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View & perspective

Tasting nuclear pasta made with classical molecular
dynamics simulations

Nuclear clusters or voids in the inner crust of neutron stars were predicted to have various
shapes collectively nicknamed nuclear pasta. The recent review in Ref. [1] by López, Dorso
and Frank summarized their systematic investigations into properties especially the mor-
phological and thermodynamical phase transitions of the nuclear pasta within a Classical
Molecular Dynamics model, providing further stimuli to find more observational evidences
of the predicted nuclear pasta in neutron stars.
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K nown as the densest visible object in the universe,
neutron stars have many mysterious properties
to be understood. From the external magnetic

field through the surface and crust to the core of neu-
tron stars, there are many fundamental questions to be
addressed [2, 3]. Thanks to the recent advances espe-
cially in radio, X-ray and gravitational wave observations
of both isolated neutron stars and their mergers, much
progresses have been made in recent years in understand-
ing the maximum mass, radius and tidal deformation of
neutron stars. These global observables provided some
of the much needed constraints on various theories about
the equation of state, internal structure and composition
of neutron stars. However, because of the scarcity of data
available especially those from the un-distorted messen-
gers directly from the interior of neutron stars and the
model dependence of their interpretations, many myster-
ies associated with neutron stars remain to be resolved. In
fact, to understand the nature of neutron stars and dense
neutron-rich matter has been a long-standing and shared
goal of both astrophysics and nuclear physics communi-
ties [4, 5].

Among the main challenges, one important task is to
understand the structure, content and formation mecha-
nism of neutron stars. People have imagined that neutron
stars have several layers with distinct features from the at-
mosphere, envelope, crust to the outer and inner core in an
analogy to the structure of earth. The outer core of neu-
tron stars is speculated to be some kind of fluid consisting
of neutron, protons, electrons, muons, hyperons, etc. As
the density of this fluid decreases towards the crust, the
system is expected to enter the so-called spinodal region
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where the matter (either pure nucleonic matter of neu-
trons and protons [6] or neutron star matter [7]) is dynam-
ically unstable against the growth of small density fluctu-
ations when the temperature is sufficiently low. Conse-
quently, bubbles/voids or droplets/clusters are expected
to develop depending on the trajectory of the system be-
fore entering the spinodal region, marking a transition
between the uniform core and the inhomogeneous crust.
This transition is expected to happen in the inner crust
and the exact transition density has been found to de-
pend sensitively on the characteristics of nuclear symme-
try energy encoding the energy necessary to make nuclear
matter more neutron rich, see, e.g., Refs. [8–10]. Very
interestingly, because of the competition between the sur-
face tension and long-range Coulomb force, the bubbles
and nuclear clusters may have various shapes: from the
spherical void near the core, through the cylindrical void
to the plates, cylinders and spheres of nucleons towards
the surface of neutron stars. Because of their similarity to
meatballs, spaghetti, lasagna, macaroni, and Swiss cheese,
respectively, these structures were collectively nicknamed
nuclear pasta. For an earlier review of the physics of nu-
clear pasta, see, Ref. [11]. Since the pioneering works of
Ravenhall et al. [12] and Hashimoto et al. [13], besides
the above five classical shapes, several other shapes, such
as the gyroid, double-diamond [14], sponge-like [15] and
parking-garage like [16] structures have been predicted us-
ing various approaches, see, e.g., Refs. [17–26]. Interest-
ingly, similar shapes have been found in nano materials
and/or biological systems.

The various shapes of the nuclear voids and clusters
correspond to the local minima of potential energies sep-
arated by energy barriers. Often, the energy minima are
very close to each other. The realization of various shapes
are thus somewhat model dependent and the transition
from one shape to another depends sensitively on the nu-
clear physics inputs, such as the nuclear equation of state
especially its symmetry energy term [10, 27–30]. Both
static and dynamic approaches using various nuclear inter-
actions and assumptions about the composition of neutron
stars have been used in studying the formation, proper-
ties and phase transition of nuclear pasta by many groups
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over the last three decades. The recent review in Ref. [1]
by López, Dorso and Frank summarized their systematic
investigations into properties especially the morphologi-
cal and thermodynamical phase transitions of the nuclear
pasta within a Classical Molecular Dynamics model. Us-
ing several morphologic and thermodynamic tools, they
characterized the morphology of the emerging structures
in neutron star crust by varying the temperature, density,
neutron to proton ratio with and without considering elec-
trons. They constructed the phase diagrams for both nu-
cleonic matter and neutron star matter. They also inves-
tigated the isospin (neutron to proton ratio) dependence
of the critical points and morphologic phase transition as
well as the symmetry energy of clustered matter. Bearing
in mind the possible model dependence, effects of some
poorly known but necessary nuclear physics inputs, finite
size effects in simulating infinite matter using finite-sized
unit cells with periodic boundary condition and the lack of
quantum effects, their results obtained with the Classical
Molecular Dynamics simulations are certainly stimulating
and useful for further exploring the interesting physics of
nuclear pasta.

As the nuclear pasta may actually exist inside the
core of supernovae and the crust of neutron stars, the
physics of nuclear pasta is important for understanding
some astrophysical observations [31–33]. For example, su-
pernova explosions, protoneutron star cooling mechanism
and the associated neutrino transport [30, 33–37], pul-
sar glitches [38, 39], quadrupole deformation or formation
of mountains on neutron stars and the associated grav-
itational wave emission [40–43], frequencies of torsional
oscillations of neutron stars and the associated mecha-
nism for generating quasi-periodic oscillations in the tails
of light curves of giant flares from soft gamma-ray re-
peaters [44, 45], all depend strongly on properties of neu-
tron star crust especially whether the nuclear pasta is con-
sidered or not. Moreover, the crustal properties are also
important for determining the r-mode stability window of
super-fast pulsars [46, 47]. They are also critical for de-
termine whether GW190814’s second component of mass
(2.5–2.67) M⊙ discovered by LIGO/VIRGO [48] very re-
cently is the lightest black hole or the most massive and
fastest rotating neutron star observed so far [49, 50] as
pointed out in Ref. [51]. Of course, the main challenge is
to find unique signatures of the nuclear pasta as most of
the astrophysical phenomena mentioned above have alter-
native explanations without considering the nuclear pasta
in the inner crust of neutron stars. Hopefully, the review
in Ref. [1] by López, Dorso and Frank will stimulate more
work in this direction.
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