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NUCLEAR PHYSICS OVERVIEW
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BROADER IMPACT
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“AB-INITIO” NUCLEAR THEORY

Illustration by APS / Alan Stonebraker
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A guide to Feynman diagrams in the many-body problem

“AB-INITIO” NUCLEAR THEORY
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H n(x1, . . . , xA) = En n(x1, . . . , xA)



NEURAL-NETWORK QUANTUM STATES
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NEUTRON STARS WITH NQS

16 Nicolas Chamel and Pawel Haensel

3 The Ground State Structure of Neutron Star Crusts

According to the cold catalyzed matter hypothesis, the matter inside cold non-accreting neutron
stars is assumed to be in complete thermodynamic equilibrium with respect to all interactions
at zero temperature and is therefore supposed to be in its ground state with the lowest possible
energy. The validity of this assumption is discussed in Section 3.4.

The ground state structure of a neutron star crust is sketched in Figure 4. The outer crust
(Section 3.1) consists of a body-centered cubic lattice of iron 56Fe. At ⇢ ⇠ 104 g cm�3 the atoms are
fully ionized owing to the high density. At densities above 107 g cm�3, the composition of the nuclei
becomes more neutron rich as a result of electron captures. The inner crust (Section 3.2), which
extends from ⇢ND ' 4 ⇥ 1011 g cm�3 to ⇠ ⇢0/3 ' 1014 g cm�3, is characterized by the presence
of free neutrons, which may condense into a superfluid phase in some layers (see Section 8). At
the bottom of the crust, some calculations predict various “pasta” phases of non-spherical nuclei,
such as slabs or cylinders as discussed in Section 3.3.

The ground state of a neutron star crust is obtained by minimizing the total energy density "tot

for a given baryon density nb under the assumption of �-equilibrium and electric charge neutrality.
For simplicity, the crust is assumed to be formed of a perfect crystal with a single nuclear species
at lattice sites (see Jog & Smith [221] and references therein for the possibility of heteronuclear
compounds).

Figure 4: Schematic picture of the ground state structure of neutron stars along the density axis. Note
that the main part of this figure represents the solid crust since it covers about 14 orders of magnitude in
densities.

3.1 Structure of the outer crust

Matter at densities below neutron drip ⇢ND is not only relevant for neutron star crusts but also
for white dwarfs. Following the classical paper of Baym, Pethick and Sutherland [42], the total
energy density in a given layer can be written as

"tot = nNE{A,Z} + "e + "L, (21)

Living Reviews in Relativity
http://www.livingreviews.org/lrr-2008-10
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FIG. 3. (Upper panel) LIT of the 4He dipole response function
computed at � = 10 MeV. The NQS calculations (orange cir-
cles) are compared to the highly-accurate EIHH results (solid
blue line). (Lower panel) The statistical (blue circles), sys-
tematic (orange circles), and total (green circles) errors of the
NQS calculations are shown alongside the di↵erence between
the EIHH and NQS results (solid red line).

by means of the Siegert theorem [50].

In Fig. 3, we compare the LITs of 4He computed
using the NQS approach with those obtained via the
e↵ective interaction hyperspherical harmonics (EIHH)
method [51], which provides extremely accurate solutions
for A ≤ 4 nuclei. Similar to the deuteron case, excellent
agreement is also achieved for 4He. A detailed analysis
of the errors, shown in the lower panel of Fig. 3, reveals
that the maximum discrepancy between NQS and EIHH
remains at the percent level, except in the high-energy
region of the spectrum, where the LIT is already small.
Our theoretical error bound is significantly looser, ex-
ceeding 20% for certain ! � 75 MeV, indicating the need
for refined error estimates.

Finally, in Fig.4, we present the photodisintegration
cross section of 4He, obtained by inverting the LIT com-
puted within the NQS framework, and compare it with
experimental data from Ref.[6]. Similar to the deuteron
case, both the basis-expansion inversion method and the
maximum entropy approach yield results that agree re-
markably well with experiment, especially considering
the simplicity of the input Hamiltonian. In fact, the
agreement appears even better than that achieved in
Refs. [23, 52], which used higher-resolution chiral Hamil-
tonians. Notably, the position of the peak is accurately
reproduced without the need to shift the theoretical

curves to match the experimental threshold. We note
that these cross sections were obtained with � = 10 MeV;
however, we explicitly verified that using � = 5 MeV pro-
duces fully compatible results, with the basis-expansion
inversion curves overlapping.

Conclusions.— In this work, we introduced a com-
putational protocol that combines variational Monte
Carlo methods based on NQS with the LIT technique
to address the challenging problem of computing dy-
namical properties of self-bound systems in continuous
spaces. While this framework is applicable to quan-
tum many-body systems spanning a wide range of energy
scales—including atoms and molecules—our initial focus
is on applications in nuclear physics. Our approach ex-
tends the reach of high-resolution continuum QMCmeth-
ods to low-energy response functions, including those rel-
evant for photodisintegration cross sections, which un-
til now have only been computed using basis-expansion
methods [21, 23, 26, 27].

In addition to providing accurate estimates of the re-
sponse functions, our protocol enables a reliable assess-
ment of both statistical and systematic uncertainties.
The statistical uncertainties can be readily estimated
through Monte Carlo sampling. To address the system-
atic component, we derived a general error-bound lemma
applicable to all LIT-based methods. We validated this
bound numerically through comparisons with highly ac-
curate few-body calculations. This analysis revealed that
the upper bound on the error can occasionally be overly
conservative, underscoring the need for further refine-
ment of the theoretical estimates.

Both the statistical and systematic uncertainties of the
LIT are propagated to the response function by lever-
aging an advanced version of the Maximum Entropy

FIG. 4. Photo-disintegration cross section of 4He as a func-
tion of photon energy, obtained from NQS calculations of the
LIT. The basis function results (solid orange lines) and the
Maximum Entropy reconstruction (blue histogram with er-
ror bars) show good agreement with experimental data from
Ref. [6].
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