HOLOGRAPHY AS A BRIDGE BETWEEN QCD AND GRAVITATION
SURPRISING CONNECTIONS FROM QUARK MATTER TO GRAVITATIONAL WAVES
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QCD AND GRAVITATION

« Searches for New Physics

« SPhenomenology of Physics Beyond the Standard Model
P \ « Production and Properties of the Higgs Boson

Iy « Properties of the Top quark

« Production and decay of b and c quarks

« CP Violation

« High pT QCD physics

« Heavy lon collisions

« Recent developments in QCD

Q =5~ « New theoretical developments in particle physics
i =Y FYING 1 o
T I kg )| UATER e
MASS \BALLOONS) YA « Gravitational waves detection from the coalescence of black holes and neutron star mergers
« Detection and analysis of gravitational waves in the era of multimessenger astronomy
10" kg - « Strong field tests of General Relativity (Pulsars, Black holes,...)

« Quantum sensors
« Pulsar timing

10%°kg

0%kg |

107%%kg « Fundamental physics with gravitational waves
______ « Tests of the equivalence principle
\ MESONS « Astrometry, solar system ephemerides and observational gravity tests
-30 L A . . ! « Space geodesy, Earth and Planetary Gravity, Navigation
S s I0™s 1 SECoND 10'°< 16%s P J y y y 9

« Clocks, lasers and fundamental constants
« Tests of GR and alternative theories (CPT and Lorentz violation,...)

LIFETIME —>

IN THE ANNUAL INTERDEPARTMENTAL WATER BALLCON FIGHT, MESON PARTICLE « Modified gravity theories
PHYSICISTS AND PLANETARY SCIENTISTS ARE USUALLY EVENLY MATCHED, : o . ;
SINCE THEY'RE BoTH EQUALLY FAR OUTSIDE THEIR AREAS OF EXPERTISE. Short range gravity and Casimir effect: classical, atom and neutron tests
- Long range gravity, dark matter, dark energy

(10 March 2025) « Cosmology, primordial black holes and gravitational waves
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SURPRISING CONNECTIONS

Neutron star EOS Neutron skin of heavy elements

@ cern &

® QY R

m aleksasmaz en 7.983 anderen vinden dit
«h> leuk

cern Using heavy-ion collisions at the #LHC,
scientists determine the thickness of the neutron
skin. This is the first measurement of the neutron
skin of lead-208 using the strong force as a probe
which can provide an insight into the structure of
nuclei and neutron stars.
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THE NEUTRON SKIN AND THE QCD EOS

1. Neutron pressure versus density 13 pwslr] = 1/(e" ) 208 Pb
. Neutron star: pressure by gravity . 0-8
. Lead-208: pressure by surface tension E 06
. Similar densities (saturation density) 204
. Direct implications for neutron star M-R relation 0 o|— Proton [(6.68, 0.447) fm]
“~!— neutron [(6.69, 0.56) fm]
0.0
_ 0 2 4 6 8
2. How to measure the neutron density? r [fm]
. PREX2: measure weak radius (114 Coulombs of 954 MeV electrons) 51 208 ]
. Heavy ions: measure baryon radius? o Pb El
T 5_9; —20.4 E
g; 5.85 _203‘:';
3. Heavy ions: profile influences many observables S b oz £
. Interplay with bulk viscosity, initial stage model etc g s.si— EM %
«  Likely need a full global analysis s 1o
w i . 54: ‘ 52|0 — 5:10 — 5(|50 — 5t|30 — 8(|)0 — 6:20

PV asymmetry APv [ppb]
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PREX, Accurate Determination of the Neutron Skin Thickness of 208Pb through Parity-Violation in Electron Scattering (2021)
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FULL POSTERIOR
DISTRIBUTIONS

Some parameters better
constrained than others

«  Correlations are important,
e.g. with initial stage model
(in this case Trento)
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THE NEUTRON SKIN - FINAL RESULT

— LHC [Tragjectum] [0.217 + 0.058 fm]
— PREX
— ab initio

Transform to neutron radius minus proton radius

Final result consistent but smaller than PREX I

P(Ar,p)

Uncertainty is about 20% smaller than PREX Il

A

Cross section is crucially important,
but also centrality dependence 0.0 01 02 03 04

Important to vary Trento parameters in particular

Ar,, = r, —rp [fm]

Interplay between regions in QCD phase diagram is interesting

s Quark-Gluon Plasma

()]
. =
. Initial shape: zero temperature, nuclear matter B
. Evolution: zero density, EOS from lattice 8
()]

&= LO

Color
Superconductor N
PREX Il, Accurate Determination of the Neutron Skin Thickness of 298Pb through Parity-Violation in Electron Scattering (2022) 0 400 600 800 1000 1200 1400 1600 |

Baishan Hu et al, Ab initio predictions link the neutron skin of 208Pb to nuclear forces (2021) Baryon Chemical Potential - pz(MeV)
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SURPRISING CONNECTIONS

Neutron star mergers Heavy ion collisions

o muses

https:/ /musesframework.io/ Modular Unified Solver of the Equation of State
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NEUTRON STARS AND HEAVY IONS

Neutron star merger

x [km] x [km] x [km]

~10-50 510 —10-50 5 10 —10-50 5 10 Scales are vastly different (10'8)

||I||l|l|||||||1IIX__:IIIIIIIII|IIII

S + NS

Temperature and density can be similar
(at low energy)

S/A

Relativistic hydrodynamics, viscosities
(small size versus neutrinos)

Non-equilibrium physics, bulk viscosity
(small size vs neutrinos, phase transitions)

Low energy heavy ion collision (AuAu @ 0.4 GeV)

Elias R. Most, Anton Motornenko, Jan Steinheimer, Veronica Dexheimer, Matthias Hanauske, Luciano Rezzolla and Horst Stoecker, Probing neutron-star matter in the lab: similarities and differences between binary mergers and heavy-ion collisions (2022)
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NEUTRON STARS AND HEAVY IONS

s Quark-Gluon Plasma
2
- . . - - . '_
High energy heavy ion collisions probe different axis , | e
QCD phase dlagram 00 ‘. .200' . .400' ' .600. . .BOOI "\1100(.) I 1200 1400 1600
Baryon Chemical Potential - g (MeV)
: : CD
No known theory can access entire phase diagram: / pQ,‘
« Lattice QCD at zero density Roogugtic |
F Theory Nuclear Matter Transition Quark Matter
. : . j > ]
PQCD at high temperature / density : o
* Nuclear theory in low density hadronic phase C R T S |
* Holography to connect them (?) 2 oo o Mroy
* Includes temperature and hadron-quark phase transition ’ — soft Z 12? %Z
* Matched to both lattice (zero density and pQCD) Y - imterm. 0 115 M,
E — Stiff polytropes
/ V-QCD
1 nucll.th. L ‘ L J

Energy density [MeV /fm?]

Samuel Tootle, Christian Ecker, Konrad Topolski, Tuna Demircik, Matti Jarvinen, Luciano Rezzolla, Quark formation and phenomenology in binary neutron-star mergers using V-QCD (2022)
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"‘QCD’ AS A STRING THEORY

Non-perturbative gluons = string theory = (quantum) gravity
q

Planar limit;
A= ¢’N fixed

j\r—} 5.
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Gerard 't Hooft, A planar diagram theory for strong interactions (1974)
Juan Martin Maldacena, The Large N limit of superconformal field theories and supergravity (1997)




HOLOGRAPHY

By now a mature field to study non-perturbative physics,
continued interest from hep-ph to cond-mat.str-el

What it cannot:
« Precision physics for "standard model’ physics

* Quantum gravity for ‘our’ universe

What it can:

« Qualitative insights in non-perturbative QFT or quantum gravity
« Real time dynamics, lessons about hydro, phase transitions etc
* Relatively sophisticated (first principle) model building

Juan Martin Maldacena, The Large N limit of superconformal field theories and supergravity (1997)

Wilke van der Schee, CERN/Utrecht

f t holographic

1997

Phenomenology-HEP

2003

Condensed Matter

N

6,428 results

2025

1,180 results

2025

557 results
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—T——TT T
Holographic Phase Holographic
Nuclear Matter Transition Quark Matter

NEUTRON STARS AND HOLOGRAPH

| .
— b g
m 1ok — interm. oL15 M
— stiff polytropes
/ V-QCD
Density f Quark phases driven by temperature (early time)
E ' and density (late time)
T :i : T [MeV] . .
emperature First order phase soft transition leads to prompt collapse
. * Multimessenger gamma ray seconds after
_ " GW170817 rules out prompt collapse

‘Quark phase’

: - H“H“‘
2 [km] x [km] z [km]

Samuel Tootle, Christian Ecker, Konrad Topolski, Tuna Demircik, Matti Jarvinen, Luciano Rezzolla, Quark formation and phenomenology in binary neutron-star mergers using V-QCD (2022)
Ramandeep Gill, Antonios Nathanail, Luciano Rezzolla, When Did the Remnant of GW 170817 Collapse to a Black Hole2 (2019)
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SURPRISING CONNECTIONS

1st order hadronic - quark Potential bubble walls in
transition conjectured neutron star mergers

Posterior likelihood
0 0.25 0.5 0.75 1

p [GeV/fm?3]

= M[Mo]
4 3‘5 -
10° 4 3.01
2.54
10-14 2.01
1.5
10-24 1.0
0.5
10-34 : i = . 8 10 12 14 16
0.2 0.5 1 1.9 R [km]
£ [GeV/fm?]

Tyler Gorda, Oleg Komoltsev and Aleksi Kurkela, Ab-initio QCD Calculations Impact the Inference of the Neutron-star-matter Equation of State (2022)
Jorge Casalderrey-Solana, David Mateos and Mikel Sanchez-Garitaonandia, Mega-Hertz Gravitational Waves from Neutron Star Mergers (2022)
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BUBBLE WALL VELOCITIES -

y C
g h A’/
-

Hadronic Quark Matter v A -0
Holographic "bubbles’ (planes) in a QCD-like phase diagram - = .
H

Relevant for neutron stars and potentially early universe
« Superheated and supercooled transitions

» The bubble wall velocity is microscopic information
» After determining velocity hydro can be used (WallGo) 1.4
c 1.2
A* 10
0.8
0.6

« Signature gravitational waves (MHz for mergers)

Yago Bea, Mauro Giliberti, David Mateos, Mikel Sanchez-Garitaonandia, Alexandre Serantese and Miguel Zilhao, Bubble dynamics in a QCD-like phase diagram (2024)
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SURPRISING CONNECTIONS

Potential (BSM) first order phase Bubble walls in the early
transitions at zero density universe
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SURPRISING CONNECTIONS

Colliding gravitational waves Formation of quark-gluon plasma
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THERMALISATION IN HOLOGRAPHY

Simulating a heavy ion collisions with colliding
gravitational waves in AdS;?

* Near boundary collision is “transparent’
» Abulk event horizon forms (in AdS)
» Energy density is non-monotonic

* Negative energy density trailing on the lightcone (purple)

» Viscous relativistic hydrodynamics applies
‘as fast as possible’ (1/T(t)): hydrodynamisation

* Not a perfect model for heavy ions (no boost invariance)

WS, Gravitational Collisions and the Quark-Gluon Plasma (2014)

& (TeV/fm?)

0.00 0.05
z (fim)

Extra AdS direction
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SURPRISING CONNECTIONS

Entanglement The building of spacetime

Shinsei Ryu, Tadashi Takayanagi, Holographic Derivation of Entanglement Entropy from AdS/CFT (2006)
Mark Van Raamsdonk, Building up spacetime with quantum entanglement (2010)
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EMPTY dS ON THE BOUNDARY

dst = —dt* + Sp(t)*dz?. Sp(t) = e'!

Extra AdS direction

Event, apparent and ‘entanglement’ horizons for H=2.5
bulk dual to empty de Sitter 0.5 mmmm oo oo

* The event horizon gives the de Sitter temperature

Entanglement entropy = extremal surface:
interesting picture of de Sitter entropy

» Subtle: entropy needs regularisation both
in QFT and in AdS

0 100
» Only "superobservers’ can see behind event
horizon (if and only if (1)) Event horizon: T — H

27
---------- Cosmological horizon
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Jorge Casalderrey, Christian Ecker, David Mateos and WS, Strong-coupling dynamics and entanglement in de Sitter space (2020)
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SURPRISING CONNECTIONS

Gravitational radiation /

Amplitudes galaxy clustering
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SURPRISING CONNECTIONS

Thermalisation of

Reheating after inflation quark-gluon plasma
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INFLATION, REHEATING AND HOLOGRAPHY

2
1
S = /d4:c\/—g [—%R%- ivmvﬂgb — V(¢)| + Smatter
Holographic set-up

_ 1 /
« ‘standard’ EH + inflato pling to scalar: ¢o = —Uqo(O) —3Hpo — V'(¢0)
S = SEHLint HShol + Sint Inflaton potential
50t tl: tinﬂationl |
Sint = /d4$\/ - U(Qs) OQFT 40¢
< 30
* Inflaton acts as a source for the scalar operator = 20°
O,
time 1 . . t= Jt reheat / .
Spacf/r‘ "0 o S o 10

Three technical complications bulk hot ’
 Gravity on the boundary (semi-classical (1))
- Better to have a non-conformal model
(otherwise de Sitter is trivial)
« Currently challenging to get many e-foldings ol
' cold

23125

Christian Ecker, WS, Jorge Casalderrey and David Mateos, Holographic evolution with dynamical boundary gravity (2021)
Christian Ecker, Elias Kiritsis and WS, Dynamical Inflaton Coupled to Strongly Interacting Matter (2023)




10
) t= Jt reheat /‘

=30 =20 -10 0 10

REHEATING AND THERMALISATION

Strongly coupled QFT as a mechanism for thermalization

* Proof-of-principle: sQFT plus inflaton with dynamical gravity
* Inflaton sources QFT: natural reheating when rolling down

» Boundary metric sources bulk metric
» Bulk thermalises "as fast as possible’ (time ~ 1/temperature)

Some crucial differences

* We start at high temperature; never ‘empty’ de Sitter
« Similar to warm inflation?
* Technical problem to get enough e-foldings?

* QFT similar to N=4 SYM, link with SM not obvious?

Inflation

Wilke van der Schee, CERN/Utrecht

Expanding Universe

1000~_"
100!

10¢
1!
0.10¢
0.01}

Reheating

t | Thermalisation
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HOLOGRAPHY AS A BRIDGE
BETWEEN QCD AND GRAVITY

Several surprising connections between fields

Neutron stars, nuclear structure

Heavy ion collisions, nuclear structure
Condensed matter, holography (not covered)
Cosmology, bubbles, holography

Quantum gravity, black holes, holography (not covered)

Several recent results ©

Wilke van der Schee, CERN/Utrecht
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