD.

Strong synergy with the theory of heavy-ion theory community (Methods, calculations, tools..)
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GWs & simulations: bounds on EoS

Neutron stars:

mass: ~ 1.4 solar masses | average density p,, = 4x10'4 g/cm3
radius: ~ 12 km > nuclear saturation density

Dynamical timescale: ty,= (G pa)"?=0.2 ms = GW frequencies
(~oscillation frequencies)

few kHz

Equation of State (EoS) = structure of neutron stars = GW fequencies

Structure of neutron stars
LAl composition:

crust: “iron-like” nuclei

bulk: neutrons, protons,
electrons, muons

“core”: likely “exotic”

- hyperons? new phases of matter?
- quark matter?

Heavy liquid interior

GW Probes of Fundamental Physics — First Topical Meeting — Sep 22, 2020 12/34



GWs & simulations: bounds on EoS

Gravitational wave sweeping
through detector band (2 x1.4 M)

10_21 T

How can GWs constrain nuclear matter properties?
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Multi-messenger astronomy

Opportunities: GW+EM are new opportunities for
astronomy and cosmology
What are the intrinsic nature of compact objects?
How and where do BH-BH/NS-BH/NS-BH form?

How do compact object mergers probe and drive
the evolution of the Universe?

How do the fundamental laws of physics interact with
each other in strong-field gravity?

Challenges: combining GW+EM
Detection of GW (strains ~ 10-2") & EM (different timescales)
Modelling GW + EM simultaneously (microphysics)
Interpretation (astrophysics, fundamental physics and cosmology)
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Time-domain
Astronomy

_ _ Binary stellar evolution . .
Chemical enrichment & the fate of massive stars High energy astrophysics

in the Universe

Joint GW and EM measurements:
masses, spins, composition of neutron
stars & outflows, magnetic fields ...

Cosmology

Afterglow Light
Patter:

2
380,000 yrs.

Inflation,

Challenge: obtaining EM, Analysis
and Interpretation

Fluctuations \§

1st Stars
about 400 million yrs.
Big Bang Expansion
13.7 billion years

Large Scale Structure Data theory, big
- ; b data

and machine

learnin
J General Relativity

and

Beyond the
Standard Model
argmin Llg] Physics
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Key Challenge: the first month(s) of multi-
messenger observations of GW170817

adapted from LIGO, Virgo, EM partners + ApJ 848 L12 (2017)

GW

gamma-rays

X-rays , : 9 days
uv 15 hours @ g—
i 11 hours @ L
Optical : NI Rl INIBNIR I
@ - .
IR 12 hours IR BIRIENIl I
: 16 days ¢
Ra'dlo ' ' ! ! [ | 1181 " y'
— 100 -50 0 50 102 . . 107 10!
1 (s) time since merger (days)

Global ground and space-based effort:
70+ teams, 100+ instruments, over 3500 co-authors
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Key Challenge: the first month(s) of multi-
messenger observations of GW170817

adapted from LIGO, Virgo, EM partners + ApJ 848 L12 (2017)
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GW probes of Dark Matter

Hidden Dark con-
sectors finement

Formation

Dotk Phase Primordial
transitions Black Holes

ﬂ;Nobn-';i Gravitational
P‘;n'/‘["p:o_ e wave probes

duction of dark matter

Direct
searches

with ith
pulsar v BH mim-
interfe-

timing rometers e
arrays

From White Paper “GW probes of DM”, 1907.10610

Exotic
objects

Signatures

Implica-
tions for
WIMPs

Environ-
mental Dephasing
effects

Light DM
clouds

Captured

Growing sense of ‘crisis’ in the
dark-matter particle community

Absence of evidence for the
most popular DM candidates
(WIMPs, axions, sterile
neutrinos)

Need to diversify experimental
effort & incorporate astro
surveys and GW observations!

Tremendous advances in our
understanding are likely with
GW probes of DM
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GW probes of Dark Matter
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Nature of compact objects

“In my entire scientific life, extending over forty-five years, the most shattering experience has
been the realization that an exact solution of Einstein’s equations of general relativity provides
the absolutely exact representation of untold numbers of black holes that populate the universe.”

S. Chandrasekhar, The Nora and Edward Ryerson lecture, Chicago April 22 1975

BH seeds, demography... Ergoregion Photon sphere
(how many, where, how?)

Environment around compact objects
Evidence for photon surfaces, ergoregions
Tests of the Kerr paradigm, spectroscopy

Black holes as new particle detectors

Do black holes exist?

Horizon \

Innermost Stable Circular Orbit
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Nature of compact objects

“In my entire scientific life, extending over forty-five years, the most shattering experience has
been the realization that an exact solution of Einstein’s equations of general relativity provides
the absolutely exact representation of untold numbers of black holes that populate the universe.”

S. Chandrasekhar,cThe Nora and Edward Ryerson lecture, Chicago April 22 1975

BH seeds, demography... —
(hOW many, Where, hOW'?) Cyflﬁeﬂ280f)0 Time:1000

Environment around compact objects
Evidence for photon surfaces, ergoregions
Tests of the Kerr paradigm, spectroscopy

Black holes as new particle detectors

Do black holes exist?
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Nature of compact objects

“The crushing of matter to infinite density by infinite tidal gravitation forces is a phenomenon with
which one cannot live comfortably. From a purely philosophical standpoint it is difficult to believe
that physical singularities are a fundamental and unavoidable feature of our universe [...] one is
inclined to discard or modify that theory rather than accept the suggestion that the singularity

actually occurs in nature.” _ o _
Kip Thorne, Relativistic Stellar Structure and Dynamics (1966)

“Extraordinary claims require extraordinary evidence.”

Carl Sagan

BH exterior is pathology-free, interior is not.

Quantum effects not fully understood. Information paradox and unresolved singularities point
to deep inconsistencies in understanding of GR and QM. Non-local physics?

Tacitly assumed quantum effects at Planck scales. Planck scale could be significantly lower.
Even if not, many orders of magnitude standing, surprises can hide.

Dark matter exists, and interacts gravitationally. Are dark, compact objects simply DM “clumps”?

Physics is experimental science. We can test exterior. Aim to quantify evidence for horizons.
Similar to quantifying equivalence principle.
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Connection to string theory and hep

= String theory as an idea-generating framework

= String length much shorter than probed by GW
observations — not direct evidence of strings

* Provides basis to many speculative ideas discussed in
this presentation

- refinements, constraints, and specific realizations
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Connection to string theory and hep

= Fundamental nature of black hole horizons

BH info problem
- No-BH hypothesis:
- firewalls, fuzzballs, microstate geometries
- String effects in echoes, shadows, and memories
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Connection to string theory and hep

* From the string landscape
- Modified gravity theories
- Ultralight scalars: axiverse in string theory & hep

= Applied holographic principle
- holographic equations of state for neutron stars
- rapidly rotating black holes: conformal symmetry in the sky
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe

Binary Supermassive Black
Holes in galactic nuclei "
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Galaxy & beyond
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Theoretical uncertainties
dominate over planned empirical reach!
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Modern tools

from collider physics! “Waveforms will be far more complex and

carry more information than expected.
Improved modeling will be needed for
extracting the GW'’s information”

Kip Thorne ‘Last 3 minutes’ 1993

20+ years prior to first detection!
27/34
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Are we ready for the future?

\/\/\/\A/\/\/\/\/\/\M

GW
G — oy m w y y
f Precision
Data!
w 96
— = — VX
w2 5

Modern tools

from collider physics! “Waveforms will be far more complex and
HICHARD FENMAN carry more information than expected.

: g‘ ~M<M<~< Improved modeling will be needed for

extracting the GW'’s information”

Kip Thorne ‘Last 3 minutes’ 1993
20+ years prior to first detection!
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GW Searches for PBHs

= Testing PBHs at their birth
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GW Searches for PBHSs

= Testing PBHSs at their late stages: BH mergers

- LIGO/Virgo population + Mass Gap event GW190521
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GWs probing the early Universe

GWs will probe early universe phenomena which would remain untestable

(beautiful connection to the origin of the baryon asymmetry of the universe)
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GWs probing the late Universe

GWs will help understanding the nature of our late time universe: why does
it accelerate, is there dark energy? Is gravity modified at large distances?

Fantastic new tool: coalescing binaries as standard sirens!
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It's just the beginning

Science Case for the Einstein
Telescope 1912.02622

Michele Maggiore,* Chris Van Den Broeck,” Nicola Bartolo,*%°
Enis Belgacem,” Daniele Bertacca,”! Marie Anne Bizouard,’
Marica Branchesi,?" Sebastien Clesse,”/ Stefano Foffa,"

Juan Garcia-Bellido,” Stefan Grimm,’" Jan Harms,/"

Tanja Hinderer,' Sabino Matarrese,“**¢ Cristiano Palomba,”
Marco Peloso,”? Angelo Ricciardone,’ and Mairi Sakellariadou”

2001.09793 Prospects for Fundamental Physics with LISA

Enrico Barausse,!*? Emanuele Berti,> Thomas Hertog,? Scott A. Hughes,® Philippe Jetzer,® Paolo
Pani,” Thomas P. Sotiriou,® Nicola Tamanini,” Helvi Witek,'Y Kent Yagi,!' and Nicolds Yunes'?
; ; 3 21,
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Thank you for your attention!

Team:

Sven Bernitt (JENA - DE) Gravitational Wave Probes
of Fundamental Physics

Gianfranco Bertone (Amsterdam U. - NL)

Detectors &
accelerators

Vitor Cardoso (IST - PT)
A cross-cutting initiative for a

Roberto Emparan (ICCUB - ES) common platform to:

e Foster synergies among astroparticle, atomic,
nuclear, high-energy, and gravitational physics,
cosmology, and GW and multi-messenger

Alexander Kalweit (CERN) astronomy

* Tetyana Galatyuk (GSI - DE)

Astroparticle
physics

Nuclear &
high-energy physics

GW astronomy

Strengthen the connection between the
theoretical and experimental/observational
communities

Aleksi Kurkela (CERN)

Ann-Cecilie Larsen (UiO - NOR)

Share expertise, tools, cutting edge technologies
to attack multidisciplinary problems

Samaya Nissanke (Amsterdam U. - NL) Foundational Cosmology

. : . uestions
Train a new generation of researchers with a

* Paolo Pani (Sapienza - |T) diverse expertise and background

Rafael Porto (DESY ~ DE) 2Ej§[znd disseminate knowledge in fundamental

Antonio Riotto (Geneve u.- CH) I ——

Stephan Rosswog (Stockholm u.- SWE) Endorse this initiative @ https://agenda.infn.it/e/GWFundPhys
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