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1 Outline

% Motivations:
» Intro on astrophysical sites: (proto-)neutron stars ((P)NS), core-collapse supernovae
(CCSN), and binary neutron star (BNS) merger
» Connection with the nuclear equation of state (EoS)

% Astrophysical sites at T = 0 (NS):
» EO0S: generalities
> Application to NS (crust & core)

% Astrophysical sites at T > 0 (CCSN/PNS):
» EO0S: generalities
» Applications to CCSN and PNS
> Rates (CCSN)
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‘ ¥ Compact ob]ects sites for (hot) dense matter
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g )mergers Y. € (0,0.6) > compo
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Memo: 1 MeV <> ~1010K
104 fm=3 &> ~ 10" g/cm3, ng;; ~ 0.16 fm=3 > ~ 2.7 10" g/cm3 ;

A. E Fantina



kd What matter can we expect?
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> Matter (almost always) degenerate and relativistic e-
> Possible additional d.o.f. 2> “exotic” matter
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Type Il Supernova

1) super giant
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‘ 1 Cre-collapse supernovae (CCSN): obsevations
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“R Proto-neutron stars (PNS)
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‘ bl Neutron-stars (NS)
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} Neutron-stars (NS): fortuitous discovery

1967: J. Bell, PhD thesis at Cavendish Laboratory,
Cambridge on radio sources. With a 3.7m diameter

telescope, she discovered a very regular source,
with a period of 1.3373012 s.

This source was called LGM (“Little Green Man”); a
journalist from Daily Telegraph called this source
“Pulsar” .

- It is now known as PSR B1919+21.

s In 1974, A. Hewish (Bell’'s PhD supervisor) received
Jocelyn Bell in 1966 the Nobel prize...

Now, over 3000 pulsars known!

A. F. Fantina 9
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M(M,

20

R, (km)
NICER observations (Miller et al., ApJ 2019, 2021
Riley et al., ApJL 2019, 2021; Rutherford et al.,
ApJL 2024; Mauviard et al., arXiv 2025)

10 15

a0

NICER on the ISS

Credits: https://heasarc.gsfc.nasa.gov/docs/nicer/

B Neutron-stars (NS): observations
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Neutron-star (NS) mergers (1)
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ki Neutron-star (NS) mergers (2)

Time in milliseconds

Gravitational ] 5 2 - O
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_ Credit: NASA's Goddard Space Flight Center and STAG Research Centre/Peter Hammond
A. E Fantina
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h(f)fm (Hz-uz)
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Neutron-star (NS) mergers (3)

Gieg et al., Particle 2, 23 (2019)
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> (Late) inspiral (before merging): modification wrt point particle but still “(hydro)static”
» Temperatures not so high - like “T = 0"
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NS mergers: observations

UK Astrophysical
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(Credits: Virgo Collaboration)
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‘ Micro to macro through modelling and scales

e Eee—) -~ 10x km
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Nuclear physics Experiments Astrophysical observations
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‘ bl (cold) NS = static 2 EoS €= NS observables (1)

= TOV > M(R) (Tolmann 1939; Oppenheimer&Volkoff 1939; see also Haensel et al. Springer 2007)

dP(r) _ Gp(r)M(r) P(r) 4nP(r)r® ][, 2GM(r)]7" T
dr = r2 [1 T c2p(r)] [1 % 2 M(r) : %y / o | \\
M(r) = 4r / p(r')r'dr’ mm) P(E) EoS only needed! ' =k
0
VP. (or ) = R=7r(P=0), M = M(r = R) - Mass & Radius \ : /

411[![ IIIIIIIIIIII—IIIIIIIIIIIIII—Z.S

i Credits: J. Stayner, Stanford Univ.
20

1.5

Cw)w

using EoS of free n gas

/ - nuclear interaction !!!

(Oppenheimer&Volkoff 1939; for a review on Mmax:
Chamel et al., IIMPE 22, 1330018 (2013))
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Lattimer, Annu. Rev. Part. Nucl. Sci. 62, 485 (2012)

A. F. Fantina N.B.: GR in slow rotation limit w/o magnetic field ! 16



‘n (cold) NS = static 2 EoS €= NS observables (2

= NS in external, inhomogeneous gravitational field - tidal deformation
(Thorne & Campolattaro 1967; Hinderer, ApJ 2008; Hinderer et al., PRD 2010; Blanchet, Liv. Rev. Relat. 2014)

Qi; = —AE;; > quadrupolar (/=2) momentum in response to tidal field
(hp linear order, source of tidal field far away)

= %%A —> tidal Love number (dimensionless) Credit: M. Janeski (artist view)
= Perturbation to the equilibrium metric - eq. for y(r) N 5
:3 103-;
o7 S0 B El)
o +y(r)°+ F(r)y(r) + Q(r) =0 g ]
5 8.n
s 5 w2 Rc? E 1073
%kg—kg(y(T—R),M/R)%A—ng (GM) : ]
E
10!

1.00 125 150 175 200 225 250 275

mass (Mg)
Dietrich et al., Gen. Rel. Gravit. 53, 27 (2021)

A. F. Fantina .B.: GR in slow rotation limit w/o magnetic field ! 17




‘n Binary parameters and GW signal

= Binary parameters extracted from GW signal
(compare h(t) with templates)

h(t) o< A(t) exp'®® — h(f) ox Af~7/6 expi®(f)
A oc MP/6 > chirpmass |M = (M M3)*/®

A (Ml + Mo ) 1/5 Credit: M. Janeski (artist view)
¢(f) 25t ¢p.p. i ¢tidal

In post-newtonian (= expansion in (v/c)?) and for non-spinning objects (Henri et al., arXiv:2005.13367; Wade et al., PRD 2014):;

o : 3 10/3
o(f) = 27Tftc—2¢0—%—|— 3 (rG(My+My)f)~ >/ (My+Msy) [1 =X 3_29A (WG(Mi;—Mz)f) ]

128 My Mo

//'
: . (Ma+M2)E 53
» Leading mass dependence: VMG > M

16 (M + 12Mo) M{Ay + (Mo + 12M7 ) My As
13 (M7 + Ms)?

> Tidal effects at 5PN > |A =

Flanagan & Hinderer, PRD 2008; Hinderer, ApJ 2008; Hinderer et al., PRD 2010; Blanchet, Liv. Rev. Relat. 2014; Henri et al.,
A.F Fantina arXiv:2005.13367; and Hinderer et al., ASSL 457, 575 (Springer 2018), Chatziioannou, Gen. Rel. Grav. 52, 109 (2020) for a review 18



EJ EoS € NS observables €= M(R), A(R) ?

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

but:

X EoS model dependent ! (higher uncertainties at higher p)
X no ab-initio dense-matter calculations

in all regimes = phenomenological models
X composition €2 EoS > M(R) ?
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(see e.g. Haensel et al., “Neutron Star Structure”, Springer 2007;
Blaschke & Chamel, ASSL Springer 2018 for a review)

Oertel et al., Rev. Mod. Phys. 2017; Burgio & Fantina, ASSL Springer 2018;
19



‘n EoS at T = 0: generalities (1)

= NS hot (~10'2 K - finite T important) - cool in days to ~10° K
- T =0 - full equilibrium (strong+weak) > T << T¢

» EoS needed to compute NS properties (M, R, etc)

= Composition input for different observables (e.g. cooling, elastic properties,
oscillations, magneto-rotational evolution, ...)

= Different phases of matter (solid crust, “liquid” core, superfluid, QGP?, ...)

10's
Image Credit: 3G Science White Paper

= NB: matter decouples from gravity! - when calculating EoS, gravity can be neglected (this also at T > 0)
2G 2G >
ds® = — (1 4 W) A2dt? + (1 5 W) dr? + 12 (d6? + sin? 0d¢?)
rc rc

goo(r = R,m = M) 2GM :
iati ' - = 1. ~ 0.4 t M =2Mq, R =10k
Variation of the metric from NS centre to surface: B E=0 = 0) 2 1 oF m

0 0
Variation of the metric on a nuclear scale: gOO(T %2 T) ~ 14+ —T ~ 1+
goo(T) s

Haensel et al., “Neutron Star 1” (Springer 2007); Oertel et al., Rev. Mod. Phys. 89, 015007 (2017); Burgio&Fantina, ASSL 457, 255 (Springer 2018);
Blaschke&Chamel, ASSL 457, 337 (Springer 2018) 20
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\ﬂ EoS at T = 0: generalities (2)

T = 0 - full equilibrium (cold catalysed matter)
= EoS only density dependent P(ng) (or P(g)) 2 one-dimensional
= EoS at each ng & minimise the total energy density

= However, different matter constituents = E({n;}), with ni(r) > P({n})
but: conserved densities: ng, n., nq, (ns): baryon, lepton, charge, (strange)

in the core: infinite matter - thermo limit: n(r) = n, image Gredit: 36 Science White Paper
= Baryons & leptons decoupled:
Si=oEn 1 Er If only baryons + e £ = Ep(nn,ny) + Ec(ne = ny)
if B equilibrium: 1 variable ngas VB = Mn T 1p , Me =Np = Ypnp
Hn — Hp = He
dE 5 de
Vi e PTG Fdlie ol If only baryons + electrons: P = Pp + P,
{N;},T B
NB: ng = baryon number density, p ¢?2 = ¢ mass-energy density !

NB: Leptons are treated as free Fermi gas, but baryons interact!

Haensel et al., “Neutron Star 1” (Springer 2007); Oertel et al., Rev. Mod. Phys. 89, 015007 (2017); Burgio&Fantina, ASSL 457, 255 (Springer 2018);

AT Fantina _ Bl@Schke&Chamel, ASSL 457, 337 (Springer 2018) v



] Leptons (electrons) at T = 0 (1)
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1 (©. @) 1 k F k 3 Fermi-Dirac distribution for several temperatures
-2, / dka @ (k) M, Y / dka — Fe Credit: University of Cambridge
0 0

f (k)
2

- density: e = o /dg/ff(k)

m
Qo
=l
E]
@
3
-3
=]
=
@
<

2 T2 372

- electron energy: €c(k) = \/(mec?)? + (hck)? é//

i 2 b 5 g , PPk p
- NR limit: p.c << mec?: € = (2W2)3/0 dk 4mk (mec T M2 Fanhl e +1O7r2mec2

d(Ee/ne) Wk p
By = i g iy s o > P = Kn7 > Polytropic EoS

| B: same for muons, with u, = p.. They appear when p, = m,
A. E Fantina 22
Phillips, “The Physics of Stars”; Weiss et al., “Cox & Giuli’s Principles of Stellar Structure” (Cambridge 2004); Haensel et al., “Neutron Star 1” (Springer 2007)




] Leptons (electrons) at T = 0 (2)

» Fermi gas, degenerate matter
2 kr ; hckéL 4
URImit p>> met: £ = T /O dk 4rk?hck =~ &
o deg hck, pne 4/3 A v :
s s Sl ¥ = 4 X N > P=Kn" > Polytropic EoS
Te
HAT A i 1 sl ) < MeC?
e relativistic when p, ~ m.c 2 PB = Enemp ~ Enempm ~ 10" g cm Ae,C = fic
1/3
- more general expressions: &, = 5 2)\3 [251; V1+z24+zv14+22—1n (a: LA/ 1 x2>} R hc(?’; 25)
7'(' &
e 2 2
= % [x (§x2—1) vV1+22+4+1n (az—|— 1—|—:132)]
e,C

N.B.: there are corrections to this formula, e.g.:
- electron screening
- exchange energy

| NB: same for muons, with p, = pu.. They appear when p, = m
A. E Fantina 23
Phillips, “The Physics of Stars”; Weiss et al., “Cox & Giuli’s Principles of Stellar Structure” (Cambridge 2004); Haensel et al., “Neutron Star 1” (Springer 2007)



‘ w Leptons (electrons) at T'> 0

. N Eo
1 06
= Fermi distribution function at T > 0 not step function f(k) = 1 + ele(k)—p)/(ksT)

02 |
l
0 1 2 3 4 5 6 7 8 9 10

ee = v/ (mec?)? + (hck)? relativistic particles
2 4 kT |
L= dPkf(k) = % kT /mec? I kpT/mec 5
e = oy | R0 = o | s ko /e + L b T/med) =/
4 kpT [ s R P\
ge = ﬁ )\2 [3/2(X7 ]{‘.BT/mec ) —|_ me I5/2(X7 kBT/me )] )\e % (mec2kBT
3 2
8 kT [ o hgT o=t g
P, = Bﬁ )\2 _IS/Q(XakBT/meC )-l- D2 I5/2(X7 BT/me )] %
) | | e t)E/OO xk(1+t:€/2)1/2dw
—> Fermi integral /x = numerical resolution ) o 1+4+exp(z—x)

NB: for relatively small T (T/Tg << 1) > Sommerfeld expansion in powers of T2

NB: same for muons
A. F Fantina 24
Phillips, “The Physics of Stars”; Weiss et al., “Cox & Giuli’s Principles of Stellar Structure” (Cambridge 2004); Haensel et al., “Neutron Star 1” (Springer 2007)



‘n Baryons (n,p) at T =0

NN interaction not known; nuclear physics = non-perturbative regime of QCD

- Two different approaches

> Ab-initio (“microscopic”) approaches » Phenomenological approaches
based on quantum many-body theory from based on effective interactions (start from
realistic NN interactions; Hamiltonian/Lagrangian) with parameters
different techniques: variational methods, (D)BHF, adjusted to reproduced nuclear properties: EDF
chiral EFT, Monte-Carlo, Green’s functions, ... e.g. Skyrme / Gogny, RMF, meta-models, ...
—> usually restricted to homogeneous matter (NS core) —> also for inhomogeneous matter (crust+core)
see L. Jokiniemi's and P. Arthuis’s lecture see M. Bender’s lecture

see also S. Lenzi’s lecture

for a review see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018);
A.F Fantina  Burgio et al., Prog. Part. Nucl. Phys. 120, 103879 (2021) 25



‘ Baryons (n,p) at T =0

NN interaction not known; nuclear physics = non-perturbative regime of QCD

» Ab-initio (“microscopic”) annroaches
40~

based on quantum many-bx
realistic NN interactions;

different techniques: variati
chiral EFT, Monte-Carlo, Gi

—> usually restricted to honr

see L. Jokiniemi’s and P. Ar

>
()]
=20
N

- Two different approaches

35}
30f

25}

15}

10f

=

T L I |
Gandolfn et al 2012
Hebeler et al. 2013
Lynn et al. 2016
Drischler et al. 2016
Drischler et al. 2020
BSk24
SLy4
D1M
DD-ME&

i
e
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T

PURE NEUTRON MATTER
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>g
e

-
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- -
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£
-

n [fm—3]

Fantina & Gulminelli, J.Phys. Conf. Ser. 2586, 012112 (2023)
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> Phenomenolog|cal approaches

tive interactions (start from
igrangian) with parameters
yroduced nuclear properties: EDF
sogny, RMF, meta-models,

omogeneous matter (crust+core)

. Bender’s lecture

for a review see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018);

A. E Fantina

Burgio et al., Prog. Part. Nucl. Phys. 120, 103879 (2021)

26



ki Baryons (n,p) at T = 0: mean-field approx (1)

Fermions (see electron part), but interactions!
—> similar to electron gas but with “effective” masses and “effective” chemical potentials

21,2
Independent (quasi-)particles (non-relativistic, g = n,p)): eq(k) = gﬂ,’fq +U (k)
- U, (k) from effective interactions (DFT)
3
In infinite nuclear matter, T =0 Z Zk e Z Js.q f (gwl){:), ( ) Z Js,q fo i 26352

(transl. invariant):

. d’k d’k
Matter energy density: 5 — 0Js.q fk:<k:F @n)3 €q(k) == 5F,q + gs.q fk<k, 2n)3 U (k)
NB: rest-mass to be — v
added EDF - energy functional

J

Examples: Skyrme (0-range), Gogny (finite-range), Fayans (more flexibility than Skyrme), BCPM (inspired to BHF
calculations), KIDS (based on power expansion of nuclear matter energy in terms of k), meta-model (based on Taylor
expansion in density around saturation density)

NB: here effects beyond mean-field not discussed see M. Bender’s lecture

for a review see e.g. Haensel et al. (Springer 2017), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018); Burgio et al., Prog.

AE Fantina Part. Nucl. Phys. 120, 103879 (2021); see also Ring & Schuck (Springer 2004), Chabanat et al., NPA 627, 710 (1997), Bender et al., Rev. Mod.

Phys. 75, 121 (2003), Duguet (Springer 2014), Baldo & Burgio, Rep. Prog. Phys. 75, 026301 (2012), Carlson et al., Rev. Mod. Phys. 87, 1067 (2015)

27



‘ il Baryons (n,p) at T = 0: mean-field approx (2)

s Example of Skyrme EDF (skyrme, Nucl. Phy. 9, 615 (1959)):
Matter energy (infinite matter): central term + density-dep. term + eff. mass term +s-e,—gradtensor

((:Sky quc nq+Zqu+Cl1snB+ycllsn nB:nn+np

n“ terms - mimic many-body effect

s CZ,iSna+2 2 Z Co Wn + Cm 1s"7f53/3 + Z Cm’ivn2/3 h>

h2

2myg o

/ 2my Ao
B: EFgq X n?/?’ =) Csky qunq+ZSFq+Cl 1SanLy\C’l 1Sn E//

T C2,isna+2 3 Z Cy 1vn

e===) Landau (k) effective mass (momentum dependence)

R k> h° _ SEEDE __ OEEDF
7t Uq 29 e PG T AR Uq PV S gan;

_ 74 Kin.energy dens.; no gradient in infinite matter!

Model parameters - fitted to exp. NB: Extensions (e.g. added density-dep terms)

for a review see e.g. Haensel et al. (Springer 2017), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018); Burgio et al., Prog.
A. F Fantina Part. Nucl. Phys. 120, 103879 (2021), Chabanat et al., NPA 627, 710 (1997), Bender et al., Rev. Mod. Phys. 75, 121 (2003), Duguet (Sprlnger 20149
Extensions in e.g. Lesinski et al. 2007, Bender et al. 2009, Chamel et al., 2009, Fantina et aI. 2011, Margueron et al. 2012, Davesne et al. 2015.




il Baryons (n,p) at T = 0: mean-field approx (3)

» RMF : - nucleons interact via field, e.g. o (repulsion, short range) and o (attraction, medium range)
but others can be added, e.g. p needed to account for isospin!
- meson field are replaced by average values

= Relativistic particle: eq(k) = \/(m302)2 + (hck)? + V,

= Scalar field > effective mass: ™ = m — gJO'()

>|<

4 k
m2 00 = Jo Z g 5 fO "2k \/h2k2+m - ng (scalar density)

= Vector field - shifts energy > V: JuwWo (:l:gpp)

M Js,q kF’qz 9 9 T e e =t
= atter SRFM,Jw(p) = 5 k dk\/k A mf] + —m_ o5 — =M Wy + gu,Wonp

energy density: — 27° Jo 2 2 oy

1 1 :
(—§mipc2)3 2B 2 9pP03(np — nn)) Model parameters - fitted to exp.

NB: Extensions: density-dependent (DD) couplings or non-linear (NL) self-interaction

A. F. Fantina see e.g., Glendenning (Springer 2000) Haensel et al. (Springer 2017), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018); Baegio et
al., Prog. Part. Nucl. Phys. 120, 103879 (2021), Bender et al., Rev. Mod. Phys. 75, 121 (2003), Duguet (Springer 2014), Niksic et al., PPNP 66, 519 (2011)



‘ Effective mass

» Note: Landau (NR) & Dirac (R) effective masses are different (different definition) !

» Nucleons interact in medium - mass not the same as in vacuum C - ]
900 — —
1 : T §
. 7 dE s00 [ T -
* Landau k-mass (atkr) ;) =k | — I T 5
(momentum dep.) dk ~m0f 1 E
: gmo [ 1 _
¢ Dirac mass . T .
e k 2 500 - T ;
m e 0T T _
ATy Rem T (G (e 1 —‘%2 gs,g / k*dk : P T ]
mg <~ 21 Jo \/h2k2 +omr £400 T .

300 & T

- SNM T

- different functional dependencies and values! 2°°:‘ +

-> mapping not stralghtforward 1000' e 0

ky [fn’] ke [fn]

\/m hkF) Van Dalen & Muther, IIMPE 19, 2077 (2010); arXiv:1004.0144

for a review see e.g. Haensel et al. (Springer 2017), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018); Burgio et al., Prog.
A. F Fantina Part. Nucl. Phys. 120, 103879 (2021); see also Ring & Schuck (Springer 2004), Chabanat et al., NPA 627, 710 (1997), Bender et al., Rev. Mod 30)
Phys. 75, 121 (2003), Duguet (Springer 2014), Baldo & Burgio, Rep. Prog. Phys. 75, 026301 (2012), Carlson et al., Rev. Mod. Phys. 87, 1067 (2015)



‘n Baryons (n,p) at T > 0

1
)= 1+ ele(k)—p)/(ksT)

= At T >0 - Fermi function

» |n principle, same approach as before but f(k) - T-dep in occupation

= With good approx., only kinetic part depend on T - m* term!
(beyond mean-field effect can add T-dep but small for T < 10-20 MeV)

** Non-relativistic particles

52 2 3
Cq = + Uy s fig = g = Ug

sk
2mq

4 keT, ( fiq
T A3 32\ kpT

Tk gkin,q =,

caveat: what about extrapolation at much higher T
(~ 100MeV, e.g. SN, BNS mergers?)

T=10MeV T =20 MeV
80 L I LI | LI | LI 80 LI | LI | LI | LI
60 — . ~ 60— —
- different EDFs” A - ]
40 — o= 0 LA
2 20 M I o
-— - Y o - - ":,“0 -
é‘ 0 P Pl _ - 0 - "‘ -
« | SCGF finite T - L -
20 ~ 20 _
m — — - & —
40 - 40 —
= -1 4 -
60 |— - 60l -
. | | I 11l | | | | | - - |- | L1l | | | I L1l
0 0.1 0.2 03 04 0 0.1 02 03 0.4
3 -3
ng [fm ] ng [fm ]

Fantina et al., JPCS 342, 012003 (2012)
0—

40 L

-80

V_ (MeV)

-120

-160

0.2 0.4 0.6 0.8
n (fm®)
Moustakidis & Panos, PRC 79, 045806 (2009);
(see also e.g. Lu et al., PRC 2019, Shang et al., PRC 2020)

A. F. Fantina for a review see e.g. Haensel et al. (Springer 2017), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018); 31

Burgio et al., Prog. Part. Nucl. Phys. 120, 103879 (2021)



‘ il Connection with nuclear physics experiments (1)

= EDF (with parameters) can model nuclei (T = 0)
- Parameters fitted on nuclear physics experiments

0 20 30 40 5 6 70 8 9 100 110 120 130 140 150 160 170 180
NEUTRONS

NUCLEAR MASSES 22 T I T I T I T I T I T I T I T I T I T I
b 2 _} ® TAMU _
A RCNP

R - “Ni %pe O TAMUGF T
o 20 [—s8__. » Sharma GF —
LN o v DubamclGF| |

T S Zr
(@] v 19 .
N MASS UNCERTAINTY, keV = - i
“~ 18| -

S = u<1 - 106
- 1<u<? £ - Cd Yea Mg mCd lled -
= 2<u<4 g17— I I ]
Kondev et al., = 4<u<i2 vt Y A .
. g !
Chin. Phys. C 45, 12<u<e) Bk ny, @ ns i -
030001 (2021) o T g, o .
= Extrapolated Mass 13 __ Sn mSn ! S“m' __
4l Stoneetal., S Sa |
. PRC 89, 0044316 (2014) Sn i
I} 1 I 1 I 1 l 1 I 1 I 1 l 1 I 1 I 1 l 1 l
22

004 006 008 01 012 014 016 018 02
(N-ZVA

see M. Bender’s lecture

R (fm)

Apgell&Mbrlnova
ADNDT 99, 69 (2013)

: !
P N RPN PR NP U BN AU B B

12 16 20 24 28 32 36 40 44 48
Neutron number

for a review see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018);

A. F Fantina  Burgio et al., Prog. Part. Nucl. Phys. 120, 103879 (2021)
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‘n Connection with nuclear physics experiments (2)

» EoS of infinite matter can be Taylor expanded around saturation

™ neutron matter
e(p,5=1)

~ 2 0= (n, —ny,)/n
(nB’ 6 Cis (nB T Civ (nB)5 but attention: kinetic part! (o »)/

v OF Saturation 7
_10k -

e(p,0=0)

= @+ Lsymft + 5@.@2 + ﬁaz?’ + ... > eym(ng)=e(ng,5=1) - €(ng,8=0) ™ Or e

Centelles, talk@Primosten (2011)
nuclear empirical parameters = successive derivative of energy functlonal at nsat 9 from experiments

e (MeV)

400 . r . . 0.35 T T
i ) ) ’%, ]
*pb - compression modulus [ Linear Fit, r = 0.98 1{1 o
03 N (o] EDFs 1? 1{;' [} a
i 2 2}%8 ]
300 = i % "“g\‘%,\ 3 %‘;‘g&‘}o‘% ]
- £ 025} . % 05° §EER S
> = [ 02 < % ¢° %g ® g‘-& 41; ]
= = X Q:%% %go o d}%?‘f
3 5 02fF %5°,8° o, © h
200 | < i s % ° o‘ﬁ‘g‘?‘% % 5
% Z. <
: (1)) %:\%%» 8) g‘%\%‘(o == 1;?)
015F _ % %o ¢t %% .
E 2 % o %%
553 0 %
NL1 EXS 8N 2 <
100 A L A L [ ool ° |d‘ 1 1 1 1 1 1 1 1 1 1 1 1 ]
200 300 400 500 600 700 0.15 ) 60 TS0
Kom (MeV] L %MeV())
Vretenar et al., NPA 621, 853 (1997) Roca Maza & Paar, PPNP 101, 96 (2018)
A.F Fantina  for a review see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018); 33

Burgio et al., Prog. Part. Nucl. Phys. 120, 103879 (2021)



L (MeV)

... but choice not unique!

= but: choice of the functional, data set & fitting protocol not unique

—> variety of models (even if same potential!)

—> spread at high density (extrapolation far from experimental info)

= Even for ab-initio, different many-body techniques, w/ or w/o 3BF

—> variety of models

i Sigrhe (Ouba 3018 1] 1500 ' ' ' '
150 -—oRMF (Dutra 2014) . Skyrme  +
[ —aTagami 2022 «yo9] RMF X
I — combined oo‘_g_ga-g‘ 1000 ¥ RHF * 1
L 70 ° 7 —_ Gogny
100
i a8 > chiral EFT
= 500 X -
- bt X + .
sof, el IR
: 5 °f X I |
ok o b oot g J——
i =500 X 7
- _ »
= L -1000 ] ] ] ]
4
2° 2 308 (M:I:j/) — 3E % 38 200 220 240 260 280
' sym Ksat  (MeV)

Lattimer, Particles 6, 30 (2023)

‘ How this affects astro?

300

Margueron et al., PRC 97, 025805 (2018)

400

(a) SNM, microscopic

(b) SNM, phenomenological

——BOB ---Gs
3009 —v1s ---Rs
—No3 - - -SlLya
% — UIX - --sv
S 200{ —— APR - - -SKi4
= —— DBHF - - - SkMP
< —— FSS2CC - - -SkO
W 4004 — Fss26c Z 1 - - -BSk22
AFDMC BSk24
- --BSK26 .
0+ ———— -._______A._-ﬂ""”‘:’.‘
500 T

(c) PNM, micros;:opic

(d) PNM, phenomenological

Burgio et al., PPNP 120, 103879 (2021)

A.F Fantina (2018); Burgio et al., Prog. Part. Nucl. Phys. 120, 103879 (2021)

for a review see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457
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id From nuclear models to astro prediction

Two ways of investigating impact of nuclear physics in astro

1. Choose your “favourite” model(s) 2. Statistical model exploration

» More “microscopic” model » More flexible, faster computation model
(accurately calibrated EDFs) (EDF, meta-model-like)
—> study specific model dependence —> Parameter-space exploration

» Benchmark calculations (if simulations long) » Bayes analysis

» Calculate several nuclear inputs consistently » Run millions of models and evaluate
for nuclear physics and astrophysics uncertainties

X No parameter-space exploration X Less microscopic

for a review see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 (2018);

A.F Fantina  Byrgio et al., Prog. Part. Nucl. Phys. 120, 103879 (2021) 35



‘ il NS atmosphere

atmosphere + ocean
- o‘“‘" Crust:  nucle, e’éct,‘Ons — o
. = electrons, ions,
oio RSN | : =% % A TMOSPHE g alomsmelales
nuclei, electrons, neutrons . o 1,_9 1 _~-—~""OCEAN " (gas/liquid)
\ o Ul ~ ~ electrons and
B~ A\ C ///—_\enuclel
~10 T s oUT ER CRUyu S (Coulomb liquid)
% 3. 0,\00“\ e _— -~ electrons and
A\ - e
. 3 ~
o3 bsg 6 8 0‘.3\‘6\ LN NER CRU Sy (ICoulomb crystal)
PR electrons,

o quark- = X\,G neutrons (superfluid),
Sy hadron = neutron-rich nuclei
3, 610!+ \PI. M ANTL E (?) (Coulomb crystal)

. =3 o electrons,
LA K QUTER CoR E neutrons (superfluid),
A exotie nuclei
) (liquid crystal)

1015 .
Image Credit: 3G Science White Paper Haensel et al., Neutron Star 1 (Springer 2007)

= Atmophsere: (few cm) of light to intermediate-mass elements (e.g. H, He, C),

e+ ions + atoms + molecules; gas/liquid

« Emission of thermal radiation = T+, surface gravity, etc. )
» Very low density (o<~ 1 - 100 g/cm3) > EoS ideal gas P = nRT 30
{\IIV-E?ZS

NB: below ~ 106 g/cm3 EoS is T-dependent (= T=0 approx not valid) ézo

Haensel et al.,
A. E Fantina

Neutron Star Structure 1 (Springer 2007); Nattila et al., ApJ 971, 37 (2024)

T T T T T
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g 7
/
E o
£ Sun / |
: / !
- / White dwarf
105~ / | -
/ DEGENERATE,
/ DEGENERATE ULTRA-RE/BATIVISTIC
,  NonreLamvistic | P = Kur”
/ P = Kygn'? |
/ I
/ |
/ Normal metal |
- ] ] Il 1 1
1025 103 10% 104 1045
ELECTRON CONCENTRATION 2 (m3)
HIH “* = "
Phillips, “The Physics of Stars
I T AL L LA L
_ log T(K)/ asas BPS
I 8,/.,5"’ *%x% HP94
_//:/'A, eeese SLy
_7: 7 A —— —- OPAL 7
B A — fit i
I AA ---------- fit+interpol.q
—a -
PR | | TS (TS NN S S TR N
0 2 4 6 8 10 12 14 16
log p (g cm™) 36
Haensel et al., Neutron Star 1 (Springer 2007)



‘ NS ocean

T T T T T

atmosphere + ocean 2L=A§kS;CAL. ULTRA-RELATIVISTIC -
- ou‘ef Crust:  nuclei, electf‘ons -------------- _ Ve
. e 0 8 P electrons, ions, s
ax101! ik AT MISCIR=E HERg p ...—atoms, molecules L7 ool
VA AR e 5 ~--—""0CEAN " ~-- (gas/liquid) B » sperova |
\ o™ T ///——\;_:f&gons and < CLASSICAL, NON-RELATIVISTIC 0
% P=
~ oUTE R CRUg 7 (Coulomb liquid) = y, :
?V L arateaeaeae s - _ ~—_ electrons and 5 7
>, - ~~ (lcucllel b tal) 2 / :
G ER CR oulomb crysta ] Sun / |
1NN Us g electrons, ) & / _
© neutrons (superfluid), / White dwarf

=
%

-~
7 ’ neutron-rich nuclei — / :
) PR | ¢ onsition M ANTL E (?) (Coulomb crystal) / | DEGENERATE,

QUTER Cog E Egﬁignzsz 'c(ls:iperfluid), // g%ﬁf;ﬁ}}ﬁ%.m : gtTll::::f.%mwsm
(liquid crystal) y / ™ |
/ |
15 . / Normal metal |
image Credit: 3G|oScience White Paper Haensel et al., Neutron Star 1 (Springer 2007) ” |ol25 mlm ]:‘5 m,w “,}45
= QOcean: afew 10 m, ions + electrons Phillips, “The Physics of Stars"
« Expected to be made by Fe nuclei (at least at the bottom) + electrons

» Low density (p <~ 108 g/cm3) > EoS dominated by degenerate e- gas

« Atoms completely ionised! When this occurs?
- inter-atom spacing ~ atom radius (found from Eyi, + E.., = 0 when atom bound) *

41n N HRE: 372 e ag
l: _— A ) =

gy 3 16 7Z1/3
=/ ;

— S pp > pi=myny ~ Amyny =214 AZ =~ 10° g cm™

N. Chamel (2026)

A. E Fantina 37
Haensel et al., Neutron Star Structure 1 (Springer 2007); Nattila et al., ApJ 971, 37 (2024)



} NS crust: general picture

¢ Crust:

10+ e

4x10'!

1015

~10

Image Credit: 3G Science White Paper

Wigner-Seitz
(WS) cell

loll 10|4

Pressure ionization  Neutronization
4 -
10 10°
e ] @

Neutron drip Pasta phase Proton drip Uniform matter

density (g/cm?)

Coulomb lattice

& 2 e
Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, € nuclear clusters,
ne
S~— T —— v 4
Solid crust Mantle Outer core
body centered cubic nuclear pasta np.e

Chamel & Haensel, Liv. Rev. Relativ. 11, 10 (2008); see also Blaschke & Chamel, ASSL 457, 337 (Springer, 2018)

Haensel et al., Neutron Star Structure 1 (Springer 2007)

» To obtain the EoS - minimisation ¢ (ng) = E\ys/Vws = min
» One nuclear species at each density point > one component or single nucleus approx.
» At T =0 - bcc lattice

A. E Fantina

see also Haensel et al., Neutron Star Structure 1 (Springer 2007)
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L4 NS crust: matter neutronisation

= With increasing density, matter becomes more neutron rich

HUn — Hp = He —> electron Fermi energy changes with ng
- charge neutrality: ne=n
g Yi el 5 Ny, (A1,Z4) _cg'
- Le Chatelier-Braun principle: 12 > 11 — 3° > ny> Ny, (As,Zs) =
- B eq: n/p ratio adjust > matter gets more n rich e
= When does this occur? Ignoring (Coulomb) interaction and v mass: E//
M(A, Z)c? + pe > M(A,Z — 1)c? - . - —
if M(A, Z) ~ (A = Z)mn SE Zmp — e > (mn S mp)C2 26 30 56 - 493 x 10~
28 34 62 5.08 x 107? 1.63 x 107
1f UR Ve e ,ue ~ hC(Sﬂ'Qne)l/g Pearson et al., MNRAS 481, 2994 (2018)

o et (my,—m )02
ol 105 — 3n2 Zmp ( i

A
fic ) e 107 g Cin 0 first transition in NS crust

S Raing Chamel & Haensel, Liv. Rev. Relativ. 11, 10 (2008); Blaschke & Chamel, ASSL 457, 337 (Springer, 2018)
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L4 NS crust: Coulomb interaction

= Gauss theorem in WS cell

3
SRS )t 1(rx )\ _ 3rn
ECOU] ~ bdmweg TN L 2 (rws 2 WS

nucleus (sphere)
(Gaussian units 1/(4ng)=1)

9 (Ze)?
10 ™™WSs

Ze

Lattice energy (e-e, e-N): EL —= —

for a bcc: ~ 0.896 ~ 9/10

Lattice pressure: PL — %EL < 0 > soften the EoS

Haensel et al., Neutron Star Structure 1 (Springer 2007); Chamel & Haensel, Liv. Rev. Relat. 11, 10 (2008);
A.F Fantina Shapiro & Teukolski, “Black holes, white dwarfs, and neutron stars” (Wiley 1983) 40



l L8 NS outer crust

A L Pressure ionization  Neutronization Neutron drip Pasta phase Proton drip Uniform matter
¢ Crust: nuclei, gfo .
o“te f'Ons
4 .
10 10* 107 10" 10" density (g/cm”)
. ® 9 @
S, o | ole o 00 @ oloa @l
D.
(3}
-
20 O 9|00y
& ® o
% hadron @ )
b el Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, ¢ nmuclear clusters,
|u.t"
hy SRS e 1 25 J
R i
Solid crust Mantle Outer core

body centered cubic nuclear pasta np.e

Coulomb lattice

Image Credit: 3G Scien!:g I\7Vh|te Paper
Chamel & Haensel, Liv. Rev. Relativ. 11, 10 (2008); see also Blaschke & Chamel, ASSL 457, 337 (Springer, 2018)

A. E Fantina 41
see also Haensel et al., Neutron Star Structure 1 (Springer 2007)



Image Credit: 3G Science White Paper

n NS outer crust (1)

= Nuclei in becce lattice + electrons: 5WS (nB) -

M(A,Z)c?
VA - ge 3 gCoul

e-e and e-i int.

Only microscopic inputs are nuclear masses = Experimental or mass models

50

a8 Exp. determined masses

Neutron-star outer-crust nuclides

46 W stabe [0 g* B g~

Rl AME2012 values

44

[d ISOLTRAP measurement

42

40
38
36
34
32
30
28

Proton number, Z

F1 HFB-19 prediction
(8 HFB-21 prediction

neutron drip line

78Ni

26
24 [

Wolf et al., PRL 110, 041101 (2013) ;

Neutron number, N

ISOLTRAP collaboration at CERN (82Zn)

26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88

Element

inner crust

time of 1h3h1 ips

Pioneering works: Baym et al. (BPS), ApJd 170, 299 (1971); Tondeur, A&A 14, 451
Neutron Star Structure 1 (Springer 2007); Chamel &

A F Fantina (1971); review: Haensel et al.,
JE. Haensel, Liv. Rev. Relat. 11, 10 (2008); Burgio & Fantina, ASSL 457 (2018)

I

+—2013

https://cerncourier.com/a/plumbing-the-depths-of-neutron-stars/



‘ NS outer crust (2)

» Experimental info on masses - model independent results

» Beyond - nuclear mass models = model dependence

» Imprint of magic nuclei (N ~ 50, 82)
(less on Z because of weak equilibrium
and charge neutrality, few layers with Z=28)

» Machine learning

(e.g. Utama et al., PRC 93, 014311 (2016); Shelley & Pastore, Universe 7, 131 (2021))
but: extrapolations, applicability for inner crust and core ?

90

80

70
Z. 60
N

50

40

30

20—

A. E Fantina

used to fit nuclear mass data

100 A

Il 56Fe
Il 62Ni
Il 64Ni
I 66Ni

86Kr

84Se
[ 82Ge

L —- BSk20 -

[ BPS | 2 T e D00 QO e | N '____:

- I pl
|

i | Shelley & Pastore, j

N : Universe 7, 131 (2021)  _

o | o

——L—J TeETEEi —

I . 7

_ R oy S : -

- :

:iu_r:*:_l .
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0.0001 0.0002 0.0003 0.0004
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N 80Zn N ™ 50
[ 76Ni
— 200 A 78Ni
—_— 124Mo
5 . - - 122Zr
Q [ | 124Zr
v 300 A ]
© mm o ~N~ 82
B 124S5r
i B 126Sr
=4
oo [N m— |
HFB-22 HFB-24 HFB-25 HFB-26
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‘ Neutron drip

= At some point, nuclei become so neutron rich = n drip out of nuclei 2 neutron drip

* In nuclear physics, neutron dripline = lightest isotope such that
M'(A,Z) — M'(A—1,2) > mn

= But: nuclei (with structure effects) in a medium (background gas, lattice effects) - dripline shifted !
r-cluster e-cluster

= Drip = neutrons occupy delocalised
continuum states

NB: - two representations can be mapped —
- neutron superfluid fraction (i.e. those not

co-moving with lattice) important for e.g.

= nucleons states
— cluster states

Mean field potential
Mean field potential

coordinate-space cluster energy-space cluster
T T T T T 1 T T T

glitches, elastic properties, ... 016 o ' o1 T
13 1] d mlcr(t)gt%?p;ﬁ —\ | o-14 '_"‘\ Iocaliz:enc;cl.:(r)\ls)%%‘l?':g N ]
- “free” neutrons in e-cluster ot - o1z f Pordocatzed L
: . ool - 1 - % alized o]
representation (Aimirante & Urban, PRL 2025) A HIS. 1 & o I
= 1 £ oo0e -

19508]’1 i 0.04 19508n
= 0.02 " .
(o} 5.- 10 1I5 2IO 215 3IO 35 ° 0 ' I5 .:0 1L5 210 ;5 3LO 35

r (fm) r (fm)
Papakonstantinou et al., PRC 88, 045805 (2013); sketch courtesy of F. Gulminelli 44

A. E Fantina .
see e.g. Haensel et al., "Neutron Star 1”7 (Springer 2007), Chamel et al., PRC 91, 055803 (2015)



l id NS inner crust

Py e Pressure ionization  Neutronization Neutron drip Pasta phase Proton drip Uniform matter
¢ Crust: nuclei, elec,
o“te f'Ons
4 .
10 10* 107 10" 10" density (g/cm”)
4x10'! o
2 ® P @
S, o| o0 s 00 @ 0oal
D,
[y}
-l
20 © 90§
& ® o
% hadron - 9
b el Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, & nuclear clusters,
n,e
V— — v 4
Solid crust Mantle Outer core

body centered cubic nuclear pasta np.e

Coulomb lattice

Image Credit: 3G Scien!:g I\7Vh|te Paper
Chamel & Haensel, Liv. Rev. Relativ. 11, 10 (2008); see also Blaschke & Chamel, ASSL 457, 337 (Springer, 2018)

NB not to scale !

A. E Fantina 45
see also Haensel et al., Neutron Star Structure 1 (Springer 2007)



= Nuclei + electrons + free neutrons nucleus-gas
interaction
M (A,Z)c?
EWS (nB) = %55 B ge (ne) o gCoul o A gint
exp./theo masses Coulomb
interaction
Image Credit: 3G Science White Paper T, ‘ — proton
> different methods: £}
; e

b 1. Compressible liquid-drop model (CLDM) U S T

] —> classical approach e 012

(=3 £, 0.08

Pt St

g % 2. (Extended) Thomas-Fermi ((E)TF) Sotp

| a - (semi) classical approach SO0E e AT

g § Pearson et al., PRC 85, 065803 (2012)

= 3. Hartree-Fock / Hartree-Fock Bogoliubov [ ”

8 i - quantum approach Q /W\ o ﬂ ny* 204 x 10

/V\/v\ /v\/»\~ 3.4x103 g cm3
e . g nls ¢ |
> variational problem (in beta equilibrium) ; : s @ .

Negele & Vauterin, NPA 207, 298 (1973)

A.F Fantina ~ see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457 46
(2018), Blaschke & Chamel, ASSL 457, 337 (Springer, 2018) for a review and refs. therein



bl Classical (““macroscopic”) approach (1)

1. Compressible liquid-drop model (CLDM)
- separation nucleons “inside’/’outside” nuclei = definition of “cluster”
- nuclear energy given by sum of contribution (bulk, surface, Coulomb)

VS 5 VN e and gas energy o2 Nn ~—— Proton
= Ve i ge i ggas (]‘ Vs include rest mass 010 750 -== Neutron
0.08 - \
NB: at T=0, only n gas! At T> 0, p gas also possible §Z::np
5 0.02 - ) “\\ Ng
Ei; = M;c® + Epuk + Ecoul + Esurt 000 ————— = :

00 25 50 7.5 100 12.5 150 17.5 20.0

'\ \ N r (fm) fws

1) 249 Courtesy of T. Diverrées
infinite matter Eguet = 4m°r NOs

parametrizations often used for o,

—> parameters to be fitted (exp or theo calculations)
(e.g. Lattimer&Swesty, NPA 535, 331 (1991))

A. E Fantina see e.g. Baym et al., NPA 1971, Baym et al., Apd 1971, Lorenz et al., PRL 1993, Gulminelli & Raduta, PRC 2015, Carreau et al., EPJA 2019, 47
Dinh Thi et al., A&A 2021, Balliet et al., ApJ 2021, Davis et al., A&A 2024, ...



‘n Classical (“macroscopic”) approach (1)

—> variational problem (in beta equilibrium) - Langrange multipliers

s el B )

Lagrange multipliers = 1,44 Zws = Z if no free p (T=0);

charge neutrality: n,= n,

—> at each ng, solve a system of coupled egs.
(baryon number conservation + charge neutrality)

-> obtain variational variables (A,Z,n;, Viys,ngyn) (or alternative variables)
+ shape of WS cell if non-spherical cells (pasta, see later)

NB: T=0 <-> One nuclear species at each density point
- one component or single nucleus approx (WS approx)

v Fast computation = good for Bayes analyses
X No structure (shell) effects

600
5005
4005
300§
200;

100: T

PP
101

1072
ng [fm™3]
Dinh Thi, PhD thesis (2023)

103

A. E Fantina
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‘ b (Semi) classical approach (1)

2. (Extended) Thomas-Fermi ((E)TF)
- energy => functional of particle densities and their derivatives
- extended - expansion up to order A (e.g. Onsiet al, PRC 50, 3139 (1997))
—> energy function of particle densities and Nth derivatives

E = [ . d°r E[ng(r),n.(r)]

n=0.0003
4 " A

™7 [ ™
n=0.005

. i 3 it > 0 . 0.12 T YTy T—rT=r={=T B

- consistent treatment nucleons “inside”/“outside” - smooth profiles 008F™ | 0,06
A 92 2 'qﬂ):r-—fr—rn---A‘_u“u,uu_,.‘J,,AA,,U_l,.A_

&= AT A L G & S T ————

¥ 0.04} n O

SEECTOP R HdetTg O === 5™ 10" "5 20 25 30 35 40 a5
r [fm]
- minimization (Lagrange multipliers) requires functional derivatives Pearson et al., PRC 85, 065803 (2012)

Z was d>r { S (0) Ono el ,uq5nq(r)} —|—fVWS d>r { 5 () One(r) — ,ueéne(r)}

—> (non-linear) differential equations
—> density profiles often parametrized (e.g. Fermi-like profiles) and electrons uniformily distributed
—> reduced variational problem to minimization of E wrt reduced number of parameters

A. F. Fantina see e.g. Onsi et al., PRC 2008, Pearson et al., PRC 2012, MNRAS 2018, Avancini et al., PRC 2010, Sharma et al., A&A 2015, ... 49



(Semi) classical approach (2)

016 I I I I I I 1
Neutrons

0.14 Protons —
o2k Total i
but: semi-classical approach = no shell effects ! ek soZr -

% ool X, HFB vs ETF 4th]
—> can be added via Strutinski integral (e.g. Onsi et al., PRC 77, 065805 (2008)) o osh i
usually only for protons 004 ]
—> added perturbatively (iterating once HF equation starting from 002 N Pu]

smooth ETF profiles) ° 2 1a

r [fm]
E TF Pecak et al., PRX 14, 041054 (2024); see also
/( Shelley&Pastore, Universe 6, 206 (2020)

Braersti = Bnuet E o[£ T
| a4 BSK24 ﬂ ]
140 - 4 +_+BSK25 e
i = =~ = BSk26 14 7
120F o o e f -

A
* o 0 Zeq
" Eom

v' Faster computation than full HF(B)

X Less fast than CLDM (> Bayes?) JF e onos ?ﬁe‘“s ‘
X No structure (shell) effects = but can be included (perturbatively) ~ ™[ e |
0 ...... """ i'_i -------- e 2 M
20 | e et } -

O 11 11 I 1111 [ 1111 l 111 l 1111 l 1111 I 1111 I 1111 I 11
0 001 0.02 0.03 0.04 0.05 0.06 0.07 0.08
m [fm3]

Pearson et al., MNRAS 481, 2994 (2018)

A. E Fantina



£ CLLDM vs ETF

Grams, Shchechilin, Diverrés, et al., Universe 11, 172 (2025)

» Thermo quantities - good agreement
» Composition / profiles - more micro approach

. 1600
54f — TETF
= 52| —— CLDM(fit ETF in the medium) 1400}
2
= 1200}
<
§ N 46} % 10001
8 / 2
< f —— T=0MeV —— T=0 MeV soof
& 250 1
| — T=2 MeV T=2 MeV
600 — T=0 MeV —— T=0 MeV
" —— T=1MeV —— T=1MeV
0.20f — TETF _ . 400 — T=2MeV T=2 MeV -
—— CLDM(fit ETF in the medium) N X N N N N N N N N . X
o 0151 | 0.00 001 002 003 004 005 0.06 0.07 0.00 001 002 003 004 005 0.06 0.07
& ng [fm~3] ng [fm~3]
>
§ 0.10 E 0.10E v v
A N _
0.05f 0.015} na=0.04 fm™3
008/  ,..0.04 fm™
s 0.07F 14 eSS
2 £ 0.010}
= 0.06} 1=
& &
0.05f |
0.005}
0.04F — T=0MeV —- T=0MeV — TETF
0.03F — T=2 MeV T=2MeV ULmrrrm ——- CLDM(fit ETF in the medium)
i i i i i i i i i 1
/ o 2 4 6 & 10 12 14 0900 2 a e 8 10
/ r [fm] r[fm]
0.0t/ 1
I . . ' ' . .
0.00 0.01 0.02 0.03 004 0.05 006 007
ng [fm=3]

A. E Fantina
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‘n Quantum approach

3. Hartree-Fock / Hartree-Fock Bogoliubov
- HF = g.s. wave function = Slater determinant
- minimization of expectation value

(B|H|D) =0 — (D|Hog|®) =0

wrt single particle wave function
—> set of sp Schrodinger eq. (solved in box)

[_V;r_i; V + Uq(r)} Gq.i(T) = €4.:04.:(T)

(here s-o omitted - reduced computational cost)

NB: self-consistent solution of HF egs.

v" Quantum - shell effects (pairing can be added)

X Numerical challenge
X Spurious shell effects
(nucleons confined with periodic b.c.)

P (F3)

oif 180

n
o
8»—
-4
o
w
[s]

ol

20, n, =879 x 10°
i f\\
! 1 /\/—\ !

n
o
8._
-3
o
@™
o

i
20 40 60 80

ol
S\

1 1
20 40 60

1500,

01*5

/_/\l/\ | /_I\I/-\
0 20 40
- 982
oIl M
L 32 -
L n,=789 x 10
C 1 el ]
0 20 40 r(F)

Negele & Vautherin, NPA 207, 298 (1973)

1800,
Sn f\ n, = 204 x 10%
AR\

ﬂ ny: 577x 10%°

A. E Fantina
2016, Newton et al., PRC 2022, ...

see e.g. Negele & Vautherin, NPA 1973, Maruyama et al., PRC 2005,

Newton & Stone, PRC 2009, Grill et al., PRC 2011, Sagert et al.,

PRC

52



l i NS “pasta” mantle

¢ Crust: nuclei, e’eCtro,,
s

Pressure ionization  Neutronization Neutron drip

Pasta phase Proton drip Uniform matter

104 o\l‘e 4 7 11 14 d i / 3
10 10 10 10 ensity (g/cm”)
4x10" >
” ® > ] @
. % 2000 (U
S o| o0 o000 000l
G
-
20 O @00y
(- @ o
% hadron @ )
X transition Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, ¢ nuclear clustgrs,
S— — i ez, ~ N A
Solid crust Mantle Outer core
body centered cubic nuclear pasta np.e

15
Image Credit: 3G Scien!:g White Paper

Coulomb lattice

Chamel & Haensel, Liv. Rev. Relativ. 11, 10 (2008); see also Blaschke & Chamel, ASSL 457, 337 (Springer, 2018)

5

Gnocchi  Spaghetti

A. E Fantina

see also Haensel et al., Neutron Star Structure 1 (Springer 2007)

v
Lasagna

Bucatina

Swiss cheese 53



‘ Pasta phases (1)

» Predicted already in 1971 .
(Baym et al., NPA 175, 225 (1971))

The fraction of space, u, occupied by nuclei is seen in table 2 to increase mono-
tonically until the nuclei begin to touch. For a bee lattice the value u = /3n/8 = 0.68
corresponds to the nuclei just touching. The picture of nuclei as spherical drops is
certainly not valid beyond this point. The nuclear parameters 4, Z and ny, given for
p =226x10'* and 2.39 x 10'* g/cm® should be regarded as highly tentative since
they are particularly sensitive to the precise way in which the surface energy tends to
zero as n,/n — 1. Furthermore, our model has neglected deformations of the nuclei,
which become important here. In fact, it might be more favorable, beyond u = 0.5,
for the nuclei to “turn inside out”, that is, for the neutron gas to exist as a lattice of
droplets in a sea of nuclear matter.

» Competition between surface (= short range, favours compact,
spherical shapes) and Coulomb energy (= long range, try to keep
protons apart) > “frustrated” state

» Importance of surface tension at large isospin values (not
constrained by experiments)

Nuclear pasta shown to appear

when VN/VWS >~ 0.2
(Hashimoto et al., PTP 71, 320 (1984),
Oyamatsu et al., PTP 72, 373 (1984);
Ravenhall et al., PRL 50, 2066 (1983))

T T T T T T T

S

o [

e -4

7 7 7

(a) (b)

(d) (e)

A.F Fantina ~ see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Burgio & Fantina, ASSL 457
(2018), Blaschke & Chamel, ASSL 457, 337 (Springer, 2018) for a review and refs. therein
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id Pasta phases (2)

= More recent calculations with CLDM / ETF(SI)—> similar sequence

12
[ spheres Lt sphere spaghetti lasagna bucatini Swiss chwsc- 0.30 : LI | 'v\',/‘ 'a|.sltlaI L ILALANLEL I BN BRI B ILINL B L
W rods BSk22 BSk24 BSk25 BSk26 [ p - /2 ]
. clabs 1.0} 1 0.25F —- w/o pasta [ 4 7]
I tubes [ C / .
bubbles 0.9 =020 L/ ]
0.8 'TE . g
o7 5 0.15 7 1
iO.G- [} Vi ]
= 05} 20.10f P~~~ /) Bl 1
0.4} (W [
. 0.05¢ -
0.3f
0.2} <5 = = E =% (Z’ <3 (Z) [ Lo w1 N
' 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
0.0 Ng [fm_3]
Dinh Thi, PhD thesis 2023; Dinh Thi et al., A&A 654, Shchechilin et al., PRC 108, 025805 (2023); Dinh Thi, PhD thesis 2023
A114 (2021), EPJA 57, 296 (2021), CLDM ETF(SI) see also Pearson & Chamel, PRC 105, 015803

(2021); Shchechilin et al., PRC 109, 055802 (2024)

> details of sequence (e.g. transition density) depend on the functional + many-body method
» EoS negligibly affected by pasta, but elastic/transport properties are

A. F. Fantina see e.g. Sharma et al., A&A 2015, Pais et al., PRC 2016, Dinh Thi et al., A&A 2021, EPJA 2021, Balliet et al., Apd 2021, Pearson & Chamel, 55
PRC 2021, Parmar et al., PRD 2022, Shchechilin et al., PRC 2024, ...



El Pasta phases (3)

» Calculations done in different frameworks (CLDM, ETF, HFB, CMD, QMD ...)

Gnocchi

160 . D (4]
‘a0 E i \C 3/ 1))
' N R Y V1))
f20 A d ¥
60
o 6’9",‘ 0\ 40
Wl ot 20 20 (@
| ;&%@”'ao‘ 9 6 o *\‘\
24715 %‘3,2“ X(fm)
S , W : . Newton et al., PRC 105, 025806 (2022),
Defects Anti-spaghetti Anti-gnocchi 3D HF+BCS

Credit: Caplan, Horowitz, CMD (BBC Sky at Night Magazine)
(usually at fixed proton fraction)

ng ~ 0.075 fm-3
Shchechilin, PhD thesis (2026),
0 N : 3D HF+BCS
= up to 50% crust mass (e.g. binh Thi et al. 2021, Baillet et al. 2021)
= - potential implications for magneto-rotational evolution, transport properties, “mountains’, ...
(e.g. Gearheart et al., MNRAS 2011, Pons et al., Nat. Astron. 2013, Horowitz et al., PRL 2015)
56

A. F. Fantina see e.g. Watanabe et al., PRL 2009, Horowitz et al., PRL 2015, Caplan et al., PRL 2018, ...



Pressure ionization  Neutronization Neutron drip Pasta phase Proton drip Uniform matter

10° 107 10" 10" density (g/cm?)
>
@ <
**e%20000 W
o @ @ 2 O O 9 0 00
20 O @00 (J
quark- " @
hadron [ [
transition Envelope Outer crust Inner crust
iron atoms neutron rich nuclei, € nuclear clusters,
ne N " ,
V—
Solid crust Mantle Outer core
1015 body centered cubic nuclear pasta np.e
Image Credit: 3G Science White Paper Coulomb lattice

Chamel & Haensel, Liv. Rev. Relativ. 11, 10 (2008); see also Blaschke & Chamel, ASSL 457, 337 (Springer, 2018)

A. F. Fantina 57

see also Haensel et al., Neutron Star Structure 1 (Springer 2007)



‘ NS core: homogeneous matter

2P T T T

— ALF14
— AP14
— WFF1-3
— SQM1-3
— GS1-2
—— BBB2
—— BGN1H1
— BSK19-21
—— BPAL12

T llllllll

Pressure (MeV fm™3)
o
T T =0 ll[

Lol

Lol

o 11l

U'IJ T lllllll

Density (fm™3)
Ozel & Freire, ARAA 54, 401 (2016)

» EoS model dependence increases with density !
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Burgio & Fantina, ASSL 457 (2018)

A. E Fantina
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‘ ¥ Matching crust & core or unified approach?

» |f crust & core EoS matched inconsistently - spurious non-physical effects in numerical modelling

: —— E——
: 1600% wp 1600F fxeacosn<ors 4
: 1400¢ 1400¢
: 1200¢ 1200¢
: * 1000¢ 1000¢
§ < 800¢ 800¢ y
§ 600* 600: Ay
5 400¢ 400¢ A
200, &7 .00 74 1[0 T TR o PO DL O
5 101112131415 101112131415
e 1t ] R1.4 [km] R1.4 [km]
o 4 et 7] 0 ;\;
o3 HF == " _ ] = Davis et al., A&A 687, Ad44 (2024); Fantina & Gulminelli, PoS QNP2024, 153 (2025)
é 2 ] 5/'?},’2%‘1 ._.2;8&55 -5 3 CUTER code
e b rn2008 spline § see also Fortin et al., PRC 94, 035804 (2016),
Lo 15 20 25 10 15 20 25 30 Ferreira & Providengia, Universe 6, 220 (2020)
M(Mg) M(Mg)

Suleiman et al., PRC 104, 015801 (2021)

» Error due to inconsistency can be > error in many-body treatment of the crust!

Thermodynamically consistent and unified EoSs needed for astro modelling & inference analyses
(but not many available, e.g. Douchin&Haensel, A&A 2001; Fantina et al., A&A 2013; Raduta&Gulminelli, NPA 2019; Vifas et al., Symmetry 2021; Pearson et
al., MNRAS 2018; Grams et al., EPJA 2022; Xia et al., PRC 2022; Scurto et al., PRD 2024; Davis et al., A&A 2024, see CompOSE database)

A. F. Fantina 59



EJ NS core © nucleons, €, ... what else?

pi = Bipp + Qipg + Sips + L pe + Lf/ﬁlu

traditional neutron star

quark-hybnd
star

neutron star with

hyperon
picn condensate

siar

3 - Fe

color-suparconductin (] 3
strange quark mattar . ~ 10" glom
(u,d,5 quarks) 1 3
F 10" glem
| A 1014 gﬂ:m3
) ~=__ Hydrogen'He
atmaosphere

strange star
nucleon star

R~10 km

Weber, PPNP 54, 193 (2005)

Wi > 7717;62 + U;

New particle appears if:

Muons: (m, ~ 106 MeV/c?) 5
“Free” particle > U=0-> [y > My,C

two independent densities: ng, nq
charge neutrality (& beta equilibrium): by — He

- even in “standard” NS they appear

A. F. Fantina
for a review and refs. therein

see e.g. Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Blaschke & Chamel, ASSL 457, 337 (Springer, 2018)
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il NS core: hyperons (1)

= |nteracting particle > ; > m;c? + U;

three independent densities: ng, nq, ns = corresponding ug, Lq, Us
KA Mo = UB

P+ pet = U T pQ

= |f no potential > A appears first, but: depends on interaction!

» [nfo on YN potential based on (few) hypernuclear data

Calculations based on ab-initio and EDF (recently also Gamow-shell model for
hypernuclei, Dassie et al., PRC 114, 024331 (2026)).

=2 Uan(Nsat) ~ - 30MeV; Usn(ngat) ~ ?
- Uyy ? (from B.E. difference between single- and double-Y nuclei
but large error bars!)

Credit: P. Konrad. PhD tf
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Hypernuclear data: https://hypernuclei.kph.uni-mainz.de

A. E Fantina
457, 337 (Springer, 2018); Raduta, EPJA 58, 115 (2022) for a review and refs. therein

see e.g. Glendenning (Springer 2000), Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Blaschke & Chamel, ASSL
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il NS core: hyperons (2)

= Appearance of Y depends on interaction! Baryon number density p [fn "] 3
0 05 1 15 =
1000 | L I I LI I II LI E 25
= New d.o.f. > softening of EoS > “hyperon puzzle” — f . 7 5
: M'E | N =
but: Y potential very poorly known! s 0 o/ Z s
> model dependent results 2 [ noY ”? p 1 §°
: . _ = 500 2 - g 1
= 2My,, reached if repulsion (e.g. 3bf from N2LO chiral E i /Y wi 3hf 3
inter., or parameter tuning in pheno models) 2 250 - )/ e S 0
AEE S ST aYwlo3bf %0 13 14 16
0 . ;I-TI I BT RadmsR[km]
’ Vidana et al., EPL 94, 11002 (2011)
UL B B BN 25

- 41200

Nucleonic
——— NS(97¢
- — - = NSC97a+NNA,

31000

3
/14800

sun

1600

P [MeV fm™]
MM

1400

AL I 1"ISC'97:1+1\1'1\IA1
16+ ) 3 3200 0,5:_ ..... NSC97e+NNA,
3 L ] —— Nucleonic
- ] — —- NSC97a
, [ . ) L T | [ [ I Lovu [ '
135 10 11 12 13 14 ” 50 1000 3 1500 10 11 12 13 14 15
R [km] ¢ [MeV fm ™) R [km]
Weissenborn et al., NPA 881, 62 (2012) Logoteta et al., EPJA 55, 207 (2019)
A.FE Fantina ~ see e.g. Glendenning (Springer 2000), Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), Blaschke & Chamel, 62

ASSL 457, 337 (Springer, 2018); Raduta, EPJA 58, 115 (2022) for a review and refs. therein



b4 NS core: quarks (1
¥ quarks (1)

» Quarks - deconfinement - free quarks (u,d,s)

400

three independent densities: ng, ng, Ns =2 s, Lo, Us continuous transition

Pressure [MeV/fm?]

200

= but: no unified model to treat transition e,
—> effective models for quarks (e.g. NJL, MIT Bag model, etc.) T / '\Maxwel,constmﬁon -
—> sharp transition modelled via Maxwell construction 4 1 ki =0
PH = PQ & MH o= MQ 0 1000 2000 3000 4000

energy density [MeV/fm?3]
adapted from Schramm et al., EPJA 52, 14 (2016)
caveat: if inhomogeneous phases - continuous transition

3.0y Nro = 1I-5nsat: 6;7FO = 0-3Insat ..... P T zl\?lgv
2.5¢ Agyc = 332 MeV
» Model dependencies 220
—> effects of quarks less clear (soften / stiffen) 215
a 1.
=
1.01
0.5
9 10 11 12 13 14 15
Radius [km]

Somasundaram & Margueron, EPL 138, 14002 (2022)

A. E Fantina see e.g. Glendenning (Springer 2000), Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017),
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Blaschke & Chamel, ASSL 457, 337 (Springer, 2018) for a review and refs. therein



il NS core: quarks (2)

Different “families” : hybrid vs quark NS

€quark < €hadron in some density range (NS core)
—> hybrid stars

D
typically with crust + nucleonic outer core g

E mass e / /
€quark =5 56’56F ~ 930 MeV os/,, .
Bodmer-Witten hypoM _ . | | neu‘tron stalrs .
- quark stars 7 8 9 10 11 12 13 14 15

Radius (km)
stable (strong forces) (e.g. arxiv:1612.00755) Demorest et al., Nature 467, 1081 (2010)

typically more compact

Can we observationally distinguish?

(see e.g. Bombaci, arXiv:astro-ph/0002524, Andersson et al., MNRAS 337, 1224 (2002), Xia et al., Int. J. Mod. Phys A (2025), arXiv:2511.01146)

see e.g. Glendenning (Springer 2000), Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017),
A. F. Fantina Blaschke & Chamel, ASSL 457, 337 (Springer, 2018) for a review and refs. therein
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l id Masquerade !

Up to no not yet clear observational evidence of hybrid / (strange) quark stars!

2.2 T T T T T 3000 T

hybrid (with quiarks) i : i [— sLya
: : : : : : — sf1_030_sly4cr
Il||||l|||Illl|||I|IIIIII|IIII|IIII|IIAILIF|iII1'—f : f f i i \\\ E - Sf1_020_5|y4cr
— ALF2 1 2.0 N e bomeommeedimeeens o - 2500 :
NICER-F% \ \
U1614—?230) o
[ J ISR N— 5 . SR — SR 2000 |-
- —
s | S : : : : ; ~
E 1.5 -_ E' 1.6 '_""""‘E """"" : """" g"""""é """"" : """"" < 1500
] i
= - my
10 [ 1.4 "Ni'c'c'rilﬁi """"" beoscod by icocoszosedocsea bed foscomses 1000 -"":g """"""" " ----------- 7]
I LR Rrid (iith quarks) | g
- ma N . . ?g
05 : ; ; : : N P~
B B B SRR = it Roeet CLEE oeee e . 500 [------\- SEp(nucky-==---=--4-=nmmoeem oo \‘—
00 s b b e bt bt a b s Lo v tuvn o Lo o o8 : o?-’ :
8 10 12 14 16 18 : : : TN g
. 1_0 1 0 - 1 1 1
Radius (km) 9 10 11 12 0 500 1000 1500
Ozel & Freire, ARAA 54, 401 (2016)
see also Burgio & Fantina, ASSL 457, 255 (2018) Blaschke & Chamel, ASSL 457, 337 (2018);
A.FE Fantina  see e.g. Glendenning (Springer 2000), Haensel et al. 2007 (Springer), Oertel et al., Rev. Mod. Phys. (2017), 65

Blaschke & Chamel, ASSL 457, 337 (Springer, 2018) for a review and refs. therein



| “Non-nuclear-physics’ approaches to the NS core

= High model dependence & large uncertainties in the NS-core EoS, mainly due to appearance of new d.o.f.

» Agnostic (“non-nuclear”) approaches for NS core (conditioned by astro)

* Parametric (e.g. piecewise polytropes, ¢, models, ...) ol
* Non-parametric approaches (e.g. Gaussian Process) ?
J— liOé} llebeller etlzd. I(20113)1 o I ] S _ 10“5-
36 | olytropic model | r . 3 o F
10 — 23 s)od(le)l ] c!?—! 700 _ grou p 1 I,I % [
t Group 2 ‘ o 10%E
E 600 o L 1
Nl 1 > 500 :
g () C 102
5 =400} =
;:1034 . 8 -300 1011; _’ = —
5 200 1014 1015
v 5 _ p [g/cm?]
, A 100 ] Essick et al., PRD 101, 063007 (2020)
10% E r ]
] || el PP P R P ] v i
0 200 400 600 800 10001200 1400 poweful = no underlying hypotheses
0 ~ v’ used in bayesian inferences

¢ (g/em?) Energy Density [MeV fm~3]

Hebeler, Phys. Rep. 980, 1 (2021) X no info on composition

X often unique (non-consistent)
low-density EoS

Somasundaram et al., PRC 107, 025801 (2023)

see also e.g. piecewise polytropes: Reed et al. PRD 2009, Annala et al. PRL 2018, Raithel & Most, PRL 2023, ...; cs models: Tews et al.
AR FartEns ApJ 2018, Tan et al. PRL 2020; Somasundaram et al., PRC 2023; spectral functions: Lindblom 2010, Lindblom & Indik 2014, ...; Gaussian 66
S process: Landry et al. PRD 2020, Essick et al. PRD 2020; Legred et al. PRD 2021, PRD 2022, Ng et al., CQG 2025, ...



]

Pressure [Mev fimm

l Model exploration: Bayesian inference

ppost(X‘é) X p()z) Hp(CZ‘X)

10°

Erl | = 7 3 = Al = ) el A Il , == £

g — EOS p(X) prior = large parameter space

[ (non-informative / nuc.-phys. informed)
10 e —

- — — (C ‘X) Nuclear data (e.g. nuclear experiments)

= EM: Kilonovae / GRB P\ Cnuc Aboiniti BN,

E GWs (post-merger) -INItio calculations
10! :L mmmmm) L ow-density constraints

k Radio and X-ray pulsars ( | Xv") Causality + thermo stability

P\Castro

e
=
S

Astro data: M., GW, NICER

Nuclear Physics
Experiment and Theory

e mp— S e—— | mmmmm) High-density constraints

Number density [ng,]
Pang et al., Nat. Comm. 14, 8352 (2023)
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} b4 Constraints from astrophysics

MASSES

Neutron star mass (M)
15

J0453+1559(c) -
J1807-2500B(c) 4
J0514—-4002A(c) 4
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Choudhury et al., ApJL 971, L20 (2024);
Vinciguerra et al., ApJ 961, 62 (2024)

see also Miller et al

Riley et al

ApJL 2019, 2021
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You et al

-, Nat. Astr. 9, 552 (2025);

https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html

A. E Fantina

see also Koehn et al., arXiv:2402.04172 for a compilation 68



bl Constraints from nuclear physics: theory

PURE NEUTRON MATTER O o, SYMMETRIC MATTER
o5 see L. Jokiniemi’s lecture

i Hebele:r et al.,ApJ (I2013) I N2LO N3LO

B Tews et al., PRL (2013)

- Lynn et al.,PRL (2016) W Leym =31.2 — 34. 1 MeV Egym =30.5—32.7 MeV

20 K Drischler et al., PRL (2019) L=60.2 - 66.1 MeV L =58.3 —68.5 MeV s

- mman Drischler et al., GP-B (2020) t:

[ ©  Gegerlis, Carlson, PRC (2010) ] o~ E
% 15 _——-— Unitary gas (£ = 0.376) ‘_ %’ "
0 : = E
= [ : & £
Q10 . £

i 1 >

L - "

= ‘,‘ -

L R -

5 .";," _ PN TN NN TR N TN T N T N WO T S | TN TN TN TN N TR TN T (N SN T S |
’
/e i 0.05 0.10 0.15 0.20 0.10 0.15 0.20
?” 7 Drischler et al., PPNP 121, 103888 (2021)
/NN TN TN TN NN TN N N N Y Y Y TN T [N TN N A |
OO 0.05 0.1 0.15 0.2
n [fm™?]

Huth et al., PRC 103, 025803 (2021)

» Different many-body methods -2 “uncertainty band” but reasonable agreement up to ~ ng,;: (~ low density)
» PNM calculations more reliable

see also Oertel et al., Rev. Mod. Phys. 89, 015007 (2017), Burgio&Fantina, ASSL Springer 2018, Burgio et al., PPNP 120, 103879 (2021)
A. F. Fantina 69



‘ L Constraints from nuclear physics: experiments (1)

1 \ [ | [ | [ | [ | [ | [ | [ | [ | 17
R R L
SYMMETRIC MATTER/ 140 - SYMMETRY ENERGY (EXP+THEO) - %\ O—T—T 71 . . . .
. - ] =i
100 120 C o » > 2‘: 35
; i prad g s [ i
- e © 30— —
100 [ PREX/ N i |
= /// s I 3 25
' / R - : ‘1’, /’: B N
E /77 Flow data 2 Q0L & i |
> ! Danielewicz et al., 2 FON Negrors i
© 7 ;" Science 2002 =, - B . 20— .
E ' JJ.//" N 60 ] - -
~10F /7 KaoS exper. - L ] 15 J-EFT _
» // Lynchetal., PPNP 2909 i ] HIC isodiff
...... SLy4 ] 40~ N i Y HIC n/p ]
BSk21 B *BSk24 ] 10 |
i 1M o r oDz e i B Mass (Skyrme) |
_ - e D1 - ® Mass (DFT)
= v BCPM | 20+ 0 DD-ME3 - 5 A\ TAS —
i ol L B ] i V PREX-II
1L N FEETE FEERE PR TE FRRTY FAe F’IlL‘T/I/II\I\IlIII|I1I|III|III|II1|III|I- 0 TR TS T T AT Y IS ET
715 2 25! 3 35 4 26 28 30 32 34 36 38 40 42 ORN 020406 G 2
n/n, J [MeV] R 0
Burgio&Fantina, ASSL 457, 255 (2018) Gulminelli&Fantina, Nucl. Phys. News 31, 9 (2021); Ciampi et al., PLB 868, 139815 (2025)

Fantina&Gulminelli, J.Phys.Conf.Ser. 2586, 012112 (2023)

- “‘compilation”of results ("bands”) - filter for Bayes analysis

- Constraints at “low” densities - low-order parameters
A. F. Fantina N.B.: model dependence of constrains 70



Constraints from nuclear physics: experiments (2)

Ground-state properties

Klausner et al., PRC 111, 014311 (2025)

—

observables directly included in model fit
—> nuc.-phy. informed prior

Wy

my fm

@,

> P

&@/ D

C

|10 /@ oEe|

_ B.E. [MeV] Ren [fm]  AEso [MeV] sarameterdt
Pb 1636.4 + 2.0¥ 5.50 &+ 0.05% 2.02 + 0.50*
8Ca  416.0 £ 2.0 348 + 0.05* 1.72 + 0.50* through emulator (e.g. MADAI package)
0Ca 3421 + 2.0  3.48 + 0.05* -
56Ni  484.0 + 2.0% - ;
68N  500.4 + 2.0% . -
1005, 825.2 + 2.0% - ; 1\
132Gy 1102.8 + 2.0%  4.71 + 0.05* - v -/
O7r 7839 + 2.0 4.27 + 0.05* - (&
Isoscalar resonances Eﬁ Q @
E¢ur MeV]  Egog [MeV] *
28Ph  13.5 £ 05°  10.9 £ 0.5* o AR 3L 1R
07y 17.7 + 0.5%
1@\ @
Isovector properties Ry
ap [fm?] m(1) [MeV fm?] Apy (ppb) S @ @ @
5P, 19.60 £ 0.60 961 £ 22 550 + 18 U i!j !’
BCa  2.07 £ 0.22 - 2668 + 113
- @ @
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3
£ S
QQ s o o S A O 00 o o Y o Y - . N
T \‘0":15\‘*\"’1"%“}; PSP ‘3 P P S ReP ‘\“\@‘ﬁ-’/&‘ e \"—“ NG IR
A . Ko L a G W, e fm mijm

A. F. Fantina
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‘ b Predictions informed by nuclear physms (1)

10%L F Prior || ”"(a)/,—‘ N ””'(b//; 3.0F Prior "'m"m"”"””"'(5)":‘LD (b)
o _zz=rtnuclear 25 : -
" 107} p physics L2 I3 ~2.0
[w] r 'I ,/ ’/ ’/ ]
§,10%¢ > - > =15
O, ’4” - ,/”,r', =
a108[ a7 P 1.0
1032 " - 1 . - 05f | | 1 1 [l
sf HD + LYC () _-t1 All (d) - 30F D + LVC Al T
107 astrophysics -t NP ”s €
~ 35 [ ’,l", - i qu’,l',,/ ] rrTTT
e 10 A o«:b‘q/ Pl — 2.0 -
2 10%] A KAt K
1 3 ,/ ,’/ - ',I ,/ = b i
i ’z’, prad ‘&‘Ool/” ,/', ] L3 E b rePM e 421U D0
s108f Jb S oE of g ]
=T I Sl B B | - 5 , —
10%2} R R 3 R R N 0.5F :_ ' i
10%¢ 107 10% 10% SOV PR R T A I (3 v (RN S ey S |
p [g cm™3] plg cm=3] R [km] < 1.5¢ S ey AN —
Dinh Thi et al., Universe 7, 373 (2021); Dinh Thi et al., A&A 654, A114 (2021) < _______________________
1.0 ‘ """"""""
» Nuclear constraints act up to 1-2 ng,t 0.5}
» Some EoSs can be discarded
> Nucleonic hypothesis (still) compatible with observations R A (R Lz T
m
: B :
- obse_watlons not yet _constralnlng enough! R Y e L
see also Lim&Holt, EPJA 2019, Malik et al., ApJ 2022 Fantina & Gulminelli, J.Phys. Conf.Ser. 2596, 012112 (2023)
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bl Predictions informed by nuclear physics (2)

E' \\'\“:\\\ ~ —‘__“__,_-f:
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g 1 T—-— /\
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CC TRANSITION o EOS
/__/\ MM: 5-95%
o o L o o T o 1'f ey T 1 MNM: 25-75%
N " -1 L4p M= 54N ; Y-MM (0.10fm™?): 5-95%
x| case2: ’ 1.2} 071w vMM (0.10fm): 25-75%
Image Credit: 3G Science White 15 ': n> 0.02 fm> : . n'i\_‘ 1.0F
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Dinh Thi, talk (2021); Drischler et al. PNM calculations a0 1.0F
E 0.8fF 1071 -
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o 0.4F
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Burrello et al., PRC 112, 035802 (2025)
inclusion of ab-initio inspired functional in EDF

Dinh Thietal., A&A 654, AT14(20271);
EPJA 57, 296 (2021)
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b4 Predictions informed by nuclear physics (3)

NUCL. PHYS. EXP. & COMPOSITION / ELASTIC PROPERTIES OF CRUST

1 100 2.0 T T T — T T T T T T |
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] ; 0.02 0.04 0.06 0.08 = oh

SN ng [fm~—3] téa 3f '___,_,..--.ﬁ_:.__
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» inclusion of nuclear phys. exp. observables constrains NS-crust properties
- constraints on elastic ( / transport) properties
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‘ Which nuclear parameters matter ?

Nec 0.09-0.05 0.15 -0.11 0.00 ’[ ;_}ﬁ-o.zz E-o.m 0.10 .-0.17-0.10
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’ Dinh Thi et al., A&A 654, A114 (2021); EPJA 57, 296 (2021); Universe 7, 00373 (2021) ,
» importance of higher order parameters (isovector sector) & surface properties

» typically NS observations have little effect on low-order NEP - nucl. phys. constraints

A. F. Fantina

N.B.: Many works within Bayesian analysis trying to constrain NEP

see also Beznogov & Raduta, PRC 107, 045803 (2023); Ghosh et al., EPJA 58, 37 (2022); Char et al., PRD 108, 103405
(2023); Imam et al., PRD 109, 103025 (2024); Zhu et al., Apd 943, 163 (2023); Huang et al., arXiv:2303.17518, ...
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} How to discriminate models? (theory)

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

» Ab-initio prediction of derived quantities (not only E/A, but also P, etc.)
—> propagation of uncertainties

—> constraints on more phenomenological functionals

25 T

0

Hebeler, talk @MICRA2023; Huth et al., Nature 606, 276 (2022)

20

Tews et al., PRL (2013)
Lynn et al., PRL (2016)

N Drischler et al., PRL (2019)
[~ seses Drischler et al., GP-B (2020)
[ ©  Gezerlis, Carlson, PRC (2010)
— =+= [Initary gas (£ = 0.376)

’.

T T l T T T ] I 1 T 1
Hebeler et al., ApJ (2013)
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£ 1 How to discriminate models? (nuc. phys. exp)

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

> “PREX/CREX dilemma” vs reduced error bar in (neutron skin) measurements vs other observables?
—> constraints on low-order parameters in isospin sector

» constraints at high density (e.g. HADES, FOPI, Asy-EoS 2 transport model vs data, systematics?)
—> constraints on isoscalar / isovector sector (at ~2ng4)

0.06 I I I SMASH 2.0
FSUGold2) ORME —— 0.4GeV = pr < 0.45 GeV
© Skyrme 0.101 —— 0.6GeV = pr=0.65GeV
005 zg%gg}_ Incompatlble —_— 0.8GeV.sstO.85 GeV
¥ —— Clustering hard EOS
B % DINOc | 4 with astro! 0.05 1 -—-- Clustering default EOS

—-— Dynamic deuterons hard EOS

—0.05 1

—0.101

001 | I I I | I |

~0 001 0.02 003 0.04 0.05 0.06 0.07
F2% —0.6 -04 -02 00 02 04 06
/skin y
Reed et al., PRC 109, 035803 (2024) Mohs et al., PRC 105, 034906 (2022)

see also Kunjipurayil et al., arXiv:2503.07405

AT Fantina —> Better extrapolation of models e



b4 How to discriminate models? (astrol)

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

> “smoking gun” observation!
hypothetical observation

w— PhenomPNRT = PhenomDNRT m— SEQBNRT ws TaylorF2

0.0035

0.0030

0.0025
&, 0.0020
g

0.0015

0.0010

0.0005

. MS1b

MSI |7
o

0.0000

0 200 400 600

800 1000
A

1200

Abbott et al., Phys. Rev. X 9, 011001 (2019)
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Gulminelli & Fantina, Nucl. Phys. News 31, 2 (2021); T. Carreau, PhD Thesis (2020)

—> posterior with nucleonic matter compatible with observations
but: if M,ax ~ 2.5 Mg, = challenge for nucleonic hypothesis | - “exotica” ?

—> Nucleonic hp can be used as null hp!

A. F. Fantina
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N1.am,

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

» more sensitive detectors - new generation (ET, CE)
—> possible identification of PT if close detection and early PT

T

T

1400 =~ LI LI L L LI L LA NL T LI L L 03 (a)j
E --- PCP(BSk24) - Meta(BSk24) E Nsat ]
1200 ~== GPPVA(NL3wp) mmm Meta(NL3wp) - ‘ ‘ @ ‘ ' i
1000 - 1 :
F T g s S i
800" - qg PTO4 (b) '
- f'ct ~ 2.5 nsat ]
s «L db2s8 0L
400 3 —5F g gy
200: AL PTO5 (c) 7
Z - 3 nsat
«&° ol i g o p e o o B
_5: 1 1 1 1 1 1 1 1 1 1
Q 9O Q .9 Q
. /\’ Q. N b /b. u /\. fl’ :\’. .
lacovelli et al., PRD 2023 AR O AP O L g AP L '\9\,
D, (Mpc)

Mondal et al., MNRAS 524, 3464 (2023)

L4 How to discriminate models? (astro2)

Strain noise [1/‘/@]

10725}

1072

10724

Cosmic Em%tem

Explorer Tele%mpe

10 100 1000
Frequency [Hz]

Hall, Galaxies 10, 90 (2022)

but: if phase transition “late” - hard to disentangle from other uncertainties

see also e.g. Essick et al., PRD (2023); Coupechoux et al., PRD (2023); Raithel&Most, PRD (2023), ...

A. F. Fantina
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‘ How to discriminate models? (astro 3)

» more sensitive detectors - new generation (ET, CE)
—> possible identification of properties from (quasi-)universal relations (or discrepancy from them)

PHASE TRANSITION - POST-MERGER | - pradhan et al (2022)
Pradhan et al (2023)
200~ —— best model
0.055 I | I I I I - ?:ffuéffm
CoRe database (2022) Cowling p_modes
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0.050 -=-- Conzalez et al.(2022),q = 1,8 = 0— z S
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= ° =100+
) I. QI#8) ) . : % e
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2 0040 e (#11) - e
& : o = | | i
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=
Prakash et al., PRD 109, 103008 (2024); see also e.g. -0.2r . 1 1 1 1
Bauswein et al. 2019, Kochankovksi et al. 2025 0.10 0.15 0.20 0.25 0.30 035

MIR

Montefusco et al., A&A 694, A150 (2025)
A. F. Fantina



‘ Compact objects: sites for (hot) dense matter

CCSN
BNS (post-)mergers

PNS

NS (old)
binary inspiral

np
T
Ye

M M M M M M M

(07 ~ 10nsat)

(0,~ 100) MeV ~ Strong P(ns,T,Ye)
(0,0.6) (weak), v rates
y Ue -> compo
(0, ~ 1Onsat)

~Y Strong P(nB’Ta(ye))
(0,~ 20) MeV (+weak) (+ rates
(0,0.5)) > composition)
(0, ~ 10m5at) strong+weak
0 - B equil. P(ng)

Memo:
A. E Fantina

1 MeV <> ~ 1010 K
104 fm=3 &> ~ 10" g/cm3, ng;; ~ 0.16 fm=3 > ~ 2.7 10" g/cm3



CCSN / NS mergers = hydro + rates

= Hydro eqgs (in Newtonian and spherical symmetry) = Weak reactions
(Mihalas & Mihalas, “Foundation of radiation hydrodynamics”) (e.g. Langanke & Martinez-Pinedo, Rev.Mod.Phys. 2003)
2
D/O +p 1 8(7a U) £ Mass conseryv. (A, Z)+e = (A, Z—1)+ v, electron capture on nuclei
Dt r2 . Or p+e =Zn+vr, electron capture on free protons
Dv A e DP 0 Gm @ Momentum v+ (A Z)2 v+ (A Z) elastic scattering on nuclei
Dt consery. vi+er =2 vt et inelastic scattering off electrons
v+ NZ2v+ N elastic scattering on nucleons
De 1/10 Energy cons. e ) _ 5 |
(A,Z) +e (A, Z + 1) + v, positron capture on nuclei
DY v energy n+et = p+v, positron capture on free neutrons
D reactlons & mometum v+ (A Z)2v+ (A Z) inelastic scattering on nuclei
EC rates (A, Z2)* =2 (A, Z)+v+rv  nucleus decay

N+N=2N+N+v+v  nucleon nucleon bremsstrahlung
NB: SN / merger needs 3D after bounce !

: i 2% . Ve + Ve 2V, + 1), vV, annihilation
GR included in simulations! e T e L ele

e +et 2v+v e"e” annihilation ,

> Need of EoS + matter composition, rates
» Neutrino transport (numerically challenging)
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b EoS at finite temperature: generalities (1)

» Most general EoS: P({n..ns}, T), with conserved densities (charges) ng, n., nq, ng

= For CCSN / BNS merger often P(ng, Y.=Yq, T) 2 general purpose EoS
Baryon density, log, (p [g%em”) Baryon denstty, log, (p [g/om”]) n B E (O ~ 1 On t )
10? (.;. 'Il' EIZ' ?. 1.0. 1.1. 1.2. 1.3. 1[4' 1|5 05 10% (.3. ?. ilil ?. 1.0. 1[1' 1|2, 1|3' 1|4' 1'5 ) Sa
T e (0,~100) MeV
%101 | 0.35 % 101 i
5 los 5 p-Ye.t=85.4ms p-s,t=854ms
G S 05 T 0 30
g 0.25 2 , .
é. s g- 045 Ly
: 25
e 10" e 10° 04|
015 ) M7
0.1 ‘g ] | % § 20
0.0 .§ s § g
E 025] - = X 15
—~1 N N N N N . L L N 1 N N . L N N N N N = w
R e 0 T d;sny’:B Jog 107 10T w0y, T 0 0 oo sny,:B[glgi] 10° 10 % 02| { go g
(a) 15 Mg (b) 40 Mg W 015! s 9 & 10
Fischer et al., ApJS 194, 39 (2011) - h ‘ =
6 5
0.05 | B J
o § . 0 12 §E) deisast %4 £ 8 0 12 5
Log 10 density [g/cms] Log 10 density [g/cms]
Perego et al., MNRAS 443, 3134 (2014)
for a review, e.g. Oertel et al., RMP 89, 015007 (2017)
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b EoS at finite temperature: generalities (2)

: S 2 et 1 :
Temperature enters in FD distribution:  f(e) =  Toxp(e— )/ F5T) - effects depend on (e-p)/T ratio
2 /
. L 1 1 4 /
Photons = free Bose gas: Ephot = WUCBT) e ggphot x (kgT)

Leptons - free Fermi gas at finite T (see slides 21-23)

Hadrons (bound/unbound) - different regimes:

s Low density & T (<~0.5 MeV) - nuclear reaction network needed (e.g. stellar evolution, nucleosynthesis)
* Low density & T (>~ 0.5 MeV) - nuclear statistical equilibrium (NSE)

% Intermediate density & low-intermediate T - interactions in medium -2 “modified” NSE

* High density & T - cluster dissolution - nucleons + new d.o.f. ?

Minimisation of E = minimization of F I BL L S kBTS

NB: - also p gas in the medium!
- photons & leptons decouple from hadrons
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= Hp: mixture of nucleons and clusters X (A;,Z;) in chemical equilibrium: Hx = N,un o= Z/Lp

» [f non-interacting particles (simplest model):

- partition function factorises Ry,
- apply Boltzmann statistics (ideal-gas like): fvMB =€ FBT
S notidies: Sl iR
- non-relativistic particles: i o, figacity
. : : At ; —(micz—ui)/kBT m;kpT 3/2 £i
- number density (Saha-like): 1; = gs i€ ( 572 ) = 0s.i )\3
> Energy density: & = ZZ mic2nz- = %kBT ZZ n; E//

- Pressure: P =kpT ZZ Uz

% Masses and g; = (2J; + 1) (g.s.) from exp/theo data tables
*» Possible inclusion of excited states (but no exp data - theo level density)
% and Coulomb interaction (screening — often fitting formulae)

for a review, e.g. Oertel et al., RMP 89, 015007 (2017), Burgio & Fantina, ASSL 457 (2018), Lattimer, ARNPS 31, 337 (1997); also
A.F Fantina ~ Gulminelli&Raduta, PRC 92, 055803 (2015), Grams et al., PRC 2018, Dinh Thi et al., A&A 2023 85



EJ (Extended) NSE

= but : interactions = in medium effects - different ways, e.g.

¢ Virial expansion (e.g. Horowitz&Schwenk, NPA 2006)
Expansion in fugacity z; of grand canonical potential > valid when z; << 1
Coefficients of expansion - many-body correlations of system at low density

n, [fm_3]

Horowitz&Schwenk, NPA 776, 55 (2006)

» Light clusters with energy shifts (e.g. Typel etal., PRC 2010, Pais et al., PRC 2018)
Light clusters (2H, 3H, 3He, alpha) added as d.o.f. (quasi-particles)

* D( % < > 10 T lI'I'H T lI'I'I" }l T
Mp z =MAZ — 9o,AZ\O ., “He
1.0 ><'° 10
O.Q- = B
< Excluded volume approach Lo 2 10
(e.g. Lattimer&Swesty, NPA 1991, Guiminelli&Raduta, PRC 2015, ...) ¢ 77 g 3
Volume occupied by cluster = excluded to others £ *¢ g 10
2 05 —
- 0 2 0%
- dissolution of clusters at high density i, =iy 10°
but: model dependence ! oif — ey 10° 10* 107 10° 10" 10°
0.0 arrT R TET EEETETTTT B

10"

10°

)
10

10"

baryon density n, [fm-B]

10°

density n [fm's]

Typel et al., PRC 81, 015803 (2010)

Typel, EPJA 52, 16 (2016)

for a review, e.g. Oertel et al., RMP 89, 015007 (2017), Burgio & Fantina, ASSL 457 (2018) and refs therein
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L4 Conclusions & open questions

** Nuclear physics + astrophysics - constraints on EoS but still hard to discriminate
—> nucleonic hp compatible with observations, no (dis)proof of exotic matter to now

v need of (microscopic) reliable theoretical model + experimental data to calibrate models
:D v need of (more precise / numerous) astrophysical observations + post-merger?
—> phase transition, modes (?)

% Importance of treatment at finite T > ensemble of nuclei

» Extrapolation from raw data > model dependence of the constraints

» Lab. exper. mostly “low” density (~ saturation density), low T probed
- 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 > effects of microphysics inputs in astro modelling ?

—> consistent implementation
—> systematic studies / bayesian analysis - uncertainties, implementation of consistent probab. distributions

—> static vs dynamical properties
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