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Credit: ICRAR/Univ. Amsterdam.

 The objects which spin
the fastest v=716 Hz
—= VequatorNC/4
 The highest speed of the§
galaxy v=1083 km/s
« The most intense magnetic fields
H>1014 Gauss
« The densest matter of the universe
p~104g/cm3
« The only place where:
* neutrinos can be trapped
e quarks might be deconfined
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Modeling (neutron) stars: hydrostatics

 Equilibrium of a self-gravitating object
== Tolman Oppenheimer Volkoff (1939):

-1
dP(p) G P(p) s P(p) 2Gm(r)
P [p(r) + > m(r) + 4nr 2 1-— -
1 g, z- ya ;;1 g ‘II"‘.
‘“—9 _; = 1.0 "\’

I § o N ‘

- ¢ m) _-‘i ‘ 0 e
I , 10 - 20 3

Equilibrium radius for each mass

\ Only depends on the EoS P(p)



Modeling (neutron) stars: hydrostatics

* Influence of a second body => Thorne and Campolattaro (1967):

2
d“H(r) dH(r) E_I_ e MP(p)) <2m(7‘) + 4nr(P(p) — P(T))>

iz | ar | e +H(r)Q(P(p)) = 0

Vp.

bassa marea

A—Ek Hi(r=R)\ (c* R >
~372\gr=R))\¢ M) Tidal polarisability

erra " o, ]
‘ " P
alta S8 p— L agata [ \
marea ! [ | “Imarea '\\J/'
g"‘
= > —> forza centrifuga
s ——> attrazione lunare
bassa marea B’ —> risultante

\ Only depends on the EoS P(p)



Spectrum of BBH inspiral, scale to 1.35-1.35, 45 Mpc
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Neutron star EoS and nuclear physics

M~1.4Mg, R~12 km => density as
the one inside the atomic
nucleus=> nuclear degrees of
freedom (hadrons or quarks) in
strong interaction

The strong interaction is describec
by the standard model of particle
physics, but no solution exists for
dense matter

Effective models of neutrons and
proton Dmispmmmm m— PhenomDNRT == SEQBNET === TuylorF2
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Science case for the Einstein Telescope



Jumping across the scales ?

L(m)

Observation
R(M),A(M)
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Jumping across the scales: the syllabus

An effective model of the relevant densities (neutrons and protons) gives a

prediction for the EoS P(p) = —p? _ae(/;,;,pp)

uL=0
A flexible analytic representation ei(pn, pp): the variation of the parameter

set X allows reproducing the effective models and interpolating among them
~ 15 parameters

The X variation explores the equation of state space compatible with the
hypothesis of a matter of neutrons and protons

r;, BE; | ey((pn, pp) =M, R, A

EoS analytic _
representation Astronomical
observables

Laboratory

observables
o



Bayesian Inference

P(X|f) = P()?)Eé)(ﬁ')?)

. huclear data _
. ab-initio theory Nuclear physics

. max.mass (radio)
. tidal polarisability (GW)
. radius (X-ray)

Astrophysics

(1) Huang et al, 2016 AME mass table, Angeli&Marinova, ADNDT 2013
(2) xEFT Drischler et al PRC 2016

(3) PSR J0348+0432 M=2.01+0.04 M,
(4) GW170817 A(M) LVK
(5) PSR JO030+0451, PSR JO740+6620 NICER



Laboratory experiments

example: neutron skin of 298pp

X ={Eo,K Egym, L, Ksym, -}
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Chiral perturbation theory

e The « ab-initio » nuclear theory
« Perturbative expansion : controled truncation errors
« Moment expansion! Only valid at low density

Machleidt R., Int J Mod Phys. (2017)

10 ' l ' I
| N3LO Tews
8 |
5-:)"“ L
E 6 {
-
@
24t 11
o
2 II
s |
0= -
0 0.1 0.2 0.3
no (fm™)

I. Tews, T. Krtiger, K. Hebeler, and A. Schwenk, Phys. Rev. Lett. 110, 032504 (2013).
C. Drischler, K. Hebeler, and A. Schwenk, Phys. Rev. C 93, 054314 (2016).
o



The nuclear physics predictions
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The nuclear physics predictions

m henomPNET s PhenpmDNRT = SEOBENET == TaylarF2 Driar
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00030
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o 0.0020

=
0.0015;

A neutrons and protons
composition is compatible
with the observations
Many models can be
excluded
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g € GW170817

Meta-Model
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H.Dinh Thi et al, A&A 2021
And Universe 2021, 710), 373
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Termperature (billion Kelvin)

Quarks in the core of neutron stars?
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Science case for the Einstein Telescope



Quarks in the core of neutron stars ?

NICER -

9 10 11 12 13 14

M [M]

J.J.Li, ASedrakian, M.Alford,
PRD101 (2020) 063022

ATMOSPHERE
HYDROGEN, HELIUM, CARBON

OUTER CRUST
IONS, ELECTRONS

INNER CRUST
IONS, SUPERFLUID NEUTRONS

OUTER CORE

SUPERCONDUCTING PROTONS

INNER CORE
UNKNOWN

e At high density, matter
could be deconfined

e Big uncertainty in the
models

* Null hypothesis: can we
exclude a nucleonic
composition?



Quarks in the core of neutron stars ?

* A neutrons and protons
composition is compatible
with the observations

* But a great discovery

, potential
F.G., A F Famtma NPN 2021
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Quarks in the core of neutron stars ?

Need to reduce the
uncertainties!

New nuclear observables
=>GANIL/Spiral2, FRIB
Progress in theory

New detections with
better SNR=> Einstein
Telescope, Cosmic
Explorer

Only a very close detection
would allow identifying
deconfined matter, and only if
the quark core is large
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Conclusions

 Gravitational waves: a new probe to explore ultra-
dense matter

 Important synergies between nuclear physics and
astrophysics since the first observation of a neutron
star merger GW170817

 No evidence of deconfined matter (quark-gluon
plasma) in the neutron star core, but exciting
discoveries ahead

ETONNANTS
“\_ INFINIS

Cyril FRESILLON / CNRS Photothéque






L'histoire de(s) décowaerte(s)

e 1934: Prediction Baade&Zwicky
e 1967: Decouverte des pulsars
Bell&Hewish (prix Nobel 1974)




L' histoire oefs)

e 1934: Prediction Baade&Zwicky

e 1967: Decouverte des pulsars
Bell&Hewish (prix Nobel 1974) K=

e 1974: Premiere détection d’'une binaire &
de pulsar (Hulse-Taylor) |

Credit: M. Kramer, Univ. Manchester


https://www.youtube.com/watch?v=bjndVlef4q0

L' histoire oe(s) ote,wwvwfa(sb

1934: Prediction Baade&Zwicky
1967: Decouverte des pulsars
Bell&Hewish (prix Nobel 1974)

1974: Premiere détection d’'une binaire

de pulsar (Hulse-Taylor)
1975- Mise en évidence indirecte
1993: d’ondes gravitationnelles (OG)

Hulse&Taylor (prix Nobel 1994)
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L'histoire de(s) décowaerte(s)

1934: Prediction Baade&Zwicky
1967: Decouverte des pulsars
Bell&Hewish (prix Nobel 1974)
1974: Premiere détection d’'une binaire
de pulsar (Hulse-Taylor)
1975- Mise en évidence indirecte
1993: d’ondes gravitationnelles (OG)
Hulse&Taylor (prix Nobel 1994
2015: Premiere déetection d’OG d’une
binaire de trous noirs (LIGO
-Virgo, prix Nobel 2017)
2017: Premiere detection d’OG d’une
binaire d’etoiles a neutrons
2023: Début du guatrieme run
d’observation LVK

lainer Weiss (MIT}




La détection d’0G

interférometre Michelson-Fabry-Perot
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Contraintes expévimentales et thioriques
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Tighter constraints from high energy

J.Xu, PRC 2013
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Strategy IlI: high precision

Exp: Ar,,=0,1318-0,3072

I T
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Isovector probes with
stable nuclei:
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Strategy lll: new probes

Isoscalar probes in exotic
nuclei:
e Soft monopole

SSRPA calculations
0.047
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D.Gambacurta, Phys. Rev. C 100, O14317 (201 9)



* « Reasonable » agnostic modeling
of a 1st order phase transition
PSR J0030+0451 PSR J0437-4715 including both LIGO/VIRGO and
fU 1702-429 GW170817 lighter GW170817 heavier NICER da.ta aS COnStralntS pI’EdICtS
no transitions below densities

p~2,5p,

= Nuclear physics is valid, but ab-
initio modeling is not...

— Need of more constraining
nuclear data for p, <p<2p,

T T
15 2.0 2.5 3.0 3.5 4.0 4.5 5.0
pcfjpsat

S.P.T&ng et al., arXiv:2009.05719v1 y



Today: about  Neutron Stars:
2 \
000 Neutron P. Demorest et al., Nature (2010)

Stars known in the

Milky Way and tOday M(PSR J1614)=197 +/- 0.04

Large Magellanic J.Antoniadis et al., Science (2013).
Cloud M(PSR J0348)=2.01 +/- 0.04

H.Cromartie et al. Nature As. (2019)
(PSR J0740)=2.14+/- 0.1
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N.Rea et al., ApJ (2013).
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GW detectors: the present network

LIGO
Livingston




Jim Lattimer 2014
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=> High detectability potential of a density jump with G3
aetectors for an EARLY phase transition



ET sensitivity

BINARY NEUTRON-STAR MERGERS
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ET sensitivity

* BNS detection with EM counterparts and localization
precision < 20 deg? : 0(10-100) per year

« Overlap with many BBH signals
« Potentially, very long signals
« ET will be able to provide alerts few hours before the

merger

Identify early the
inspiral ...
1.0

™

Number of signals

Inspiral

T
Merger Ring-
down

< 96O

1

—— Numerical relativity

mm Reconstructed (template)

... and provide alert

« And with ~500 BNS-EM detection, we can reach
Planck resolution on H, measurement
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