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2 G. Colò

1. – Introduction

Atomic nuclei are strongly correlated, self-bound quantum systems that are still cap-
turing the interest of so many scientists, more than a century after their discovery, for a
variety of reasons.

The nuclear chart, that is a two-dimensional arrangement of nuclei on a plane where
the number of neutrons, N , and the number of protons, Z, are the x� and y�axis,
respectively, has still broad territories to be explored. A schematic view from the web
(https://www.nndc.bnl.gov/chart/) is displayed in Fig. 1. Every year, a large number of
new nuclei, that amount to ⇡ 20-30 in the last decade, are being discovered (cf. [1] and
references therein). The limit of existence for neutron-rich or neutron-deficient nuclei (so-
called drip lines, beyond which nuclei are unbound with respect to neutron and proton
emission, respectively), and the search for superheavy elements, are the highlights of this
exploration.

At the same time, the nuclear physics and nuclear astrophysics communities are striv-
ing to grasp some understanding of compact objects like neutron stars, that are extreme
forms of nuclear matter. While ordinary nuclei display densities around the so-called sat-
uration density ⇢0 = 0.16 fm�3 (see below) and are at, or lie close to, zero temperature,
di↵erent conditions may be realised in stars. The inner core of neutron stars contains

Neutron drip lin
e

Proton drip lin
e

Fig. 1. – Overall view of the nuclear chart. In the right part, a schematic picture of a neutron
star (taken from D. Page), is displayed.

There is a complementarity between observations of NSs and nuclear structure 
experiments. No nuclear structure experiment can directly probe a NS but plenty 
of them are much related to NS physics.

Keywords: masses, isovector states and symmetry energy, low-lying spectra, 
pairing ...
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• It is often said that Landau hinted NSs could exist 
during a conversation with Bohr and Rosenfeld (cf. 
https://arxiv.org/abs/1210.0682).

• The discovery came much later, under the form of 
pulsars (1967). J. Bell and A. Hewish were authors 
of this discovery, but the Nobel prize was awarded to 
Hewish only.

• ”Compact” objects. About 1.4-2 solar masses (  1030 
kg) within a radius of 10 km.

11/04/26, 15:25Neutron stars

Page 2 of 14https://pages.astro.umd.edu/~mcmiller/nstar.html

At these incredibly high densities, you could cram all of humanity into a volume the size of a sugar cube. Naturally, the
people thus crammed wouldn't survive in their current form, and neither does the matter that forms the neutron star. This
matter, which starts out in the original star as a normal, well-adjusted combination of electrons, protons, and neutrons, finds
its peace (aka a lower energy state) as almost all neutrons in the neutron star. These stars also have the strongest magnetic
fields in the known universe. The strongest inferred neutron star fields are nearly a hundred trillion times stronger than
Earth's fields, and even the feeblest neutron star magnetic fields are a hundred million times Earth's, which is a hundred
times stronger that any steady field we can generate in a laboratory. Neutron stars are extreme in many other ways, too. For
example, maybe you get a warm feeling when you contemplate high-temperature superconductors, with critical
temperatures around 100 K? Hah! The protons in the center of neutron stars are believed to become superconducting at 100
million K, so these are the real high-T_c champs of the universe.

All in all, these extremes mean that the study of neutron stars affords us some unique glimpses into areas of physics that we
couldn't study otherwise.

So, like, how do we get neutron stars?
Neutron stars are believed to form in supernovae such as the one that formed the Crab Nebula (or check out this cool X-ray
image of the nebula, from the Chandra X-ray Observatory). The stars that eventually become neutron stars are thought to
start out with about 8 to 20-30 times the mass of our sun. These numbers are probably going to change as supernova
simulations become more precise, but it appears that for initial masses much less than 8 solar masses the star becomes a
white dwarf, whereas for initial masses a lot higher than 20-30 solar masses you get a black hole instead (this may have
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Structure of neutron stars
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Outer surface of the star: 56Fe 
atoms. 

Outer core: nuclei and free neutrons coalesce. This defines the so-called outer core. Elongated 
shapes vs. uniform matter? Balance between surface energy and Coulomb energy.

Inner core: completely uncertain is the composition of neutron stars at even higher densities. 
Leptons, 𝞢, 𝞚, 𝞝 hyperons? Quark matter??

With increasing density, atoms are 
ionized and the electrons become 
relativistic.

Outer crust: nuclei in a lattice, plus
electron gas. Electron capture: 
nuclei become neutron-rich.

Inner crust: nuclei "drip neutrons 
out”. 

"pasta" structures

−3−3

Inner crust:

nuclei + neutrons + e
−

Outer crust:

−3

~ 2 x 10   g cm

?
?

?

~ 10 km

~ 0.5 km

~ 0.3 km

~ 4 x 10   g cm

n + p + e  + µ

Uniform nuclear matter

−

−

nuclei + e

 11

~ 10   g cm
6 14

Outer core: Hyperons ?

Atmosphere

Quarks ?

Meson condensates ?

Inner core:

FIG. 3: (Color online) A schematic cross section of a neutron star illustrating the various regions

discussed in the text. The di↵erent regions shown are not drawn on scale.

outermost layer; the crust, divided into outer and inner crust with a thickness of about ⇠ 1

km and a mass only a few percent of the total mass of the star; and the core, divided also

into two parts: the outer and the inner core, with a radius of about ⇠ 10 km and almost

the total mass of the star.

The most external region, the atmosphere, is a very thin plasma layer where the observed

thermal spectrum of the neutron star is formed. Its thickness varies from some ten cen-

timeters in hot neutron stars to a few millimiters in the cold ones. The theoretical study

of neutron stars atmospheres has been carried out by many authors (see e.g., Ref. [67] and

references therein), although current atmosphere models, consisting of hydrogen, helium or

carbon, are far from being complete. The main problems are associated with the calculation

of the EoS, the ionization equilibrium and the spectral opacity of the atmospheric plasma

(see Chapters 2 and 4 of Ref. [5] for a detailed review).

The outer crust extends from the bottom of the atmosphere up to few hundred meters

below. It is a solid region where heavy nuclei, mainly around the iron mass number, form

a Coulomb lattice in �-equilibrium with a strongly degenerate electron gas which becomes

ultrarelativistic at densities ⇢ > 106 g/cm3. We note that the study of the mechanical,

thermal and electric properties of this region is not only interesting for the physics of neutron

20



Masses and radii
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11/04/26, 16:01

Page 1 of 17https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html#changes

Pulsar mass measurements and tests of general relativity

Fig. 1: Neutron star mass measurements presented in the table below, sorted by increasing mass. The letter C in parentheses indicates a companion to a pulsar
that is itself not a pulsar. The names in blue are the cases where such a companion could be a NS or a massive WD, the names in red are for confirmed NSs, as
the mass values in the main table. The error bars in orange denote multiple recent measurements of the same NS mass. On the right, we have a histogram of the

NS masses. Figure created by Vivek V. Krishnan. For a version without the histogram, click here

The 3-part table below only includes systems for which there is either no mass transfer nor significant mass loss, i.e., ``clean''
systems, where tests of general relativity are in principle possible. This page is therefore not meant to be comprehensive, but
merely my personal reference on precise NS masses and tests of gravitational theories.

See the latest changes to this page below.

The mass measurements or constraints are highlighted in red for NSs, in blue for objects that can either be NSs or massive
WDs, and gray for WDs (and 1 MS star). Each row has one stellar system.

I indicate in boldface the constraints that yield, according to GR, the most precise mass values or limits, or that were used to
derive them in the literature. These mass constraints are derived from radio timing and, in some cases, the combination of
timing with optical measurements of their white dwarf companions. The 1-  uncertainties on the masses are indicated by the
numbers in parentheses, they apply to the last digits of the values. The types of constraints are explained immediately after the
main tables. In cases where there are more than two mass constraints, one might be in the presence of a test of general
relativity. For the reference on each mass constraint, click on its symbol.

1. The top table lists all 65 precise (where the 1-σ uncertainty is smaller than 15% of the measurement) NS mass
measurements, plus 3 precise mass measurements for objects that can either be NSs or massive WDs, in a total of 53
stellar systems.
I list the mass of the binary only if it constrains the individual masses of the components. This happens for several
eccentric systems, where the binary mass can be derived directly from the rate of advance of periastron.

2. The middle table lists 31 systems where the only available post-Keplerian effect is the rate of advance of periastron. In
these systems we can only estimate the mass of the binary system, not the individual component masses. The systems
listed are those where the binary mass estimates have relative precisions better than 15%. Using the mass functions of
these systems and the binary mass, we can estimate maximum limits for the pulsar mass and minimum limits for the
companion masses.

3. The last table lists all confirmed (26) and candidate (11) pulsar - neutron star systems that have been published. The
members of this list repeat several systems presented in the previous two parts. It also includes systems for which no
mass constraints have been published, apart from the mass functions.

If you find this table useful, then please cite the relevant original references. If not practical, then please cite this review on the
topic of NS masses, or this review on the topic of gravity experiments with radio pulsars.

Acronyms used below:

NS - neutron star.

PSR - pulsar, a NS for which we can detect periodic pulsations

yPSR - young pulsar (i.e., no sign of recycling)

MSP - millisecond pulsar (recycled pulsar with ),

σ

F0 > 60Hz

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

Up to a while ago, measurements of radii have been plagued by large 
uncertainties. Moreover, radii and masses were determined for different systems.

NASA’s NICER mission has measured, for the first time, mass and radius of the 
same stars.

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


The TOV equation
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dP (r)

dr
= →GM(r)ω(r)

r2c2

(
1 + P (r)

ω(r)

)(
1 + 4εr3P (r)

M(r)c2

)

1→ 2GM(r)
rc2

3.1. TOLMANN-OPPENHEIMER-VOLKOFF (TOV) EQUATIONS

Figure 3.1: Pictorial representation of the hydro-static equilibrium between pressure and
gravity for a general star.

Dividing it by 4ωr2 we get the inward pressure due to the gravitational force, that
has to be equal to p(r)→p(r+dr) that is the di!erence between the internal pressures
at the edges of the shell. Equating these two terms and dividing each side by dr, one
gets

dP (r)

dr
=

dF

4ωr2dr
= →Gm (r) ε (r)

r2
. (3.1.2)

Using also the expression for m(r)

dm (r)

dr
= 4ωr2ε (r) , (3.1.3)

we have now a closed set of two first order coupled di!erential equations that can be
solved with some boundary conditions once we have a relation between pressure P (r)
and density ε(r). Here we want to point out that in Newtonian treatment the density
stands for the pure mass density, while when we deal with General Relativity, due to
the equivalence between mass and energy, ε(r) assumes the character of an energy
density divided by c2 , namely ε(r) = E/c2.
As we said above, when studying neutron stars one as to take into account Einstein’s
theory of gravity: the parameter that gives an idea of the weight of general relativity
corrections is compactness C = Rs/R. It is a dimensionless parameter defined by the
ratio between the Schwarzschild radius (Rs = 2GM/c2) and the radius of the star.
The closer the compactness parameter of an object, such as a neutron star, is to 1,
the stronger the e!ects of general relativity become, emphasizing the importance of
considering General Relativity when describing such objects. In fact, a compactness
parameter approaching 1 would indicate that the object is so dense that it may re-
semble a black hole, which cannot be accurately described by Newtonian mechanics

10

Credit: M. Bolis

The EQUATION OF STATE 

is needed
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P (⇢)

Only (n,p) with (e,µ): link with the EoS at 
nuclear densities (see later).

Hyperons: 2-body and 3-body interactions 
NEEDED (see H. Tamura).

QCD phase diagram at finite density (?).



The nuclear EoS and the symmetry energy
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Nuclear matter EOS
Symmetric
matter EOS

Symmetry 
energy S

E

A
(⇢,�) =

E

A
(⇢,� = 0) + S(⇢)�2

� ⌘ ⇢n � ⇢p
⇢

β=1

β=0

In turn, the symmetry energy can be expanded 
around saturation density.

S(⇢0) ⌘ J
S0(⇢0) ⌘ L/3⇢0
S00(⇢0) ⌘ Ksym/9⇢

2
0

M. Oertel et al., RMP 89, 015007
(2017); B.A. Li et al., Prog. Part.
Nucl. Phys. 99, 29 (2018)

To sustain NS masses of the order of two solar 
masses the EoS must be STIFF enough (we 
actually talk about β-equilibrated matter).
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Stiffness of the EoS, non-nuclear 
degrees of freedom

Treatment of the crust 



Measurements to constrain the nuclear EoS
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1. Masses of drip-line nuclei
P. Möller et al., PRL 108, 052501 
(2012).

2. ISOVECTOR nuclear excited states

3. DIPOLE polarizability
Static Electric Dipole Polarizability (αD)

in a static electric field
nucleus

with fixing the c.m. position

E

Inversely energy-weighted sum-rule of B(E1)

first order perturbation calc. A.B. Migdal: 1944

E(w) ~

Electric dipole moment

αD: electric dipole polarizability

αD = 8πe2

9 ∫ dB(E1)
Ex

5

The restoring force originates from the 
symmetry energy.

<latexit sha1_base64="CGInqRuWqFKYfY6hSRCKkvBd1CA=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwVWbE10YoPsBlBfuAzjBk0kwbmmRCkhHqUPwVNy4Ucet/uPNvTB8LbT1w4XDOvdx7TywZ1cbzvp25+YXFpeXCSnF1bX1j093arus0U5jUcMpS1YyRJowKUjPUMNKUiiAeM9KIe1dDv/FAlKapuDd9SUKOOoImFCNjpcjdlfACBojJLoryQHF4PYA3kVvyyt4IcJb4E1ICE1Qj9ytopzjjRBjMkNYt35MmzJEyFDMyKAaZJhLhHuqQlqUCcaLDfHT9AB5YpQ2TVNkSBo7U3xM54lr3eWw7OTJdPe0Nxf+8VmaS8zCnQmaGCDxelGQMmhQOo4Btqgg2rG8JworaWyHuIoWwsYEVbQj+9MuzpH5U9k/LJ3fHpcrlJI4C2AP74BD44AxUwC2oghrA4BE8g1fw5jw5L8678zFunXMmMzvgD5zPH8PJlCc=</latexit>

p = ↵DE A. Migdal, J. Phys. Acad. Sci. 
USSR 8(1-6), 331-336 (1944)

<latexit sha1_base64="wMB2Hh7UfKt3O+cM+1EiCr3tr3E="></latexit>

↵D =
⇡e2

54

Ahr2i
J

4. Heavy Ion Collisions

TMEP



Parity-violating asymmetry (and weak FF)

IUPAP Nuclear Science Symposium, 4/26

Parity-violating asymmetry measured in electron scattering is a probe 
of the neutron distribution (in principle, a model-independent probe).

Parity Violating Electron Scattering 

Dominant 

σ ∝ |Mγ + MZ |2

Parity-violating 

Electron elastic scattering:  

APV = σR − σL

σR + σL
∼ ∝ |MZ |

|Mγ |

γ/ZLongitudinally 
polarized electron 

≈ GFQ2QW

4πα 2Z

FW(Q2)
Fch(Q2)PVES probes weak form factor; 


primarily neutron distributions
!4

Neutron skin

CREX and PREX-2 results tend to predict Fch − FW
slightly below the PREX-2 result for 208Pb and slightly
above the CREX result for 48Ca.
Figure 3 shows the momentum transfer dependence of

Fch − FW as predicted by a few nonrelativistic and rela-
tivistic density functional models. It is evident that some
model results cross as a function of q, emphasizing the
somewhat different q dependence. In the limit q → 0,
FchðqÞ − FWðqÞ ≈ q2ðR2

W − R2
chÞ=6, where RW is the rms

radius of ρWðrÞ and Rch is the charge radius. Since this
equation is not valid at the larger q of CREX, the extraction
of RW − Rch introduces some model dependence.
Relativistic and nonrelativistic density functional model

predictions of RW − Rch versus FchðqÞ − FWðqÞ are plotted
in Fig. 4(a). The somewhat different ρWðrÞ shapes lead to
the vertical spread in the nonrelativistic models. Figure 4(b)
shows a similar plot of point neutron minus proton radii
Rn − Rp versus FchðqÞ − FWðqÞ. To calculate Rn − Rp
given Fch − FW , one must include full current operators
including spin orbit ðL⃗ · S⃗Þ contributions [67]. Relativistic
models tend to have somewhat larger L⃗ · S⃗ currents. As a
result, the gray circles in Fig. 4(b) are somewhat lower than
those in Fig. 4(a) when compared to nonrelativistic models.
Lines with slope matching that of the relativistic model
variation are drawn to enclose the full range of displayed
models, providing the model range and central values listed
in Table III. This underscores the fact that the CREX 48Ca
Rn − Rp has significant modeling uncertainty, in contrast to
the PREX 208Pb Rn − Rp, see Ref. [31]. Reduced model
uncertainty would result if theoretical predictions were
compared to the model-independent Fch − FW in Fig. 2
rather than to Rn − Rp in Fig. 5.

FIG. 2. Difference between the charge and weak form factors
of 48Ca (CREX) versus that of 208Pb (PREX-2) at their respec-
tive momentum transfers. The blue (red) data point shows
the PREX-2 (CREX) measurements. The ellipses are joint
PREX-2 and CREX 67% and 90% probability contours. The gray
circles (magenta diamonds) are a range of relativistic (nonrelativ-
istic) density functionals. For clarity, only some of these functionals
are labeled (SI [39], SIII [51], SV-sym34 [54], TOV-min [55], and
UNEDF1 [57]) The complete list is in Ref. [31].

FIG. 3. The difference between the charge and weak form
factors for 48Ca as a function of momentum transfer q ¼

ffiffiffiffiffiffi
Q2

p
.

The curves show results for nonrelativistic (SI, SLY4, UNEDF0,
UNEDF1) and relativistic (NL3) density functional models. The
CREX measurement is indicated by a circle with the inner black
error bar showing the contribution from statistics and the total
experimental error bar in red.

FIG. 4. (a) 48Ca weak minus charge rms radius versus charge
minus weak form factor at the CREX momentum transfer. The
CREX experimental value and uncertainty is shown (red square).
The gray circles (magenta diamonds) show a range of relativistic
(nonrelativistic) density functionals. (b) 48Ca neutron minus
proton rms radius versus charge minus weak form factor.

TABLE III. Extracted RW − Rch and Rn − Rp radii. The first
uncertainty is experimental and the second reflects the shape
uncertainty in ρWðrÞ estimated from the spread in Fig. 4.

Quantity Value$ ðexpÞ $ ðmodelÞ ðfmÞ
RW − Rch 0.159$ 0.026$ 0.023
Rn − Rp 0.121$ 0.026$ 0.024

PHYSICAL REVIEW LETTERS 129, 042501 (2022)

042501-5

D. Adhikari et al., Phys. Rev. Lett. 129, 042501 (2022)

10
It would be worth to measure again at other 
facilites and/or with a different kinematics



Bayesian inference of nuclear and NS observables
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P. Klausner et al., arXiv:2604.11358v1 [nucl-th]

• It is possible to reconcile, to some extent, nuclear data and NS data (at the price 
of decoupling the low- and high-density behaviour of the EoS).

• It is not possible to accommodate the APV measurement.

• It is confirmed that neutron-rich nuclei affect the posterior distribution of J, L.

3
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!3]

P
D
F

-16.5 -16.25 -16 -15.75 -15.5

Esat [MeV]
180 200 220 240 260

Ksat [MeV]
24 28 32 36 40

Esym [MeV]

-20 15 50 85 120

Lsym [MeV]

P
D
F

90 110 130 150 170

G0 [MeV fm5]
-90 -50 -10 30 70

G1 [MeV fm5]
60 92.5 125 157.5 190

W0 [MeV fm5]

0.7 0.8 0.9 1 1.1

m$
0=m

P
D
F

0.6 0.675 0.75 0.825 0.9

m$
1=m

150 200 250 300 350

v0 [MeV fm3]

Present work

Klausner et al. [3]

FIG. 1: Marginalized posterior distribution of the nuclear matter, surface, spin-orbit, and e!ective mass parameters
(full blue line), compared to the previous results in [3] (dashed green line).

shift the Esat distribution to lower values. Finally, both
Esym and Lsym are shifted to higher values, although by
a rather modest amount. The resulting values of Esym

and Lsym are relatively low with respect to other works
in the literature [2, 22, 23].

To investigate this aspect, we performed a sensitiv-
ity study, investigating the dependence of some selected
observables in 48Ca and 208Pb on Lsym, fixing all the
parameters to their best log(L) value, except for Esym,
which we varied from 28 MeV to 38 MeV, in steps of
2 MeV, and of course Lsym, which remained free. In
Figure 2a we show the hfbcs-qrpa code results as a
function of Lsym. On the x-axis we have the full prior
interval of Lsym, while on the y-axis the theoretical re-
sult of the hfbcs-qrpa code for selected binding energies
and for the isovector observables of 48Ca and 208Pb, ex-
pressed as a percentage of the experimental value. 100%,
perfect accordance with the experiment, is highlighted
with a black horizontal line. The orange lines are the
B.E.s of the representative nuclei 208Pb (darker) and
48Ca (lighter). We can observe the expected correlation
induced on Esym →Lsym: with increasing Esym, a higher
value of Lsym is needed to match the experimental result.
Overall, the B.E.s vary by about 5% of the experimental
value over the Lsym range.

The dashed lines represent the polarizability ωD of
208Pb (dark blue) and 48Ca (light blue), while the dotted
ones are the parity-violating asymmetries APV of 208Pb
(dark green) and 48Ca (light green). As expected from
previous works [24], APV decreases as Lsym grows, while
the polarizabilities grow with Lsym [25, 26]. APV changes
rather slowly, spanning ↑ 10 → 15% of the experimental

value across the Lsym prior interval, while ωD has a quite
steep gradient, varying significantly in an interval of ↑ 40
MeV. If we look at the observables uncertainties in Table
II, we see that, while APV and ωD have a relative error
of ↑3% (↑10% 48Ca), the B.E.s impose a much tighter
constraint, as they have an error of some parts per thou-
sand. This brings us to the main argument: the posterior
will be non negligible only in zones where the model pre-
diction for the B.E.s is close to the experimental value.
In Esym → Lsym terms, it means that it follows the cor-
relation imposed by the masses. On that correlation, the
optimal solutions can either land on high Esym → Lsym

zones, where one can describe fairly well the B.E.s to-
gether with the 208Pb APV , or on low Esym → Lsym re-
gions, where one can describe the B.E.s and ωD simul-
taneously. Since ωD has a much steeper dependence on
Lsym than APV , and their relative error is similar, the
associated likelihood LωD will fall o! much more rapidly
than LAPV when moving away from the regions where
the model reproduces the experimental results.

This becomes even clearer if we look directly at the
likelihood Li for each observable. Figure 2b is the same
as 2a, but instead of showing the model results as a func-
tion of Lsym, it shows directly the Li relative to each ob-
servable. The thick black line is the total likelihood Ltot,
i.e., the product of the single likelihoods of the selected
observables. We see that for Esym = 30 MeV log(Ltot)
reaches its highest value; at Esym = 28 MeV its peak de-
creases by approximately 70%. For Esym ↓ 32 MeV, Ltot

plummets: in the bottom row, where we had to change
the scale, we can observe it is several orders of magnitude
lower than at Esym = 30 MeV.

The posterior distributions involve either 
model-dependent or model-independent 
parameters.

These latter should be confronted with 
the finding from other models. 

Ab initio (chiral H):
Y. Lim and A. Schwenk, PRC 
109, 035801 (2024)
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• Observable consequences?

• In the crust, nuclei become neutron-rich.

• With ultra-high magnetic fields,  we predict 
the synthesis of SUPER-HEAVIES.
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Synthesis of superheavy elements in the outer crust of a magnetar
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A theoretical understanding of a possible mechanism for synthesizing superheavy elements in the outer crust
of magnetars is presented. We demonstrate that such a mechanism can be present whenever the baryon density in
the outer crust of a neutron star reaches values around 10−2 fm−3. This scenario could be realized in magnetars
with hypothetical large magnetic fields, B ! 1018 G. Under such conditions, the Coulomb lattice, formed by
nuclei, enables a mechanism that synthesizes superheavy elements.

DOI: 10.1103/55y6-6zxx

I. INTRODUCTION

Neutron stars are one of the most fascinating objects in
the Universe [1]. Among their many unique features, they
host extremely strong magnetic fields whose intensity can be
in the range of ≈1011–1014 G. There is no understanding of
either the origin or the structure of these fields, although the
simple argument of the magnetic flux conservation during the
collapse of a progenitor main sequence star suggests values of
the order of ≈1012 G. From observations of the last decade,
values up to 2.4 × 1015 G have been deduced [2–6]. However,
even stronger values cannot be ruled out, and possible mag-
netic field intensities up to ≈1018 G have been suggested, e.g.,
in Refs. [7–9]. The physics of stars characterized by a strong
magnetic field such as the magnetars, which are a subset of
neutron stars, is an active field of research, and understanding
the nature and implications of this huge magnetization is a
challenge for astronomy and astrophysics [10].

The outer crust of a neutron star is composed of nuclei
arranged in a Coulomb lattice surrounded by a relativistic
electron gas [1,11]. While the lattice is unaltered by the
presence of magnetic fields [12], the electron energy levels
are quantized according to the famous Landau-Rabi expres-
sions [13,14]. This quantization crucially affects the electronic
contribution to the density and pressure in the outer crust if ex-
tremely large magnetic fields are present. In such conditions,
the nuclear structure may be also affected. Indeed, external
magnetic fields stabilize nuclei, producing an extra binding
that does not exceed 10%–15% when the more extreme mag-
netic fields, B ≈ 1018 G, are taken into account [15–17].

The magnetic field in a magnetar cannot be arbitrarily high:
by using the virial theorem, one can qualitatively estimate
the upper limit of the neutron star magnetic fields, which is,
indeed, of the order of 1018G [18]. It is worth noting that, in
the present work, we do not make any assumption on the ge-
ometry of the magnetic field throughout the whole outer crust.
Indeed, the magnetic field spatial configuration in a magne-
tar is still an open and interesting problem. Several works

[19–24] mainly exclude some field configurations (e.g., pure
poloidal or pure toroidal) but do not offer strong conclusions
on a unique field geometry at the outer crust scale. However,
this open question regarding the spatial configuration of the
magnetic field is not, in itself, a strong limitation of this study.
We just assume that the magnetic field is locally constant.
Our goal is to highlight a mechanism for the synthesis of
superheavy nuclei that may take place provided that this local
magnetic field is strong enough.

Which nuclei can be precisely synthesized, how does the
magnetic field affect this kind of “nucleosynthesis”, and what
can be learned therefrom? These are the key questions that
have already been the subject of a few investigations. In
particular, the works that have been published since the last
decade and devoted to the effect of the magnetic field on the
composition of the outer crust include Refs. [15–17,25–28].
Recently, the authors of Ref. [29] have explored extremely
large magnetic fields B ! 1018 G and suggested that, in the
innermost layers of the outer crust, with average baryon den-
sities of about 10−2 fm−3 (cf. Fig. 3 of Ref. [29]), superheavy
elements (SHEs) show up. The properties of the outer crust are
known to depend on the magnetic field. Indeed, in Ref. [25],
it is shown that both the surface density as well as the neutron
drip density—defining the separation with the inner crust—
could undergo large changes if extreme magnetic fields are
present. For example, for B = 0, the density range spans seven
orders of magnitude: from ≈10−11 fm−3, i.e., the minimum
value for which the complete ionization of atoms in the sur-
face layers of a neutron star takes place, to ≈10−4 fm−3, i.e.,
the neutron drip [1,11]. For extremely large magnetic fields
such as B ∼ 1018 G, this range is shrunk and shifted to larger
densities [cf. Eqs. (27) and (51) as well as Fig. 2 in Ref. [25],
Fig. 6 in Ref. [16], Figs. 8 and 9 in Sec. III] reaching neutron
drip densities of about 10−2 fm−3. Consequently, we can say
that the presence of densities that may trigger the appearance
of SHEs is intimately related to the existence of a strong
magnetic field.

2469-9985/2025/112(1)/015801(9) 015801-1 ©2025 American Physical Society
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FIG. 4. Compositions, i.e., Z (n) and N (n) trends (blue solid line and red solid line respectively) of the outer crust of a magnetar obtained
by employing UNEDF1 model for the nuclei binding energies, for the following values of magnetic field: B = 1.0 × 1016 G, B = 1.0 × 1018 G,
B = 3.0 × 1018 G, B = 4.4 × 1018 G.

In Fig. 2, we show the ratio y = Z/A in order to confirm
by the numerical results our prediction in Eq. (14). For the
sake of completeness, we also show in Fig. 3 our results
for the composition of the outer crust, i.e., Z (n) and N (n),
either including (upper panels) or neglecting (lower panels)

the lattice contribution. The results are obtained by consider-
ing B = 1.0 × 1016 G, B = 1.0 × 1018 G, B = 3.0 × 1018 G,
B = 4.4 × 1018 G, from left to right. It is clear, by comparing
the upper with the lower panels, that the presence of the lattice
contribution is responsible for the strong increase of both
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FIG. 5. Compositions, i.e., Z (n) and N (n) trends (blue solid line and red solid line, respectively) of the outer crust of a magnetar obtained by
employing the DDPC1 model for the nuclei binding energies, for the following values of magnetic field: B = 1.0 × 1016 G, B = 1.0 × 1018 G,
B = 3.0 × 1018 G, B = 4.4 × 1018 G.
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Cooling of NS

IUPAP Nuclear Science Symposium, 4/26 13

• Neutrino emission is the main 
source of cooling.

• The direct URCA process is 
possible if the proton fraction is 
larger than a given threshold.

• The proton fraction is related to 
the EoS.

• Pairing affects significantly the 
cooling.

atmosphere models. In fact all data points can be covered
within their error bars. On the contrary, both no-DU models
can still not explain most data.
In the lower row we investigate the effect of the n3P2

BCS gap: This extends over the entire density range, and
therefore blocks DU processes for all NSs. On the other
hand the competing n3P2 PBF process provides a too
strong cooling for the old (≳106 yr) objects [15], with or
without DU process, as already found by other authors
[5,14,16,17,83,89,90]. As a side remark, also the proposed
explanation of the claimed fast cooling of the Cas A NS
by a suitably chosen n3P2 gap is problematic, see [18,91]
for reference and recent works, apart from the fact
that the claim itself is disputed as being due to detector
degradation [92].

In conclusion, an EOS featuring DU cooling for a wide
enough mass range of NSs together with (partial) quench-
ing by the p1S0 BCS gap seems to be required to reproduce
the cooling data. It seems difficult to accommodate finite
n3P2 pairing in this setup. We therefore continue the
analysis with the V18 EOS including p1S0 pairing but
without n3P2 pairing. We have not investigated if a fine-
tuned n3P2 gap can still be adopted within our scenario, but
it is not required for reproducing current data.

IV. GAPS AND MASS DISTRIBUTIONS

Currently no information on the actual masses of the
various cooling objects is available, hence a comparison
between theoretically predicted masses and the actual

FIG. 5. Cooling diagrams obtained with different EOSs (columns) without superfluidity gaps (upper row), with p1S0 gap (middle
row), and with p1S0þ n3P2 pairing gaps (lower row), for different NS masses M=M⊙ ¼ 1.0; 1.1;…;Mmax (decreasing curves). The
solid (dashed) curves are obtained with a Fe (light elements) atmosphere. The data points are from [5,6]. See text for details.

NEUTRON STAR COOLING AND MASS DISTRIBUTIONS PHYS. REV. D 109, 123018 (2024)
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In the inner crust, nuclei are in Wigner-Seitz 
cells; they are surrounded by neutrons, that 
drip out of nuclei.

2.2. Nuclear contribution

Figure 2.1: A schematic representation of the Wigner–Seitz approximation for a hexagonal
lattice. Figure taken from Ref. [CH08].

A = nb
4⇡

3
R3

WS. (2.1)

Consequently, a WS cell is uniquely defined by the parameters {nb, Z, RWS}. At zero tem-

perature, the total energy per particle of the system is given by

e = eSky + ee � YpQn,�, (2.2)

where eSky is the contribution arising from the baryons interacting via the strong force and

from the Coulomb interaction between protons, while ee is sum of the kinetic and potential

energies of ultra-relativistic electrons [ST08] and the proton-electron interaction [GMS11]. The

last term accounts for the mass di↵erence between neutrons and protons, Qn,� = 0.782 MeV.

Yp = Z/A is the proton fraction of the cell.

The terms related to electrons (ee) and to the Coulomb component of eSky are treated on

equal footing for the HFB and ETFSI methods. We follow closely the approach of Ref. [Pea12],

and provide the relevant expressions in the following sections.

2.2 Nuclear contribution

The energy contribution per particle for an e↵ective interaction [Sky56] is expressed as func-

tional of local densities1

eSky =
1

A

Z
ESky

⇣
⇢q(~r ), ⌧q(~r ), ~J(~r )

⌘
d~r, (2.3)

1In this work, we only consider time-even systems.
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What is the behaviour of neutron matter at densities between about 10-3 to 1/3 
of the saturation densities? Ab initio calculations predict some range for the 
EoS, but they are not yet so reliable about pairing.NEW EQUATIONS OF STATE CONSTRAINED BY NUCLEAR … PHYSICAL REVIEW C 103, 025803 (2021)
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FIG. 1. Energy per particle E/N (left panel) and pressure P (right panel) of PNM as a function of density n from various many-body
calculations with chiral EFT interactions [6,12–14,38]; see text for details. In the left panel, we also show the low-density quantum Monte
Carlo results by Gezerlis and Carlson [39] as well as the conjectured lower bound given by the energy per particle of a unitary Fermi gas of
neutrons [40].

have larger uncertainties. Further, nuclear theory constrains
the nuclear incompressibility as K = 215(40) [14,34,41].
Many efforts have been devoted to determining the symmetry
parameter Esym and L, which play a crucial role in neutron
star structure and dynamics. In particular, microscopic calcu-
lations of the EOS of PNM put tight constraints on Esym and
L. We discuss these PNM and symmetry energy constraints in
the two paragraphs below.

The temperature dependence of the EOS is key for CCSN
and NSM applications. A very useful characteristic of the
temperature dependence is given by the so-called thermal
index !th, which is defined as [42]

!th(T, n,β ) = 1 + P(T, n,β ) − P(0, n,β )
ε(T, n,β ) − ε(0, n,β )

, (7)

with the internal energy density ε = E/V . The quantity !th is
a measure of thermal contributions to the equation of state. For
a noninteracting nucleon gas with density-dependent effective
mass m∗(n) it is given by [43]

!th(n) = 5
3

− n
m∗(n)

∂m∗(n)
∂n

. (8)

It has been verified in microscopic nuclear-matter calculations
that the form given by Eq. (8) provides a very precise ap-
proximation of !th(T, n,β ) for β ∈ {0, 1}, n ! 2n0, and T !
30 MeV [26,27]. A crucial novelty in our EOS functionals is
therefore the accurate implementation of the effective masses
of neutrons and protons m∗

n,p(n,β ). We discuss this and the
available constraints on m∗

n,p(n,β ) in Sec. III A. Our results
for the thermal index are then examined in Sec. V B.

2. Neutron matter constraints

The modern approach to the description of the strong in-
teraction at nuclear energy scales is based on chiral effective
field theory (EFT) and renormalization group (RG) methods
[44–46]. From general EFT convergence restrictions as well
as regulator and many-body convergence considerations, the
viability of this approach is restricted to densities n ! 2n0.
The theoretical uncertainties in current implementations of
chiral interactions in a given many-body framework arise from
the interplay of finite-regulator artifacts, many-body and EFT
truncation errors, and parameter-fitting ambiguities.

Because nuclear forces are weaker in PNM, the theoretical
uncertainties are under better control there compared to SNM.
In Fig. 1 we compare the results for the energy per particle and
pressure of PNM obtained from several recent nuclear many-
body calculations with chiral EFT interactions. The results
by Hebeler et al. [6], Tews et al. [12], and Drischler et al.
[14,38] are based on many-body perturbation theory, while the
results by Lynn et al. [13] were obtained from auxiliary-field
diffusion Monte Carlo computations using local chiral inter-
actions. In each case, the results include uncertainty estimates,
shown as bands in Fig. 1. These are based on EFT truncation
errors and different regulators in Refs. [13,14,38], while they
are mainly due to uncertainties in the low-energy couplings
that enter three-nucleon forces in Refs. [6,12]. The uncertainty
band of Drischler et al. PRL (2019) [14] is based on simple
EFT truncation errors. The results of Drischler et al. GP-B
(2020) [38] are constructed from the same calculations (from
Ref. [14]) but based on a Bayesian uncertainty analysis using
Gaussian processes, which leads to a very similar band for the
combined GP-B (450) and (500) results. One sees that while
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Fig. 7. Dependence of the 1S0 pairing gap ∆ = ∆(k = kF )
in low-density neutron matter on the Fermi momentum kF as
computed using different many-body theories. BCS: solution
of the BCS gap equation with a free single-particle spectrum.
CBF: FHNC-optimal correlated basis theory [60]. SCGF: Self-
Consistent Green Functions theory including only BCS and
short-range correlations (curve with higher-maximum) and in-
cluding also long-range correlations (other curve) [172]. GM:
solutions of the gap equation with self-energies derived from
a G-matrix, with long-range correlations either absent (up-
per curve) or present (lower curve) [159]. AFMC: Auxiliary
Field Monte Carlo computations [230]. GFMC: Green Function
Monte Carlo calculations [231]. FL: nucleonic pairing within
Fermi-Liquid theory that includes long-range polarization ef-
fects [146]. BCS, SCGF, and GM results were obtained with
the Argonne V18 interaction, with the GM calculation also in-
cluding a three-nucleon force based on meson exchange. Cal-
culations CBF, AFDMC, GFMC used reduced versions of V18,
respectively V4′ , V8′ , and V4. FL used the Reid soft-core po-
tential [227].

differences are due primarily to differences between the
many-body methods applied. All these methods (except
the Monte Carlo approaches, which provide data only in
the lower-density domain) predict a peak value of the gap
κF , i.e., κk evaluated for k = kF , close to 0.8 fm−1 (which
corresponds to the number density n = 0.017 fm−3). The
peak value itself varies in the range 0.8 to 2.5MeV. The
CBF [60], SCGF [172], and GM [159] theories predict peak
values of the gap within an interval of 0.5MeV around
a value of the order of 2MeV. (It must be noted here
that unlike most treatments of pairing within the CBF-
variational framework, that of [60] incorporates the spe-
cific effect of density fluctuations, which enhance the gap.
The dominant spin-density fluctuations [180], which pro-
duce a stronger suppression of the gap, may be estimated
within CBF perturbation theory, or by the introduction
and optimization of long-range spin-dependent correlation
functions.) The Fermi-liquid (FL) methods [146] predict
κF values smaller by about 1MeV, which is attributed
to the suppression of pairing by spin-density fluctuations.
The MC results [230, 231] at lower densities are consis-
tent with the results obtained within non-MC theories,
but we recall that the gap in the MC computations is ex-
tracted from the difference in the energies of the normal

and paired states, extrapolated to the thermodynamical
limit, rather than from solution of the gap equation.

Different methods for solving the BCS gap equation for
interactions that are consistent with nucleon-nucleon scat-
tering data lead to essentially the same result for the gap,
provided the high-momentum states are properly taken
into account in the numerical procedure. Additionally, a
number of effective models of the two-body interaction
have been tested on the pairing problem in neutron mat-
ter. These interactions are designed for efficient and ac-
curate computation of properties of finite nuclei. Calcu-
lations based on effective interactions such as the purely
phenomenological Gogny interaction or the Vlow-k poten-
tials which are extracted from the phase-shift equivalent
realistic interactions produce gaps in neutron matter that
are close numerically to those obtained from realistic, full
(i.e. un-truncated) interactions [236–239]. The same is
true for the more recent chiral potentials with varying
cut-off [168–170, 173, 240]. Particular features of these in-
teractions (e.g. localization at small momenta) are advan-
tageous in many-body approaches that are not well suited
to bare full potentials because of their short-range repul-
sive component.

4 Unconventional pairing and BCS-BEC
crossovers

New classes of superfluid fermionic states arise when the
pairing is between fermions residing on different Fermi
surfaces. Such a situation arises generically in multi-
component systems with cross-species pairing. The sim-
plest example is an electronic superconductor in a spin
polarizing magnetic field that induces an imbalance be-
tween the number of spin-up and down electrons. In nu-
clear physics we encounter such a situation when pairing
occurs between neutrons and protons in isospin asymmet-
ric matter or among neutrons (or protons) placed in a
strong magnetic field.

Mathematically, the novelty of such phases is associ-
ated with a non-zero anti-symmetric piece EA of the quasi-
particle spectrum in eq. (19), which by definition requires
ε(p) != ε(−p), i.e., breaking of the invariance with respect
to reversal of time or spatial symmetry. We shall refer
to such systems below as imbalanced superfluids, a term
that has become common in the theory of cold fermionic
atoms, where these systems can be tested experimentally.

Historically, the studies of imbalanced superfluids be-
gan shortly after the advent of BCS theory in the context
of electronic materials containing paramagnetic impuri-
ties [241–243]. The effect of impurity scattering on elec-
trons, on average, was modeled in terms of an effective
magnetic field, which then induces an imbalance between
the spin-up and spin-down electrons.

The initial studies were carried in the weak-coupling
formalism, where the back-reaction of the pairing on the
chemical potential of the system can be ignored. The
imbalance was parametrized in terms of the difference
δµ in the chemical potentials of the species, which led

A. Sedrakian and J.W. Clark, EPJA 55, 167 (2019)

Cooper pairs
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122Zr

1500Zr

Low-lying excitations

 M. Grasso, E. Khan and J. Margueron, Nucl. Phys.  A807, 1 (2008)

M. Grasso et al., NPA 807, 1 (2008)

Extracting pairing in neutron matter from ab initio is desirable.

At the same time, experimental data concerning low-lying spectroscopy in 
neutron-rich nuclei may inform us about pairing.

Ultimately, one may find the best constraint is the elusive Giant Pairing 
Vibration.
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• 17/8/2017 ”multi-messenger” observation of NS 
merging (GW, GRB, X-rays...).

B.P. Abbott et al., Astrophysical J. Lett. 848:L12 (2017)
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Tidal polarizability: ratio 
quadrupole moment / 

gravitational field

Numerical general relativity 
simulations are improving 
and partly oriented to NS 
microphysics.
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Using 250 neutron star merger simulations with microphysics, we e
xplore for the fir

st time the role of

nuclear incompressibility in the prompt collapse threshold for binaries with different mass ratios. We

demonstrate that obse
rvations of prom

pt collapse thresh
olds, either from

binaries with two different mass

ratios or with one mass ratio but combined with the knowledge of the maximum neutron star mass or

compactness, will con
strain the incompressibility at the

maximum neutron star dens
ity Kmax to within

tens

of percent. This o
therwise inaccess

ible measure of Kmax can poten
tially reveal the p

resence of hypero
ns or

quarks inside neutron stars.

DOI: 10.1103/Ph
ysRevLett.129.03

2701

Introduction.—The equationof st
ate (EOS) of neutr

on star

(NS) matter is one of the most fundamental, yet elusive
,

relations in physics [1,2]. It lays at the interface between

several disciplines, including nuclear physics, high-

energy astrophysics, hea
vy-ion collisions, multimessenger

astronomy, and gravitational wave (GW) physics. Our

knowledge of NS matter properties is still partial, mostly

due to the difficulties in
studying strongly interacting bulk

matter in the low-en
ergy limit typical of nucle

ar interactions

[3]. Even the appropriate d
egrees of freedom

are uncertain:

while nucleons are the
relevant species a

round the nuclear

saturation density, n0 ¼ 0.16 fm−3 , it is still unclear if

hyperons [4,5] o
r a phase transition to quark matter [6–8]

can appear at densitie
s n≳ 2n0 in NS interiors.

NS EOS models are experimentally constrained by the

masses of ordinary nuclei, as well as by the energy per

baryon and its de
rivatives with res

pect to baryon de
nsity nb

around n0 and clo
se to isospin sym

metry, i.e., for symmetry

parameter δ≡ ðnn − npÞ=nb ≈ 0, with nn;p being the den-

sity of neutrons a
nd protons. If P is the matter pressure, the

nuclear incompressibility of cold nuclear matter at fixed

composition is defined as

Kðnb; δÞ≡ 9
∂P
∂nb

!!!!
T¼0;δ¼const

: ð1Þ

It describes the response of matter to compression and

its value can be currently measured only for symmetric

matter at saturation density Ksat, although with some

controversy [9–13]. While isoscalar giant m
onopole reso-

nance experiments for closed-shell nuclei provided

Ksat ¼ ð240$ 20Þ MeV, studies based on open-shell

nuclei reported quite different values
in the range 250–

315 MeV [12] or even values around 200 MeV [13].

Nevertheless, Ksat is unconstrained at densities and com-

positions relevan
t for NSs (far fro

m n ≈ n0 and δ ≈ 0). In

particular, according to the solutions of the Tolman-

Oppenheimer-Volkoff (TOV) equation, the NS central

density increases monotonically with the NS mass and at

the stability limit, corresponding
to mass and radius (M

TOV
max ,

RTOV
max ), can reach nTOVmax ∼ 4–7n0, dependin

g on the EOS.

Moreover, for nb ≳ n0, β-equilibr
ated matter is very neutr

on

rich, δeq ∼ 1.

In addition to nuclear constraints, astrophysical

NS properties provide useful insights on the EOS.

Constraints derived from the observation of massive,

isolated NSs [14–20], from GW signals [21,22], and

multimessenger observations of binary neutron star

(BNS) mergers [23–28], or b
y their combination [29,30],

are very informative about the h
igh-density regime. A key

phenomenon in this respect is the
prompt collapse (PC)

to

black hole (BH)
of the merger remnant, since this b

ehavior

can influence both the GW and electromagnetic (EM)

signals produced by BNS mergers [31–36]. The PC

behavior of equal mass BNSs was extensively explored

in Refs. [37–43]. It was shown, for example, that the

PHYSICAL REVIEW LETTERS 129, 032701 (2022)

0031-9007=22=1
29(3)=032701(7)

032701-1
© 2022 American Physical Society

nucleardatapy
J. Margueron et al., EPJA 62, 22 (2026)
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The r-process is related to NS.

Sites:
1) core-collapse supernovae
2) ejection from NS crust, merging

For (n,𝛾) rates:

Level density
E1 transition rates (overlap with the 
previous physics)
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• In addition to measurements of “direct” interest to nuclear 
astrophysics (like e.g. cross sections for reactions in astrophysical 
environment), there are plenty of measurements with indirect and 
yet high impact.

• Still model dependence exist for nuclear physics results like the EoS; 
however, there are now tools to improve our estimate of the 
theoretical uncertainty.

• Easy tools to integrate nuclear data, observational data, theoretical 
results should be encouraged.

• One big question is up to which density we can extrapolate “ordinary” 
nuclear physics (?).
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Pulsars and
neutron Stars

Jérôme Novak

Introduction

Models

Observations
and
constraints

Pulsars

Laboratories
for physics

Compactness
The need for relativistic gravity

Let us compare the escape velocity ve from a self-gravitating
body to the speed of light c:

1

2
mv

2
e =

GMm

R
and

v
2
e

c2
=

2GM

Rc2
= ⌅

⌅ is called the compactness parameter of the body, and also
measures the ratio between the gravitational potential energy
and the mass energy. It value is

10�6 for our Sun,

10�3 for a white dwarf,

0.4 for a neutron star and

1 for a black hole

)it gives the influence of relativistic e↵ects on the
gravitational force: one needs general relativity (GR) to
describe neutron stars!
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From: Jérôme Novack, 
houches07.pdf



Deconfined quark hypothesis
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Solution III: Quark Matter Core 

Ozel et al., (2010), Weissenborn et al., (2011), Klaehn et al., (2011),  Bonano & 
Sedrakian (2012),  Lastowiecki et al., (2012), Zdunik & Haensel (2012)

To yield Quark Matter should have:Mmax > 2M¤

§ significant overall quark repulsion stiff EoS

§ strong attraction in a channel strong color superconductivity

General Feature:

Some authors have suggested an early phase transition to deconfined quark matter
as solution to the hyperon puzzle. Massive neutron stars could actually be hybrid
stars with a stiff quark matter core.

From: Isaac Vidaña


