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Super heavy “nucleus”
Neutron stars are not “stars”: they are the extremely compact
remnants of gravitational core-collapse supernova explosions.

Nuclear physics:

A 10%

R 1A'= 10km
D 10 gcm 3
Energy scale: MeV
“cold” - 109K . “hot”

Neutron stars are initially very hot (102 K) but cool down to
10° K within days by releasing neutrinos. The youngest known
neutron star is about 350 years old.

cold “catalyzed” matter hypothesis

matter in full thermodynamic equilibrium (ground state)

Harrison, Wakano and Wheeler, Onzieme Conseil de Physique Solvay (Stoops,
Brussels, Belgium, 1958) pp 124-146


http://www.thesolvayscienceproject.be/items/show/1079
http://www.thesolvayscienceproject.be/items/show/1079
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Internal constitution of a neutron star
Despite their name, neutron stars are not only made of neutrons!
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picture taken from Haensel, Potekhin, Yakovlev, “Neutron Stars” (Springer, 2007)

The equation of state relating pressure P to mass-energy density
is one of the key microscopic ingredients for modeling neutron stars.
Blaschke&Chamel, Astrophys. Space Sci. Lib. 457, eds L. Rezzolla, P. Pizzochero, D.
I. Jones, N. Rea, |. Vidafia p. 337-400 (Springer, 2018), arXiv:1803.01836



https://link.springer.com/book/10.1007/978-0-387-47301-7
https://doi.org/10.1007/978-3-319-97616-7_7
https://doi.org/10.1007/978-3-319-97616-7_7
https://arxiv.org/abs/1803.01836

On the importance of a consistent description

Ad hoc matching of different models of dense matter can lead to
significant errors on the neutron-star structure & dynamics:
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Suleiman et al., Phys. Rev. C 104, 015801 (2021)


https://link.aps.org/doi/10.1103/PhysRevC.104.015801

Outline

Internal constitution of a neutron star

> Microscopic model of dense matter
> Constraints from laboratory experiments and ab initio calculations

Comparison with astrophysical observations

> Direct Urca cooling vs observed thermal emission

> NICER view of PSR J0740+6620, PSR J0030+0451,
PSR J0437—4715

> Multimessenger observations of GW170817

Conclusions & perspectives
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Neutron-star surface

The surface of a neutron star is expected to be made of iron, the end
product of stellar nucleosynthesis.

Compressed iron can be studied
with nuclear explosions and
laser-driven shock-wave
experiments...

Temperature (K)

But at pressures corresponding to
about 0:1 mm below the surface!

0.1 1 10 100 1000
Pressure (Mbar)

Stixrude, Phys.Rev.Lett. 108, 055505 (2012)

Ab initio calculations predict various structural phase transitions:

iron is expected to have a body-centered cubic (bcc) crystal lattice
structure at high pressures.



https://doi.org/10.1103/PhysRevLett.108.055505

Crystal Coulomb plasma

Atadensity &, 2 10*gcm 3 (about 22 cm below the surface),
the interatomic spacing becomes comparable with the atomic radius.

Ruderman, Scientific American 224, 24 (1971)

At densities eip, atoms are crushed into a dense crystal of bare
nuclei in a degenerate electron Fermi gas.

V.



http://doi.org/10.1038/scientificamerican0271-24

Gravitational stratification and matter neutronization

The crust is stratified into pure layers composed of nuclei (Z; A). The
pressure P is mainly determined by the relativistic electron Fermi gas.

At the interface, P P<(ne) therefore ne must be continuous.


https://doi.org/10.1103/PhysRevC.94.065802
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Gravitational stratification and matter neutronization

The crust is stratified into pure layers composed of nuclei (Z; A). The
pressure P is mainly determined by the relativistic electron Fermi gas.

At the interface, P P<(ne) therefore ne must be continuous.
. . VA Z
Electric charge neutrality, ng = —1n1 = —2n2.
Ay Ao
Hydrostatic equilibrium ny > ny ) Zo=A, < Z1=A;.
182 >0 M(Az; Z2)=A2 > M(Ay; Z1)=A.

Chamel&Fantina,Phys.Rev.C 94, 065802 (2016)
With increasing depth, nuclei become more neutron rich until

neutrons “drip” out marking the transition to the inner crust, where
nuclei coexist with free neutrons and electrons.



https://doi.org/10.1103/PhysRevC.94.065802

Description of the outer crust of a neutron star
Traditional approach: numerical minimization of the Gibbs free
energy per nucleon at different pressures P
Tondeur, A&A 14, 451 (1971); Baym, Pethick, Sutherland, ApJ 170, 299 (1971)


https://ui.adsabs.harvard.edu/abs/1971A%26A....14..451T/abstract
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.032801
http://doi.org/10.5281/zenodo.3719439
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New approach: iterative minimization of the pressures between
adjacent crustal layers (approximate analytical formulas)
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very accurate and reliable ( P=P 10 3 %)
composition and stratification (depths, abundances)
10° times faster

Freely available computer code:
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Nuclear-physics inputs: Masses of atomic nuclei


https://ui.adsabs.harvard.edu/abs/1971A%26A....14..451T/abstract
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.032801
http://doi.org/10.5281/zenodo.3719439

Experimentally determined layers

The composition is completely determined by experimental data
downto 200m for a 1:4M neutron star with a radius R = 10 km. J

om
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Kreim et al., Int.J.M.Spec.349-350,63(2013)

In 1971, the crust was experimentally known down to the layer of
84Se at density 8  10% g/cm 3. Today, the limitisat6 10'° g/cm 3.


https://doi.org/10.1080/10619127.2013.793089

Plumbing neutron stars to new depths

Precision mass measurements of
827n by the ISOLTRAP
collaboration at CERN ISOLDE
radioactive-beam facility allowed

to reach the layer of 8°Zn in 2013.

Wolf et al.,Phys.Rev.Lett.110,041101(2013)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.041101
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Plumbing neutron stars to new depths

Precision mass measurements of
827n by the ISOLTRAP
collaboration at CERN ISOLDE
radioactive-beam facility allowed
to reach the layer of 8°Zn in 2013.

Nuclei in the layers beneath must
be such that Z=A < 0:375 and
M(A; Z)=A > 930:848 MeV.

This rules out the doubly magic
48Ca, “8Ni, and %6Ni but not "8Ni. J

Wolf et al.,Phys.Rev.Lett.110,041101(2013)

Precision mass measurements of nucleiZ 40, N 82 needed!


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.041101

Stratigraphic column of the outer crust

To drill deeper, nuclear mass models must be used:
semi-empirical (e.g. Bethe & Weizsécker)
mic-mac (e.g. Duflo & Zucker, FRDM)
“microscopic” (e.g. HFB, RMF)

Lunney et al., Rev. Mod. Phys.75, 1021 (2003)

Example shown on the left:

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

Freely available computer code:

http://doi.org/10.5281/zenodo.3719439

Refined mass models using machine learning:
Utama et al., Phys.Rev.C93,014311(2016)
Shelley&Pastore, Universe 7, 131 (2021)


https://doi.org/10.1103/RevModPhys.75.1021
https://doi.org/10.1093/mnras/sty2413
http://doi.org/10.5281/zenodo.3719439
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.3390/universe7050131

Stratigraphic column of the outer crust

To drill deeper, nuclear mass models must be used:

semi-empirical (e.g. Bethe & Weizsécker)
mic-mac (e.g. Duflo & Zucker, FRDM)
“microscopic” (e.g. HFB, RMF)
Lunney et al., Rev. Mod. Phys.75, 1021 (2003)
Example shown on the left:
Pearson et al., MNRAS 481, 2994 (2018)
Freely available computer code:
http://doi.org/10.5281/zenodo.3719439

Refined mass models using machine learning:
Utama et al., Phys.Rev.C93,014311(2016)
Shelley&Pastore, Universe 7, 131 (2021)

However, such models cannot be used to describe
the inner crust and core.



https://doi.org/10.1103/RevModPhys.75.1021
https://doi.org/10.1093/mnras/sty2413
http://doi.org/10.5281/zenodo.3719439
https://doi.org/10.1103/PhysRevC.93.014311
https://doi.org/10.3390/universe7050131

Nuclear energy-density functional theory

This theory allows for a unified and thermodynamically consistent
description of all regions of neutron stars J

microscopic: self-consistent quantum approach

numerically tractable: allows for systematic calculations over a
wide range of temperatures, densities, composition

possibility to include hyperons

versatile: not only for the equation of state, but also transport
properties, reaction rates, etc.

time-dependent extension for dynamics


https://qcmd.mpsd.mpg.de/methods/first-principles/
https://doi.org/10.1080/23746149.2020.1740061

Nuclear energy-density functional theory

Many-body problem reduced to an effective one-body problem.
This goes beyond the mean-field approximation. J

First developed in the 1960’s for electrons in molecules and solids...

©Andrea Cavalleri/ MPSD

and in the 1970’s for nucleons in atomic nuclei
G. Cold, Advances in Physics X, 5(1) (2020) 15


https://qcmd.mpsd.mpg.de/methods/first-principles/
https://doi.org/10.1080/23746149.2020.1740061

Nuclear energy-density functional theory

In practice, one must solve the coupled Hartree-Fock-Bogoliubov

(HFB) equations for both neutrons and protons (9 =n;p): .
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which inturn dependon  P(r; yand P(r; ).
N. Schunck (ed.), EDF Methods for Atomic Nuclei (IOP Publishing, Bristol, 2019)
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In principle, the nuclear EDF theory is exact. But the exact functional
is unknown! In practice, phenomenological functionals must be used. J



https://iopscience.iop.org/book/edit/978-0-7503-1422-0

Nuclear uncertainties

Many functionals are available, but most of them were fitted to a few
(doubly magic) nuclei and are not suitable for neutron stars.

J

How to quantify nuclear-matter uncertainties?

E (energy/baryon)

o

nm

EOS for pure

neutron mattel\

including
hyperons
(charge-neutral
baryonic matter)

p (baryon density)

p
n

Hirokazu Tamura, JPS Conf. Proc. 1, 011003 (2014)

EOS
for symmetric
nuclear matter

ordinary
nucleus


https://doi.org/10.7566/JPSCP.1.011003

Nuclear uncertainties

Many functionals are available, but most of them were fitted to a few
(doubly magic) nuclei and are not suitable for neutron stars.

J

How to quantify nuclear-matter uncertainties?

The energy per nucleon of nuclear matter at T = 0 around saturation
density ng and for asymmetry = (n, np)=n, is usually written as

e(n; )=eo(n)+S(n) 2+0 * where

K K? .
eO(n) =ay + % 2 @ S+ (0] 4 with = (n ﬂo)zno
L K
S(m=J+z + fgm 2+0 3 isthe symmetry energy

The lack of knowledge is embedded in a,, Ky, K’, etc.



Climbing Jacob’s ladder of EDF

Brussels functionals based on extended Skyrme interactions have
been accurately calibrated to a large set of experimental data:

2300 atomic masses ( 0:5 0:6 MeV=c?)
900 nuclear charge radii ( 0:03 fm)

. removal of spurious spin-isospin instabilities (BSk18)
Chamel, Goriely, Pearson, Phys.Rev.C80,065804(2009)
Chamel & Goriely, Phys. Rev. C 82, 045804 (2010)
. fit to realistic neutron-matter equations of state (BSk19-21)
Goriely, Chamel, Pearson, Phys.Rev.C 82, 035804 (2010)
. fit to different symmetry energies (BSk22-26)
Goriely, Chamel, Pearson, Phys.Rev.C 88, 024308 (2013)
. generalized spin-orbit coupling (BSk29)
Goriely, Nucl.Phys.A933, 68 (2015)
. fit to realistic 'S pairing gaps (BSk30-32)
Goriely, Chamel, Pearson, Phys.Rev.C 93, 034337 (2016)
. new family using a full 3D HFB code (BSkG1-4)
Grams et al., EPJ A59, 270 (2023); EPJ A61, 35 (2025)


https://doi.org/10.1103/PhysRevC.80.065804
https://doi.org/10.1103/PhysRevC.82.045804
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.035804
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.88.024308
https://doi.org/10.1016/j.nuclphysa.2014.09.045
https://doi.org/10.1103/PhysRevC.93.034337
https://doi.org/10.1140/epja/s10050-023-01158-6
https://doi.org/10.1140/epja/s10050-025-01503-x

BSk19-21: neutron-matter constraint

BSk19-21 were simultaneously fitted to three realistic neutron-matter
equations of state with different degrees of stiffness:

400 [ e
| [2 FP(1981) .
A Wiringa et al. (1988) N
- |e APR (1998) L)
3001 | BHF (2008) R o

100/

Gandolﬁ Carlson Reddy (2012)

027703 04 05 06 07 08 09 1
n [fm”]

0.1

Goriely, Chamel, Pearson, Phys.Rev.C 82, 035804 (2010)


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.035804

BSk22-26: symmetry-energy constraints
BSk22-26 were further adjusted to different values of J = S(no).

BSk22 BSk23 BSk24 BSk25 | BSk26
ay [Mev] | -16.088 -16.068 -16.048 -16.032 | -16.064
norm 3 | 0.1578 0.1578 0.1578 0.1587 | 0.1589
J [MeV] 32.0 31.0 30.0 29.0 30.0
L Mev] 68.5 57.8 46.4 36.9 37.5
Ksym[MeV] 13.0 -11.3 -37.6 -28.5 -135.6
Ky [MeV] 245.9 245.7 2455 236.0 240.8
K? Mev] 275.5 275.0 274.5 316.5 282.9
M, =M 0.80 0.80 0.80 0.80 0.80
M, =M 0.71 0.71 0.71 0.74 0.65
NeuM BHF BHF BHF BHF APR

Lower and higher values of J were considered but yielded
substantially worse fits to atomic masses.

BHF: V18’ from Li & Schulze, PRC 78, 028801 (2008)
APR:’A18 + v + UIX ’ from Akmal et al., PRC 58, 1804 (1998)

20


https://doi.org/10.1103/PhysRevC.78.028801
https://doi.org/10.1103/PhysRevC.58.1804

BSk22-26: symmetry-energy constraints

The symmetry energy S(n) at lower densities is consistent with
various experimental constraints:
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Goriely, Chamel, Pearson, Phys.Rev.C 88, 024308 (2013)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.88.024308

Symmetry energy at higher densities

BSk22-26 mainly differ in their predictions for the symmetry energy at
densities encountered in the core of neutron stars:

Goriely, Chamel, Pearson, Phys.Rev.C 88, 024308 (2013)

22


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.88.024308

Equation of state of the outer crust

The pressure is mainly determined by electrons, and is almost
independent of the composition. J

[ - HFB-22 7]

[ — HFB-24 g ]

0.0004 - ____HFrB-25 7 ]

[ HFB-26 / ]
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— r 4 1
‘T‘E 0.0003 |- a ]
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= 0.0002 - 4 ]
- 7 ]
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Pearson,Chamel,Potekhin et al., MNRAS 481, 2994 (2018) 23


https://doi.org/10.1093/mnras/sty2413

“Nuclei” in the inner crust of a neutron star

The inner crust is decomposed into identical Wigner-Seitz cells:

24



“Nuclei” in the inner crust of a neutron star

The inner crust is decomposed into identical Wigner-Seitz cells:

By symmetry, it is enough to consider a single (electrically charge
neutral) cell.

Each cell thus resembles a neutron-saturated nucleus immersed in a
bath of degenerate neutrons and electrons. J

24



Description of the inner crust of a neutron star

Over the years, we have developed a fairly accurate and
computationally very fast approximation to the full HFB equations.

J
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Description of the inner crust of a neutron star

Over the years, we have developed a fairly accurate and
computationally very fast approximation to the full HFB equations. J

Extended Thomas-Fermi+Strutinsky Integral (ETFSI) approach:
semiclassical expansion up to ~*: the energy E becomes a
functional of nn(r) and ny(r) and their derivatives only.
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Description of the inner crust of a neutron star

Over the years, we have developed a fairly accurate and
computationally very fast approximation to the full HFB equations.

|

Extended Thomas-Fermi+Strutinsky Integral (ETFSI) approach:
semiclassical expansion up to ~*: the energy E becomes a
functional of nn(r) and ny(r) and their derivatives only.
consistent proton shell effects are added perturbatively.
inclusion of BCS pairing for bound protons
to speed up the computations, nucleon densities (q = n;p) are
parametrized as nq(r) = ngq +n 4fy(r),

fo(r) = !

1+exp C;q RR

r Cq
aq

1 exp

Neq, N g, Cq, 8q are free parameters.
Onsi et al., Phys.Rev.C77, 065805 (2008); Pearson et al., Phys.Rev.C85, 065803
(2012); Phys.Rev.C91, 018801 (2015)

Systematic comparison with HFB:
Shelley&Pastore, Universe 6, 206 (2020)
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Zeq

Constitution of the inner crust

The composition is strongly influenced by the symmetry energy.

The ordinary nuclear shell structure is altered: Z = 28; 82
disappear, while 40; 58; 92 appear (quenched spin-orbit).
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Equation of state of the inner crust

The pressure in the inner crust is related to the slope of the symmetry
energy P n2S'(n) J
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