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a. Phase transitions in dense matter
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LIGO and Virgo make first
detection of gravitational
waves produced by colliding
neutron stars

Discovery marks first cosmic event
observed in both gravitational
waves and light.
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Questions

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

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

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



Jumping across the scales!
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Newtron Stor recorol Ust

The densest objects of the universe
p=10Mg/cm?3

The objects which spin the fastest
v=716 HZ => Vq,at0r=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



Newtron Stor duscovery hstory

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
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PSE B1518+49
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Neutron Stars:
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Today: about  Neutron Stars:
2000 Neutron

Stars known in the

Milky Way and tOday P. Demorest et al., Nature (2010)

Large Magellanic M(PSR J1614)=1.97 +/- 0.04

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

~ All pulsars
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...supermassive objects: challenge for
the strong interaction

log(Period derivative)

N.Rea et al., ApJ (2013).
B(SGR 0418) = 6x102 G

..SGR,pulsar,magnetars: unified picture
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Neutron Stars:

3000

1000

today

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

...tidal polarizability: first glance at the

internal structure
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...Light curves: first direct msmt of the

r-process
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Neutron Stars:
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An avenue of quantitative ob ions from matter!
compact objects is ahead 0 : *

More binary NS merging

NS-BH binaries (candidate

Continuous GW from deform R-modes in
young sources

GW from SN

NS radii from NICER (2019)
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Modelling (Neutron) Stars:
hydrostatics

« Self-gravitation == Tolman Oppenheimer Volkoff (1939):
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Modelling (Neutron) Stars:
hydrostatics

* Influence of a second body => Thorne and Campolattaro (1967):
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Modelling NS mergers: hydrodynamics

S, Rosswog

S. Rosswog, T. Piran and E. Nakar, MNRAS 430, 2585 (2013)
T. Piran, E. Nakar and S. Rosswog, MNRAS 430, 2121 (2013)




Spectrum of BBH inspiral, scale to 1.35-1.35, 45 Mpc
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Spectrum of NS-NS inspiral, 1.35-1.35, 45 Mpc
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Spectrum of NS-NS inspiral, 1.35-1.35, 45 Mpc
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The astrophysicist viewpoint: <O>=>= P(p)
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Steiner Lattimer Brown ApJ 2013

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



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

-~ 1F

| m— Y
=1 -Pea
A"

1000

—=—=prior 9%
. 50% CI
920% CI

1250

=




The astrophysicist viewpoint: <O>=>= P(p)
A.W.Steiner et al, MNRAS 2018

baseline baseline
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500 ) lUl%U 1500
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* (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 nuclear physicist viewpoint: e(p) == <O>

* NS core: py(r) =pq (V gq constituent)

=&t = € + &, (baryons and leptons decoupled, leptons
free FG)

- Effective single particles: e, (k) = \/m; 2+ k2 +V,(pgr pgr)

= my , V; from an effective Hamiltonian (Skyrme, Gogny,M3Y..) or
Lagrangian (RMF)

= Coupling constants fitted on nuclear data and/or ab-initio
2 de

= e(pp, P, ps)  P(p) = —pp5—

PBl 1 =0,us=0,

« Model dependence: choice of functional form (Lagrangian
versus Hamiltonian), fitting protocol, d.o.f. (exotics?) lead to
different predictions
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The nuclear physicist viewpoint: e(p) == <O>

* NS core: py(r) =pq (V gq constituent)

=&t = € + &, (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(pnpp) P(p)=—pi7 -
Un—HUp=HUe,

« Diagrammatic expansion: controlled uncertainties!
- Still, power counting&regularization valid only up to — 2p,
« Extrapolations needed



=> <(0O>

The nuclear physicist viewpoint: e(p)

Tews, Carlson, Gandolfi, Reddy 2018
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..a brief summary <O>& P(p)

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

* (Almost) model independent evaluation

of the EoS
e Still, we do not learn much about

nuclear physics

M (M)

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

« Controlled dof, hypotheses and
approximations, exp data included J=
« Still, the predictive power is limited 3

lllllll

A nuclear-astrophysicist viewpoint:
meeting In the middle...




A.Steiner et al ApJ 2010
A.Bulgac et al 2016

Meta_mOdel | ng_ J.Margueron, R.Casali FG PRC 2018
Y. Lim, J.W. Holt, PRL 2018,PRC 2014

* Flexible functional e(p,y,.) 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

x _ P~ Po
e(p,ye) = €rg + Po

+(Eo + - Kox?+.. ) + (Joym + 5 Leym¥ + = Kgym?+.. ) (1 - 2%)2

o X =(Ey, Ko, Jsym> Lsym Ksym, m*,..) EDF&parameter set
X = random variable

« Prior P(X) : uncorrelated distribution within empirical uncertainties



Prior parameter distribution: empirical constraints
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J.Margueron, R.Casali FG PRC 2018
Nuclear meta-modeling

X =(Ey, Ko, Jsym> Lsym> Ksym,m",..) parameter set<>EDF

2 ’Prior
* Bayes theorem: p(ﬂw):P(WlX)@

Pw)—"

o Filters yw: < ab-initio EoS (LD)
* NS observation (HD)
* Nuclear masses

* Observable calculation: p(y|w) = jd)?Y()?)P()ﬂw)

« Quantify the reliability of the different EDF

 Predict astro observables with controlled
uncertainty intervals




(1) Quantify the reliability of the different EDF

Equation of state

36
10 lo LD+HD
1o LD+HD w/o pressure filter
1035 _ Average LD+HD =
GW170817 =—a—
PJE
= 38 |
g 10
A
o,
10>
1031 B
30 : .
100
10" 10" 10" 10"

T.Carreau et al, PRC 20149



(1) Quantify the reliability of the different EDF

Parameter distribution

Parameter | Unit .Prior LLE, 10
Min Max|Average o |Average o
Nsar fm™ 0.15 0.17 0.1600 0.0060 0.1641 0.0049
Esar MeV -17 -15 -16.01 061 -1529 0.25
Ksar MeV 19 270 229 24 234 23
Osa¢ MeV -1000 1000 200 535 -31 362
Zsar MeV -3000 3000 1038 1233 -146 1728
Egwm MeV 26 38 3353 348 30.71 0.76
Lyyw MeV 10 80 4545 1797 43.66 3.68
Ksym  MeV -400 200  -92 136 -202 42
Qsym  MeV -2000 2000 913 740  -253 673
Zgym  MeV -5000 5000 1463 2216 -114 2868
Mg /M 06 08 070 006 070 0.06
Amiyy /m 00 02 010 006 010 0.06
b 1 10 5.3 2.7 3.2 2.6

J.Margueron, R.Casali FG PRC 2018

T.Carreau et al, EPJA 2019
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(I) Predict astro observables with controlled

uncertainties .
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...a brief summary

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

* (Almost) model independent evaluation

of the EoS
e Still, we do not learn much about

nuclear physics

MM

The nuclear physicist viewpoint: e(p) => <0O>

« Controlled hypotheses and

,,,,,,,,,,,,,

approximations, exp data included

« Still, the predictive power is limited

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

<0O>

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

®astrophysical constraints

00 1000
(MeV /fim?)




Residual uncertainty:
high order parameters
=> high density EoS

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



Strategy [: high density constraints

J.Xu, PRC 2013
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F.G, A.Raduta 2018

0 C
Strateqgy II: high @ e -
gy ’ g 0.3|-= meta-modelling wr O
- 03 Wﬁa 48
S \4§ 02 sz" . o® 50
]OV'QCISIOV\ £ L L o™
< 0.1 C 0. - @agpﬁﬁpo@ 52
E 098 0 [@Y6.3 8] @D O 54
EXp: Arnp:O,1318_O’3072 O:I\\\‘rlllllll1|\\Illllllll\\l‘\lllIIIl
i LE Ll Ll l Ll Ll Ll Ll I' Ll Ll Ll 1' : r \
[ —— Linear Fit, »=0.979 2.8 “c 30 0.53 -
O Skyrme, Gogny z = C 05
03F o RMF % = o o o
o - D— 25 — b 1 O,"-j .;'!'\
; 8 C L. QL5 O°
4 . B P ‘?
- r (3] & I..(
L do 20 j ,-". &
: — : ‘-'-:. w..
ki 3 OF “age
' S I Qs Og
S 70[ . .
] oon_ B OOO C'
150 & [ 0.9 _
a %r g7z P
50:1\\\‘\|||||IIJI\\IIIIIIIlI\\I‘LIIIl‘I‘II]
0 005 01 015 02 025 03 035
X.Vinas et al 2014 Ar, (**Pb) (fm)

P.G.Reinhard, W.Nazarewicz 2016
D.Chatterjee, F.G. 2017
J.Yang, J.Piekarewicz 2017 y



Strategy Il: high

precision
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Phase transitions in dense matter

* nuclear data or ab-
A NEUTRON STAR: SURFACE and INTERIOR . . . R
I b — Initio calculations only
concern low densities
« Extrapolation suppose
that the EoS iIs an

CRUST

OUTER CORE analytic fu nCtion

INNER CORE

 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)?

Picture: D.Page

o ©53/27



Phase transitions: generalities

- Phase transitions are

signalled by instability d2E

Z <0
of homogeneous 497 = E(D)
matter towards phase
separation
°« => Convexity of the ; . !
energy functional | i
! : >
D, ®, @

- density or volume
(order parameter) -



Phase transitions: generalities

- Phase transitions are

signalled by instability
of homogeneous
matter towards phase
separation

« => Convexity of the 3
energy functional .

E(D)

su®
we®
eet”
R
.
.
*
.
P4
.
‘$
g

>
@, D, O

- density or volume
(order parameter) -

Here: single order parameter (1D space) 4
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Transitions (n the core

939MeV

Hadronic matter: the baryon
octet

M, =1115MeV

Mz=1193MeV

e If u(p) > myc? + Uy, hyperon Y

$-

should appear 1318MeV
« Transition to strange matter?

« Equilibrium of strong
Interactions: three densities
NG, Ng, Ng
d’E 0°E

ch)2<O=>C=detanij




Transitions (n the core

--------

= Skyrme
a interaction
e Results are extremely model 0% Nse| L —5
03F
dependent ~ oz
E o2f
Cc 015
.4 -
J.Torres, F.G.,D.Menezes, PRC 2016 0.5 >
04 |A“| T s ; — (L Y O 48
0.3
%0-2 Relativistic Fra
3 Mean Field DDHS A — |
0.1 E ! n L A2
- 3
0 = 500 |
0.2 E \I
E
o

N
()]
o

F.G. A.Raduta and M.Oertel, PRC 2012, PRC 2013 et
, , , , 03 04 05 06 07 o0
JPhysG 2015, EPTA 2016 :
ng [fm™]



The hyperon puzzle

The highest mass is ;

associated to the highest T ‘Iﬁr No Y, with 3b
central density. Eﬂg No Y. o 3b E
If ,U(ID) > myCZ + Uy, hyperon Y % ) - PSR J1614-2230 |
should appear - .

The appearence of a new EREI I Y with 36
degree of freedom softens 3 ™,

the EoS=>reduces the mass 2 [Y.no3b N
2M, neutron star should not | & 05|

exist If Uyis calculated with i

microscopic BHF based on § 10 12 14 16
experimental bare Radius R [km]
Interactions

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



The hyperon puzzle: solutions

: : P A.Drago et al 2014
« Stiffening of the EoS above rho0? Egﬁsﬁfn ]
* New strangeness couplings at high L sero B s
density ? s

MM,

« Transition to quark matter ?

\

3.0 . . ‘ . WL Xgp>1
NL3wp —110Y I +conversion into QM
25 e 0 : ' 1|0R[m] ' 13 14
20 25
o .
2 1.5 2 ¢ = —
= LIGO PRL2019 o X_ >0
1.0} < 1.
= Xey>0
= 17 GM1
0.5}
0.5}
005 11 12 13 14 15 0 . . . )
M.Fortin et al 2016 R (km) 12 13 14 15
R [k
M.Oertel et al 2015 ™ 2




Transitions in the core

Deconfined matter: free
quarks u,d,s => E(ng,Ns,Ng)

energy density

. No unified model for confined and E(D)

deconfined matter

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

i esdu(p) < ehad(p) == hybrid star >
* esqu(Peq) < 930 MeV D, O, ¢
=> Absolutely stable SQM =>quark star - density or volume

« Results are extremely model (order parameter) -
dependent

Q’Q

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



Conclusion: three possible families of

neutron stars

Hadronic
stars

Mass (M)
o

Quark stars 05

05

0.0

7 8 9 10 11 12 13 14 15
Radius (km)



Effect of transit

[ONS

in the core

—

3000—1—
3000 | CSM Ab-initio
x| < 0.89 ™, .
" A + extrapolation
2500 2500 3,
2000 ,
2000F
_‘,.—-4’3-, Less Compact i
= 1500
=
1000 - 1500f . . ]
More Compact o :' Em pl rlcal I nfo
500 - +ab-initio
1000} +HD
() T T T T T 1 "'
0 500 1000 1500 2000 2500 30 :
Ay :
S00p i L R
No more ol E T -
3y e TR L
constraining than 1 i , P
GW2017/! i 500 1000 1500 2000 2500 3000
o f\l, AQ

[ Tews, JTMarguerom, S.Reddy, PRC 20138



...a brief summary

 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
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Phase transitions: generalities

- Phase transitions are

signalled by instability
of homogeneous
matter towards phase
separation

« => Convexity of the 3
energy functional .

E(D)

su®
we®
eet”
R
.
.
*
.
P4
.
‘$
g

>
@, D, O

- density or volume
(order parameter) -

Here: single order parameter (1D space) 4



Crust-core transition
 (n,p,e) matter:

+ & ={bn,(k)} g=n,p.e aE_
, dd?
G E(D)
S <0=
0°E
C(k) = det <0

aon;; . .
l

/\\/‘\/ C:Dl o, q;

- density or volume
=2k (order parameter) -




Crust-core transition

TR S /\\/‘\/
| r

iy Response to L= 2 /kt
Chme= é/,ap ﬁppl“p 0 thermal (k=0) §
0 0 J,u)4=mm fluct.

f f
Cr]:n Cr]:p 0 2 Surface T=5MeV  p=0.05fm"; Z/A=0.3 Sly230a
* Cpn Cpp 0]k —term -
0 0 O ape.ue — 00
0 0 0 "’E E* homogeneous e
o R Coulomb S | e
A 7 K2 term = \
0 a « =
0 peHe -0
: mpl reenin
Stellar matter at p<p, is unstable C?o P ?ote Sﬁo °° ,:0 9.
against finite size fluctuations => K (MeV)

cluster formation
o




The Wigner-Seitz cell

« Below saturation matter is clusterized
« At T=0: solid state: BCC lattice

Y. E E .
iLtWwWs - ws =min
2iVws Vws

« Ground state energy density: e(p) =

DenSIty pOInt Pressure ionization  Neutronization Neutron drip Pasta phase  Proton drip  Uniform matter

I -Iﬂ-'l In_.l' In” Iﬂ“ dEnSit}" {Elflcmt]
—

WS cell %09 9000000
9 @ |o 000000009

20 @ 000

¥
] > ]
Envelope Outer crust Inner crust
LFoT Gifoms nevtron rich miclet, & muelear clusters,
e
S I Y,
——-.v..-—— v
Solid crust Mantle Outer core
boddy cemtered cubic nuclear pasia np,e

PY Coulomb lattice PY



Below drip: the outer crust
(BéN,Z)

* &ws(np)=min

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

+ £e1(ne) + myny, + myn,, + 5ecoul)

Increasing
crust density )
Model independent results

INn the outer crust !

x  AME12
o |ISOLTRAP
—a— AME12+SkP
== AME12+|SOLTRAP+SKP
‘ —— drip line
30 40 50 60 70 80 90 100
N

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




Below drip: the outer crust
(B]EN,Z)

* &ws(np)=min

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

+ £e1(ne) + myny, + myn,, + 5ecoul)

—s - Matter is increasingly n-rich for
~ increasing density
= Model dependence
x  AME12 . 1/3 _ 1/3
scrmonn o ISOLTRAP Un = UpTFle  He X (ne) /3 = (np) M
oooooooooooooooooo —a— AME12+SkP
26 00RO wes AME12+ISOLTRAP+SKP
°°°°°°°°°°°<’°°‘°<‘ IHH—dripline
o 30 40 50 60 70 80 90 100 l'ln
N p
. Np Hp
Kreim et al. Int. J. Mass Spectrometry 349, 63 (2013) [N Up




Below drip: the outer crust

TEmEmssErTEEE {]m
_ Fe — ——%Fe
a1c
4 ) m
- —= 62 62 410 A £ 1265
outer eNj — [ =1 _—eNi . r
— | I 124
crust s —j= 6 K
—_—.t . 122g,
i %Kr —- —+—%Kr - m Psr
et =y
L 3.10" 27y
I .
: O _ Mo
-.: 3 o B Mo
L mge f T A —wae § O R
10km 80 200mi | o < 210" rensanen 80 P
‘E Zn i —+—""Zn ;rgN
' En = '
”%N'II T —I—"Cu = °Cu
3 -] — 82
H BOM G —t -
L 125 Ni P _',,w—El:INl l:l BOZn
H Ru— 1.10"
' 124 M trans.
124y Mo
E 0-\@0‘“ [lcs.
Pz —= = T r — = {0 | =
Eammi g df121\|r
P40 E - i il 1
; B 120
s ® T :
P HFB8 MSk7 FRDM HFB19 HFB20 HFB21

HFB-19 | HFB-21

Kreim et al. Int. J. Mass Spectrometry 349, 63 (2013)
Wolf et al., PRL 110, 041101 (2013)
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Matching Crust and Core

M (M)

?"\ —
.\‘\.\ ?
-\
"\.\\ E:
i Y .
iy v
411 =
14
iy a,
i, 1
-
: 1'\ \
2oLy
. | \ \
\ N
l-\\ \‘\‘\Ax
12 13 14 15
R (km)

Need of a unified treatment: same microscopic treatment

0
940

M.Fortin PRC 2016
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for the crust and the core



Above drip: the inner crust

Matter is increasingly n-rich for

1/3
Un = UpTUe He X (ne)1/3 = (np) n

Hn

increasing density!

Hn

nB up

2 Mean field potential
™

A Total HF density

. luster
In the inner crust,

dripline nuclei are

immersed in the medium
of their continuum states: 0.02
a neutron superfluid 0

p(r) [fm™]
=]
2

Free nucleons

electrons

0 5 10 15 20 25 30 35
r (fm)

P. Papakonstantinou, et al. Phys.Rev.C 88(2013) 045805



Above drip: the inner crust

The attractive part of the residual interaction leads to pairing

correlations

Channels relevant for neutron star matter: 1S (nn, p<p,),

3P,(NN&PP, p>p)

If ¢,(n,) is calculated by mean-field models, a pairing contribution

must be added

BCS theory: U A(p,)

tot(p95) & /09 +_ Z v (pq)pqpq IOq =2 :
4 = V. (pg)

qu

1
2h32'[ pp 2 \?
p_*qu +A2
2m |

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

Superfluidity and superconductivity negligible for static properties,
b.ut essential for cooling and glitches Cy x exp — A/T




gws(Mg)=_min (

e(homogeneous) < e(inhomogeneous)

Above drip: the inner crust

E(N,Zno,ng)
Vws

Z,Nnong,v + gg (Tlg) + gel(ne) T 5€coul)

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:

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

10 11 12 13 14
R (km)



Above drip: the inner crust

E(N,Znong)

gws(Mg)=_min (

Z,Nnong,Vv Vws

+ &4 (ng) + e,1(n,) + 5ecoul)

« 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

o, [MeV/fm~]

1.2

1

0.8

0.6

0.4

0 0.2 0.4 0.6 0.8

I=(N-Z)/A
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Observable: pulsar glitches

In some pulsars “glitches” are
observed where the spin rate

Year
1970 1980 1990 2000 2010
1 T T 7 T T T ]
- B1823-13 3
:; [ 13 | 1 I:
- B1800-21 /V
EEEATETICE S gl i
- B1757-24
:llllllllllllllil]llllllllllillll
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(et
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-
1

[ 1

MID (Days)

Figure by C.Espinoza

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

Period (u-sec)

0.089240

0.089230

0.089220

0.089210

Glitch

_Glilch Vela Pulsar
| 1 | 1 | i | | | L
1969 1971 1973 1975 1975

Date



Graber+2016

superiluid

Interpretation

(Anderson &ltoh 1975)

GLITCH

spin rale [

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



Interpretation

it S e, (Anderson &1toh 1975)

Graber+2016

GLITCH
superiluid

spin rale [

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:
1./1>0.07 to explain Vela
data



Glitches and CC transition

1
I O RMF
=2l @® Skyrme
i 5 X BHF
E 0.6/ oC @
> O.)K
() - L X @) Q
= ® o
= 04 oo i o Oo..
= ]
o ! ] o, e .
0.2_— 5 OO
0 ' 510 — 1(110 |
L (MeV)

C.Ducoin et al, PRC 2012

« |./I>0.07 to explain
Vela data

I = i _ S—W]R:rée_ff(f')@(r) (5(?’) +P(T)) dr
€3 Jo Q \/1—2GM(r)/r

R E(r)+ P(r)
Icrust - S—W TAE’_V(T)EJ(T) ( )

3 Jg, \/1 — 2G M (r)/r

= P>0.5 MeV fm-3

dr .

Results are extremely
model dependent



lc.'l'us;l/I [%o]

Crustal moment of inertia: meta-

modelling
i T 26
12 :H Averalgcé —— ] ¢ Marglnal
10 ! agreement with

8 Vela comstraint I - the standard

. : glitch model!

) : * What should

i : we constrain

) — better to have

! | THEET L6 L8 p a final answer?
M [M,]

T.Carreau et al, PRC 20149



Determine the influential parameters

Correlation between the nuclear parameters
and 1./ 1 (top) , P, (bottom)

003 -020 0.14 -0.06 -0.03 -0.11 -0.24 0.31 0.25 -0.02 0.04 -0.02. 0.44

006 -0.21 0.09 -0.14 -0.08 -0.07 -0.22 0.24 0.28 -0.02 0.05 -0.02

%

o W\ \w\x 0/.5& 48 @*\'\\\ \)‘**\\\ ‘P**\\\ Qﬁ*\\\ w\\ - \9@ Vo P

\ Y ] | Y J
Bulk Surface
parameters parameters

T.Carreau et al, PRC 20149



Determine the influential constraints
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T.C’aweau et al, PRC 2019



..a brief summary

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

o, | MeV/fm~]

« Equation of state modelling
requires an unified treatment

for the nuclei and the e o o e os
neutrons [=(N-Z)A

« 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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Origin of Neutron
Stars: core collapse
supernova




Death of a massive star
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From massive stars to supernova,
neutron stars and black holes
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Observations

Hubble telescope. Credit: NASA

182 First report (China)
SN1054: Crab (worldwide)
SN1572: Cassiopea (Tycho Brahe)
SN16677? 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



Observations
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CCSN modelling: hydrodynamics in GR

% e | X

Pyl [ “F(U)] ~S(U)| (1D)

=

D Density

S Linear momentum .
ush o Energy — Conserved quantities
DY Proton fraction

D

F(U) = Sv+ P Fluxes

S _,pv Source&Sink terms
DY v

( . \
S(U) = (Sv—7-D) (8aX1rP +aX3) +aX P + ){‘? + (VQue+ Q)
QVE+ Vcgvl\/l

\ Ry, / I




Weak processes in CCSN

(A, Z)+e 2 (A Z-1)+v,

electron capture on nuclei

p+e =n+1v,
v+ (A, Z)2v+ (A7)
vies2vtet
v+ NZ2Zv+ N
(A, Z)+e" =2 (A, Z+1)+ 1.
n+et 2 p+ 0,
v+ (A Z)=2v+ (A Z2)*
(A Z) = (A Z)+v+v
N+NeN+N+v+w
Ve+ Ve & Vyr+ Uy y

e +et 2v4+p

electron capture on Iree protons
elastic scattering on nuclei
inelastic scattering off electrons
elastic scattering on nucleons
positron capture on nuclei
positron capture on free neutrons
inelastic scattering on nuclei
nucleus decay

nucleon nucleon bremsstrahlung
V., annihilation

-

eTe” annihilation ,

Key microphysics inputs: capture rates and matter
composition



Modelling: collapse phase

f Neutrino Trappi
R [km] S rapzmg . R [km] Bounce and Shock Formation
Re, (=T, I ) R, (t~0.11s, Qc< 2Q0)
) radius of J / / I,f'/‘e
shock Py
formation g
ST — : \
_ ~10
'\ M(r) [Mg] \ M(r) [Mg]
heavy nuclei nuclear matter tei
Si-burning shell @29,) R Si-burning shell

Th.Janka et al, PR 2007

Key microphysics inputs: capture rates on nuclei



Shock propagation, delayed
neutrino heating and explosion

Shock Stagnation and v Heating,

R [km] Shock Propagation and v, Burst R [km] '
R 4 (t~0.12s) Explosion (t~0.2s)
Fo ¢ , Re ~ 200
Rg~ 100 km ¥ .
R ¢ e

v et Vet

position of
shock
formation

Ve._u.'r ’Ve.p.t

_—— | ——

Infalling PNS 13 gain layer 1.5 M(r)[Md
matter cooling layer

¥e

l\ M(r) [Mg]

nuclear matter .
nuclei

Si-burning shell

Shock Neutron Star

®
(Radius ~200 km) (Radius ~50 km) Th.Jamka et a|, PR 2007




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

Modelling: a complex
multi-scale
hydrodynamical problem

3x10'2

2x10"




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

Shock Neutron Star
(Radius ~200 km) (Radius ~50 km)

Modelling the explosion

phase requires

 Hydro instabilities==> 3D
simulations

* Neutrino dynamics in the
gain region => matter
composition at the
neutrinosphere

3x10"

2x10"

2000s




3D simulations: %0&0 15 20 25 30
3Dn

explosion
or not explosion?

—10 0 10
@1 [107 cm]

X Melson et al. 2015



3 D SI'VV\M {atl.OV\-S: Hanke et al 2012
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Sukhbold et al 2015



3 D Sl.W\l/( (atl.OV\.S Hanke et al 2012

N
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Th.Janka ApJ 2019

e M15-Th

Present status

10— 4

! keV~! cm™?)

1. SN1987a light spectrum
and flux well reproduced by
3D exploding models
2. Predictions for v spectrum I | N |
over long times T
3. But the v gain enerc*’ i~ ~~
input parameter g ourst _accretion
* Incertainty in the initial [L,/50.0 L,/10.0
of the explosion == col
dynamics?

* Incertainty in the v dyn
the neutrinosphere?

1075 4

Flux density at 51.2 kpe (v s~

i I o
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postbounce time(s)
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CCSN: influence of nuclear physics

R [km] Neutrino Trapping
(t~0.1s, .~10" g/lcm?)

* Core collapse: EC
capture on exotic
nuclel

heavy nuclei

Si-burning shell

* SN explosion and r- Infalling ¢ Steller Gas
process seeds. matter
composition at the
neutrinosphere

Shock Neutron Star
(Radius ~200 km) (Radius ~50 km)




R [km] \ Neutrino Trapping

~7 Core collapse and EC rates

~ 100 F==gec. -

(A, Z)+e 2 (A, Z-1)+ v,

'& M(r) [Me]

Si-burning shell

 EC on exotic nuclei plays a key role during the

pre-bounce phase of CCSN

? ZB

In2 « (2];+1)e PEi 00
(25604, 2) = 25, 5 [7 de f (e, Q AE;;) By,

* Microscopic calculations are
missing

- Different models for Q,AE;;B;;

(Bruenn, LMP, Raduta..)
o

10 — —
:G) ...................... o ...................... 0
| (b)

T (MeV)




Electron fraction Y.

Effect of the rates on the collapse

)
s
?:.C 500 Bruenn
= "\ —— LMP(0)
2 400 " i
2 ARA
Z [ | Y
— | |
é 300 )
£ 200
0_25 Bruenn é 100 -
LMP(0) o
LMP(3) 1 *E'
= — — — onset of B-equilibrium ! = 0
0.2 | T T I
——— — & —5 0 5 10 15
170 180 190 200 210 220 230 t(mS) t — thounce (MS)
A.Pascal, PRC 2019

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

Leads to a difference AY_./Y_.=30% => AM,/M,=30%
INn the enclosed mass at bounce

Reflects into the neutrino luminosity



Radial velocity v, (¢)

Effect of the rates on the collapse

At bounce 1 ms after bounce 3ms after bounce
0.2 ! 0.2 1
0
—0.2
—0.4 +0.4
—— Bruenn
S Lo

20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

r (km) r (km) r (km)
A.Pascal, PRC 2019

=

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

* Leads to a difference AY_./Y_=30% => AM,/M,=30%
INn the enclosed mass at bounce

» Sizeable effect in the shock propagation after
bounce



A.Raduta PRC 2016

P T=2.59 MeV, n,=5.93x107° fm™® .
e
2 E
< ot
S OO
8%’ 3L« ‘%%;ﬁh — AE® * o O:data/AE®
= 250 %% o - A" " © OO: data/AE®?
op, o° x AE® * # EE: data/AE®
e
D\ L i L | L L ' T
10 -5 0 5 10
Q (MeV)

A. Pascal, S. Giraud, et al., arXiv:1906.05114 (2019
55T e e
50 Py
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= e Tr 1]
20F |

15:..‘.. 1 I I

. = Sullivan et al
20— —— calculs modeles
1 4 — microscopiques
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Which model is correct?

* 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

10



CCSN: influence of nuclear physics

R [km] Neutrino Trapping
(t~0.1s, .~10" g/lcm?)

* Core collapse: EC
capture on exotic
nuclel

heavy nuclei

Si-burning shell

* SN explosion and r- Infalling ¢ Stellar Gas
process seeds. matter
composition at the
neutrinosphere

Shock Neutron Star
(Radius ~200 km) (Radius ~50 km)




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

opqmty at the neutrlhpsphere v+ (A, 2) 2 v+ (4, Z)
« Typical thermo conditions:

Gaz:

p ~0.01 fm=T~5 MeV

n,p,« libres

Noyau
moyen

— Composition at finite temperaturee

« Standard treatment in SN simulations: the single

nucleus approximation => same treatment as for the

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



Fe Ay A <Ay (A-2Z) (MeV)

T>0: the Single Nucleus
Approximation

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

« Itis avery poor treatment of the finite temperature problem.

The absolute minimum is not representative of
the free energy landscape y



T>0: beyond the SN
approximation

e One WS cell

N
d (fWS — HUn <VWS o nn>
WS

o

N1zingn’

Zws
Vws

law in the cell

)

Ny, variational variables
linked by the strict conservation

d
...
L 4
-
> *

« Many WS Cellsﬂ

.
.

.
ay .
'] .
IIIIIIIIIIIIIIIIIIII

_(,® L &) 0
k={n N,z i=1 .. NN 255}
n; Nng,,Ng, vVariational variables linked by
the loose conservation law in the cell

through the global chemical potential

(nNZ> = exp — ﬁ(Bm —TS —u,N — ”pz)

B

- - In-medium modified binding energy



In-medium modified B and the Mott

density
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Mott density from experimental data ?

Chemical constants in (A Z
Itif tati K.(A,Z) = Hpa s
multifragmentation g1 ] = N
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R.Bougault JPG 2019
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Mott density from experimental data ?

Chemical constants in
multifragmentation K.(A,Z) =
experiments

Different data sets explore

Ppa(A, Z)

Pa(l 1)Z ppa(la O)N

different thermo conditions \ (@)
) 100 - e
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G:E 108_ *::'0. fe .
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Mott density from experimental data ?

Chemical constants in
multifragmentation
experiments

Different data sets explore

K. (A Z) =

ppa(A= Z)

pa(1,1)% ppa(1,0)Y

--¢- Exp. (Qin et al. 2012)
* ideal gas

different thermo conditions 10" — ¢ HSED2) nocs Ace
Data suggest important 107 1 5% ¢ s T
corrections G TS
. . . o _ 10° - 'ff;:“g"'-. .
Wide variation of model S -_wj_ﬂz::‘n;;;%
. . E 107 = v ‘ .
predictions 2" _ u;;{j\,:n
10 Ok ,0
Model dependence "
should be addressed ° H%_-f’*
10* L e
M. Hempel, K.Hagel, etal PRC 2015 °° 201 %22 0
H.Pais et al, PRC 2019 ng (fm~)
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EoS and GW signals
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EoS and GW signals

Post-merger signals (~100-500 Hz) s

 fundamental quadrupole fluid mode (f-
peak) of the differentially rotating post-
merger remnant

« Strongly correlated to the radius=>E0S

A.Bauswein, arXiV:1508.05493

(ol £ Hz ", 100Mpe)

F.Foucart et al, PRD93(2016) :
+ 24M
_ SIFHlo | | | | Y Msun -
r—>Ls220 ] QT T
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—DD2 e ” ¥ 3 X sun ||
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EoS and GW signals

 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 Vv are high enough
Potentially detectable + EM counterpart oy

—_

Spin frequency (Hz

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

Very complex modelling
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Cite as: M. R. Drout er al., Science
10.1126/science.aaq0049 (2017).

Light curves of the neutron star merger GW170817/SSS17a:
Implications for r-process nucleosynthesis

M. R. Drout,'™ A. L. Piro," B. J. Shappee,"? C. D. Kilpatrick,? J. D. Simon,' C. Contreras,* D. A. Coulter,?

R. J. Foley,” M. R. Siebert,” N. Morrell,* K. Boutsia,* F. Di Mille,*T. W.-S. Holoien,' D. Kasen,>°J. A. Kollmeier,’
B.F. Madore,' A. J. Monson,"” A. Murguia-Berthier,” Y.-C. Pan,” J. X. Prochaska,” E. Ramirez-Ruiz,?*® A. Rest,”'?
C. Adams," K. Alatalo,"? E. Banados,' J. Baughman,'>"? T. C. Beers,'*'* R. A. Bernstein,' T. Bitsakis,'¢

A. Campillay,'” T. T. Hansen,' C. R. Higgs,'®''? A. P. Ji,' G. Maravelias,?* J. L.. Marshall,?' C. Moni Bidin,>?

J. L. Prieto,'>?? K. C. Rasmussen,'*'* C. Rojas-Bravo,® A. L. Strom,' N. Ulloa,'” J. Vargas-Gonzalez,* Z. Wamn,2*
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Fig. 3. Evolution of the ultraviolet to near-infrared
spectral energy distribution (SED) of SSS17a. (A) The
vertical axis, log F.o, is the logarithm of the observed
flux. Fluxes have been corrected for foreground Milky
Way extinction (33). Detections are plotted as filled
symbols and upper limits for the third epoch (1.0 days
post-merger) as downward pointing arrows. Less-
constraining upper limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after the merger,
the peak of the SED shifts from the near-UV (<4500 A)
to the near-IR (>1 pm), and fades by a factor >70. The
SED is broadly consistent with a thermal distribution
and the colored curves represent best-fitting blackbody
models at each epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature falls from
>10,000 K to ~5000 K. The epoch and best-fitting

blackbody temperature (rounded to 100 K) are listed.
SEDs for each epoch are also plotted individually in fig.
S2 and described in (33). (B) Filter transmission
functions for the observed photometric bands.



Fig. 4. Physical parameters derived from the ultraviolet to near-
infrared SEDs of SSS17. Vertical dashed lines indicate the time of
merger and four days post-merger, between which SSS17a
undergoes a period of rapid expansion and cooling. (A) Pseudo-
bolometric light curve evolution; representative r-process
radioactive heating curves are also shown. While the initial observed
: : : : peak is consistent with ~0.01 Mg of r-process material (blue curve),
10k (B) this under-predicts the luminosity at later times. Instead, the late-
3 time (>4 day) light curve matches radioactive heating from 0.05 +
0.02 Mge of r-process material (red curves). (B) Best-fitting
blackbody model temperatures. 11 hours after the merger, SSS17a
is consistent with a blackbody of >10,000 K. Between 4.5 and 8.5

days, the temperature asymptotically approaches ~2500 K — the
temperature at which open f-shell lanthanide elements are
expected to recombine. Radii and luminosities beyond 8.5 days are

computed assuming a temperature of 25007, K and are plotted as

3 squares. This temperature range is highlighted by the orange
[ ] horizontal band. (C) Best-fitting blackbody model radii. Curved lines
03} 7/ (C) ] represent the radius of material moving at 10%, 20%, and 30% the
' ' ' ' speed of light. At early times the increase in radius with time implies
0 5 10 15 20 that the ejecta are expanding relativistically. After ~5 days, the
Rest—-frame time from merger (days) measured radii decrease, likely due to recombination.
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EC rates: approximations

AEC(A,Z) =

K

lnzz (2J;+1)e”PEi
l Zﬁ

%, def (e, QAEy)By

2
1. AE;jj =3; Q =ty — Up; By = ;Np(Z)Nh(N) => no capture
beyond N=40 S.W.Bruenn ApJ 1985 BRUENN
2. AEU = 25, BU = 3.6 K.Langanke PRL 2003 LMP(O)

3. AEU = f([, T,pe); BU = 3.6 A.Raduta PRC 2016 LMP(3)
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Simulations set-up

« 2 different hydro codes in GR

0 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 ApJd 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



