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Lecture plan

1. Introduction: dense matter in the universe 
a. The sites
b. The signals
c. The big questions 

2. Neutron star mergers and the Equation of State
a. Observations
b. Hydrostatics and the EoS
c. EoS and observables: constraining the parameters
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T.Fischer et al, 2011 ApJS 194 39

40 Msun progenitor
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40 Msun progenitor

F.S.Kitaura et al, A&A 450 (06) 345

Supernova remnant 
in Puppis A  
(ROSAT x-ray
Credit: NASA)

Dense matter in the 
Universe: PNS

Supernova remnant 
and neutron star in 
Puppis A  
Xray ROSAT
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Dense matter in the 
Universe: NS

𝑒𝑒 + 𝑝𝑝 → 𝑛𝑛 + 𝜈𝜈p+e

sa
saturation

Supernova remnant 
and neutron star in 
Puppis A  
Xray ROSAT



F

Compact star binaries
are never stable in GR  
• Coalescence into a 

massive NS and/or 
collapse into a BH  

Simulation by S. Rosswog, visualisation R. West
http://www.ukaff.ac.uk/movies/nsmerger/

Dense matter in the 
Universe: BNS






….. SN1987A

SignalsCCSN

SN1987A

SuperKamioKande
@Kamioka

DUNE 
@Stanford



CCSN

Signals

Pulsars
SKA@ South Africa



CCSN

Signals

XR sources

Nicer



CCSN

Signals

Mergers



CCSN

Signals

Mergers



A multi-messenger
discovery
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5 years of LVK 
observations 

GW170817



Dense matter: the Questions

1. What is the internal structure of the dense matter in 
neutron stars, supernova cores and mergers?  

2. How does this structure reflect into the observable 
signals?

3. What can we learn on the underlying nuclear and 
hadronic physics?

4. Can we explain the origin of elements beyond Fe 
via r-process nucleosynthesis in CCSN&BNS?
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Merging of neutron stars: 

https://www.ligo.org/detections.php

LIGO 
Livingston

GW170817 - GRB170817A - AT2017gfo
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Merging of neutron stars: 

LIGO 
Livingston

Tidal polarisability

https://www.ligo.org/detections.php �𝑄𝑄(𝑖𝑖) = −Λ𝑖𝑖�ℇ(𝑗𝑗)

Quadrupole
moment

Companion
tidal field

GR  
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The Equation of State

Nuclear model

𝑃𝑃 𝜌𝜌 = −𝜌𝜌2 �
𝜕𝜕𝒆𝒆 𝝆𝝆𝒏𝒏,𝝆𝝆𝒑𝒑

𝜕𝜕𝜌𝜌
𝜇𝜇𝐿𝐿=0



EoS&GW • The tidal information from
the inspiral GW signal is
*uniquely* determined by 
the nuclear Equation of 
State 𝑷𝑷(𝝆𝝆)

• Indeed, GR imposes a 1-to-
1 correspondence between
the nuclear EoS and all 
static properties of NS 
(M(R)- M(Λ))

J.Lattimer
Ann.Rev.Nucl.Part.Sci (2012)
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• Different models => 
different M(Λ) => different
gravitational signals!

• Systematics due to the 
astrophysical modelling in 
principle under control

EoS&GW • The tidal information from
the inspiral GW signal is
*uniquely* determined by 
the nuclear Equation of 
State 𝑷𝑷(𝝆𝝆)

• Indeed, GR imposes a 1-to-
1 correspondence between
the nuclear EoS and all 
static properties of NS 
(M(R)- M(Λ))

J.J.Li, A.Sedrakian, M.Alford, 
PRD101 (2020) 063022 



F.Burgio, I.Vidana, Universe 2020, 6, 119

Max masses: 
Demorest et al, Nature 2010
Antoniadis et al, Science 2013

Mass-radii:
Riley et al, ApJ 2019
Miller et al, ApJ 2019

Problem  : no ab-initio theory of dense matter



Present status: GW170817

LVC, APJL2017 & PRX9 2019

• The observation cannot discriminate
(yet)

=> How can we quantify the reliability
of a given EoS model?  
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GW detection EoS
P(ρ)
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experiment
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Jumping across the scales!

EoS
P(ρ)

(𝑿𝑿)

(𝑿𝑿)GW detection
m

apping



• A flexible analytic representation 𝑒𝑒𝑋𝑋 𝜌𝜌𝑛𝑛,𝜌𝜌𝑝𝑝 :  the variation of the parameter
set 𝑿𝑿 allows reproducing the different effective models and interpolating
among them ~ 15 parameters – RMF and EDF version 

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

𝑃𝑃 𝜌𝜌 = −𝜌𝜌2 �𝜕𝜕𝜕𝜕 𝜌𝜌𝑛𝑛,𝜌𝜌𝑝𝑝
𝜕𝜕𝜌𝜌 𝜇𝜇𝐿𝐿=0

𝑑𝑑𝑖𝑖 ,𝐵𝐵𝐵𝐵𝑖𝑖 ⇐ 𝒆𝒆𝑿𝑿 𝜌𝜌𝑛𝑛, 𝜌𝜌𝑝𝑝 ⇒ M, R,𝛬𝛬

General EoS modelling: the syllabus

Laboratory
observables 

Astronomical
observables

Nuclear model  

A.Steiner et al ApJ 2010
A.Bulgac et al 2016
J.Margueron et al PRC 2018
Y. Lim, J.W. Holt, PRL 2018
C.Mondal et al, PRC 2022
P.Char et al, PRD 2023
……………………….



f1. nuclear data
f2. ab-initio theory

f3. max.mass (radio)
f4. tidal polarisability (GW)
f5. radius (X-ray) Astrophysics

(3) PSR J0348+0432  M=2.01±0.04 MO
(4) GW170817 �Λ 𝑀𝑀 LVK
(5) PSR J0030+0451, PSR J0740+6620 NICER

Nuclear physics

Bayesian Inference

𝑃𝑃 𝑋𝑋 𝑓𝑓 =
𝑃𝑃 𝑋𝑋 ∏𝑖𝑖 𝑃𝑃 𝑓𝑓𝑖𝑖 𝑋𝑋

𝑃𝑃 𝑓𝑓



madai.phy.duke.edu

Laboratory experiments

P.Klausner, X.Roca Maza, G.Colo, 
to be published



J0348+0432

• interaction from χ-EFT, different many body methods (MBPT,AFMC) 
Diagrammatic expansion : controlled truncation errors

• Moment expansion! Only valid at low density

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

Ab-initio nuclear theory

S. Huth, C. Wellenhofer, and A. Schwenk, Phys. Rev. C 103, 025803 (2021).



Nuclear physics informed predictions
• Nuclear constraints are very

important up to ~2nsat
• Many models can be

excluded
• A neutrons and protons 

composition is compatible 
with the observations  

L.Scurto et al, PRD 2024

astro
constraints

exp theo

astro

H.Dinh Thi et al, A&A 2021



• Even with AdV+ sensitivity, 
only a very close detection
would allow identifying
deconfined matter, and only if 
the quark core is large  

• Need to reduce the 
uncertainties!

• New nuclear observables
• Progress in theory
• Multiple detections with

better SNR=> Einstein 
Telescope, Cosmic
Explorer

Quarks in the core of neutron stars ?

No PT

C.Mondal et al, MNRAS 2023



The Einstein Telescope project

F.Iacovelli, C.Mondal et al, PRD 2023



Summary & Conclusions  
• The Equation of State can be univocally mapped to 

the static properties of NS   to the GW signals from
NS mergers

• No ab-initio model of nuclear matter for all 
densities! But Bayesian techniques allow controlled
extrapolations of low density constraints from
nuclear theory and experiments

=> No present indication of exotic degrees of 
freedom

• Relatively tight observable prediction within the 
nucleonic hypothesis

=> A 1st order phase transition to deconfined matter
can potentially be detected with 3G interferometers
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