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In this article we study properties of isospin asymmetric nuclear matter in the generalized Lgy45-Skyrme
model. This is achieved by canonically quantizing the isospin collective degrees of freedom of the recently
found skyrmion multiwall crystal. We obtain, for the first time, an equation of state from the Skyrme model
which interpolates between infinite isospin asymmetric nuclear matter and finite isospin symmetric atomic
nuclei. This enables us to describe neutron stars with crusts within the Skyrme framework. Furthermore,
we observe that the symmetry energy tends to a constant value at zero density, which can be identified with
the asymmetry coefficient in the semiempirical mass formula for atomic nuclei. The symmetry energy also
reveals a cusp in its structure below the nuclear saturation point n, at n, ~ 3ny/4. This cusp density
point n, can be interpreted as the nuclear density whereby the infinite crystalline multiwall configuration
undergoes a phase transition to a finite isolated multiwall configuration. Both of these observations
are observed to be generic features of skyrmion crystals that tend asymptotically to somewhat isolated
skyrmion configurations in the zero density limit. We find that the resulting neutron stars from our study

agree quite well with recent NICER/LIGO observational data.

DOI: 10.1103/PhysRevD.109.056013

I. INTRODUCTION

The Skyrme model [1] offers a unique, unified frame-
work in which one can study baryonic matter at all scales—
from single baryons and atomic nuclei to infinite nuclear
matter which, after coupling the model to gravity, gives rise
to neutron stars [2]. All of this emerges from an elegantly
simple Lagrangian containing a limited number of terms
and, in consequence, a few free coupling constants, where
the fundamental degrees of freedom (d.o.f.) are the lightest
mesons disguised into a matrix valued field. In the minimal
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version, which is used in this work, they are pions forming
an SU(2)-valued field. The attractiveness of this approach
originates not only in a very small number of parameters
but also in the manifestation of baryons. Namely, they
are realized as nonperturbative excitations of the mesonic
field, that is, as topological solitons, called skyrmions.
Importantly, the topological degree of skyrmions has been
identified with the baryon charge in a rigorous way [3,4].

The Skyrme model has been very extensively studied
in the context of nucleons [5,6], and light atomic nuclei
[7-16] with many spectacular results. In particular, let us
mention the description of the ground and Hoyle states in
12C [17] and excitation bands of '°0 [18,19] as well as the
emergence of a-cluster structure [20] which is expected for
not too heavy atomic nuclei. This recent progress to large
extent relies on an improved quantization procedure where,
contrary to the usual rigid-rotor approach, one takes into
account both the zero modes and the softest massive
vibrations [21]. Also, the long standing problem of binding

Published by the American Physical Society


https://orcid.org/0000-0002-6012-0034
https://orcid.org/0000-0002-0353-4812
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.056013&domain=pdf&date_stamp=2024-03-11
https://doi.org/10.1103/PhysRevD.109.056013
https://doi.org/10.1103/PhysRevD.109.056013
https://doi.org/10.1103/PhysRevD.109.056013
https://doi.org/10.1103/PhysRevD.109.056013
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

LEASK, HUIDOBRO, and WERESZCZYNSKI

PHYS. REV. D 109, 056013 (2024)

energies has found a resolution by inclusion of additional
terms [22-26] or additional mesonic degrees of freedom
[27-30], both physically well motivated. Finally, it is now
clear how to extract nuclear forces from the Skyrme model
[31,32], which ultimately may provided a much better
contact with more traditional nuclear models.

Obviously, a natural field of application of the Skyrme
framework is nuclear matter and neutron stars. However, a
correct description of this regime is still a serious challenge
for the solitonic Skyrme model.

The problem of infinite nuclear matter at nonzero
density can be approached if one considers the model
on a finite volume unit cell with periodic boundary
conditions [33], which results in an infinite but periodic
Skyrme crystal. Varying the volume of the unit cell (while
keeping the baryon number fixed) allows one to study
skyrmionic matter at finite densities and, inter alia, to
obtain an equation of state (EoS). Taking the advantage
of the Tolman-Oppenheimer-Volkoff construction, one
obtains neutron stars. This approach meets some difficulties
both at the mathematical and physical level.

First of all, in the traditional approach to determining the
EoS, the geometry of the unit cell was fixed to be cubic and
the unit cell volume was varied by homothety about the cell
center. This rendered the energy minimizing crystalline
solutions to inherit the symmetry group of their corre-
sponding initial configuration. In a consequence one
obtained not true energy minimizers but solutions with
imposed geometrical structure.

Nevertheless, various crystal solutions were constructed
[33-37]. This led to a conjecture that, at moderate and large
densities, the global energy minimizer should be very
well approximated by the simple cubic crystal of half-
skyrmions [35,37] (SC, ) [38]. At even larger densities a
transition to the body centered cubic crystal of half-
skyrmions (BCC, ),) is observed [34,39].

Secondly, even if one accepts this constrained approach,
three important physical issues have been reported:

(1) High density issue: the EoS is too soft, giving rise to

neutron stars that are too light.

(2) Low density issue: the presence of a minimum at
saturation in the EoS yields negative pressure, which
represents a thermodynamically unstable phase at
low density.

(3) Saturation density issue: nuclear binding energies
are too large, which in turn means the compression
modulus is too large.

The too softness of the standard Skyrme model EoS was
found an elegant resolution by extension to the generalized
Lopag-Skyrme model where the so-called sextic term has
been included. Indeed, this component of the L,45-Skyrme
Lagrangian was essential not only to significantly increases
the value of the maximal mass of neutron star (from 1.7M
[40] to above 2M  [41]), but also to render nuclear matter
more like a perfect fluid, especially at higher densities,

which corresponds very well to the standard picture of a
(super-)fluid core of neutron star. These results are deeply
anchored in the mathematical properties of the sextic term.
Namely, if treated together with the (pion mass) potential
term, the corresponding energy-momentum tensor has a
perfect fluid form [42]. In addition it enjoys a volume
preserving diffeomorphism symmetry which means that the
energy of a solution is degenerate up all deformations which
do not change its volume [22]. On the contrary, deformations
that change the volume are strongly penalized as the
corresponding EoS has a maximally stiff form [43,44].
This agrees with a physical interpretation of the sextic term
as a part of the action which effectively arises after
integration of w-mesons. Indeed, EoS’ obtained in the
Walecka model at large densities tend to maximally stiff
EoS’ due to the w-meson repulsion.

At low density the situation is much less clear due to the
appearance of thermodynamically unstable regions. This is
directly related to the use of the fixed geometry approach
mentioned above. For each fixed classical crystal solution
(which, in a natural way, is identified with symmetric
nuclear matter), the energy E per unit cell possesses a
minimum for a certain volume V., which may be con-
sistently identified with the saturation point. Obviously, for
V > V,, the solution is thermodynamically unstable as it
formally corresponds to negative pressure. However, taking
into account the isospin quantum corrections and some
further contributions, the classical minimum should dis-
appear, thereby providing a thermodynamically stable
description even in the low density regime. This periodic
crystal was then expected to be replaced by nonhomo-
geneous solutions in this regime [45-48]. Here [49] for
example, a crystal of a-particles and B = 32 skyrmions
have been considered. Although these configurations low-
ered the classical energy per cell, they did not cure the
instability issue [50]. In conclusion, the Skyrme model
provided an EoS, but only above the saturation point,
leaving the low density regime rather completely unex-
plored. This is obviously a serious problem of the Skyrme
framework as the lower density regime is typically iden-
tified with the crust of neutron star. In fact in these densities
many geometrically involved phases are expected, see, e.g.,
lasagna or pasta phases.

Of course, at low densities the isospin and, especially,
Coulomb effects should be taken into account. Although it
is conceptually clear how it should be done (e.g., taking
into account semiclassical quantization of the isospin
d.o.f. [51]), and some interesting outcomes have been
recently reported [50], the results where obtained for the
fixed SC;, crystal of half-skyrmions, which is not the
global minimizer at any density [52].

In any case, a thermodynamically stable phase(s) at low
density is the first necessary step in approaching of the
problem of the crust and nuclear pasta phases within the
solitonic Skyrme model.
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Finally, there is a very famous problem of the compu-
tation of the compression modulus. It is the quadratic term
in expansion of EoS of infinite symmetric nuclear matter at
the saturation density n,. The widely accept value, based on
the vibrating frequency extracted from the Isoscalar Giant
Monopole Resonance, is Ky = 240 20 MeV. Depending
on a version of the Skyrme model with massive pions, as
well as on a particular choice of the coupling constants, one
gets value a few times bigger than expected. Namely,
Ky ~ 1350-2300 MeV. More importantly, this result was
derived for fixed geometry crystals. It has been therefore
advocated that the actual value should be lower if a
nonhomogeneous solution would be the true minimizer.
This again brings us back to necessity of solving the
generalized Ly46-Skyrme model at finite density without
any geometric constraints.

It is the aim of the current paper to simultaneously face
all these problems by constructing generalized skyrmion
crystals at finite density without any symmetry assump-
tions on the skyrmion nor its fundamental period lattice.
This is possible due to the recently developed method of
obtaining crystalline solutions by not only considering
the variation of the Skyrme field ¢: R3/A — SU(2) but
also by allowing noncubic variations of the unit cell
period lattice A [52].

The main idea is the identification between all 3-tori
(R?/A, d), with d the Euclidean metric, and the unit 3-torus
T3 = R3/Z3, where T? is equipped with the flat pullback
metric g = F*d via a diffeomorphism F: T3 — R3/A.
Varying the metric g on T° is equivalent to considering
variations of the period lattice A. It is convenient to think of
the metric g as a constant symmetric-positive-definite
matrix (g;;). Then one can address this variational problem
by identifying the gradient of the energy with respect to
the metric (g;;) with the stress-energy tensor (S;;) of the
field . Auckly and Kapitanski [53] showed that, for fixed
metric g, the energy functional E(g, g) attains a minimum.
In [52] they proved that, for fixed field configuration ¢, any
critical metric g of the energy functional E(¢, g) is in fact a
unique local minimum. Hence the period lattice A, for
which the Skyrme field ¢ has minimum energy, is unique
(up to automorphism). This means that the resulting
periodic crystalline configuration is indeed a true energy
minimizer with respect to both variations of the period
lattice A and the Skyrme field ¢. This slightly improves on
the known crystalline solutions at medium and large
densities, i.e., above the nuclear saturation point, but it
has a tremendous impact on the low density regime where
nonhomogeneous solutions are expected to exist.

Here, we apply this method to the generalized L46-
Skyrme model and obtain the lattice ground state of the
generalized model at all densities, that is, above and below
the nuclear saturation point ny. In our model, infinite
nuclear matter is not necessarily treated as being homo-
geneous. At saturation n,, it appears as an almost

homogeneous multiwall configuration with near cubic
symmetry. At low densities (n < n) then it is considered
inhomogeneous, with distinct somewhat isolated multiwall
configurations present. Whereas, at high densities (n > n),
e.g. in the core, it appears even more homogeneous and as a
simple cubic crystal of fractional half-skyrmions, i.e., it
merges with the SC, /, crystal. This allows us, for the first
time, to obtain an EoS of the skyrmionic matter which inter-
polates between low and high density regimes. We use this
EoS, with an addition of the isospin quantum contribution
and with the assumption of f-equilibrium, and investigate
its usefulness and consequences for nuclear physics.

II. SKYRME CRYSTALS AND PHASES
OF SKYRMION MATTER

A. The generalized L y45-Skyrme model

The generalized Lg,45-Skyrme model consists of a single
scalar field ¢: X — SU(2) where spacetime is given by the
(3 4+ 1)-dimensional Lorentzian manifold ¥ = R x M with
the product metric g = —df> + h, and (M, h) is an oriented
3-dimensional Riemannian manifold with Riemannian
metric h. Let us introduce oriented local coordinates
(x%, x',x?,x%) on the domain ¥ and let {d,,0;,0,,05}
be a local basis for the tangent space 7,2 at x€E€Z,
where we have denoted d/dx* =d,. We equip 8u(2)
with the Ad(SU(2)) invariant inner product (X,Y)g, ) =
ITr(XTY). Let QeQ?(SU(2)) @ 8u(2) be an 8u(2)-
valued two-form on SU(2) and w € Q! (SU(2)) ® 3u(2)
be the left Maurer-Cartan form. Then, for any left invariant
vector fields X, Y €T, ,)SU(2), where x €%, we define

QX,Y) = [w(X), w(Y)], (1)

where [-,-]:8u(2) x 3u(2) —» 8u(2) is the usual Lie
bracket. The left Maurer-Cartan form @ defines the
3u(2)-valued left current

Lﬂ = wt/)(au(p) = (pTaﬂ(p‘ (2)

Let us write the pullback as Q,, = ¢*Q(d,,d,). Then the
curvature can be expressed in terms of the 81(2)-valued
left current as

Qﬂu - [L/u Lu]' (3)

Consider the trivial foliation of spacetime X =R x M
into spacelike hypersurfaces M and let M be compact
and without boundary. This is the case if, for example,
M is a 3-torus or the usual vacuum boundary condition
¢(x > 00) =1, is imposed on M = R3. Then Hopf’s
degree theorem ensures that such mappings ¢:M —
SU2) = 8% for M = R? U {0} = §° and T°, are charac-
terized by a homotopy invariant: the topological degree
B€Z, since n3(S°) = H5(T?) = Z. This topological
degree is identified with the physical baryon number upon
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quantization, so we often to refer to B as the baryon
number, which may be computed using

B— / &xy /=GB, (4)
M
where the topological current is given by

2 ¢oTr(L,L,L,). (5)

1
© 247% /=g
We consider the generalization of the massive Skyrme
Lagrangian which yields an w-meson-like repulsion on short
distances, while also allowing the quartic Skyrme term to
describe scalar meson effects. This generalized Skyrme
Lagrangian is composed of four terms and is given by

Lopse = Lo+ Ly + L4y + Ls, (6)

where the index i denotes the degree of each term as a
polynomial in spatial derivatives. The four terms appearing
in the energy functional are the potential, Dirichlet, Skyrme
and sextic terms, respectively. It is conventional to label the
models by terms used in the energy functional, e.g. the
generalized model is labeled Lg46, the standard massive
model is denoted L4, the massless Skyrme model £,4 and
the BPS model Lys. The first term is the potential which
provides a mass for the pionic fields,

C
Ly = —S—%F%W%Tr(ﬂz - ). (7)

The Dirichlet, or kinetic, term is given by

F2
£2 = C ﬁg””Tr(LﬂLy) (8)
and the Skyrme term, corresponding to the four pion
interaction, is

cah g
£4 = ggﬂ g ﬂTr([Lw Lv] [La’ Lﬂ])' (9)
Finally, we include the sextic term, defined by [54]
Lg = —ﬂ4/129””B”BL,, (10)

where 5* is the topological Chern—Simons current defined in
(5). The c; are coupling constants and, for the usual Lgy46-
Skyrme model, take the values ¢y = ¢, = 1 and ¢, = 1/4.
The pion mass is fixed to take its physical value of
m, = 140 MeV. So, the free parameters of the model
are the pion decay constant F,, the dimensionless
Skyrme parameter e, and A which is related to the mass
m, and coupling constant g, of the @ meson via 1> =
goh?/(2n*m2) [55]. The reduced Planck constant is
7 = 197.33 MeV fm. Throughout we will use the values

F,=12MeV, e=454, 2=1MeVim®. (11)

Qualitatively, the parameters (11) do not have much
affect on the ground state configuration. However, quanti-
tatively this is not true. We fit the parameters of the model to
give us approximately the binding energy at saturation and
the nuclear density, while also allowing the symmetry energy
and the pion decay constant not to deviate too much from
their experimental values. Other studies have done similar
fittings to, e.g., the symmetry energy, but there is always a
trade-off where if you fix one parameter accurately then
another physical quantities will suffer in consequence. In
other studies [50], the symmetry energy and saturation
energy can be fitted correctly, but the saturation density
cannot also be simultaneously fitted correctly. That is the
caveat of using the Skyrme model alone to model nuclear
matter. For example, in our model, the symmetry energy at
saturation is lower than expected but accurately predicts the
asymmetry coefficient in the SEMF. If the model is tuned to
give the correct symmetry energy value at saturation then the
asymmetry coefficient would be off. For a more general
review of the quantitative effects of the free parameters on a
ground state configuration, see [49,50].

We are interested in static solutions and adopt the
usual Skyrme units of length and energy. The classical
energy scale is E = F,/4e (MeV) and the length scale is
L= 2h/eF, (fm). Thus the quantum energy scale is
defined by 7 = 2¢2. In these dimensionless Skyrme units,
the rescaled pion mass for our studies is

2m
== 12
"=, (12)
and the dimensionless sextic coupling constant is
7t 2e*F2
Ce = T . (13)

It will prove useful throughout to introduce the Hilbert
energy-momentum tensor (in dimensionless Skyrme units):

pr = _CZTr(LMLD) - C4ga/3TI'([Lﬂ, La] [Lw L/}])
+2¢6B,B, + guLors- (14)

The static energy functional can be obtained from the timelike
part of the energy-momentum tensor, Ty = Egy + Exin» and
is given by

MB((P,Q) = A/Id3xv —9E stats (15)
where
Eqa = com”Tr(lp — ) — %gifTr(LiLj)

_ % g Tr([Li, Lj][L,, Ly))

eijkeabc
+eg  Tr(LLL)Te(LLyL,).  (16)

(247 /=9
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A field configuration ¢ which minimizes the static
energy functional (15), for some choice of domain metric
g, 1s referred to as a skyrmion and the static energy Mp is
often interpreted as the classical mass of the skyrmion. The
associated Euler—Lagrange field equations can be approx-
imately solved by discretizing the static energy (15) and
employing a 4th order central finite-difference method.
This is carried out using the quaternionic formulation
detailed below. We can then regard the static energy as a
function Mp: C — R, where the discretized configuration
space is the manifold C = (§3)MMNs ¢ R*ViV2Ns To solve
the Euler—Lagrange field equations we use arrested Newton
flow: an accelerated gradient descent method with flow
arresting, with some appropriate initial configuration. That
is, we are solving the system of 2nd order ODEs

5Estat

o (17)

('/') = - s QO(O) = Qo>

with initial velocity ¢@(0) = 0. Setting y :=¢ as the
velocity with w(0) = ¢(0) = 0 reduces the problem to a
coupled system of 1st order ODEs. We implement a 4th
order Runge—Kutta method to solve this coupled system. In
general, the initial configuration ¢, is not a minimizer and
so it swaps its potential energy for kinetic energy as it
evolves. During the evolution we check to see if the energy
is increasing. If the energy is indeed increasing, we take out
all the kinetic energy in the system by setting w(z) =
¢(1) = 0 and restart the flow (this is the arresting criteria).
Naturally the field will relax to a local, or global, minimum
in some potential well. The evolution then terminates when

every component of the energy gradient 55% is zero within

some specified tolerance, e.g., tol = 107,

B. Metric independent integral formulation

For numerical purposes, it is convenient to utilize the
quaternionic representation of the target group SU(2),
which is topologically isomorphic to S°. Let us parametrize
the unit quaternion @€&€H by the mesonic fields

(0%, 9", %, ¢*):
ip' + ¢?
¢° — ig?

i(/)l _(02

SU(2) 3 ( ) < (090" ) €S,

(18)
with the unitary condition 6>+ 7-7 =1, where 7 =
(", 9%, ¢*) is normally identified with the triplet of pion
fields and ¢ = ¢° with the o-field. Then the Maurer-Cartan
left current can be expressed as the vector quaternion:

Li - —l.L?Ta,

L = e 0,0 9 + 0,09 — 0,99, (19)

where 7¢ are the isospin Pauli matrices and, similarly, the
curvature in the quaternionic representation is given by

Qij = —21.9?1-1(1,
QY = €0,;9"0,9 4 0,9°0,0" — 0,9°0;0°.  (20)
From this we get the following contractions,

L{LS = 0;¢"0,¢", (21a)
Q) = 0,009 09" 019" — 0,0, 09" O, (21D)
LEQSG = —€ap0" 09" 0,0 01" (21c)
The baryon number density in contraction form is

1 .
0 _ ijk
BY = mé'j L?Q;lk. (22)

For numerical simulations involving the minimization of
the energy functional with respect to variations of the
metric, it will be convenient to define the metric indepen-
dent integrals:

W(p) = 200m2/ dx(1 - ¢, (23a)
'|]'3
Llp) = [ @atit (230)
Qijulep) = 2044(13)@?,-921, (23¢)
eijkelmn 3 besd
Clp) = Cém/wd XL LYy, (23d)

In terms of these metric independent integrals, the static
energy can be compactly written as

Mg(@.9) = V=9W (@) + v=99"Li;(p)
+ V=99 4" Qi1 (0) + %- (24)

C. Skyrme crystals

Our aim is to study Skyrme fields ¢: R3 — SU(2) that
are periodic with respect to some 3-dimensional period
lattice A, i.e. we impose the condition ¢(x 4+ X) = ¢(x) for
all x € R? and X € A. We can equivalently interpret the field
asamap @: R3/A — SU(2), where (R?/A, d) is a 3-torus
equipped with the standard Euclidean metric d. In particular,
we define a Skyrme crystal to be an energy minimizing map

3
9 R3/A, - SUQ), A,= {Zniii:niez}, (25)
i=1
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where R3/A,, is some fixed 3-torus such that the field ¢ is
also critical and stable with respect to variations of the
lattice A about A,. The problem of determining Skyrme
crystals was addressed by Harland et al. [52]. They prove
that, for a fixed field configuration ¢, there is a unique
period lattice A, (up to automorphism) that minimizes the
static energy Mp. Therefore, the problem of determining
skyrmion crystals is one of finding critical points of the
static energy functional (15) with respect to variations of
both the field ¢ and the period lattice A,,.

For massless L,4-skyrmions, the period lattice can be
determined explicitly. However, only a numerical approach
seems possible for generalized L,446-skyrmions. For some
initial period lattice A, the static energy can minimized
with respect to variations of the period lattice using the
method detailed in Sec. IIE. In tandem, with some
appropriate initial field configuration ¢, the static energy
functional can also be minimized with respect to variations
of the field by using arrested Newton flow (ANF), which is
detailed in Sec. IT A.

Skyrme crystals have been studied extensively in the
literature, with it being previously accepted that the SC, /,
crystal found independently by Kugler and Shtrikmann [35]
and Castillejo et al. [37] is the minimum energy Skyrme
crystal. However, in the massless £,4-Skyrme model, this
SC,/, crystal is just one point on an SO(4) orbit of
solutions, i.e. it is not an isolated critical point and all of
these solutions are all energy degenerate. When the pion
mass is turned on, there is no reason to expect these
degenerate L,, critical points to extend to Lgy46 critical
points upon perturbation. However, there are four critical
points which survive perturbation as argued by [52].
These are the SC, », a, chain and multiwall crystals. Each
crystal has baryon number B, = 4 per unit cell, with
three of the crystals having lower energy classically than
the SC,/, crystal for nonzero pion mass and noncubic
(trigonal) lattice geometry.

The SC,,, crystal can be obtained from the
Fourier series-like expansion of the fields as an initial
configuration [37],

2 2 22
0_ _ 1 _ 1-52_5%5 55 26
@ C1C2C3, @ Sl\/ ) +—3 . (26)

and cyclic, where s; = sin(2zx'/L) and ¢; = cos(2zx'/L).
From the SC,;/, crystal, the other three crystals can be
constructed by applying a chiral SO(4) transformation
Q€S50(4), such that ¢ = Qgsc, ,,» and minimizing the
energy with respect to variations of the field and the lattice.
These chiral transformations Q € SO(4) can be determined
by considering a deformed energy functional on the moduli
space of critical points of the Skyrme energy functional,
and are found to be [52]

0c ((1,0,0,0))’((0,—1,1,1)/\/5)’

* *
Osc, ), o
0,0,0,1 0,0,1,1)/v2
k *
Omultiwal Ochain

The other three rows of the chiral transformations Q,,
O mutiwan @nd O hain» labeled by the asterisk, can be obtained
by using the Gram-Schmidt process.

Out of the four crystal configurations, the most of
interest to astrophysicists are the a-crystal, chain-crystal
and the multiwall crystal; these resemble nonuniform
phases of nuclear matter, known as nuclear “pasta.”
The iron rich crust of a neutron star could be modeled
by B = 56 chunks of a-particle crystals, such as those
modeled by Feist er al. [56], describing the “gnocchi”
phase. As we descend deeper toward the outer core, the
pressure due to gravity increases and nuclei are squeezed
together into long thin tubes of “spaghetti.” This spaghetti
phase can be modeled using the chain-crystal. Deeper still
and the spaghetti flattens into parallel multiwalls, resem-
bling “lasagna,” of which the multiwall crystal is reminis-
cent of. Of course, for realistic applications the Coulomb
interaction must be added. This is because of the fact that
different crust phases arise due to a balance between the
strong and electrostatic forces. Nevertheless, the Skyrme
model has a built-in ability to model such phases.

The multiwall-crystal is the lowest energy solution at all
baryon densities and also yields a lower compression
modulus than the other three crystals. This makes it an
ideal candidate for nuclear matter and an equation of state
(EoS) at high and low densities. With ¢y = Qnuiiwan®sc, »
as an initial configuration and by considering fixed baryon
density variations, as laid out in Sec. IIF, the energy-
volume curve can be computed and an EoS obtained.

D. The stress-energy tensor

To determine Skyrme crystal solutions, we identify
every 3-torus (R*/A,d), equipped with the standard
Euclidean metric d, with the unit 3-torus (T, g) where g
is a Riemannian metric and T> = R3/Z>. This metric ¢
on T? is the pullback g = F*d, with g;; = X, ')?j, via the
diffeomorphism

F: (T.g) - (R/A.d),
(x', 22, 3%) = X' X| 4+ x2X, + X, (28)
Let the Skyrme field be the map goF: T° — SU(2). We

vary the metric g, on T3 with g, = F*d which is equivalent
to varying the lattice A with Aj = A. The energy minimized
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over variations g, of the domain metric is equivalent to
determining the energy minimizing period lattice A,.

Now let the static Skyrme field be the smooth map
¢: T? - SU(2). Let (x',x%,x%) be oriented local coor-
dinates on T? and {0,,0,,0;} be a local frame for the
tangent space T, T> at x€T>. Let g, be a smooth one-
parameter family of metrics on T3 with g, = F*d. Set
89 = 0,9;|,_o €ET(®* T*T?), a symmetric 2-covariant ten-
sor field on T3. Denote the inner product on the space of
2-covariant tensor fields of the tangent space 7, T> to T° at
x€T3 by (-,-). Then for any pair of symmetric bilinear
forms A, B we have

(A,B), = A;;¢* By g (29)
In particular, we have the following result:
Try(A) = (A, g), = g"Aj;. (30)

Let us consider the rate of change of the energy of the
Skyrme field ¢ with respect to varying the domain metric g.
The first variation of the energy with respect to the variation
g(s) of the metric on T? is given by

dM (. g5)
ds

= [ @xvalsto.g.00), (1)

s=0

where S(¢,g) €T(©* T*T?) is a symmetric 2-covariant

tensor field on T3, known as the stress-energy tensor,
defined by

1
Siy = 5 [com?Tr(1d = ) = 2 T (LLy)

C
= g (L LLne L)) = c(Bo)? gy

C C
+ ?zTr(LiLj) + fg"lTr([L,», L[L;, Ly)). (32)

This stress-energy tensor is related to the spatial part of the
(static) energy-momentum tensor,

:LM:_ET”, (33)

ij \/g 5gij 2

E. Numerical optimization of the lattice geometry

Let us fix the field ¢: T? — SU(2) and think of the
energy M as a function of the metric g on T3. That is, we
define amap E,,: SPD; — R such that E,, := Mg(¢|eq- 9)-
where SPD; is the space of symmetric positive-definite
3 x 3-matrices. To minimize the energy functional £, with
respect to variations of the metric g,, we use arrested
Newton flow on SPDj3. The essence of the algorithm is as
follows: we solve Newton’s equations of motion for a
particle on SPDs with potential energy E,. Now let g, be a

smooth one-parameter curve in SPD; with g, = F*d.
Explicitly, we are solving the system of 2nd order ODEs

d? oE
1.2 (gi'>s =
dSZ 0 J

S

L= - / dBx\/gSy.  (34)
T

agij B

with initial condition (g;;), =X, X ;» and where S, = S(g)
is the stress-energy tensor for fixed field configuration ¢.
Setting 6g, = d,g, as the velocity with initial velocity
89go = 0,49;|,_o = 0 reduces the problem to a coupled
system of Ist order ODEs. We implement a 4th order
Runge—Kutta method to solve this coupled system. The
components of the stress-energy tensor for fixed field ¢,
given in the metric independent integral formulation, reads

/ﬂ—z SZVOIQ = Eg”\/EW —‘r \/§<§gmnglj _ glmgjn>Lmn

1 .. o
+/9 <2 gig" —2glg/ ") ST
1 C

—EQU7§- (35)

In general, the dimension of SPD,, is dim(SPD,) =
n(n+ 1)/2. In our case, we are working with SPD; and
consider the energy as a function E,: SPD; — R. So we
are implementing arrested Newton flow on a 6 dimensional
manifold. After each time step ¢ +— t + 6f, we check to
see if the energy is increasing. If E,(t 4 6t) > E, (), we
take out all the kinetic energy in the system by setting
6g(t + 6t) = 0 and restart the flow. The flow then termi-
nates when every component of the stress-energy tensor S,
is zero to within a given tolerance (we have used 1079).
Additionally, we verify that the extended virial constraints
are satisfied, as laid out in Appendix A.

F. Phases of skyrmion matter

Determining phases of nuclear matter and phase tran-
sitions in the Skyrme model is a difficult task, and is
important if one wants to understand symmetric and
asymmetric nuclear matter in high/low density regimes.
To study phases of matter at various densities, we consider
fixed density variations of the energy functional, i.e. we
allow the lattice to vary but keep its volume fixed. Then the
volume form vol, is required to be invariant under
variations g, of the metric, viz.

d

ds

1 .
/d3x\/gs:—/ d*x\/9978g;; = 0. (36)
5=0J T 2 Jp

That is, g has to be an element of the space of traceless
parallel symmetric bilinear forms &.

In terms of the energy, we are dealing with a constrained
minimization problem: minimize the energy functional for
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fixed field configuration ¢ = @lg,.q Subject to the con-
straint that det(g) = constant. We can approach this using
the method of Lagrange multipliers. This leads to modi-
fying the stress-energy tensor in (34) via the mapping

= 1
S,—>S8,=8,— gTrg(S,,,)g (37)

and our convergence criterion becomes max(S,) < tol.
Likewise, to ensure numerically that dg is traceless, we
need to project out the component of variation vector g
parallel to the metric g via the mapping

1
89> 89— (969:/)9. (38)

By employing this process at various volumes, where the
energy minimizing lattice is reconstructed from the metric as
detailed in Appendix B, it enables us to determine an energy-
volume curve or, equivalently, an energy-density curve. This
is key to obtaining an EoS within our framework, as the EoS
is directly related to the E — V curve.

G. The results

The first main result of this section is the observation
that, as it is for the massive Lgy,-Skyrme model, the
multiwall crystal is also the ground state crystalline
solution for the generalized Lgy46-Skyrme model at all
densities. In the low density regime the solution clearly
exhibits a two-layer structure, extending parallel to the
xy-plane with the vacuum (¢ = 1) occupying the regions
above and below the multiwall. This can be seen in Fig. 1.
Inside the multiwall center the o-field is approximately the
antivacuum (o ~ —1). Therefore, the multiwall crystal is
similar to that of a domain wall crystal, hence the name
convention. As the density increases, the regions occupied
by the vacuum reduces and the noncubic period lattice
becomes more cubic, tending asymptotically to the SC, ,
crystal in the zero volume limit. These are the true energy
minimizers of the generalized L£,46-Skyrme model at finite
density under assumption that the baryon charge of the unit
cell is four, By = 4.

In Fig. 2 we plot the classical static energy per baryon
E = My/B of the multiwall crystal as a function of the
baryon density ng. This is interpreted as EoS of the
symmetric nuclear matter since the classical Skyrme model
does not distinguish between protons and neutrons.

Expansion of the energy function E(ng) around the
minimum n, gives

(ng — n0)2

1
E(ng) = Ey + EKO g

+0((np —no)*). (39

As always the local minimum which is identified with
the nuclear saturation point with saturation energy E,. The
curvature of the energy curve is controlled by the

FIG. 1. Lgse-Skyrme multiwall crystal at a fixed baryon
density np < no. The isobaryon density is depicted in (a) and
isosurface plots of the o field, where the vacuum (¢ = +0.9) is
colored red and the antivacuum (¢ = —0.9) blue, are shown
in (b).

compression modulus K, and determines the increase in
energy due to compression. For our choice of the coupling
constants (11) the saturation energy per baryon and
saturation density are respectively E, =912 MeV and
ny = 0.160 fm~3, which almost perfectly corresponds to
the physical values of the saturation energy and density.

056013-8



GENERALIZED SKYRMION CRYSTALS WITH APPLICATIONS ...

PHYS. REV. D 109, 056013 (2024)

1000

990

980

970 1

960

950

Mp/B (MeV)

940

930 1

920

910

900 — L L L L L L L
0.05 0.1 ™ 0.15 0.2 0.25 0.3 0.35 0.4 0.45

np (fm™?)

FIG. 2. The classical static energy per baryon Mz/B as a
function of the nuclear density n. The nuclear density at which at
the cusp in the symmetry energy appears is labeled by n,. This
corresponds to the density at which the infinite crystalline
multiwall solution begins transitioning to an isolated multiwall
configuration.

An important observation is that the difference between the
energy at nuclear saturation and the classical energy at zero
density is much smaller than in previous works. Indeed, the
difference is now roughly AE ~ 7 MeV, which is a 0.8%
difference with respect to the total energy. Whereas, for a
B =32 or B = 108 a-crystal the difference is found to be
approximately 3% and 1.7%, respectively. This small
difference in energy between the nuclear saturation and
low-density asymptotic solutions is crucial for the existence
of a purely skyrmion generated EoS at all densities.

Unfortunately, the compression modulus still exceeds
the experimental value by a factor of 6-7. Although, in
comparison with studies involving the SC, /, crystal, where
Ky ~ 1700 MeV, we do observe a significant improvement
in the (in)compressibility by approximately 500 MeV
(Ky = 1169), the nonhomogeneous solution alone cannot
solve the compression modulus problem in the Skyrme
model. Nevertheless, this negative result is very important
as it shows that the purely pionic Skyrme model cannot
lead to a physically acceptable compression modulus.
Consequently, it seems to be necessary to include other
mesonic d.o.f. which may soften the skyrmionic matter at
the saturation point.

III. QUANTUM SKYRMION CRYSTALS
AND THE SYMMETRY ENERGY

In general, the full symmetry group of the generalized
Lae-Lagrangian (6) is the direct product of the Poincaré
group and chiral group: G = O(3) X R® x SO(4) pyirar-
However, static energy minimizers break the Poincaré
symmetry group O(3) X R* to the Euclidean subgroup
E; = SO(3) x R3, corresponding to spatial translations

and rotations. The resulting symmetry group of the static
energy functional (15) is thus G = E3 X SO(4) ira =
E3; x SU(2); x SU(2)g. The action of this group on the
Skyrme field is given by

@(x) = A p(Rx + X)AL, (40)

where A7 /g €SU(2);/z, RESO(3) and X € R3.

For skyrmions on M = R3, one must impose finite
boundary conditions ¢(x — oo) =1,. This allows for the
compactification of the domain R3 U {co} = S* and
further reduces the symmetry group G to the subgroup
H = E5 x diag[SU(2), x SU(2)g| = E5 x SU(2),, where
SU(2), is the isospin internal symmetry group. The
corresponding action of the subgroup H on the
Skyrme field is given by the transformation (40) with
A =Ar=A€SU(2),.

When considering crystals on M = R3/A, one must be
careful when defining the isospin subgroup SU(2),; the
vacuum boundary condition is no longer imposed and there
is not a natural way to select the diagonal isospin subgroup
SU(2),. This problem was addressed by Baskerville [51] in
the context of the SC; ), crystal in the £,4-model, wherein
she considered full SO(4) ;1 rotations. She deduced that
there are two cubic point groups that can define the SC, /,
crystal, one of which is related to the centers of the
half-skyrmions. The cubic point group symmetry corre-
sponding to the half-skyrmion centers is reducible into the
trivial 1-dimensional irreducible representation and a
3-dimensional irrep. We choose the ¢ = ¢° field to
transform in the 1-dimensional irrep. Then the isospin
group SU(2), can be defined as the group of isorotations
of the pion fields 7 = (@', ¢* ¢°), corresponding to
transformations in the 3-dimensional irrep. If the pion
mass potential term L, is included then this is a natural
choice of isospin group SU(2),.

A. Isospin quantization

As a field theory, the Skyrme model is nonrenormaliz-
able. One must quantize it semiclassically. It is well known
that the classical dynamics of slowly moving solitons
corresponds to geodesic motion on the moduli space of
static configurations [57]. Minimal energy configurations
in the Skyrme model are unique, for a given baryon number
B, up to actions of the symmetry group H = E3 x SU(2),.
The classical configuration space @ of skyrmions is
split into connected components, labeled by the baryon
number B, Q =Ugc 7 Qp. The covering space Qp of each
component is a double-cover with a two-to-one map
7o Op — Qp [58]. It was argued by Finkelstein and
Rubinstein [59] that the wave functions ¥ € H must be
defined on the covering space of the configuration space O,
where H is a formal Hilbert space such that ¥ is normal-
izable and square integrable. That is, the wave functions
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are defined by the map ¥:0Q — C. We make a simple
approximation and require the wave function ¥ to be
nonvanishing only on minimal energy configurations and
their symmetry orbits. This quantization procedure is
known as rigid-body, or zero mode, quantization.

In the zero mode quantization method, a skyrmion is
treated as a rigid body that is free to translate and rotate in
physical space and also rotate in isospace, with the action
defined by (40). These solutions are all degenerate in
energy and this classical degeneracy is removed when
one quantizes the theory. We wish to quantize the
isorotational degrees of freedom and work in the zero-
momentum frame, ignoring the translational and spin
degrees of freedom. The action of the group of isorota-
tions SU(2); on the Skyrme field ¢ is defined by the
mapping ¢(x) — A@(x)AT. Semi-classical quantization
is performed by promoting the collective coordinate
A€SU(2) to a dynamical degree of freedom A(z) [8].
The dynamical ansatz for the Skyrme field is then given
by the transformation

p(x) > @(x.1) = A()p(x)A" (). (41)

Define the isorotational angular velocity @ to be ATA =
fw/ such that w; = —iTr(/ATA). Then, under the
dynamical ansatz (41), the Maurer-Cartan left current

transforms as

Aa)iTl‘AT s
ALAT,

u=0

42
p=i=1,223, (42)

L,=¢"0,p= {

where T; = £¢'[r, ¢] is an 8u(2)-valued current.
The dynamical ansatz (41) induces a rotational kinetic
term in the energy functional, which is given by

c " Cq s P
Epo :/ {_;Tr(LoLo) —fg’JTr([Lo’Li] [Lo, L))
E
+ C—;gijBiBj }VOIQ’ (43)

where the Chern—-Simons current transforms as

O O 1
B = 24”2€JkTI'(L0Lij) :@efkTr(TleLk)a)l. (44)

The restriction of the kinetic energy functional of the model
to the isospin orbit of a given static solution defines a left
invariant metric on SO(3) called the isospin inertia tensor,
which is the symmetric 3 x 3-matrix given by

Uij = /-l]—3 dSXN/—gZ/{ij, (45)

where the isospin inertia tensor density is

Ui =—cyTr(T,T;) — cag"'Tr([T:. Li][T;. L))
ekabelcd
+ g ——=——=Tr(T,L,L,)Te(T,L.L;). (46)

(4V272/=9)?

The inertia tensor in ¢ model notation is derived in
Appendix C. Therefore, the effective Lagrangian on this
restricted space of configurations is Ly = L, — Mp,
where Mp is the static mass of the skyrmion defined by
(15) and L, is the induced isorotational part of the
Lagrangian given by

1
Lo ==-w0;U;®

S, (47

j.

The rigid-body wave functions will be on SU(2) with
isospin half-integer if B is odd and integer if I3 is even. The
isorotation angular momentum operator canonically con-
jugate to @ is the body-fixed isospin angular momentum

operator K, defined by
Ki == 0Lr0t/0a),- == Uljwj (48)

This is related to the usual space-fixed isospin angular
momentum / by the relation

I; =-D(A), K (49)

where A € SU(2) has been recast in the SO(3) form via
the map

D: SU2) - S0(3).  D(A); :%Tr(r"AﬂA"'). (50)

These two classical momenta are promoted to quantum
operators K and 1, both satisfying the 81(2) commutation

relations, and the Casimir invariants satisfy ;2 = kz. On
the double cover of the group of isorotations SU(2),,
there is a basis of rigid-body wave functions |/, I3, K3)
with —1 < K3 < I, where [ is the total isospin quantum

number, K; is the third component of K and I is the

third component of isospin relative to the space-fixed

axes (in units of #) as defined in nuclear physics. The
o)

operator I has eigenvalue /(/ + 1) and /5 the eigenvalue

for the operator 7. The rigid-body Hamiltonian takes the
general form

h*z =T

For Skyrme crystals, we can set the principal axes of
inertia to be the usual orthogonal axes such that U;; =0
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for i # j. Let us label the eigenvalues U; = U};, then the
quantum Hamiltonian takes the form

1 1N\z2 R/ 1 1\ ,,
H=% |+ K +5 (77— | K5
2 \U, U, 2\U; U, U,

n o, R

- K-~ R24+ M, 52
20, 1 a0, >+ Mp (52)

The energy eigenstates of the Hamiltonian (52) can be
classified by 7 and /5. To determine bound states with definite
energy one must solve the static Schrodinger equation
corresponding to this Hamiltonian, H|¥) = E|¥). The
Schrodinger equation can be expressed more explicitly within
a particular (7, I3) sector by expanding the quantum state |¥)
in terms of the total wavefunctions ¥ as

" ¥Y_i(q)

¥) = Z Yk, (9)|1. I3, K3), ¥(q) = : ,
¥.(g)

(53)

with ¢ € O and substituting this into the Hamiltonian (52).

B. Symmetry energy and the cusp structure

So far we have only considered symmetric nuclear
matter, which we have described by using the classical
multiwall skyrmion crystal. In order to study nuclear matter
in neutron stars we must consider isospin asymmetric
nuclear matter, whereby a small fraction of protons are
permitted. Now let us consider asymmetric nuclear matter
with baryon number B = N + Z, where N is the number of
neutrons and Z the number of protons. The asymmetry
of such matter is determined by the isospin asymmetry
parameter 6 = (N — Z)/(N + Z) = 1-2y, where y is the
proton fraction. We define the nuclear density to be
ng = B/V, with the nuclear saturation density n, defined
to be the nuclear density such that (dMg)/(dng)l,,—,, = 0.
Then the binding energy per baryon number of asymmetric
nuclear matter is given by

= (15,8) = Ey(n5) + Sy (ng)5" +0(). (54

The two terms appearing in the asymmetric binding
energy (54) are the binding energy of isospin-symmetric
matter Ey and the symmetry energy Sy. In terms of our
model, the symmetric binding energy is defined by
Ey = (Mg — BM,)/B. The symmetry energy Sy dictates
how the binding energy changes when going from sym-
metric (6 = 0) to asymmetric (6 # 0) nuclear matter. We
can expand the isospin symmetric binding energy E, and

the symmetry energy Sy around the saturation density n,
for symmetric matter [60],

1
Ey(ng) = E(ny) +EKo€2» (55)

Sn(ng) = So + %Lsyme + %Ksyme2 +0(e), (56)
where € = (ng — ng)/ny, Ky is the incompressibility at the
saturation point and Sy = Sy(ng) is the symmetry energy
coefficient at saturation. We remind ourselves that, for our
choice of coupling constants (11), the nuclear saturation
point is characterized by the density n, = 0.160 fm™ and
energy (per baryon) Mg/B = 912 MeV. The higher-order
coefficients, L, and K, appearing in the symmetry
energy Sy are defined as

Sy RSy
Lgym = 3n9—— , K ym = 9nZ 57
sy OanB — Y 0 an% — ( )

The precise values of these coefficients are not known,
but are predicted to be Ly, =57.7+19 MeV and
Koym = —107 £ 88 MeV [61].

Consider an infinitely extended and rigidly isospinning
Skyrme crystal with each unit cell containing baryon
number By In order to calculate the isospin correction
to the energy of the crystal we would need to know the
quantum state of the whole crystal. This is obviously a very
difficult computation since the crystal is infinitely extended
and is therefore composed of an infinite number of baryons.
However we may impose the following restrictions to solve
this problem:

(i) The total isospin quantum state of the crystal |¥) is
written as the superposition of each individual
unit cell state [y). That is |¥) = Qy_, |w), where
N¢en = o0 in the thermodynamic limit.

(i) The symmetry of the classical configuration in
each unit cell is extended to the whole crystal, so
both wave functions share the same point sym-
metry group.

Under these assumptions, and since we have B,y =4
within our unit cell, there are a finite number of possible
quantum states with allowed quantum numbers 7 = 0, 1, 2
[50]. The I35 = 0 case, which corresponds to symmetric
nuclear matter, would be the one with the lowest energy
since it has no isospin energy compared to the other cases.
This is obviously the most symmetric state possible.
However, it is known that inside neutron stars there is a
huge asymmetry between protons and neutrons.
Baskerville investigated the charge neutral case I3 = -2,
corresponding to a pure neutron crystal, and computed the
quantum isospin corrections to the energy [51]. However, a
realistic description of neutron stars would require the
presence of protons. Although the concrete value is still
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unknown, simulations yield values around y ~ 107>-107!
[62,63]. Therefore, following the arguments in [50] we
perform a mean-field approximation considering a larger
chunk of crystal, enclosing an arbitrary number of unit
cells Ny, which is in a generic quantum state with fixed
eigenvalue,

o Z=N) (-2

2 2

Ncelchell- (58)

Note that in this case the nuclear density of the crystal
chunk can be directly interpreted as the nuclear density of
the unit cell, since

B crystal N, cellB cell B cell
Vcrysta.l N cell Vcell Vcell

(59)

np =

In previous applications of skyrmion crystals to model
neutron stars (see, for example, [49,50,64-66]), the SC, /,
crystal was considered. This crystal has an isotropic inertia
tensor with eigenvalue U; =4, with A some constant.
However, the multiwall crystal considered in this paper
is not isotropic and the isospin inertia tensor generically has
the eigenvalues U; = U, # Uj;. The Schrodinger equation
corresponding to such a rigidly isospinning crystal with
N e unit cells can be written as

H|Y) = (NeMp + E; 1)), (60)
where the isospin correction to the energy of the crystal is
given by

RII+1) m’5 [ 1 2
E1,13 - ( ) ‘I‘ 3 <_——> (61)
Ncell Ul 2 U3 Ul

It should be noted that in addition to the quantum numbers
I, I5 being density np dependent, the inertia tensor is also
density dependent, that is U; = U;(ng).

The eigenvalue /3 is already fixed from the mean-field
approximation (58), and the value of [ =I5 is the one
which minimizes the isospin energy, since by definition
I? > I3. In the thermodynamic limit N, — oo we obtain a
final expression for the quantum correction (per unit cell) to
the energy due to the isospin degrees of freedom,

hZ
E; =—— B &5 2
150(”3) 8U3 (nB) cell(s (6 )

This quantum isospin energy is explicitly related to the
proton fraction y, and so we will need to include leptons if
we are to allow the crystal to have a nonzero proton
fraction. This is required in order for the system to remain
electrically neutral. Thus the proton fraction, and hence the
quantum state of the crystal, will be obtained by imposing
p-equilibrium for each value of the density.

From the quantum isospin energy (62), we can determine
the nuclear symmetry energy of the multiwall crystal,
which in general plays a crucial role in the structure of
neutron-rich nuclei and, of more interest to us, in neutron
stars. For general skyrmion crystals the symmetry energy is
given by

hZ
Sy(ng) = 8U(np) Veennp, (63)

where the eigenvalue U; of the isospin inertia tensor (45)
is implicitly dependent on the nuclear density ngz. We
determine the symmetry energy at at saturation to be
So =22.7 MeV, which is in okay agreement with the
experimentally observed value S, ~ 30 MeV [67]. The
resulting symmetry energy curve Sy (ng) for the multiwall
crystal is plotted in Fig. 3. Having obtained the symmetry
energy curve we can determine its slope and curvature,
which are computed at the nuclear saturation point. We
find that they are, respectively, Lg,, = 36.6 MeV and
Kgym = —15.1 MeV.

Let us now summarize the results obtained for the
multiwall crystal. First of all, we find that at lower densities
the isospin moment of inertia, and specifically its eigen-
value U,, tends to a constant value. This is an obvious
consequence of the inhomogeneous nature of the solution
which, in the limit V; — oo, tends to an “isolated”
multiwall configuration on M = S' x ' x R. This simple
fact has an important consequence. Namely, it leads to a
nonzero value of the symmetry energy at zero density,
Sy(0) =23.8 MeV. At a first glance, this seems to be in
contradiction with the standard description of nuclear
matter where the symmetry energy vanishes at zero density.
However, we want to argue that this is a desirable property
of the Skyrme model as it indicates a smooth transition
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FIG. 3. The nuclear symmetry energy Sy as a function of the

baryon density nyg, exhibiting the cusp structure detailed in the
text at n, ~3ny/4.
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between infinite nuclear matter and finite atomic nuclei.
Indeed, the asymmetry energy in the Bethe—Weizsicker
SEMF reads

(N-2)

asym — as B = aAész (64)

where a, =~ 23.7 MeV. Thus, our symmetry energy at zero
density can be directly identified with a, with excellent
agreement.

We remark that the assumed identification here between
the zero density symmetry energy and the asymmetry
energy in the Bethe-Weizsdcker formula is not a unique
possibility. In fact, in the seminal paper by Natowitz
et al. [68] they computed the symmetry energy of the
low density, warm nuclear matter using a quantum-statistical
approach. Their results agree amazingly well with values
extracted from heavy-ion collisions [69]. The symmetry
energy, still taking a nonzero value at zero density, is
approximately only one fourth of its value at saturation
ng. It would definitely be very desirable to investigate
whether the Skyrme model may lead to similar results or not.

Moving away from zero nuclear density toward
n, ~3ng/4, the isospin energy and consequently the
symmetry energy slowly decreases, as can be seen in
Fig. 3. This again is not an unexpected result in the
Skyrme model. It was noticed by Kopeliovich et al. [70]
that the careful analysis of mass splittings of nuclear isotopes
leads to the symmetry energy decreasing with increasing
baryon number B. Here, we reproduce this result, however,
using a completely different setup, i.e. the collective coor-
dinate quantization of the crystal ground state.

Below the nuclear saturation point n, at the density
n, ~ 3ny/4, the symmetry energy exhibits a cusp structure.
This cusp also seems to be a generic feature of the Skyrme
model, independent of the choice of values for the coupling
parameters (11) but rather can be interpreted as the point
where the multiwall crystal begins transitioning to an
“isolated” multiwall. On the other hand, its position with
respect to the saturation point certainly may be affected by
a choice of the model parameters. One can also expect such
a cusp to be present where a crystalline configuration
transitions to an isolated configuration at zero nuclear
density, e.g. for the @ and chain crystals. It is interesting to
remark that such a cusp, albeit above the saturation density
ng > ng, has been advocated in [71,72] as an effect of an
assumed topological phase transition from the FCC crystal
of B =1 hedgehogs to the SC,/, crystal of fractional
skyrmions as the nuclear density grows. Although, in
reality such a transition does not occur in the Skyrme
model as it is found to occur in the thermodynamically
unstable regime np < ng [48]. To conclude our findings on
the symmetry energy cusp, we propose that the origin of the
cusp can be associated with a phase transition between an

infinite crystalline state and a somewhat isolated state that
is nonhomogeneous and nucleated.

IV. PARTICLE FRACTIONS OF npey MATTER
IN -EQUILIBRIUM

For a more realistic description of cold nuclear matter
inside neutron stars we need to consider not completely
asymmetric nuclear matter. As was shown in the previous
section, this can be achieved by allowing a small fraction of
protons over neutrons. The presence of protons gives the
crystal positive electric charge, so we need to include a
background of negatively charged leptons to neutralize the
system. To determine the proton fraction y at a prescribed
nuclear density np we impose charge neutrality and p-
equilibrium conditions, and then we solve the underlying
equilibrium equation. Additionally, the presence of protons
would require the inclusion of Coulomb interaction within
the unit cell and between neighboring cells. It has been
argued [33] that the contribution of this energy diverges in
the crystal due to infinitely many interactions between the
cells. However, including a background of negatively
charged particles in the system suppresses the Coulomb
interaction between neighboring cells and hence has a
negligible contribution to the energy [50].

In the neutron star interior, the interaction between
leptons and nuclear matter is mediated by the weak force.
We can describe the exchange of leptons and nucleons by
electron capture and f-decay processes, respectively,

p+l-n+uy (65a)

n—p+I1+1. (65b)

These processes take place simultaneously at the same rate,
assuming that the charge neutrality,

Z
n, :V:ne—{—nﬂ, (66)

and the f-equilibrium conditions [73],
Hp = Hn = Hp = Hp = Hp L= e, p, (67)

are satisfied. Here y; is the isospin chemical potential
given by

 8BR>  (1-2y)BR?

68
2U; 2U; (68)

Hi

Leptons inside a neutron star are treated as a noninteracting,
relativistic, highly degenerate Fermi gas. The corresponding
chemical potential for such a type of lepton is given by [64]

=/ (kg)* +mj, (69)
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where kr = (37°n;)'/? is the associated Fermi momentum
and m; the lepton mass. For electrons we take the ultra-
relativistic approximation u, = hkp,. From the charge
neutrality condition (66), the electron number density is

yB
ne ==, = My (70)
The p-equilibrium condition (67) for electrons yields the
following relation

hB(1 —2y) yB 1/3
=g = ———= 30| > - . (71
Hi = He 0, { ™ <V n, (71)

and for muons gives

In the low density regime the electron chemical potential will
be smaller than the muon mass, u, < m,. So we can solve
(71) in the low density regime considering only electrons, by
setting n, = 0 until g, > m,. Once the electron chemical
potential y, reaches the muon mass m, = 105.66 MeV at
high densities, it will be energetically favorable for muons to
appear. Then we solve (71) and (72) simultaneously [64],
and construct the proton fraction curve y = y(np).

In Fig. 4 we plot the particle fractions of npeu matter in
p-equilibrium for the multiwall crystal. Note that the cusp
structure present in the symmetry energy, or equivalently in
the isospin energy, results in an appearance of a similar
structure in the particle fractions. This reinforces the
proposition that the cusp density point n, is the density
at which a phase transition between isospin asymmetric
infinite nuclear matter and symmetric finite matter begins.
Furthermore, the fact that the symmetry energy Sy tends to
a constant value at zero density leads to a similar behavior
for the proton, neutron and electron particle fractions.
Namely, they take their minimal/maximal value at n, then
they increase/decrease as zero density is approached. This
is once again a direct consequence of a nonzero value of the
isospin moment of inertia at this limit and, therefore, a
generic feature of the Skyrme model. We remark that at
zero density np = 0, which, in the Skyrme model frame-
work, can be interpreted as a limit where we find nuclei in
the vacuum, the nuclear matter becomes totally isospin
symmetric with y,(0) = 0.5. This corresponds quite well to
the proton fraction in *Fe, y,, = 0.46, which is the element
expected to be present in the crust of neutron stars [74].
Further, it appears that there is a phase transition at
(n/ng =091, p=0.023 MeVfm?®). The n, density
occurs in this region of constant pressure, so it could very
well be related to the liquid-gas phase transition.

We remark that at the high density, which corresponds
to the core of neutron star, the proton fraction is quite
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e - - - - Proton
! - = = = Neutron
S Muon
A Electron
N DU Threshold
\‘\‘
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\‘\
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FIG. 4. Plot of the particle number densities n; as functions
of the baryon density ngz. The particle number densities are
normalized such that the total number density is >, n; = 1. The
transition between isospin asymmetric infinite matter and sym-
metric finite matter at the cusp density 7, is now manifest.

small. This agrees with previous computations in the
Skyrme model with the SC,/, crystal [50]. Fortunately,
inclusion of strange d.o.f. resolves this issue and brings
the proton fraction to the widely accepted ~0.4 value,
see [64]. We expect that the same mechanism applies for
the multiwall crystal. Especially considering this ground
state crystalline solution and the SC,, crystal are basi-
cally identical at high density. On the other hand,
inclusion of Kaon condensate does not have any impact
on the low density regime.

We now summarize our findings and compute the total
energy per unit cell in a f-equilibrated multiwall skyrmion
crystal, that is

Ecell(y) =Mp ()/) + Eiso(y) +E, (7) + EM(7)7 (73)

where the isospin energy for a f-equilibrated crystal is
given by

2R2

h°BZ,
Ei(y) = W;l(l -2)*. (74)

The lepton energies are the energies of a relativistic Fermi
gas at zero temperature,

v ke 5 5 2

Vm} [hkp nkg\? hkp\?
= — | 1+2(— — 1
87’ {ml < - (m, m; +

— sinh™! (@)} . (75)

m
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The crucial observation is that, in the case of
the multiwall skyrmion crystal, the inclusion of the
p-equilibrated isospin energy and lepton energies does
not completely erase the small minimum in the classical
energy Mp. Strictly speaking there is still a very shallow
minimum at a density smaller than the saturation density,
ng = 0.146 fm™3. For smaller densities the total energy
grows, until a small maximum is reached. After that the
total energy decreases as the nuclear density approaches
the zero density limit, ng — 0. Importantly, the asymp-
totic value of the total energy per unit cell is smaller than
the energy at the minimum. This means that, although the
total energy per unit cell still possesses a thermodynami-
cally unstable region, we can take advantage of the
Maxwell construction and derive an EoS which is valid
at all densities. This is a valid construction and has a
minute affect on the EoS since the difference in energy
between the asymptotic solution and the minimum is
AE ~0.1 MeV. The formulation of the Maxwell con-
struction is detailed below and the resulting f-equilibrated
asymmetric nuclear matter is plotted in Fig. 5, alongside
the classical isospin symmetric matter and the pure
neutron matter.

The pure neutron matter is obtained for the entirely
isospin asymmetric case 6 = 1 with I3 = —2. Unlike the
p-equilibrated matter, the pure neutron matter approaches
the asymptotic solution from below. This is due to the
nonvanishing of the quantum isospin energy contributions
E;(ng) in the zero density limit ny — 0. Consequently,
the Maxwell construction cannot be used on the pure
neutron matter EoS.

We remark that for the a-crystal the total energy in the
zero density limit is greater than the energy at the mini-
mum, so the Maxwell construction is not possible. On the
other hand, for B = 32 and B = 108 crystals constructed

Energies per Baryon
T T

1050 T

— — — Classical isospin symmetric matter
————— Pure neutron matter
[B-equilibriated isospin asymmetric matter

1000

=
]
=
Q
-~
R

950 £

900 L ‘ ‘ ‘ ‘

0.5 1 1.5 2 25 3
ng/ng
FIG. 5. Comparison between the classical isospin symmetric

crystal, the pure neutron crystal, and the f-equilibrated asym-
metric crystal with the Maxwell construction applied.

from a-particles, such a construction is possible but it
extends over a nonphysical range of densities and occurs
for relatively high values of the pressure. For example, the
neutron stars obtained from these crystals would almost be
entirely made from the Maxwell construction phase.

The Maxwell construction (MC), or equal area rule, is
implemented as follows. We find three points V, V,, and
Vine o0 the E (Vi) curve, with V| <V, < V,, that
have the same gradient/pressure, i.e., p(V;)=:puc.
These three points are chosen such that the area enclosed
between p([V, Vi) and pyc is equal to the area enclosed
between p([Viy. Va]) and pyc. where p([Vy. Vin) < puic
and p([Vin,, V2]) = puc. This ensures that the total energy
of the thermodynamic system remains the same while
implementing this construction. Then, in the corresponding
MC density regime V; < V5 < V,, the total energy
function is replaced by a straight line connecting E(V)
and E(V,). The resulting total energy per unit cell function
can be summarized as

E(V) V<V,
EME(V) = E(V1)=puc(V=V,) VSVLV,. (T76)
E(V) VeV,

Now we are in a position to determine the EoS for
the multiwall configuration. The multiwall crystal
EoS for isospin asymmetric nuclear matter can be
obtained by defining the energy density p and pressure
p as, respectively,

p= E _ Ecell _ n_B
14 Vcell B

Ecell’ (77)

_a_E — _ aEcell _ @aEcell
oV 6VC€H B 0n3 ’

p= (78)

This EoS p = p(p), generated purely from the generalized
multiwall skyrmion crystal, is valid at all densities. In our
case, the pressure at which the Maxwell construction is
applied is quite small, pyx = 0.023 MeV fm~3, which
corresponds to an energy difference of ~0.1 MeV over a
large density range (0.91n, to 0.36n). The resulting EoS is
shown in Fig. 7, alongside the EoS without the Maxwell
construction applied.

Although the obtained equation of state covers the full
range of densities one has to be aware that the multiwall
crystal does not describe the low density regime in its
entirety. As we have already mentioned, to get a more
realistic description of the crust the electrostatic inter-
action should be included. This can have an impact on the
structure and symmetry of the skyrmions, which could
potentially lead to the appearance of other nonhomo-
geneous solutions with different baryon numbers per
unit cell.
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V. NEUTRON STARS FROM QUANTUM
SKYRMION CRYSTALS COUPLED TO GRAVITY

In order to describe neutrons stars within the Skyrme
framework, we need to couple the generalized Skyrme
model to gravity. We do this by introducing the Einstein—
Hilbert—Skyrme action [75]

1
S = d*x/=gR + S , 79
1671'G/>: X IR + Smatter ( )

where G = 1.3238094 x 107*> fmMeV~! is the gravita-
tional constant and R the Ricci scalar. The matter part of
the Einstein—Skyrme action, S,,,r» describes matter in the
interior of the neutron star. It is well known that the interior
of a neutron star is well described as a perfect fluid of
nearly free neutrons and a very degenerate gas of electrons.
We exploit this and use a perfect fluid model such that the
energy-momentum tensor takes the form

T —_ 2 5Smatter
pv v
V=g 6¢"

where the energy density p and the pressure p are related by
the multiwall crystal EoS p = p(p).

= (p+ p)uu, + pgu.  (80)

A. The Tolman-Oppenheimer-Volkoff system

Our aim is to calculate the maximum permitted mass
and radius for a neutron star described by our system, and
obtain the mass-radius curve. Therefore we have to solve
the resulting Einstein equations for some particular choice
of metric ansatz. The simplest case is that of a static
nonrotating neutron star. We use a spherically symmetric
ansatz of the spacetime metric, which in Schwarzschild
coordinates reads [43]

ds? = —A(r)de?> + B(r)dr? + r*(d6? + sin’0d¢?).  (81)

The mass and radius of the neutron star can be calculated by
inserting this spherical metric ansatz into the Einstein
equations

G,, = 81GT,,,

(82)

where G, =R, —%Rg,w is the Einstein tensor, and solving
the resulting Tolman-Oppenheimer-Volkoff (TOV) equations,

(31—13 = A(r)r(SﬂGB(r)p(r) - 1%]5(”), (83a)
‘Cll_l: = B(r)r<87tGB(r)p(p(r)) + l_r—f(r)) (83b)
dp _ _p(r) +p(p(r)dA (83c)

dr 2A(r) dr’

Derivation of the TOV system in laid out in Appendix D.
The resulting TOV system involves 3 differential equations
for A, B and p, which must be solved for a given value of
the pressure in the center of the neutron star (p(0) = pg)
until the condition p(Rys) =0 is achieved. The radial
point Ryg at which the pressure vanishes defines the radius
of the neutron star, and the mass M is obtained from the
Schwarzschild metric definition outside the star,

1

1= 2MG
Rys

B(Rys) = (84)

In order for the metric function B(r) to be nonsingular at
r = Rys, the pressure p(r) must obey p’(Rys) = 0.

The TOV system (83) is solved via a central shooting
method from some initial central pressure p, at r = 0 until
the edge of the star has been reached (corresponding to
P(Rys) = 0). The amount of matter contained at r = 0
should be zero, which gives the boundary conditions
B(0) = A(0) = 1. That is, the spacetime metric should
approach the Minkowski metric toward the neutron star
core. We can simultaneously apply a 4th order Runge—
Kutta method to the system of IVPs (83b), (83c), for the
initial conditions B(0) = 1 and p(0) = py, until the con-
dition p(Rys) =0 is achieved. This yields the metric
function B(r) and the pressure profile p(r) satisfying the
necessary boundary conditions. Then the metric function
A(r) can be easily obtained by numerically integrating (83a).
The corresponding radius R and the stellar mass M =
M(Rys) can be extracted from the Schwarzschild defini-
tion (84). Increasing the central pressure p, in succession
corresponds to determining a sequence of neutron stars of
increasing mass, until the mass limit is reached [73]. The
observational mass limit is approximately 2.5My [76],
where the solar mass is My = 1.116 x 10%° MeV.

B. Neutron star properties and the mass-radius curve

Now we solve the TOV equations using the EoS obtained
from the isospin asymmetric multiwall crystal solution in
the generalized Lqy45-Skyrme model. In Fig. 6 we present
the mass-radius curve for the MC crystal (blue line)
together with recent astrophysical observations. It can be
seen clearly that the obtained mass-radius curve passes
through many observational constraints. For our choice of
coupling constants (11), the Skyrme model generates an
EoS which supports rather heavy neutron stars, M > 2M .
Indeed, the maximum mass is predicted to be M, =
2.0971M, occurring for a neutron star of radius
R = 13.12 km. For this solution the central energy density
is p(0) = 784 MeV fm~3, while the central pressure is
p(0) = 155.7 MeV fm~3. The associated plots as a func-
tion of the maximal neutron star radius is shown in Fig. 7.
We find that the speed of sound in the core is approximately
half of the speed of light, ¢, = 0.491¢. The maximal mass
can be further increased if we assume higher value of the
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FIG. 6. Mass-radius curves for neutron stars obtained from the
multiwall crystal EoS with (blue curve) and without (red curve)
the Maxwell construction. The maximal mass M,,,, obtained
from the MC multiwall crystal EoS is also shown.

sextic term coupling constant 4, at the cost of increasing the
corresponding radius.

The main improvement presented by the generalized
multiwall crystal, in comparison to previous studies involv-
ing the SC,/, crystal, is in the low density regime. In
previous attempts, except the pure BPS Skyrme case,
neutron stars obtained from Skyrme models did not have
crusts, i.e. the EoS was only defined up to the nuclear
saturation point ng > ng, and not in the low density region
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FIG. 7. Plots at M ,,x = 2.0971M of the pressure p, energy
density p, metric function B(r) and equations of state p = p(p).
The blue curve is for the crystal EoS with the Maxwell
construction applied, removing any negative pressure from the
system, whereas the red curve is for the “true” crystal EoS.

ng < ny. In order to obtain a crust, the SC, /, crystal EoS
can be smoothly joined with an EoS that well describes the
low density regime, e.g. the BCPM EoS, as in [41]. In the
resulting hybrid EoS, the high density region is still
described by the SC,/, crystal. This typically increases
the radius of neutron star by 1-2 km, depending on the
mass of the neutron star. However, such a construction is
not required here as the EoS from the multiwall crystal with
the Maxwell construction is valid at both high and low
densities, naturally giving the neuron star a crust.

VI. CONCLUSION

In the present paper, for the first time, we have obtained a
ground state crystalline configuration for the generalized
Loae-Skyrme model at finite densities. In contrast to
previous studies on the generalized model, it has been
carried out without imposing any constraints on the
geometry. The only limiting assumption is the amount of
the baryon charge hosted by the unit cell, which is
B = 4. For that, we had to solve a variational problem
which involves both the matter Skyrme field ¢ and the
metric g of the unit 3-torus T°.

For our choice of the values for the coupling con-
stants (11), we determine the ground state solution in
the Ly,46-model to be the multiwall crystal, as was recently
observed by Harland et al. [52] in the context of the
Ly4-model. At low densities this solution takes the form of
an isolated and planar two-wall layer of skyrmionic matter.
As the baryon density grows ngp > ng then there appears to
be a restoration of chiral symmetry, and the solution tends
to the cubic SC, ), crystal.

We have used this multiwall crystal to investigate the
three most outstanding issues of the Skyrme model in its
application to dense nuclear matter and neutron stars.
Namely, (i) the problem of the thermodynamic instability
at low densities; (ii) the maximal mass problem; and (iii) the
compression modulus problem.

Firstly, in comparison with the SC, /, crystal or nonho-
mogeneous crystals (e.g., B =32 or B =108 crystals
composed of a-particles), the use of the true ground state
solution allowed to resolve the issue of thermodynamically
instability at low densities. Namely, the classical energy per
baryon (of the unit cell) again reveals a minimum identified
with the nuclear saturation point, but now the difference
between the energy at this point and at zero density is less
than one percent. After inclusion of the quantum correc-
tions to the total energy, due to the isospin d.o.f., and the
lepton energy contributions for a f-equilibrated crystal, the
total energy E.j of the isospin asymmetric multiwall
crystal as a function of the nuclear density np was obtained.
This minimum still existed but had reduced significantly
and is practically negligible. The energy difference used in
the Maxwell construction is so small that it is difficult to tell
if the minimum truly exists or if it is just an artifact of our
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numerical algorithm. Nevertheless, it was still present so
we had to use the Maxwell construction, which allowed
us to obtain an EoS valid at all densities within the
Skyrme model.

We remark that the Maxwell construction was required
to avoid a thermodynamically unstable region which
formally has negative pressure. Similar regions were found
in previous studies where a, B = 32 or B = 108-crystals
were studied. However, it is worth underlining that in these
cases the Maxwell construction was impossible (c.f. the
a-crystal) or extended to unacceptably large pressure/density
regions (e.g., the corresponding neutron stars would possess
cores mainly filled up by such regions). In the current work,
the pressure at which the Maxwell construction is applied is
only pyx = 0.022 MeV fm™ and it extends to densities
below the saturation point. Consequently, our neutron stars
are mainly governed by the part of EoS above pyx, which is
described by the multiwall crystal EoS.

Of course, it is premature to identify the nonhomogene-
ous low density solution found here with nuclear pasta or
lasagna phases in the crust of neutron stars. This is due
to the fact that such phases emerge due to a balance
between the nuclear and electrostatic forces. However, in
our study, the Coulomb interaction has not been taken into
account. In particular, we emphasize that, while our crystal
qualitatively looks like nuclear pasta, it does not model
nuclear pasta. Be that as it may, our result shows that the
Skyrme model itself has a tendency to form complicated,
geometrically nontrivial and nonhomogeneous structures at
low density. It should be again underlined that, on the
contrary to all previous studies, we did not impose any
geometry restrictions on the solutions, e.g. by assuming
particular boundary conditions as in [77,78].

However, already at this stage of research, the multiwall
crystal in the density regime below saturation, ng < ny,
leads to novel and intriguing observations. The first is the
symmetry energy’s disclosure of its cusp structure below
the nuclear saturation density, n, ~ 3ny/4 < ng, and, sec-
ond, the finite value of the symmetry energy in the zero
density limit, ng — 0. A cusp in the symmetry energy has
previously been advocated for in [71], wherein they
attributed the presence of this cusp to a change in topology
due to a transition between the FCC crystal of hedgehog
skyrmions and the SC, /, crystal. A key component of their
argument relies on this transition occurring in the high
density regime ng > ng, however, this transition is believed
to take place in the low density regime np < ngy [48].
However, we have argued that these two features are
generic of the Skyrme model and should occur for any
infinite nuclear matter that undergoes a phase transition to
somewhat isolated and finite matter in the zero density
limit. This asymptotic transition to finite matter in the zero
density limit is essential as the isolated solution will have a
finite isospin moment of inertia tensor. A prime example of
a crystalline solution in which such a transition occurs is

that of the a-crystal, which tends to the isolated a-particle
solution as ng — 0. Therefore, both the presence of the
cusp and the nonzero value of the symmetry energy at
the vacuum can be attributed as generic properties of the
Skyrme model.

In fact, we have observed a further key feature of the
symmetry energy. That is, a direct correspondence between
the value of the symmetry energy at the vacuum and the
asymmetry energy in the Bethe—Weizsicker SEMF for
nuclear binding energies. This strengthens our suggestion
that the Skyrme model can be interpreted as a natural
interpolation between infinite isospin asymmetric nuclear
matter and finite (almost) symmetric atomic nuclei. This is
further supported by the observation that the proton fraction
¥p — 0.5 in the zero density limit nz — 0, which describes
almost totally isospin symmetric nuclear matter, and then,
for small densities, decreases yielding asymmetric matter.
In this pattern one may again recognize finite nuclei.
Indeed, the proton number and neutron number are
approximately equivalent (6 = 0) for smaller atomic nuclei
while for larger nuclei there is an asymmetry (6 # 0) caused
by a surplus of neutrons.

The second big issue is also resolved since the inclusion
of the sextic term makes the EoS sufficiently stiff at large
densities. Using this EoS we were able to compute the
mass-radius curve for the resulting neutron stars. The
maximal mass was found to be M., = 2.0971M, which
is a acceptable large mass and the mass-radius curve fits
very well to known astrophysical data.

Finally, we shown that the problem of the compression
modulus cannot be solved solely by consideration of the
newly discovered nonhomogeneous ground state crystal-
line configuration. Although reduced by approximately
200 MeV, the compression modulus is still a few times
larger than the experimental value. We underline that this
negative result is of high importance for the Skyrme model.
It simply shows that the solitonic model based entirely on
the lightest, pionic d.o.f. is not able to correctly describe
this quantity. Fundamentally, the compression modulus is
related to nuclear binding energies, which is also a problem
within the Skyrme model. If a variant of the Skyrme model
has low binding energies then, naturally, the compression
modulus will closer to its accepted value. Therefore,
inclusion of more massive mesons, which are known to
soften the EoS at the saturation point, seems to be
unavoidable. Interestingly, this coincides with the role
playing by p mesons in reducing of the binding energies
of the Skyrmions.

It should be underlined that, if compared with other
effective nuclear models, the generalized Skyrme model
has an extremely small number of free parameters. It has
only four coupling constants {F,, m,, e, A}, of which the
pion mass m, and the pion decay constant F, are, from the
onset, fixed to their physical values, or as close to them
as possible. The two other parameters e¢ and A, which,
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respectively, multiply the quartic (Skyrme) and sextic terms
can be treated as free parameters in this model. They can be
constrained by fitting the multiwall crystal to nuclear
observables, i.e. they can be chosen such that the symmetric
energy Mg(ng) and nuclear density np at saturation n are
close to the experimentally determined values.

There are several directions in which our study can be
continued. First of all, it is widely known that the lower
density phases of nuclear matter are governed by a balance
between nuclear and Coulomb forces, which leads to a
plethora of geometrically different structures. The fact that
the generalized Skyrme model, even without the inclusion
of electrostatic interactions, gives rise to the multiwall
crystal (a lasagna like structure) can be viewed as an
intrinsic ability of the model to provide such solutions.
Other nonhomogeneous configurations have been observed
in the Skyrme model [77,78], however they were an effect
of the imposed boundary conditions and therefore their
applications to nuclear physics remain to be clarified.
Undoubtedly, inclusion of the Coulomb interaction seems
mandatory, see, e.g., [79]. It seems likely that including
Coulomb interactions will not only give insight into such
geometric phases but could also allow one to avoid use of
the Maxwell construction. Thus it could possibly provide a
complete description of the crust in neutron star within the
Skyrme model framework.

More importantly, the inclusion of other d.o.f., like for
example p or @ mesons, seems inevitable to resolve the
issue of the compressibility at nuclear saturation. This,
combined with the inhomogeneous multiwall crystal
detailed in the paper, may possibly lead to the correct
value of the compression modulus.
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APPENDIX A: EXTENDED VIRIAL
CONSTRAINTS

The space of allowed variations £ is a 6-dimensional
subspace of the space of sections of the rank 6 vector
bundle @2 T*T3,

& ={8g;jdx'dx/ €T (®* T*T?):5g;;constant}.  (Al)
By definition, the energy Mp is critical with respect to
variations g, of the metric if and only if

dM (9. g,)
ds

- [ﬁ &Ex/9(S(@, 9), 59), =0, (A2)

s=0

that is, if and only if SL1;.£. Now let the orthogonal
compliment of ¢ in &, the space of traceless parallel
symmetric bilinear forms, given by

Eo={0el(®* T"T°):Tr (0) = (0.9), = 0}. (A3)
Then the criticality condition S_1;-& can be reformulated
as [80]

/d3x\/§<S(¢,g),g>g:O and SL,:&. (A4)
'D'3

The first condition S_L;2 ¢ is analogous to a virial constraint
and the second condition S1,:&, coincides with the
extended virial constraints derived by Manton [81]. We
can determine the virial constraint by using the trace (30)
and evaluating

A (S(9.9)., g)gvoly = A Px/gTr,(S)

1
= —(E, — Ey + 3Ey — 3E).

; (43)

Hence, the condition S_L;:¢ establishes the familiar virial
constraint

To determine the extended virial constraint correspond-
ing to the condition S_L ;.&,, we define a symmetric bilinear
form A:T, T> x T,T? - R,

)
A” = — /[r} d3x\/§<?Tr(LlLJ)

+ %gler([Liv L] [Lj’ LlD)‘ (A7)

In the metric independent integral formulation, this sym-
metric bilinear form A reads

Aj; = VILij(@) + 2:/998" Qi ().

Then S1;:&, if and only if A is orthogonal to &, with
respect to the inner product (-,-)c. Therefore, for A€ R
we must have

(A8)

A = ]g. (A9)
Taking the trace of both sides yields
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Thus, the condition S1,.&, produces the extended virial
constraint

A =—(E, + 2E,)g. (Al1)

W =

So we see that ¢: T? — SU(2) is a skyrmion crystal if and
only if it satisfies the extended virial constraints:

Ez — E4 = 3(E6 — E()), (AlZa)

A == (E, + 2E,)g. (A12b)

W | =

We will verify numerically that the extended virial con-
straints are being satisfied within some tolerance, e.g.,
tol = 107>. This is done by checking that

E
— 1<t (A13)
E, +3(Ey — Eg)
and
A
' Y — 1] < tol. (A14)
(E4 +E¢ — Ey)g;

APPENDIX B: RECONSTRUCTING A FROM g

As the metric g, on T3 varies so too does the lattice A,
which we have labeled A; = A(g;) where Ay = A. As
before, let A, be the energy minimizing lattice and denote
the corresponding energy minimizing metric on T° by g,.
Let X; = (x1.1.21), Xo = (%2, ¥2, 22) and X3 = (x3, 3. 23)
be the period lattice vectors for A,. In order to plot
isosurfaces of the baryon density of the resulting skyrmion
on (R3/A,,d), we need to reconstruct the lattice A, from
the metric g,. To do this we need to solve the following
under-determined system of equations

Xy ';(1 =x7+yi +21 = gu
X)Xy = x12 + Y132 + 2122 = 912
Xi X5 = x5+ y1y3 + 2123 = 013
Xz‘ffz =65+ +25=0n
X, X3 = 2003 + yoy3 + 2223 = g

X3 X3 =x3+y3+23 = g3, (B1)

where we have written g;; = (g);; for notational conven-
ience. This has infinitely many solutions which we can
solve for by fixing a particular lattice vector, or by setting

yi=2=2=0 ie, X; =(x,0,0), X, = (x2,5,,0)
and X; = (x3,y3, z3). Then, for the latter choice of period
lattice vectors, the system of equations (B1) has a unique
solution given by

X, = (/g11.0.0). (B2)

)*(3 _ [ Y13 1 (g% _ 912913)
V9 922_5’_?2 A

APPENDIX C: DERIVATION OF THE ISOSPIN
INERTIA TENSOR IN 6-MODEL NOTATION

Under the dynamical transformation (41), the Dirichlet
energy transforms as

where the first term is the Dirichlet energy contribution to
the isospin inertia tensor, and the second term is the static
Dirichlet energy. Likewise, for the Skyrme term we have

C N A A A
= 349009ler([L0’ Li][LoL]

C . . s A A A
+ fglkgﬂTf([Liv Lj][Ly. Ly))

~—

C
=- fgler([Ti» L[T;. L)) w;w;

+ G T(LLL L), ()

where the first term is the Skyrme contribution to the
isospin inertia tensor. Finally, the sextic term,
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€/mﬁy€v6pa A A
Eﬁ = _cﬁgyyWTr(LaLﬁLy)Tr(LﬁLpLo’)
ezjkeabc
—ceg™ IrN=E 5 Tr(L;L;L;)Tr(L,LyL.)
32kablcd A R
—ceg™ (24ﬂ2\/~) Tr(LoL,Ly)Tr(LoL Lg)
. ekubelcd
= — Cgg (871_2—\/__9)2Tr(Tl»LuL,,)Tr(TjLCLd)a)la)]
+c6(B°)%. (C3)

As the static part of the sextic term is the temporal
component, we must take the negative contribution of this.
Putting all of this together, we find the effective Lagrangian
to be

ﬁeff:£0+£2+£4_£6
:—cOM,ZrTr(Id—(p)—i—C—ZQgijTr(LiLj)
Ca .
+Z49’k9ﬂTf([L Lj)[Ly.L)]) —co(B°)?

[ j

1
+§{_C2Tr(TiTj> —cqgM'Tr([T, Li)[T;.Ly))

kab lcd
+cegl——————Tr (Tl-LaLh)Tr(T-LCLd)}a)ia)-
(4\/_ \/—) J J
1
gstal_l_ a)uuw/? (C4)

where the isospin inertia tensor density contribution from
the Skyrme field ¢ is given by (46).
|

In the quaternionic formulation, the 81(2) current T; is
expressed by the vector quaternion

T,=—iT%", T\=8igrg" —gie) —ehggk.  (C5)

The corresponding contractions are found to be

TiT) = 89te" — ¢, (Coa)

(C6b)

T{(Lf — tkl(pka (ﬂ

Therefore, the Dirichlet contribution can be written as

Tr(TiTj) = _2{5ij(/’kfﬂk - rp"w’}- (C7)

After a painstaking, but straightforward, calculation one
finds that

Tr([T, Lo)[T ;. L)) = —8{(6Y — ¢'¢/)0,9°0,¢0°
+ (0“9°)0,0' 0y’ + @90, 00’
+ %9 0,9°0,0'}. (C8)

Then, finally, we need to consider the term

Tr(T;L,, L) Tr(T ;L L))
= e, €00 T LGLLTSLILY
= 4TP T (LHLIL,L] — LyLiLG,LY)
+ATPLA(TILIL, LY, — TILIL,LY)

+ATPLE(TILIL;, L) - TILIL,LY).  (C9)

Putting all of this together by using the quaternion representation (18), the isospin inertia tensor density takes the form

uij =2¢ (5i‘i(/’k(/’k
n 206
(4n% /=g

—@'p)) + 8c,9" (67 — ¢'9p)0,9°0,0° + (9™ ™) 049" 019" + ¢°¢0,9°0,07 + ¢ 97 0,9°00p")

)2 9pg €™M (8 9 — @' p7) (0,0 040" 0,0 019" — 0, 9" 019" 0,90 019"

+ €90, ¢° (e 9" 0,9 0,,0" 04" — €™ 9" 0,0, 0,9*)

+ €/ 90,¢° ("¢ 04" 0,,0" 019" — €™ 9" 0,00, 0" O p")].

APPENDIX D: THE TOLMAN-
OPPENHEIMER = VOLKOFF EQUATIONS

From the metric ansatz (81), we can determine the
Christoffel symbols

1
Fﬁl/ = Egia(aygva =+ al/gya - aag/u/)’ (Dl)

of which the nonzero components are found to be

(C10)
|
=T, =pi 0 Th=p
;,:%i—f, Iy =T, = cotd,
rY=-2, T4 =T=T%=T}=
F‘r/’(p =- rs;}zg, l"g’dJ = —sinfcos 6. (D2)
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Thus the Riemann curvature tensor can be obtained using
the nonzero Christoffel symbols (D2),

_ i ;
R;/ll/ - a;trgp - ayFZp +I21° —I%1°

vp~ i Hp VA (D3)

The Ricci tensor is given by R, = ¢”’R,,; and the
relevant components are found to be given by

R — 1 dAdB—l—B 4dA+1 dA\ 2 2d2A
4B | dr dr rdr A \dr dr?
(D4)

and

1 dB dA dA\ 2 d2A
Ro=—— A (44 4+ 22 ) 1Be( (£2) 22452 |
" 4A2Br[ dr( +rdr>+ r((m) dr2>]

(Ds)

Now we can compute the Ricci scalar R = ¢*R,,, that is

1 dA\\? dB
R=——— |Br|— 4A’( r—+ B> -B
2A2B?r? [ : <dr> * <r ar " >
dAdB d’A dA
Arlr——=2B(r—+2— .
+ r<r dr dr <r " dr>>}
Now we have all the ingredients required to compute the

Einstein tensor, G,, = R, — 1 Rg,,. The relevant compo-
nents of the Einstein tensor are found to be

A(r) {r dB(r)
B(r)*r? dr

(Do)

Gtt =

+ B(r)(B(r) — 1)] (D7a)

1 dA(r)
A(r)r? dr

—A(F)(B(r)-1)|.  (D7b)

In the static case, and for a diagonal metric (that of which
is applicable to us), we have u, = (v/=900.0.0,0) and the
nonzero components of the energy-momentum tensor are
given by

Too = =p(p(r))goo.  Tij=p(r)g;.  (D8)
In particular, for the spherical metric ansatz (81), the

energy-momentum tensor reduces to the four terms:

Ty = p(p(r))A(r). (D9a)
T, = B(r)p(r), (D9b)
To9 = r*p(r), (D9c)
T yp = r*p(r)sin®6. (D9d)

We are now in a position to calculate the Finstein equa-
tions (82) by using the energy-momentum tensor (D9) and
the Einstein tensor (D7). From this, and the Bianchi identity

aTru
0=V,T" ==+ T, +T"T%,.  (DI0)

we get the TOV system of ODEs (83).
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