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4 Outline

¢ Introduction:
» Neutron-star (NS) properties and equation of state (EoS) modelling
and constraints

+» Selected results in :
» Catalysed (“cold”) NSs (T = 0, full equilibrium)
- EoS and NS observables

» Proto-neutron-star (PNS) crust (T # 0, beta equilibrium)
- multi-component plasma, impurity parameter

¢ Conclusions and open questions

N.B.: In this talk, beta-equilibrated matter
NS static properties
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‘ A NS (isolated): formation

= NS born hot, T~ 10"-10" K ~ 1 — tens MeV

after shock formation = after few tens of sec — mins
- - beta equilibrium (e.g. Camelio et al. 2017)
%’ISE“W“J o7 ‘de'eg“ﬂ”'“"”’ - formation of crust (e.g. Pons&vigans 2019)

v—sphere y—sphere (T< ) 109 v 1010 K)
o Ti~50 Mev cooling > T <~ 108 K
seleptonization - “cold catalysed” (= T = 0)

() t~15s

 accretion
shock lift—off
" mantle collapse

0
heating . e .
(Ht=0s Mt~05s IRl
stondoft smock ‘ full thermodynamic equilibrium, P(ng
To~6%10° K Te~3%10° K
04 ~12
(cooling) R~12 km R~12 km ! :
% black hole T.~0.03 MeV Ve Te~0.02 MeV ’ axiom e itrons ~11.5
ﬂv v cooling ¥ cooling
—> cooling ere (o}
v core — R~12 km el (Dlers R~12 km %\ -
cooling T,~0.12 MeV e T,~0.06 MeV > 3 §§
'z
(IV) t ~ 50 s T~2x10° K T~10% K ~ T
v—transparency o
cold core (V) t ~50 — 100 yr (VI) 102 < t < 3x10° yr 2
warm crust star becomes observable X—ray
isothermal thermal emission

Lattimer & Prakash, Science 304, 536 (2004)
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Image Credit: 3G Science White Paper
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‘ NS (isolated): formation

after shock formation Y,

NS born hot, T~ 10'9-10" K ~ 1 — tens MeV
after few tens of sec — mins

- beta equilibrium (e.g. Camelio et al. 2017)

- formation of crust (e.g. Pons&Vigans 2019)
(T<~10°=10"0 K)

cooling > T<~108K

- “cold catalysed” (= T =0)

(delegtcf(mzotlon)

" %’.ss'em?

y—sphere

v—sphere

R~15 km
T.~50 MeV

core heotnng
deleptonization

() t~15s

 accretion
shock lift—off
" mantle collapse

1
Dt=0s Mt~05s maximum heating E e 5
stondoft smock & full thermodynamic equilibrium, P(ng)
To~6%10° K Te~3%10° K
(cooling) R~12 km R~12 km
% black hcgale T.~0.03 MeV Urca T.~0.02 MeV —>
ﬂv v cooling ¥ cooling
> cooling ere
5 o — R~12 km modified Urca R~12 km
cooling T.~0.12 MeV T.~0.06 MeV >
(IV) t ~50 s T~2x10° K T~10% K
v—transparency
cold core (V) t ~50 — 100 yr (VI) 102 < t < 3x10° yr

observable X—ray
thermal emission

star becomes
isothermal

Lattimer & Prakash, Science 304, 536 (2004)

warm crust

Image Credit: 3G Science White Paper
but: real picture can differ from cold catalysed one
 PNS (=2 T >0, P(ng, T) if beta equilibrium)

“General purpose” EoSs P(ng,T,Y,), accretion & B effects not addressed here

(see e.g. Oertel et al., Rev. Mod. Phys. 2017; Burgio & Fantina, ASSL Springer 2018)
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‘ Probing extreme

1

Drischler et al., Ann. Rev. Nucl. Part. Sci. 71, 403 (2021)

different states of matter spanned in NSs

2008=

Temperature (MeV)

o
" Critical point?

superconductor?

Baryon density n/ng

Chiral EFT

conditions 1in NSs

outel Cruse nudel elecy

104 ~12
Inner Crust:
4x10" uclei, electrons, neutrons ~11.5
2
2
‘% ~ O 5 nsat .5)
2 TN
v &
% quark- = A
e hadron
3\,, transition
iy

1015

Image Credit: 3G Science White Paper

- inhomogeneous (crust), “pasta” phase, homogeneous (core), “exotic” particles (?)

+ superfluidity, (strong) magnetic field, etc.

- Not all conditions can be probed in terrestrial labs - theoretical models !
- Consistent description very challenging

N.B.: T = 0 picture OK for cold isolated NSs and binary (pre-merger) NS§
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EJ Why a unified treatment ?

Unified treatment of inhomogeneous & homogeneous matter
—> same nuclear model employed in different regions of star

Challenging because of wide range of thermodynamic conditions
Challenging because different states of matter
But: essential to avoid spurious non-physical effects in numerical modelling

2.5

3500 1 —— Unified

20t 3000 1

25004

L3 ~ 2000+
S

M (M)

1500+
1.0+

10009

0.5}

PN 500

. ~~aiils ol . N
127 13 14 15 0 500 1000 1500

R (km) (a) AV
Fortin et al., PRC 94, 035804 (2016) Suleiman et al., PRC 104, 015801 (202;(2e also Ferreira&Providencia 2020

Thermodynamically consistent and unified EoSs for astro modelling & inference

- analyses (but not many available, e.g. Douchin&Haensel 2001; Fantina et al. 2013; Raduta&Gulminelli 2015; Vinas
et al. 2021; Pearson et al. 2018; Grams et al. 2022; Xia et al. 2022; Scurto et al. 2024; see CompOSE database)
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‘ b4 Micro to macro through modelling

~

Microphysics (inputs) ( Astrophysical (macrophysics)
(e.g. EoS, nuclear processes) hydrodynamic/static models
~ (simulations)

E

[ Nuclear theory (with model parameters)}

| \/

{ Nuclear physics Experiments } [ Astrophysical observations }

e.g. nuclear masses, resonances, decay rates, ... (e.g. GW, NS masses, light curves,...)
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’»! EoS €-> NS (static) observables (1)

= TOV > M(R) (Tolmann 1939; Oppenheimer&Volkoff 1939; see also Haensel, Potekhin, Yakovlev, Springer 2007)

dlZfJ“) = _Gp(r%\/l(r) [1 A 61:[522)] {1 . 4:21/3\/(17233] [1 it M] 1

c2r
M(r) = 47r/0 p(r)r’?dr’  with b.c. M(r=0) = 0; p(r=0) = p,
mm) only EoS P(p) is needed !

I mmm) for each p, (or equivalently P.) = integration > R, M(r = R)
- o
@ I oY

A. F. Fantina .B.: GR in slow rotation limit w/o magnetic field ! 8



‘ EoS € > NS (static) observables (1)

= TOV > M(R) (Tolmann 1939; Oppenheimer&Volkoff 1939; see also Haensel, Potekhin, Yakovlev, Springer 2007)

e - ool f)h. - n)

M(r) = 47r/0 p(r)r’?dr’  with b.c. M(r=0) = 0; p(r=0) = p,
m=) only EoS P(p) is needed !

"4
I mmm) for each p, (or equwalently Pe) > |ntegrat|on > R M(r
— o R ERR R
i 3_

Copyright © 2005 Pearson Prentice Hall, Inc.

Log,o p(MeV fm)

GR - direct correspondence
w— EoS <> NS static properties

mm) for each p. 2 rayon R, masse M
- tidal deformability A

_«l|11||11||11|||||||1-L_|-|—1||1|1||1||-o.0
0 5 10 15 0 5 10 15

£cles R (km)
Lattimer, Annu. Rev. Part. Nucl. Sci. 62, 485 (2012)
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‘ bl EoS € NS (static) observables (1)

= TOV > M(R) (Tolmann 1939; Oppenheimer&Volkoff 1939; see also Haensel, Potekhin, Yakovlev, Springer 2007)

dﬁir) = _Gp(r%\/l(r) [1 + CI: ;2)] [1 . 4:21/3\/(127;3] [1 e M(T)]—l

c2r
M(r) = 47r/0 p(r)r’?dr’  with b.c. M(r=0) = 0; p(r=0) = p,
3 =) only EoS P(p) is needed !

I mmm) for each p, (or equivalently P.) = integration > R, M(r = R)
- e
I 10*
b ™ z
GR - direct correspondence % 10
w— EoS <> NS static properties i
| RENER
mm) for each p. > rayon R, masse M ML ks s
" - tidal deformability A 100 125 150 175 200 225 250 275
; iy mass (Mg)
?
9 trace baCk to EOS and composmon : Dietrich et al., Gen. Rel. Gravit. 53, 27 (2021)
A. F. Fantina .B.: GR in slow rotation limit w/o magnetic field ! 10



but:
X EoS model dependent !
X no ab-initio dense-matter calculations

in all regimes = phenomenological models

)
X composition €= EoS > M(R) ? 2
w
]
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Ozel & Freire, ARAA 54, 401 (2016)

Abbott et al., Class. Quantum Grav, 37, 045006 (2020)
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‘ E 3 High-density EoS - additional d.o.f.?

= Role of “exotic” degrees of freedom? (not addressed in this talk, see talks Mon, session H)

Hyperons - softer EoS - lower M., (+ reduction of R and A for intermediate-mass)
Quarks - not clear

Y B B B T
[ ! ‘ ’ Noye = 250
22 (a) N . 3.0 ¢2,=2/3, npo = 2.0n44¢ v
B R 2.5¢ Nucleonic A, =332 MeVv
L A N, N NG
N N N
'_I_‘18 .- ‘ \-‘ \_\' '\.\\ '_‘0 2'0 S ———
g ‘ \'\ ¥ . E
= \ L3N NICER @ 1.5¢
14 F ow | ‘.\ LY - =
' "\ LR j— 6nro = 0.5Nsa¢ \\
: R —== 6NFo = 1.0n5¢ X
1.0 F - . 0.5r...... 6nr0 = 1.5t SLy4—P~-3
l { Iy N | X T
9 10 14 9 10 11 12 13 14 15
R [km] Radius [km]
Li et al., PRD 101, 063022 (2020) Somasundaram & Margueron, EPL 138, 14002 (2022)
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E 3 High-density EoS - additional d.o.f.?

= Role of “exotic” degrees of freedom? (not addressed in this talk, see talks Mon, session H)
Hyperons - softer EoS - lower M., (+ reduction of R and A for intermediate-mass)
Quarks - not clear

2.2 ——
= “Masquerade” effect Pybi (it quari)

NICER- -3 \ ) I '

1(11.;740, \ \\
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1.0 i i i i
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Blaschke & Chamel, ASSL 457, 337 (2018);
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E 3 High-density EoS - additional d.o.f.?

= Role of “exotic” degrees of freedom? (not addressed in this talk, see talks Mon, session H)
Hyperons - softer EoS - lower M., (+ reduction of R and A for intermediate-mass)
Quarks - not clear

= “Masquerade” effect

» Agnostic (“non-nuclear”) approaches for NS core (e.g. piecewise polytropes, ¢, models,...)
(conditioned by astro)

1037

=== nonparametric (psr)

v poweful = no underlying
hypotheses

X what about nuclear physics
—> composition ?

X often unique (non-consistent)
low-density EoS
—> uncertainties underestimated

10% nonparametric (astro)
=== spectral (psr)

spectral (astro)

05 1 2 3 4 56789
P (Pruc)
Legred et al. PRD 105, 043016 (2022)
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El EoS €~ nuclear matter parameters

* Expansion in density and asymmetry around ng;; and 6=0 T = (N — Ngat) /3Nsat

1 2 1 3
€is = Pgat - §Ksat33 CH EQsatx Y = €54(n,6=0)
1 > 1 3
€iv = Hsym + Lsym® + §Ksymx + Estmx +... > egym(n)=e(n,5=1) - e(n,5=0)
- Nuclear empirical parameters (NEP, bulk)
Xsat,sym v Esat, Ksata Qsat, srey Esym, Lsym, Ksym, stm,
Fo g 'r}n' (D Ir' >0 R 1500 T T I I
1s0f- T Rare (Bt 2912) . Skyrme  +
L —aTagami 2022 e G RMF X
- — combined o _\g)_g-g- 1000 ¥ RHF 7
L Qo _----"g ‘~\ o —_ G
10or > chiralog;¥
> = 500 X -
¢ = X
;j’ sof, X i
i g 0 X »X .
: o b s .
O_— -500 X N
o e T -1000 ! ! ! !
26 28 30 32 34 3 38 200 220 240 260 280 300
Sy (MeV) = Egym Ksat  (MeV)
Lattimer, Particles 6, 30 (2023) Margueron et al., PRC 97, 025805 (2018)

see e.g. Bulgac et al., PRC 97, 044313 (2018), Margueron et al., PRC 97, 025805 (2018), Carreau et al, EPJA 55, 188 (2019),
Tews et al., EPJ A 55, 97 (2019), Dinh Thi et al., A&A 654, A114 (2021), Dinh Thi et al., EPJA 57, 296 (2021); 15
Essick et al., PRC 104, 065804 (2021), ...



] A semi-agnostic approach: meta-model

= Meta-model (MM) (Margueron et al., PRC 97, 025805 (2018); also e.g. Lim&Holt 2019, Tsang et al. 2020)

- EDF-based but flexible. Based on a Taylor expansion in density and asymmetry.
N
n : .
Ep(np,0) = &in(ng,d) + V(ng, o) V(ng,d) = k—?(v}f + vl 62)xPug (x)
k=0 ‘X

zero-density limit

= For application of MM to NS crust > CLDM

e.g. Carreau et al., EPJA 2019; Dinh Thi et al., A&A 2021; Grams et al., EPJA 2022; Mondal et al., MNRAS 2023;
Davis et al., A&A 2024 (for relativistic version, see Char et al., PRD 2023)

v Vary NEP - parameter exploration (without a priori correlations)
—> statistical (Bayesian) analysis (see Mon-Wed talks, session H)

Ppost (X) e Npprior<)2> e X S w1,D (X>wHD (X)

flat non-informative prior nuclear masses High-Density filters
- large parameter space  (AME) Low-Density filters —> causality, stability,
—> ab-initio (EFT) Mys.max (+ NICER, GW)
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b Constraints from nuclear physics

_J | (I | (I | [N ‘ [ | [ | [ | [ | [ | 17
PURE NEUTRON MATTER (AB INITIO) 140 SYMMETRY ENERGY (EXP+THEO)
40 Gandolfl et aI 2012 I : ]
350 Lyanetal 2016 : 120F o o
Drischler etal. 2016 ] L g
30+ o gg:;;wler etal. 2020 100 __ PREX, N
25/ o ~ ST
v [ DD-MES i r Qc,}?/ 7
Zoof s o 80k ¢
< 0 = C
Y5t ~ 60% B
100 : i
- ] 40r E
5p" 1 = | * BSk24
L J", u SLy4 N
] e e D1
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0950 0.075 0.100 0.125 0.150 0.175 0.200 0.225 0.250 i \ - SNz )
 [fm 7] - Lt N Lol ] | | L]
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Fantina & Gulminelli, J.Phys. Conf. Ser. 2586, 012112 (2023), 26 28 30 32 34 36 38 40 42
see also Oertel et al., Rev. Mod. Phys. 89, 015007 (2017) J [MeV]

Gulminelli&Fantina, Nucl. Phys. News 31, 9 (2021);
Fantina&Gulminelli, J.Phys.Conf.Ser. 2586, 012112 (2023)

- PNM calculations benchmark / constraints
—> not all popular models agree with ab-initio constraints!

- Exp. constraints at “lower” densities & more symmetric matter
- not always “clear” constraints 2 “tension” (data + modelling)
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‘ b4 Constraints from astrophysics
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A FEFantina  NB: most are inferred, not “direct” observations, so model dependent ! 18



bl Outline

“ Introduction:
» Neutron-star (NS) properties and equation of state (EoS) modelling
and constraints

+» Selected results in :
» Catalysed (“cold”) NSs (T = 0, full equilibrium)
- EoS and NS observables

» Proto-neutron-star (PNS) crust (T # 0, beta equilibrium)
= multi-component plasma, impurity parameter

¢ Conclusions and open questions

N.B.: In this talk, beta-equilibrated matter
NS static properties
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Catalysed NSs: crustal properties

CRUST-CORE TRANSITION
Meta-model + CLDM for crust L4k n=01fm=2

1.2¢
1.0f
0.8
0.6
0.41
0.2f
0.0f

Pcc [MeV fm‘3]

0.00 0.03 0.06 0.09 0.12 0.15

Image Credit: 3G Science White Paper /\
T

14k N = 0.02 fm=3

Ncc

1.2}

LD+HD .04 -0.07 0.11 -0.05-0.02 "+ -+ E¥Fd-0.15 (¥} -0.15 0.05 [1¥¥1-0.15 -0.04 LI = aab

n=0,02fm3) IE 1.0
LD+HD 0,06 -0,06 [WJcE EET] 0,17 -0.15 -0,29 -0,10 [JE[:] -0.16 0,06 [1}:24-0,11 -0,08 [(LIEE: S 08 1
(n=0,1fm™3) 2 0.6} 3
Prior 0,14 0,09 0,13 -0,18 0,02 o.osﬁo.u 0.20 -0.05-0,17 0,07 0.29 0.18 0.18 g 0.4f / 1

Q

0.2 1

Ecat Nsat Ksat Qsat Zsat Esym Lsym Ksym Qsym Zsym \00 bs  0Ooc B p}

| | R T
bulk surface nec [fm™]
—> importance of parameters (bulk + surface) —> importance of
—> importance of higher order parameters low-density EoS

Dinh Thi et al., A&A 654, A114 (2021); EPJA 57, 296 (2021)

see also Carreau et al., PRC 100, 055803 (2019), Balliet et al., ApJ 918, 79 (2021)
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bl Effect of the (non-unified) crust

RADIUS
oo ]

0.8l o £t crost e Ny ; - CUTER code to reconstruct
2 [ lososwenicer i a thermodynamically consistent
L gl ] and unified low-density EoS
> j from a (high-density)
= 04l i beta-equilibrium EoS
.§ : : (available for LIGO-Virgo-KAGRA collab.
& ook ] and publicly available on Zenodo)

0-08““" PR 2 " s A 14 . ek 164

R1.4 [km]
Davis, Dinh Thi, Fantina, et al., A&A 687, Ad44 (2024)

—> use of unique crust does not change much averages (~ few %)

—> ok for current GW detectors, but next generation ?
(see also Gamba et al., Class. Quant. Grav. 37, 025008 (2020) - ~ 3%)

—> underestimation of uncertainties in non-consistent approach
—> quantitative error bars on NS properties can be addressed

A braina CUTER = Crust Unified Tool for Equation-of-state Reconstruction 5



‘ b ] Catalysed NSs: observables

Lo%| Prior @) _{ LD ~(b) ] 30— T T
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o 1033 5'_,6':'/ ;",:’,, ] _
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HD + LVC (© -t All (d) . s
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o e N o i 50% Cl
c 103t o - L &% e 90% CI
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o Q| ~N w Q ™~ w 0 0 I | | | I I 1
102f , ! e 079 10 11 12 13 14 15
10% _ 107 107 | 107 R [km]
[g cm™] [g cm™] o .
pla P19 Gulminelli & Fantina, NPN 31, 9 (2021);

Dinh Thi et al., Universe 7, 373 (2021); Fantina & Gulminelli, J.Phys. Conf.Ser. 2596, 012112 (2023)

Dinh Thi et al., A&A 654, A114 (2021)

—> posterior compatible with observations, but: some popular models are not !
—> nucleonic hp compatible with observations - observations not yet enough constraining!
similar conclusions in Lim&Holt, EPJA 2019, Malik et al., ApJ 2022

N.B.: Many works within Bayesian analysis trying to constrain NEP
see also Beznogov & Raduta, PRC (2023); Ghosh et al., EPJA (2022); Char et al., PRD (2023); Imam et al., PRD (2024);,,

Zhu et al., ApJ (2023); Huang et al., arXiv:2303.17518, .... + see talks on Mon, Wed, session H



El How to discriminate models? (exp)

** Nuclear physics (theory + experiments) - information up to ~ 1.5 — 2 nyy

» reduced error bar in neutron skin measurements (e.qg. PREX/CRENX)
—> constraints on low-order parameters in isospin sector

» constraints at high density e.qg. HADES collaboration (transport model vs data)
—> constraints on higher order parameters

0.06

T T SMASH 2.0
RME —— 0.4GeV = pr=0.45GeV
i g Skyrme 1 0.101 —— 0.6GeV =< pr=<0.65GeV
005+ * DINOa — —— 0.8GeV=pr=0.85GeV
T ¢ DINOb —— Clustering hard EOS
— Y DINOc 0.05 1 ---- Clustering default EOS
0.04 \ —— Dynamic deuterons hard EOS
‘; - f.\\
® § - S 0.00{ M
= 003 -
— —0.05 1
0.02 —
n ' i —0.10
001 | | | | | | |
“70 001002003004 005006007 . : : . : : .
F 208 —-06 —-04 —-02 00 02 04 0.6
Wskin y
Reed et al., arXiv:2305.19376 (2023) Mohs et al., PRC 105, 034906 (2022)

A F. Fantica —> Better extrapolation of models 5



‘ How to discriminate models ? (astro 1)

s Astrophysical observations (multi-messenger)

» “Smoking gun ' observation

x o ' A kR A v R e B T S
2500F . % MR =1 97M@ TE ¢\ Mo —250M,
= ) R —
2000 ] 7 4 GW190426 ?
N\ : 4
o 1900 | = =
< K i i
1000 . BSk24
X sl O J— SLy4 1
500 —_ \\GW170817 (90%) o LR % e PKDD _
P \ i \ i
\Gwn?E}( (50%) (a)] [ N M1 (b) ]
0 O | 1 2l 1 1 1 1 1 l 1 1 1 il 1 1 1 1 1\ 1 1 1 l 1 1 1
0 1000 2000 0 1000 2000
Al A1

Gulminelli & Fantina, Nucl. Phys. News 31, 2 (2021); T. Carreau, PhD Thesis (2020)
—> posterior (nucleonic matter) compatible with observations
but: if Mihax ~ 2.5 Mg, = challenge for nucleonic hypothesis ! - exotica !
= Nucleonic hp can be used as null hp
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N1.am,

bl How to discriminate models? (astro 2)

» more and more precise data (e.g. M, R, A, ...)

» more sensitive detectors - new generation (ET, CE) - post-merger

10 <" o7 : T T — T
1400 =~ LS ILI LILIL LI L ALALIL I LA LIS N L SL AL LN L o i
L --- PCP(BSk24) Bl Meta(BSk24) -
1200 -== GPPVA(NL3wp) m Meta(NL3wp) 7 = o |
L ] = 10
1000 F 4 =
i 1 &
800 — _
C . < 10 23 i
600 - 1 &
E -] . AdvancedLIGO
b S NS-NS
400 C - ‘é 10_24 - merger
1 |9 .
200 & ............ !QH !Q | Q ] * | é Einstein Telescope
. Q Q 25 L | | | | |
o ~ 2) Q Q Q Q Q 10
SN CANPCAPA SEP E\  SE 10 50 100 500 1000 5000
< Q;\ <<§ <7 <<,,\// 7
g/ $/ é/ &/ $/ é/ Q’ f(HZ)
lacovelli et al., PRD 2023 Read, CGWAS lecture (2015)

> More reliable prediction / interpretation of astrophysical observations
> Better knowledge of dense matter in compact stars :

Phase transition to deconfined matter (quarks, ...) ?
» Astrophysical sites of nucleosynthesis ?
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bl Outline

“ Introduction:
» Neutron-star (NS) properties and equation of state (EoS) modelling
and constraints

s Selected results in :
» Catalysed (“cold”) NSs (T = 0, full equilibrium)
- EoS and NS observables

» Proto-neutron-star (PNS) crust (T # 0, beta equilibrium)
- multi-component plasma, impurity parameter

¢ Conclusions and open questions

N.B.: In this talk, beta-equilibrated matter
NS static properties

A. FE. Fantina 26



‘ il Proto-NS (finite temperature)

NS formatlon from CCSN At finite T - need to go beyond OCP
xQ
%occre}qore) > (dele lsp cf(mzotlon) 70 (=) SNA = OCP
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isothermal thermal emission

Gulminelli & Raduta, PRC 92, 055803 (2015)
Lattimer & Prakash, Science 304, 536 (2004)

= NS are born hot (T > 1 MeV) - ensemble of nuclei (MCP) expected
- NS crust crystallises at T, ~ 0.1 — 1 MeV - composition of the crust “frozen”

but: depending on cooling timescales, composition can be frozenat T> T,
(e.g. Goriely et al., A&A 531, A78 (2011)) or other reactions possible below T, ?
(e.g. Potekhin & Chabrier, A&A 645, A102 (2021))

A. F. Fantina for a review, see Haensel, Potekhin, Yakovlev (Springer 2007) 27



B PNS: composition and impurities

» 1. Composition can be different 2. Co-existence of nuclear species
from T=0 & OCP one! - “impurity factor” (usually free
parameter adjusted on cooling data)

60 ksT=1.0 MeV lep <ZZ> <Z>2

- impact dynamic, magneto-rotational
and transport properties

10 - lep - O 1 T A
b atp<6x1013§cm3§ |
E
107" - ° i
¢ °
= <o
'g 10-12_ i
100 200 300 400 5 1. %%
310 o R -
A 8
10-“_& ¢ ® o . {imp =|10
Dinh Thi et al., A&A 677, A174 (2023) » . R ® )
see also Fantina et al., A&A 633, A149 (2020); 107 Qimp = 100 Moo+
Carreau et al., A&A 640, A77 (2021) 10718 A . |
0.1 1.0 10.0

Spin period [s]
Pons et al., Nature Phys., 9, 431 (2013)
(see also Vigano et al., MNRAS 2013)

see e.g. Schmidt&Shternin, ASSL 457, 455 (2018) for a review; Jones, PRL 83, 3589 (1999), MNRAS 321, 167 (2001),
PRL 93, 221101 (2001); Pons et al., Nat. Phys. 9, 431 (2013)



EJ PNS crust (MCP): composition

MM + CLDM

lkgT = 1.0 MeV| ——— perturbative

—— self-consistent
|\ v kgT = 2.0 MeV

ng=0.02 fm—3
|
- 0.002 ¥
' o

| £ 0.001
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60

0.050‘10

U5
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Dinh Thi et al., A&A 677, A174 (2023) — CLDM with BSk24

» OCP less reliable at higher density and temperature
- (self-consistent) MCP

» appearance of bi-modal distribution - light clusters !
—> importance of light cluster already highlighted, e.g. Typel et al., PRC 2010; Hempel et al., PRC 2011
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‘ (P)NS crust: impurities

v’ Self-consistent calculations of Qimp — <Z2> = <Z>

Outer crust

HFB-24 masses
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Fantina et al., A&A 633, A149 (2020) + data on CDS

2
MM + CLDM Inner crust
AONEE :
102l 20 1.5 1.0 kBTmo.s_;
£ 101k .
o
100;- -
[ MCP
10_1 =l : T —
103 102
ng [fm™>]

Dinh Thi et al., A&A 677, A174 (2023); see also Carreau et

al., A&A 640, A77 (2020) + data on CDS

» consistent calculations of Q;n, throughout the crust (data available)

A. F. Fantina
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‘ (P)NS crust: impurities

v’ Self-consistent calculations of Qimp — <Z2> = <Z>2
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Dinh Thi et al., A&A 677, A174 (2023); see also Carreau et

al., A&A 640, A77 (2020) + data on CDS

A. F. Fantina

> consistent calculations of Q;,, throughout the crust
- impact on transport coefficient/properties



‘n Conclusions & open questions

* Nuclear inputs needed for neutron-star modelling - extrapolation of data / theory

% Nuclear physics + astrophysics - constraints on EoS but still hard to discriminate

v need of (microscopic) reliable theoretical model when no data
v need of experimental data to calibrate the models
v need of (more precise / numerous) astrophysical observations

% Importance of MCP treatment at finite temperature
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kd Conclusions & open questions

* Nuclear inputs needed for neutron-star modelling - extrapolation of data / theory

% Nuclear physics + astrophysics = constraints on EoS but still hard to discriminate

v need of (microscopic) reliable theoretical model when no data
v need of experimental data to calibrate the models
v need of (more precise / numerous) astrophysical observations

% Importance of MCP treatment at finite temperature

» Extrapolation from raw data - model dependence of the constraints

» Lab. exper. mostly “low” density (~ saturation density), low T probed; matter in
astro sites different from lab - extrapolation to astro conditions (high T
and density, asymmetry, charge neutral) ?

» Uncertainties in high-density EoS - blurring of different effects ?

» Astro simulations vs microphysics inputs = uncertainties, consistency of
inputs and relative effects of microphysics inputs in astro modelling ?
- systematic studies / bayesian analysis needed
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