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1. Introduction: dense matter in the universe 
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b. The signals

2. Neutron stars and mergers
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3. Phase transitions and Neutron stars
a. Phase transitions in dense matter
b. The physics of the core
c. The physics of the crust

4. Core Collapse Supernova
a. Observations  
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c. Influence of nuclear physics
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T.Fischer et al, 2011 ApJS 194 39

40 Msun progenitor

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

Dense matter in the 
Universe

Supernova remnant 
in Puppis A  
MIPS+XMM 
IR+ x-ray

Credit: NASA)
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T.Fischer et al, 2011 ApJS 194 39

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

Supernova remnant 
and neutron star in 
Puppis A  
Xray ROSAT



Supernova remnant 
and neutron star in 
Puppis A  
(ROSAT x-ray)


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
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

Dense matter in the 
Universe
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A multi-messenger
discovery



CCSN

Signals



Questions

1. What is the internal structure of the dense matter in 
neutron stars, supernova cores and mergers? (wide 
range of T,yp, )

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

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



Observation Astro modelprediction

Nuclear
theory

Nuclear
experiment

constraint

prediction

prediction

L(m)

103

10-3

10-9

10-15

constraint
constraint

Jumping across the scales!
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Neutron Star record list
• The densest objects of the universe

g/cm3

• The objects which spin the fastest
Hz => vequator=c/4

• The highest speed of the galaxy
v=1083 km/s

• The most intense magnetic fields
H=1014 gauss

• The only place after Big-Bang where:  
• Neutrinos can be trapped
• Quarks can be deconfined



Neutron Star discovery history
• 1934: prediction W.Baade F.Zwicky
• 1967: Pulsar discovery Bell&Hewish

(Nobel prize)
• 1974: discovery of binary pulsars
• 1992: first exo-planet: it orbits

around a neutron star! 
• 1993: first evidence of gravitational

waves Hulse&Taylor
(Nobel prize) 

• 1998: discovery of magnetars
• 2017: first GW detection from a NS 

merger LIGO-Virgo
(Nobel prize)

• 2017: first multi-messanger
detection of a binary merger



A

Neutron Stars: 

the discovery

Credit: NASA/Goddard Space
Flight Center Conceptual Image 

Lab

Jocelyn Bell 
& Antony Hewish 
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Picture: D.Page

M~1.4 Mo
R~10-15 km
=>

Neutron Stars: 

the standard picture
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P. Demorest et al., Nature (2010)
M(PSR J1614)=1.97 +/- 0.04
J.Antoniadis et al., Science (2013).
M(PSR J0348)=2.01 +/- 0.04

N.Rea et al., ApJ (2013).
B(SGR 0418) = 6x1012 G

…supermassive objects: challenge for 
the strong interaction

…SGR,pulsar,magnetars: unified picture

Neutron Stars:

today

Today: about 
2000 Neutron 
Stars known in the 
Milky Way and 
Large Magellanic
Cloud
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M.Drout et al., Science (2017).
…Light curves: first direct msmt of the 
r-process

GW170817 in NGC 4993
B.Abbott et al. (LIGO) PRL (2017)

…tidal polarizability: first glance at the 
internal structure

Neutron Stars:

today
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A

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

Dense matter in the universe
& challenges for nuclear physics

1- Best 3D hydro 
simulations do not yet
produce satisfactory
explosions of CC 
supernova
Uncertainty in the 
dynamics

2. Present best EoS
modelling cannot yet
explain the most
massive NS
• Strangeness

couplings at high 
density ? 

• Transition to quark 
matter ?

An avenue of quantitative observations from
compact objects is ahead

• More binary NS merging
• NS-BH binaries (candidate august 2019)
• Continuous GW from deformed NS/R-modes in 

young sources
• GW from SN
• NS radii from NICER (2019)

What will we
learn?

• Nuclear: Equation 
of state of nuclear
matter!

Neutron Stars:

tomorrow
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Modelling (Neutron) Stars: 
hydrostatics

• Self-gravitation => Tolman Oppenheimer Volkoff (1939): 

𝑑𝑷ሺ𝝆ሻ
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𝐺
𝑟ଶ 𝜌 𝑟 ൅

𝑷ሺ𝝆ሻ
𝑐ଶ 𝑚 𝑟 ൅ 4𝜋𝑟ଷ 𝑷ሺ𝝆ሻ

𝑐ଶ 1 െ
2𝐺𝑚ሺ𝑟ሻ

𝑟𝑐ଶ

ିଵ

∀𝜌௖
R=r(P=0)
M=m(r=R)

Mass and radius

Needs ONLY 
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P()  M(R)

J.Lattimer Ann.Rev.Nucl.Part.Sci 2012



Modelling (Neutron) Stars: 
hydrostatics

• Influence of a second body => Thorne and Campolattaro (1967): 
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Tidal polarizability

Needs ONLY 
of NS matter



F
Modelling NS mergers: hydrodynamics

S. Rosswog, T. Piran and E. Nakar, MNRAS 430, 2585 (2013)
T. Piran, E. Nakar and S. Rosswog, MNRAS 430, 2121 (2013)
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The astrophysicist viewpoint: <O>=> P()

Example: Piecewise polytropic expansion 
Steiner Lattimer Brown ApJ 2013

J0348+0432

Recent review: T.E.Riley et al MNRAS 2018



J0348+0432

A.Abbott et al, PRL 2018

The astrophysicist viewpoint: <O>=> P()



J0348+0432

A.W.Steiner et al, MNRAS 2018

• (Almost) model independent evaluation of the EoS
• Still, we do not learn much about nuclear physics
• We do not exploit our nuclear physics knowledge either

The astrophysicist viewpoint: <O>=> P()



J0348+0432

The nuclear physicist viewpoint: e() => <O>

• NS core: q(r) q ሺ∀ q constituent)
 𝜀௧௢௧ ൌ 𝜀஻ ൅ 𝜀௅ (baryons and leptons decoupled, leptons 

free FG)

• Effective single particles: 𝑒௤ 𝑘 ൌ 𝑚  ௤
∗ ଶ ൅ 𝑘ଶ ൅ 𝑉௤ 𝜌௤, 𝜌௤ᇱ

 𝑚  ௤
∗ , 𝑉௤ from an effective Hamiltonian (Skyrme, Gogny,M3Y..) or 

Lagrangian (RMF)
 Coupling constants fitted on nuclear data and/or ab-initio
 𝑒 𝜌஻, 𝜌௅, 𝜌ௌ      𝑃 𝜌 ൌ െ𝜌஻

ଶ డ௘
డఘಳ

ቚ
ఓಽୀ଴,ఓೄୀ଴,

• Model dependence: choice of functional form (Lagrangian
versus Hamiltonian), fitting protocol, d.o.f. (exotics?) lead to 
different predictions



T.Malik ArXiv:180511963

Λ ൌ
2
3 𝑘ଶ

𝑐ଶ

𝐺
𝑅
𝑀

ହ



J0348+0432

The nuclear physicist viewpoint: e() => <O>

• NS core: q(r) q ሺ∀ q constituent)
 𝜀௧௢௧ ൌ 𝜀஻ ൅ 𝜀௅ (baryons and leptons decoupled, leptons 

free FG)

• « ab-initio » modeling :
 2- and 3-body interactions from chiral perturbation theory
 GS from beyond-MF many body techniques (variational, 
CC,MBPT,QMC…) 

 Coupling constants fitted on scattering data and light nuclei
𝑒 𝜌௡, 𝜌௣     𝑃 𝜌 ൌ െ𝜌஻

ଶ డ௘
డఘಳ

ቚ
ఓ೙ିఓ೛ୀఓ೐, 

• Diagrammatic expansion: controlled uncertainties! 
• Still, power counting&regularization valid only up to ~ 2
• Extrapolations needed



Tews, Carlson, Gandolfi, Reddy 2018

The nuclear physicist viewpoint: e() => <O>



J0348+0432

• (Almost) model independent evaluation
of the EoS

• Still, we do not learn much about 
nuclear physics

…a brief summary <O> P()

The astrophysicist viewpoint: <O>=> P()

The nuclear physicist viewpoint: e() => <O>

• Controlled dof, hypotheses and 
approximations, exp data included

• Still, the predictive power is limited

A nuclear-astrophysicist viewpoint: 
meeting in the middle…



• Flexible functional 𝒆 𝝆, 𝒚𝒆  able to reproduce existing EDF and 
interpolate between them (large parameter space):

• Parameters such that empirical nuclear physics info can be included
Taylor expansion around saturation   

𝑒 𝜌, 𝑦௘ ൌ 𝑒ிீ ൅

൅ 𝑬𝟎 ൅ ଵ
ଵ଼

𝑲𝟎𝑥ଶ൅. . ൅ 𝑱𝒔𝒚𝒎 ൅ ଵ
ଷ

𝑳𝒔𝒚𝒎𝑥 ൅ ଵ
ଵ଼

𝑲𝒔𝒚𝒎𝑥ଶ൅. . 1 െ 2 ௬೐
ఘ

ଶ

• 𝑋 = 𝐸଴, 𝐾଴, 𝐽௦௬௠, 𝐿௦௬௠, 𝐾௦௬௠, 𝑚∗, . .  EDFparameter set

Meta-modeling
A.Steiner et al ApJ 2010
A.Bulgac et al 2016
J.Margueron, R.Casali FG PRC 2018
Y. Lim, J.W. Holt, PRL 2018,PRC 2019

• 𝑋 = random variable 
• Prior 𝑃ሺ𝑋ሻ : uncorrelated distribution within empirical uncertainties

𝑥 ൌ
𝜌 െ 𝜌଴

𝜌଴



Prior parameter distribution: empirical constraints
M.Fortin et al PRC 2016



𝑋 = 𝐸଴, 𝐾଴, 𝐽௦௬௠, 𝐿௦௬௠, 𝐾௦௬௠, 𝑚∗, . .  parameter setEDF

Nuclear meta-modeling
J.Margueron, R.Casali FG PRC 2018

𝑃 𝑋 𝑤 ൌ
𝑃 𝑤 𝑋 𝑃ሺ𝑋ሻ

𝑃ሺ𝑤ሻ
• Bayes theorem:

• Filters w:

• Observable calculation: 

• ab-initio EoS (LD)
• NS observation (HD)
• Nuclear masses
……

Prior

𝑃 𝑌 𝑤 ൌ න 𝑑𝑋 𝑌ሺ𝑋ሻ𝑃 𝑋 𝑤

• Quantify the reliability of the different EDF 
• Predict astro observables with controlled

uncertainty intervals



(I) Quantify the reliability of the different EDF

T.Carreau et al, PRC 2019

Equation of state



T.Carreau et al, EPJA 2019

J.Margueron, R.Casali FG PRC 2018

Parameter distribution

(I) Quantify the reliability of the different EDF



(II) Predict astro observables with controlled

uncertainties :

NS radius 

From astro
constraints only

Meta-
modelling



I.Tews, J.Margueron, S.Reddy, PRC 2018

Empirical info
+ab-initio
+HD

Ab-initio
+ extrapolation

(II) Predict astro observables with controlled

uncertainties :

Compatible with
GW2017 and more 
constraining!



J0348+0432

• (Almost) model independent evaluation
of the EoS

• Still, we do not learn much about 
nuclear physics

…a brief summary

The astrophysicist viewpoint: <O>=> P()

The nuclear physicist viewpoint: e() => <O>

• Controlled hypotheses and 
approximations, exp data included

• Still, the predictive power is limited

• Meta-modelling: largely explore the 
parameter space and build posterior
distributions based on nuclear AND
astrophysical constraints

A nuclear astro-physicist viewpoint: e() <=> <O>



Residual uncertainty: 
high order parameters
=> high density EoS

How to further constrain the high   
density EoS from laboratory data?



Strategy I: high density constraints
J.Xu, PRC 2013

AsyEOS@GSI (2016)

FOPI-LAND   
@GSI (1993)

P.Russotto et al,PRC 2016

Differential elliptic flow for Au+Au
400 A.MeV



Strategy II: high 

precision

X.Vinas et al 2014
P.G.Reinhard, W.Nazarewicz 2016
D.Chatterjee, F.G. 2017
J.Yang, J.Piekarewicz 2017

F.G, A.Raduta 2018

Exp: rnp= 0,1318-0,3072



Strategy II: high 

precision

F.G, A.Raduta 2018

X.Roca-Maza, G.Colo, H.Sagawa 2018

Recent review: X.Roca-Maza, N.Paar Prog.Part.Nuc.Phys.2018
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Phase transitions in dense matter

Picture: D.Page

• nuclear data or ab-
initio calculations only
concern low densities

• Extrapolation suppose 
that the EoS is an 
analytic function

• This is not the case if 
phase transitions occur

• From the core to the 
crust (S-sF)?

• From the outer to the 
inner core (sF-QgP)?



• Phase transitions are 
signalled by instability
of homogeneous
matter towards phase 
separation

• => Convexity of the 
energy functional



energy density

E(

𝑑ଶ𝐸
𝑑Φଶ ൏ 0

- density or volume
(order parameter) -

Phase transitions: generalities



- density or volume
(order parameter) -



energy density

E(

Here: single order parameter (1D space)

• Phase transitions are 
signalled by instability 
of homogeneous 
matter towards phase 
separation

• => Convexity of the 
energy functional

Phase transitions: generalities
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Transitions in the core

Hadronic matter: the baryon 
octet

• If 𝜇 𝜌 ൐ 𝑚௒𝑐ଶ ൅ 𝑈௒, hyperon Y 
should appear

• Transition to strange matter?
• Equilibrium of strong

interactions: three densities
nQ, nB, nS

• ௗమா
ௗ஍మ

డమா
డ௡೔ೕ



• Results are extremely model 
dependent

N,e
N,e,

N,e,

Skyrme 
interaction

Relativistic
Mean Field

AFDMC

F.G.,A.Raduta and M.Oertel, PRC 2012, PRC 2013,   
JPhysG 2015, EPJA 2016 

J.Torres, F.G.,D.Menezes, PRC 2016

Transitions in the core



The hyperon puzzle

• The highest mass is
associated to the highest
central density.

• If 𝜇 𝜌 ൐ 𝑚௒𝑐ଶ ൅ 𝑈௒, hyperon Y 
should appear

• The appearence of a new 
degree of freedom softens
the EoS=>reduces the mass

• 2MO neutron star should not 
exist if   UY is calculated with
microscopic BHF based on 
experimental bare
interactions

J0348+0432

No Y, no 3b

Y, with 3b

Y, no 3b

No Y, with 3b

I.Vidana et al, Europhys.Lett.94:11002,2011 



The hyperon puzzle: solutions

M.Oertel et al 2015

xY
xY

J0348+0432

xx
+conversion into QM

A.Drago et al 2014
• Stiffening of the EoS above rho0?
• New strangeness couplings at high 

density ? 
• Transition to quark matter ? 

M.Fortin et al 2016

LIGO PRL2019



Deconfined matter: free 
quarks u,d,s => E(nB,nS,nQ)

• No unified model for confined and 
deconfined matter

• Effective model (no confinement, 
no gluons) in the quark phase: MIT, 
NJL, (P)NJL, QMDD… w/wo color
superconductivity (2SC, CFL 
phases)

• 𝑒௦ௗ௨ 𝜌 ൏ 𝑒௛௔ௗሺ𝜌ሻ => hybrid star
• 𝒆𝒔𝒅𝒖 𝝆𝒆𝒒 ൏ 𝟗𝟑𝟎 MeV 
=> Absolutely stable SQM =>quark star
• Results are extremely model 

dependent



energy density

E(

A nice collection of recent results: special issue EPJA 52 (2016)

- density or volume
(order parameter) -

Transitions in the core



Conclusion: three possible families of 

neutron stars

Hadronic
stars

Quark stars
Hybrid
stars



I.Tews, J.Margueron, S.Reddy, PRC 2018

Empirical info
+ab-initio
+HD

Ab-initio
+ extrapolation

Effect of transitions in the core

No more 
constraining than
GW2017!



J0348+0432

• The hyperonic component of a NS must be very small for the 
models to be compatible with NS mass measurements => a 
microscopic explanation is still missing

• The possible presence of deconfined matter in the inner core
of neutron stars is still not clearly established=> future more 
precise measurements of the tidal polarizability via GW might
allow to conclude

…a brief summary
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- density or volume
(order parameter) -



energy density

E(

Here: single order parameter (1D space)

• Phase transitions are 
signalled by instability 
of homogeneous 
matter towards phase 
separation

• => Convexity of the 
energy functional

Phase transitions: generalities



• (n,p,e) matter:
• Φ ൌ 𝛿𝑛௤ሺ𝑘ሻ  q=n,p,e

• ௗమா
ௗ஍మ ൏ 0 ⇒

𝐶 𝑘 ൌ det
𝜕ଶ𝐸

𝜕𝛿𝑛௜௝
൏ 0



energy density

E(

𝑑ଶ𝐸
𝑑Φଶ ൏ 0

dnq

r

= 2/k

gas cluster

- density or volume
(order parameter) -

Crust-core transition



Crust-core transition

CNMe
f 

n
n n

p 0
p

n p
p 0

0 0 e
e


















Cnn

f Cnp
f 0

Cpn
f Cpp

f 0
0 0 0
















k2


0 0 0
0  
0  















1
k2

homogeneous e

complete screening

𝜕ఘ೐𝜇௘ → ∞

𝜕ఘ೐𝜇௘ → 0

dnq

r

= 2/k

gas cluster

Stellar matter at  is unstable
against finite size fluctuations => 
cluster formation

𝐶 𝑘 ൌ det
𝜕ଶ𝐸

𝜕𝛿𝑛௜௝
൏ 0

Response to
thermal (k=0) 

fluct.

Surface 
term

Coulomb 
term



The Wigner-Seitz cell
• Below saturation matter is clusterized
• At T=0: solid state: BCC lattice

• Ground state energy density: 𝜀ሺ𝜌ሻ ൌ ∑ ாೈೄ೔
∑ ௏ೈೄ೔

ൌ ாೈೄ
௏ೈೄ

=min

WS cell

Density point



Kreim et al. Int. J. Mass Spectrometry 349, 63 (2013)

Below drip: the outer crust
• 𝜀ௐௌሺ𝑛஻ሻ=min

௓
୆ ே,௓

௏ೈೄ
൅ 𝜀௘௟ 𝑛௘ ൅ 𝑚௣𝑛௣ ൅ 𝑚௡𝑛௡ ൅ 𝛿𝜀௖௢௨௟

Only depends on B(N,Z) => the nuclear mass

Model independent results
in the outer crust !

Increasing
crust density



Kreim et al. Int. J. Mass Spectrometry 349, 63 (2013)

Below drip: the outer crust
• 𝜀ௐௌሺ𝑛஻ሻ=min

௓
୆ ே,௓

௏ೈೄ
൅ 𝜀௘௟ 𝑛௘ ൅ 𝑚௣𝑛௣ ൅ 𝑚௡𝑛௡ ൅ 𝛿𝜀௖௢௨௟

Only depends on B(N,Z) => the nuclear mass

Matter is increasingly n-rich for 
increasing density

 Model dependence
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Wolf et al., PRL 110, 041101 (2013)
Kreim et al. Int. J. Mass Spectrometry 349, 63 (2013)

Below drip: the outer crust
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M.Fortin PRC 2016

Matching Crust and Core

• Need of a unified treatment: same microscopic treatment
for the crust and the core



Above drip: the inner crust
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• In the inner crust, 
dripline nuclei are 
immersed in the medium 
of their continuum states: 
a neutron superfluid

Matter is increasingly n-rich for 
increasing density! 

𝜇௡ ൌ 𝜇௣+𝜇௘       𝜇௘ ∝ 𝑛௘
ଵ/ଷ ൌ 𝑛௣
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• The attractive part of the residual interaction leads to pairing
correlations

• Channels relevant for neutron star matter: 1S0(nn, ), 
3P2(nn&pp, )

• If 𝜀௚ 𝑛௚ is calculated by mean-field models, a pairing contribution 
must be added

• BCS theory: 

• Effective interaction optimized to reproduce ab-initio calculations
of  including polarization and screening effects

• Superfluidity and superconductivity negligible for static properties, 
but essential for cooling and glitches 𝐶௏ ∝ 𝑒𝑥𝑝 െ ∆/𝑇
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Above drip: the inner crust



• The uncertainty due to the 
many body treatment is << 
than the error due to the EDF 
inconsistency

𝜀ௐௌሺ𝑛஻ሻ= min
௓,ே,௡଴,௡௚,௏

୉ ே,௓,௡଴,௡௚
௏ೈೄ

൅ 𝜀௚ 𝑛௚ ൅ 𝜀௘௟ 𝑛௘ ൅ 𝛿𝜀௖௢௨௟

Above drip: the inner crust

• Variational determination of the composition using the same
functional for the nucleus and the free neutrons

• Different many body treatments : HFB,ETF,CLDM….
• Transition between crust and core: 
e(homogeneous) < e(inhomogeneous)



𝜀ௐௌሺ𝑛஻ሻ= min
௓,ே,௡଴,௡௚,௏

୉ ே,௓,௡଴,௡௚
௏ೈೄ

൅ 𝜀௚ 𝑛௚ ൅ 𝜀௘௟ 𝑛௘ ൅ 𝛿𝜀௖௢௨௟

Above drip: the inner crust

• Variational determination of the composition using the same
functional for the nucleus and the free neutrons

• Different many body treatments : HFB,ETF,CLDM….
• Transition between crust and core: 
e(homogeneous) < e(inhomogeneous)

• The energy of inhomogeneous
matter depends on the 
surface tension in addition to 
the EoS



Observable: pulsar glitches
• In some pulsars “glitches” are 

observed where the spin rate 
suddenly jumps to a higher value

• Glitches indicate some internal 
rearrangement has altered the 
rotation rate by a small amount.

• Great diversity in post glitch behaviors 

Figure by C.Espinoza



Interpretation

• The crust slows down due to 
radiation loss

• Vortices move outwards 
and are pinned to the 
nuclei in the crust

• Differential lag between the 
fast vortices and the slower 
star (crust + core coupled 
by mutual friction) => crustal 
stress

• Critical value: sudden 
unpinning  and vortex 
release

• Angular momentum transfer 
to the star which spins up

(Anderson &Itoh 1975)



Interpretation

• The maximum glitch 
amplitude  is proportional 
to the maximum angular 
momentum transfer 
between crust and core

• => to the fractional crust 
momentum of inertia

• Landau two-fluid model:  
Ic/I>0.07 to explain Vela 
data

(Anderson &Itoh 1975)



Glitches and CC transition 
• Ic/I>0.07 to explain 

Vela data

Pt>0.5 MeV fm-3

Results are extremely 
model dependentC.Ducoin et al, PRC 2012

*
RMF
Skyrme

BHF



Crustal moment of inertia: meta-

modelling

T.Carreau et al, PRC 2019

Vela constraint

• Marginal 
agreement with
the standard 
glitch model!

• What should
we constrain
better to have 
a final answer?



Determine the influential parameters

T.Carreau et al, PRC 2019

Surface 
parameters

Bulk
parameters

Correlation between the nuclear parameters
and  Ic / I (top) , Pt (bottom)



T.Carreau et al, PRC 2019

Experimental
mass filter

Ab-initio EoS
filter

Stability, causality
M>2Mo

Determine the influential constraints



J0348+0432

• The neutron star crust is a 
solid BCC  lattice of dripline
nuclei immersed in a neutron 
superfluid

• Equation of state modelling
requires an unified treatment
for the nuclei and the 
neutrons  

…a brief summary

• Pulsar glitches are linked to the dynamic properties of the 
neutron superfluid (entrainment), and the static properties of 
the crust (moment of inertia), but the phenomenon is not yet
fully understood

• A better understanding of the surface properties of extremely
neutron rich nuclei is needed to progress
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1. Introduction: dense matter in the universe 
a. The sites
b. The signals

2. Neutron stars and mergers
a. Observations
b. Hydrostatics and the EoS
c. Constraining the parameters

3. Phase transitions and Neutron stars
a. Phase transitions in dense matter
b. The physics of the core
c. The physics of the crust

4. Core Collapse Supernova
a. Observations  
b. Modeling supernova explosions
c. Influence of nuclear physics



87/27

A

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

Origin of Neutron 
Stars: core collapse 

supernova



A

Death of a massive star

Adapted from e-education.psu.edu
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Observations
• 182 First report (China) 
• SN1054: Crab (worldwide)
• SN1572: Cassiopea (Tycho Brahe)
• SN1667? CasA
• SN1987A : first observation 

with modern telescopes
• SuperNova Legacy Survey

(Canada-France-Hawai)
~1000 SN de 2005-2008

• Many projects (SDDS, CLASH…)

• 1 SN/50y in our galaxy Crab Nebula, 
Left over of SN1054 explosion
Reported by arab, chinese and 
japanese astronomers

Hubble telescope. Credit: NASA



Observations 163.000 years ago…..SN1987A

Type II supernova in LMC (~55 kpc)
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CCSN modelling: hydrodynamics in GR

(1D)

Density
Linear momentum
Energy
Proton fraction

Conserved quantities

FluxesP

QE+ vQM

(vQE+ QM)P P P

Source&Sink terms



Weak processes in CCSN 

Key microphysics inputs: capture rates and matter
composition



Modelling: collapse phase 

Th.Janka et al, PR 2007

Key microphysics inputs: capture rates on nuclei



Shock propagation, delayed
neutrino heating and explosion

Infalling
matter

Th.Janka et al, PR 2007



2s

10s

2000s

Kifonidis et al., A&A 453 (2005), 661

Modelling: a complex
multi-scale

hydrodynamical problem



2s

10s

2000s

Kifonidis et al., A&A 453 (2005), 661

Modelling the explosion 
phase requires
• Hydro instabilities=> 3D 

simulations
• Neutrino dynamics in the 

gain region => matter
composition at the 
neutrinosphere



3D simulations: 

explosion 
or not explosion?

Melson et al. 2015



3D simulations: 

explosion 
or not explosion?

Hanke et al 2012

Sukhbold et al 2015

1Bethe=1051 erg



3D simulations: 

explosion 
or not explosion?

Hanke et al 2012

Nakamura et al 2014

CRITICAL 
PHENOMENON



Present status
1. SN1987a light spectrum

and flux well reproduced by 
3D exploding models

2. Predictions for  spectrum
over long times

3. But the gain energy is an 
input parameter
• Incertainty in the initial conditions 

of the explosion => collapse 
dynamics?

• Incertainty in the  dynamics at 
the neutrinosphere? 

Th.Janka ApJ 2019
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CCSN: influence of nuclear physics

• Core collapse: EC 
capture on exotic
nuclei

• SN explosion and r-
process seeds: matter
composition at the 
neutrinosphere



Core collapse and EC rates

• EC on exotic nuclei plays a key role during the 
pre-bounce phase of CCSN

• 𝜆ா஼ 𝐴, 𝑍 ൌ ௟௡ଶ
௄

∑ ሺଶ௃೔ାଵሻ௘షഁಶ೔

௓ഁ
௜ ∑ ׬ 𝑑𝑒ஶ

௘೘
𝑓 𝑒, 𝑄, ∆𝐸௜௝ 𝐵௜௝௝

• Microscopic calculations are 
missing

• Different models for 𝑄, ∆𝐸௜௝𝐵௜௝
(Bruenn, LMP, Raduta..)

A.Raduta PRC 2016



Effect of the rates on the collapse

• Important effect of the different approx on the e-
fraction dynamics

• Leads to a difference Ye/Ye=30% => Mh/Mh=30% 
in the enclosed mass at bounce

• Reflects into the neutrino luminosity

t(ms) A.Pascal, PRC 2019



• Important effect of the different approx on the e-
fraction dynamics

• Leads to a difference Ye/Ye=30% => Mh/Mh=30% 
in the enclosed mass at bounce

• Sizeable effect in the shock propagation after
bounce

A.Pascal, PRC 2019

Effect of the rates on the collapse



• The differences between the 
models concern low Q-
values where microscopic
rates do not exist

• => Need to benchmark on 
microscopic calculations for 
some relevant nuclei

A.Raduta PRC 2016 Which model is correct?



CCSN: influence of nuclear physics

• Core collapse: EC 
capture on exotic
nuclei

• SN explosion and r-
process seeds: matter
composition at the 
neutrinosphere



• The energy deposition in the gain region depends on 
the position of the  neutrinosphere

• Coherent scattering off nuclei is the main source of 
opacity at the neutrinosphere

• Typical thermo conditions: 
~0.01 fm-3 T~5 MeV

Composition at finite temperature?  

• Standard treatment in SN simulations: the single 
nucleus approximation => same treatment as for the 
crust

Matter composition at the neutrinosphere

J. M. Lattimer and F. D. Swesty (1991), H. Shen et al (1998).



• standard strategy for supernova simulations: minimize the FREE 
energy density

• It is a very poor treatment of the finite temperature problem.

T>0: the Single Nucleus 
Approximation

𝜌஻ ൌ 10ିଷ𝑓𝑚ିଷ, 𝑌௣ ൌ 0.39

T=0.5 MeV T=2.4 MeV

The absolute minimum is not representative of 
the free energy landscape



T>0: beyond the SN 
approximation

• One WS cell
𝑑 ൭𝑓ௐௌ െ 𝜇௡

𝑁ௐௌ
𝑉ௐௌ

െ 𝑛௡

െ 𝜇௣
𝑍ௐௌ
𝑉ௐௌ

െ 𝑛௣ ൱ ൌ 0

N,Z,ngn,ngp variational variables 
linked by the strict conservation 
law in the cell

• Many WS cells

d ൭𝑇 ෍ 𝑝௞𝑙𝑛𝑝௞ ൅ 𝐸௧௢௧ െ 𝐻෡ ௏ െ 𝜇௡ ቀ𝑁௧௢௧
௞

െ 𝑁෡ ௏ቁ െ 𝜇௣ 𝑍௧௢௧ െ 𝑍መ ௏ ൱ ൌ 0

𝑘 ൌ 𝑛௜
ሺ௞ሻ, 𝑁௜, 𝑍௜ 𝑖 ൌ 1, … , 𝑁௞; 𝑁௙௥௘௘

௞ 𝑍௙௥௘௘
ሺ௞ሻ

ni , ngn,ngp variational variables linked by 
the loose conservation law in the cell
through the global chemical potential

𝑓௧௢௧

𝒏𝑵𝒁 ൌ 𝒆𝒙𝒑 െ 𝜷 𝑩𝒎 െ 𝑻𝑺 െ 𝝁𝒏𝑵 െ 𝝁𝒑𝒁
Bm : in-medium modified binding energy



In-medium modified B and the Mott

density

S.Typel et al, NPA 2009



• Chemical constants in 
multifragmentation
experiments

• Different data sets explore 
different thermo conditions

Mott density from experimental data ? 

L.Qin PRL 2012
R.Bougault JPG 2019



• Chemical constants in 
multifragmentation
experiments

• Different data sets explore 
different thermo conditions

• Data suggest important 
corrections

Mott density from experimental data ? 

without

with



• Chemical constants in 
multifragmentation
experiments

• Different data sets explore 
different thermo conditions

• Data suggest important 
corrections

• Wide variation of model 
predictions

• Model dependence
should be addressed

Mott density from experimental data ? 

M. Hempel, K.Hagel, et al PRC 2015
H.Pais et al, PRC 2019



Backup



• Post-merger signals (~100-500 Hz) 

A.Bauswein, arXiV:1508.05493

EoS and GW signals

A.Radice et al ArXiV 1601.02426



• Post-merger signals (~100-500 Hz) 
• fundamental quadrupole fluid mode (f-

peak) of the differentially rotating post-
merger remnant 

• Strongly correlated to the radius=>EoS
A.Bauswein, arXiV:1508.05493

EoS and GW signals

F.Foucart et al, PRD93(2016)  



• Spinning NS with asymmetric
deformations (~1-10 Hz)
• Elastic strains in the crust or magnetic fields in the core
• Too weak for aLIGO and ET

• Unstable r-modes in young sources (~100-500 Hz) 
• Undamped by viscous dissipation if T and  are high enough
• Potentially detectable + EM counterpart
• Very complex modelling

•

EoS and GW signals

C.C.Moustakidis, Astrophys.Space Sci. 2016

C.D.Kokkotas EPJA 2016







EC rates: approximations

• 𝜆ா஼ 𝐴, 𝑍 ൌ ௟௡ଶ
௄

∑ ሺଶ௃೔ାଵሻ௘షഁಶ೔

௓ഁ
௜ ∑ ׬ 𝑑𝑒ஶ

௘೘
𝑓 𝑒, 𝑄, ∆𝐸௜௝ 𝐵௜௝௝

1. ∆𝐸௜௝ ൌ 3;  𝑄 ൌ 𝜇௡ െ 𝜇௣;𝐵௜௝ ൌ ଶ
଻

𝑁௣ 𝑍 𝑁௛ 𝑁 => no capture 

beyond N=40 S.W.Bruenn ApJ 1985  BRUENN
2. ∆𝐸௜௝ ൌ 2.5; 𝐵௜௝ ൌ 3.6 K.Langanke PRL 2003  LMP(0)

3. ∆𝐸௜௝ ൌ 𝑓ሺ𝐼, 𝑇, 𝜌௘ሻ; 𝐵௜௝ ൌ 3.6 A.Raduta PRC 2016  LMP(3)
plus odd-even effects fitted from LSSM

R.Titus 2018 A.Raduta 2016



Simulations set-up
• 2 different hydro codes in GR

o CoCoNuT (spherical symmetry): neutrino loss in FMT scheme
full NSE from CompOse tables 

J.Novak ASCL 2012             
B.Peres PRD 2013

o Pons et al., Romero et al.: multigroup leakage
dynamical EoS calculation J.Romero ApJ 1996

J.Pons ApJ 1999
A.Fantina PhD 2010

• Progenitors from Woosely et al.   
S.E.Woosley Rev.Mod.Phys.2002

• Benchmark calculation => same results with the 
different numerical schemes => focus on microphysics
only


