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Resumen

Estudiamos la termodinamica de capas bariénicas BPS magnetizadas, las cuales
poseen tanto carga bariénica como flujo magnético. El estudio termodinamico
de este sistema resulta altamente no trivial debido a que la carga topoléogica, que
aparece naturalmente en el lado derecho de la cota BPS, es una funcién no lineal
de la carga bariénica. Estas capas fueron construidas a través de la ecuacion de
Hamilton-Jacobi de la mecanica clasica en el modelo sigma no lineal acoplado
minimalmente a la teoria de Maxwell, la cual es una de las teorias efectivas mas
relevantes para la cromodinamica cuantica (QCD) en el régimen fuertemente
interactuante del limite de bajas energias que también toma en consideracion las
interacciones electromagnéticas. Para la construccion de la funcion de particion
grancanoénica del sistema (que resulta interesante por su relacion con la funcion zeta
de Riemann), utilizamos herramientas del efecto Casimir para derivar una relacion
analitica entre la carga topologica, la carga bariénica y el flujo magnético. Con
base en esto y utilizando fisica estadistica clasica, fue posible derivar cantidades
termodinamicas relevantes de estas capas, tales como la energia, la entropia, la
capacidad calorifica y la susceptibilidad magnética, logrando identificar el potencial
quimico bariénico critico. Los efectos del potencial quimico de isospin también
pueden ser incluidos: en particular, construimos una cota BPS explicita y las
correspondientes configuraciones BPS para el caso en el que el potencial quimico
de isospin es no nulo. Por otro lado, derivamos de forma analitica, a partir del
tensor de energia momento del sistema, la ecuacion de estado y la velocidad del
sonido tanto para el caso con potencial quimico de isospin cero como distinto de
cero. Desde el punto de vista técnico, es un resultado bastante notable derivar
expresiones explicitas para todas estas cantidades termodinamicas de un sistema
magnetizado fuertemente interactuante a densidad bariénica finita. Finalmente,

la interpretacion fisica de nuestros resultados analiticos sera discutida.

Keywords — Termodinamica, Modelo sigma no lineal, Cota BPS, Capas bariénicas,

Potencial quimico de isospin, Ecuaciéon de estado, Efecto casimir



Abstract

We study the thermodynamics of magnetized BPS baryonic layers, which possess
both baryonic charge and magnetic flux. The thermodynamic study of this
interacting system is highly non-trivial because the topological charge, which
naturally appears on the right-hand side of the BPS bound, is a non-linear function
of the baryonic charge. These layers were constructed using the Hamilton-Jacobi
equation of classical mechanics in the non-linear sigma model minimally coupled to
Maxwell’s theory, which is one of the most relevant effective theories for Quantum
Chromodynamics (QCD) in the strongly interacting regime of the low-energy
limit, which also takes electromagnetic interactions into account. To construct the
grand canonical partition function of the system (which is interestingly related to
the Riemann zeta function), we used tools from the Casimir effect to derive an
analytical relationship between the topological charge, the baryonic charge, and
the magnetic flux. Based on this, and using classical statistical physics, it was
possible to derive relevant thermodynamic quantities of these layers, such as energy,
entropy, heat capacity, and magnetic susceptibility, successfully identifying the
critical baryonic chemical potential. The effects of the isospin chemical potential
can also be included: in particular, we constructed an explicit BPS bound and
the corresponding BPS configurations for the case in which the isospin chemical
potential is non-zero. Furthermore, we analytically derived, from the energy-
momentum tensor of the system, the equation of state and the speed of sound for
both the cases with zero and non-zero isospin chemical potential. From a technical
point of view, it is a quite remarkable result to derive explicit expressions for
all these thermodynamic quantities of a strongly interacting magnetized system
at finite baryonic density. Finally, the physical interpretation of our analytical

results will be discussed.

Keywords — Thermodynamics, Non-linear sigma model, BPS bound, Baryonic

layers, Isospin chemical potential, Equation of state, Casimir effect
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Chapter 1. Introduction 1

Chapter 1
Introduction

The study of nuclear matter under extreme conditions, such as finite density,
low temperatures, and external magnetic fields, is one of the most significant
open problems in modern theoretical physics. This is largely motivated by the
consideration of astrophysical environments in which these conditions occur, such
as the interior of neutron stars or in heavy-ion collisions |1, 2, 3, 1, 5, 6, 7, &, 9,

, 11, 12, 13]. In these scenarios, nuclear matter is expected to form ordered
patterns, these non-homogeneous condensates are known as nuclear pasta phases
[14, 15, 16, 17,8, 18, 19,20, 21, 9, 22, 10, 23, 24, 25]. These structures can take
different forms such as tubes (spaghetti) or layers (lasagna); we will be particularly

interested in the latter.

Quantum chromodynamics (QCD), as the field theory describing the strong
interaction, should be able to describe these phases. However, in the low-energy
regime with finite baryonic density, which characterizes these systems, we face
several difficulties. First, the QCD coupling constant increases as the energy
decreases (and vice versa), making it impossible to use perturbation theory in
this region. On the other hand, computational methods such as lattice QCD are
severely limited by the well known sign problem [20, 27, 28, 29]. Because of these
difficulties, it is essential to search for effective models that capture the essence of

QCD and allow for an analytical treatment.

In this context, the Skyrme model has proven to be an excellent tool for this
purpose. In the low-energy limit of QCD, baryons emerge as topological solitons

(skyrmions) in a mesonic field theory [30, 31, 32, 33, 34, 35]. There is compelling



evidence connecting the properties of baryons with those of these skyrmions, which
justifies the use of this type of model to describe hadronic structure. Following
this line of research, recent works have proposed ansatz that allow one to obtain
exact analytical solutions corresponding to hadronic matter distributed in tubes
and layers configurations [30, 37, 38, 39, A0, A1, A2 A3 A4 A5 A6, A7 A8, 19, 50,

, 02, 53, 51]. Nevertheless, the construction of purely magnetic configurations,

which are of great astrophysical relevance, had remained elusive until recently.

The main objective of this thesis is precisely to address this gap by providing a
concrete and analytically tractable example of a strongly interacting system with
finite baryon charge, similar to the lasagna-type phase of nuclear pasta. To this
end, we focus on the study of magnetized baryonic layers. Unlike previous works
that included coupled electric and magnetic fields, here we succeed in constructing
purely magnetic configurations thanks to a technique based on the Hamilton—Jacobi
equation of classical mechanics. This formalism allows us to derive a nontrivial
BPS (Bogomol’'nyi—Prasad—Sommerfield) bound for the nonlinear sigma model
with global SU(2) symmetry, minimally coupled to Maxwell theory (G-NLSM)
[55, 56, 57, 58]. Although in this thesis we do not use the full Skyrme model, the
Hamilton—Jacobi technique can be extended to include the Skyrme term. This

extension will be part of future work.

It is important to emphasize that, although the full Skyrme model requires a
fourth-order term (the Skyrme term) to stabilize the solutions in a finite space
[59], our solutions are defined in a fixed finite spatial volume. This condition,
following Derrick’s theorem, circumvents the need for such a term, allowing us to

work with the G-NLSM and drastically simplifying the analysis.

The BPS nature of our solutions is fundamental for the study of thermodynamics.
Thanks to it, we can establish an analytical relation between the topological charge,
the baryon charge, and the magnetic flux of these configurations. A crucial step in
this process is the determination of the “chemical potential” for the magnetic flux,
denoted by Ij, which arises as an integration constant in the Hamilton—Jacobi
equations. Although it is not possible to obtain a closed analytical expression for
Iy, in this work, using tools from Casimir effect theory, it was possible to find
an analytical approximation for this quantity. This calculation is essential for
constructing the grand canonical partition function of the system, and from it

deriving its fundamental thermodynamic properties, such as the internal energy,



entropy, heat capacity, and magnetic susceptibility. Moreover, from the energy-
momentum tensor of the configurations, we have been able to derive the equation

of state and the speed of sound.

Finally, a natural question is whether this analysis can be extended to more
realistic conditions. In particular, the inclusion of the isospin chemical potential
is essential for a more complete description of these magnetized baryonic layers.
Far from destroying the BPS property, we will show that the presence of this
chemical potential modifies it in an elegant and manageable way. As will be
seen, its effects can be interpreted as a dressing or modification of the coupling
constants of the system. Notably, the analysis of the energy-momentum tensor
extends naturally to the isospin case, allowing us to obtain the equation of state
and the speed of sound also in the presence of this potential, which reinforces
the completeness of our thermodynamic study. For the sake of clarity, we will
first develop the formalism for the case without isospin chemical potential and
subsequently introduce its effects in order to construct the isospin-dependent BPS

magnetized baryonic layers.

This thesis is organized as follows: in chapter 2, we present the G-NLSM. Chapter
3 is devoted to the ansatz for the construction of magnetized Baryonic layers, the
corresponding BPS bound, the topological charge and its relation to the magnetic
flux, as well as a discussion on the boundary conditions for H(r) and finally we
introduce a couple of approximations for the integration constant ;. The grand
canonical partition function is constructed in chapter 4, where we also compute
several relevant thermodynamical quantities, we also construct the equation of
state and derive the speed of sound, and we explore the contribution of an external
magnetic field to the energy and compute the magnetic susceptibility. In chapter 5,
the effects of the Isospin chemical potential will be included, and we will construct
the BPS bound and the corresponding BPS configurations in the case in which
the Isospin chemical potential is non-zero. Chapter 6 contains some comments

and concluding remarks.

This thesis is based on the results presented in [00], of which the author is a
co-author. The figures presented throughout this manuscript correspond to the
original plots from that work and are included here using the original source files,

rather than independent reproductions.



4 Chapter 2. The Non-Linear Sigma Model

Chapter 2

The Non-Linear Sigma Model

In this chapter, we introduce the framework of our study: the Non-linear
Sigma Model (NLSM). As an effective field theory, the NLSM provides a robust
description of the low-energy dynamics of Quantum Chromodynamics (QCD), a
regime where standard perturbation theory fails due to color confinement. First, in
section 2.1, we discuss the gauged version of the NLSM, introducing the coupling
with the Maxwell theory to account for electromagnetic interactions. Then, in
section 2.2, we construct and analyze exact solutions representing magnetized
BPS baryonic layers. These solutions are of great physical interest as they serve
as a theoretical baseline for understanding ordered hadronic structures under the

influence of magnetic fields.

2.1 Gauged Non-Linear Sigma Model

To describe the low-energy limit of QCD, we consider the nonlinear sigma model
minimally coupled to Maxwell theory in (3 + 1) dimensions with global SU(2)

symmetry, whose action is given by

S = _;1 /d‘ix{KTr{zﬂzu} — F, F"}, (2.1.1)

where K = fz’% is the coupling constant of the G-NLSM and f; is the pion decay
constant [01], whose numerical values will be discussed later in chapter 4. A mass
term for the pions could also be included, however the mass of the baryonic layers

is many orders of magnitude larger than the pion mass, so that the mass term can



2.1. Gauged Non-Linear Sigma Model 5

be safely neglected. The indices u, v = 0, 1,2, 3 denotes spacetime indices, where

0 corresponds to the timelike component. Moreover,
¥, =U"'D,U, F,=20,A,—-0,A,, (2.1.2)

where A, represents the U(1) gauge field and U is a scalar field taking values in
SU(2), defined as a map
U:R>— SU(2). (2.1.3)

In the following sections, the SU(2) valued U field will be parametrized using
generalized Euler angles [62, (3, (1], since every element of SU(2) admits a unique

representation in this parametrization,
U = el et enG, (2.1.4)

Here F(z#), H(x*) and G(z") represent the three scalar degrees of freedom of the
SU(2) field

F,G, H:R* = R. (2.1.5)

As already shown, for instance, in [52], this parameterization leads to configurations

in which baryons are organized in layers.

The covariant derivative introduced in (2.1.2) is defined as
D,U =0,U+ A,[r3,U], (2.1.6)

where 7; are defined as 7; = i0;, with o; the Pauli matrices.

By varying the action with respect to the fundamental fields, the equations of

motion of the model are obtained as

D,x" =0, (2.1.7)
O F" = J", (2.1.8)

where the conserved current J* is given by

K ~ ~
Jr= ST {ogzﬂ} . Oy=U"'nU — . (2.1.9)



6 2.2. Magnetized BPS baryonic layers

Furthermore, the energy-momentum tensor for the G-NLSM is
K 1 N _
T, = —ETr X2, — 59/»1/2 Yo ¢+ T, (2.1.10)

such that T, v 18 the energy-momentum tensor associated with the electromagnetic
interaction, given by

A « 1 af

Ty = —FuF) + 1 a8 G- (2.1.11)
Different solutions of the equations of motion are classified by a topological
invariant, which we denote by B, defined as the index of the map U, namely
B = index(U). This index takes integer values and is directly associated with the

number of baryons in the system, which we will refer to as the baryonic charge

[59], and which can be computed explicitly as follows

1
B = 2.1.12
2474 /VpB’ ( )

where V' is the volume of the system and pp defined as

pB = pB, + PB, (2.1.13)

represents the baryonic density (see [73] and references therein), where
pp, =T {(UTQU) U ;U U ',U)}, (2.1.14)
pp, = —37*Tr {0; [A;m(U'0,U + 0,UU )] }. (2.1.15)

Therefore, the quantities defined in (2.1.12), (2.1.13), (2.1.14) and (2.1.15) are

both topological invariants and gauge invariant quantities.

2.2 Magnetized BPS baryonic layers

As stated in the previous section, the choice of a suitable ansatz is crucial for
obtaining analytic solutions to the field equations. In this section, we will study

an ansatz that yields static purely magnetic solutions in the BPS limit.
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To this end, we explicitly compute the quantities introduced in the previous
section using the Euler-angle parametrization (2.1.4). Since we aim to study the
emergence of topologically nontrivial inhomogeneous condensates at finite density
and finite volume, the simplest way to incorporate this into the calculations is to

introduce the following flat metric

ds* = —dt* + L*(dz® + dy?) + L2dr? (2:2.1)

where z, y and r are dimensionless Cartesian coordinates that have ranges
0<z<m 0<y<2m, O0<r<2m. (2.2.2)

The dimensionality of the space is encoded in L and L,. A more detailed discussion
of the units of measure and their specific values will be given later in 4.1. This
metric describes a box of volume V = 473L,L?, where the gauged solitons live.
The area of the layer is given by A = 272L2. It is important to note that the
coordinates x and y are tangential to the layer, while the coordinate r is orthogonal
(see |52, 51, 53]). As a consequence, both the energy density and baryonic density

depend only on the coordinate r.

Let us consider the following static ansatz for the SU(2) valued scalar field U and
for the U(1) gauge field A4,

[ = Py H(r)m ePrTs (2.2.3)

A, = (o, 0, g — (), —%’ + u(r)) , (2.2.4)

where p must be an integer according to the theory of Euler angle parametrization
for SU(2) (see [62, 63, 64]). As shown in [13, 39, 40], with this ansatz, the seven

coupled field equations reduce to two

2 2
H'+4 (Lf) sin(2H) ((g) - u2) —0, (2.2.5)
u” — 4K L? sin®*(H)u = 0, (2.2.6)
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with the following energy density:

K(HI)Z (ul)Z

Koy .2 2
Too = Tz [p* cos?(H) + 4sin®(H)u?] + 212 + (L. (2.2.7)
and baryonic density
d
pp = —12p—[u(l + cos(2H))]. (2.2.8)

dr

Since the baryonic density (2.2.8) is a total derivative, the baryonic charge depends
only on the boundary values of H and u, as expected. The choice of these boundary
conditions will be discussed later in 3.5. It is worth mentioning that, since the
configurations of interest are static and purely magnetic, the field equations are
obtained by minimizing the energy, which is equivalent to treating the energy
density as a Lagrangian. When the isospin chemical potential is included in the

calculations, the free energy must be minimized.
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Chapter 3

The BPS Bound

In this chapter, we address the mathematical and physical simplifications provided
by the Bogomol'nyi-Prasad-Sommerfield (BPS) bound. Finding exact solutions
to highly non-linear field equations is notoriously difficult; however, saturating a
BPS bound allows us to reduce second-order differential equations to first-order
ones, guaranteeing the stability of the solitonic configurations. The development
of this chapter, particularly the derivation of the BPS bound and the application
of the Hamilton-Jacobi equation strategy (sections 3.2 to 3.5), is strongly based
on the methods and results presented in [55].First, we discuss BPS solitons in field
theory 3.1. Then, in section 3.2, we introduce a novel Hamilton-Jacobi equation
strategy to systematically derive these bounds. Then, in section 3.3, we apply
this powerful mathematical tool to our specific case of magnetized BPS baryonic
layers. Afterwards, in sections 3.4 and 3.5, we study the relationship between
the topological charge, the magnetic field, and the boundary conditions on the
profile H(r), providing a clear physical meaning to the baryonic charge. Finally,

in section 3.6, we discuss a useful approximation scheme for these configurations.

3.1 BPS solitons in field theory

On the framework of classical field theory, BPS solitons are defined as localized,
stable, and finite-energy solutions of nonlinear equations of motion. As explained
in [65], these non-dissipative configurations are of great importance since they
allow one to explore the non-perturbative regime of various physical theories,

behaving in some respects as classical extended particles.
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Within the wide variety of soliton solutions, BPS
(Bogomol’'nyi-Prasad—Sommerfield) solitons are of great interest.  These
configurations emerge in theories where the energy of the system possesses a lower
bound given by a topological invariant charge, known as the BPS bound. When a
configuration saturates this bound, the second-order equations of motion reduce

to first-order equations (BPS equations).

One of the most important features of the BPS equations is not only that they
reduce the order of the equations, but also that they open a range of exact
mathematical and analytical tools, even in cases where it is not possible to
find closed solutions. An example where these BPS solitons appear is type II
superconductors (described by the Abelian Higgs model). Although in this theory
the BPS equations do not have analytical solutions, it is still possible to study
various properties given the BPS configuration. Without knowing the exact
analytical solutions, we can understand the dynamics of multiple vortices and

calculate how many fermions can be trapped in the core of a vortex.

From a pedagogical point of view, the most elementary case of BPS solitons is
the kink in (1 + 1) dimensions, which provides a toy model to understand the
saturation of the energy bound and topological stability in one spatial dimension.
One step further are the vortices in (2 + 1) dimensions, which exhibit vanishing
interactions in the BPS limit and allow us to study configurations classified by a

topological winding number.

It is precisely this mathematical tractability, combined with the topological
stability inherent to the saturation of the BPS bound, that makes this formalism
an indispensable tool. In the context of this work, we will use this formalism to
model magnetized baryonic layers using a technique based on the Hamilton—Jacobi
equation of classical mechanics to find a BPS bound for the G-NLSM and its

corresponding BPS configurations.

3.2 Hamilton-Jacobi equation strategy

Consider the positive definite energy density Ty, of a static system involving two

interacting degrees of freedom, J; and J,. In the present case, J; and Jy are
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related to H and u and are functions of a single spatial coordinate r:

arjl)Q + (arj2>2

(
Tho —
00 2 2

+ V(J1, Ja). (3.2.1)

In this context, V' (Ji, J2) represents the interaction term between the two degrees
of freedom. Since the configuration is assumed to be static, the field equations for
J1 and J5 can be obtained by treating Ty as the action density. To establish a
BPS bound for these fields, we introduce two auxiliary quantities, I'; and I's, to

be added to the gradients of J; and J; according to the following properties:

(01 £T0)? | (9, Jy % To)”

5 5 = Too + (total derivative). (3.2.2)

This requirement leads to two conditions. First, the auxiliary functions must

satisfy

=V (J1, J2). (3.2.3)

Second, the mixed term must be expressible as a total derivative with respect to
r?

I'0,J; + 120, J5; = total derivative. (3.2.4)

To fulfill the second condition, it is necessary to assume the existence of a function
W such that

ow ow
N=—, TI'o=—, W=W(Jy,J). 3.2.5

With this choice, the mixed term becomes
0, J1 + 190, Jy = 0,(W (Jy, Jo)). (3.2.6)

Combining these results with the first condition yields a non-linear partial

differential equation for the function W,

AN LA

— — | =2 2.

(57) +(55) —2vonm = (32.7)
total derivative = 0, (3.2.8)

which is precisely the form of a Hamilton-Jacobi equation for the function W,

with the interaction potential V' playing the role of an effective potential.
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If this Hamilton-Jacobi equation admits a solution, the energy density can be
expressed as a sum of squares plus a total derivative, leading to a lower bound on
the total energy,

E > |W(2r)—W(0)]. (3.2.9)

This bound is saturated when the fields satisfy the first order equations

oW
OJy+ — =0, k=12 3.2.10
YA ( )

which define the corresponding BPS configurations.

3.3 Application: magnetized BPS baryonic layers

With the technique described in the previous section, and with the following
definitions:
L, oW L,.L oW
1= = =

JRom T 5 ou

the Hamilton-Jacobi equation associated to the energy-density (2.2.7), is given by,

12 2 IIN2 2 g
r (8W) +< r ) (QW) =2 [p2C082H+4UQSiH2H}. (3.3.2)

(3.3.1)

oK \ 0H 2 Ou

This Hamilton-Jacobi equation has an analytical solution if we impose the following

relations,

2,2 2
P Tp 27p
L=— A= A= 3.
_2K<—> e o (efﬂ) (3.3.3)

where we have explicitly written the quantization condition in terms of the pion
decay constant f,. In consequence, the BPS bound (whose definition is presented
later) is saturated when the surface area of the layers is quantized according to
that constant. Once this condition is satisfied, the solution of the Hamilton-Jacobi

equation (3.3.2) turns out to be

3

4K >
= pLj ucos H = (3.3.4)
oW 4K> oW 4K>
—_— = inH, — = H. 3.3.5
oH ~ L. usinH,  —— oL oS ( )

The solution of the Hamilton—Jacobi equation that we have just found, associated

with the G-NLSM, allows us to write the energy density in a BPS like form as
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follows:

1 K 2 2 d
Too= =3 —— <pH’:i:4\/?LrusinH) —|—4<u’$p\/?chosH> i—W ,
e? | 2(pL,)? dr
(3.3.6)
where W is the solution of the Hamilton-Jacobi equation. From here we will only
consider the upper sign in the BPS like energy-density (3.3.6). In this way, we

can find the following bound for the energy:

AL

e2

2T
E= / dey/ =g = AL, / 0T > Q. Q = 221 \W(2m)—W(0)], (3.3.7)

where the area of the baryonic layer A is quantized according to (3.3.3).

The first order BPS equations, which imply the second order equations (2.2.5)
and (2.2.6) (this follows by differentiating with respect to r), are:

WKL,
p
u —pVKL, cos H = 0. (3.3.9)

H +

usin H =0 (3.3.8)

It is important to note, in order to simplify future calculations, that if we divide
equation (3.3.9) by p, we find that the quantity u(r)/p does not depend on p. For

this reason, we define

_ u(r)
u(r) = ) (3.3.10)

which is p-independent.

By using the BPS conditions (3.3.8) and (3.3.9), one can find an analytic relation

between the gauge field v and the SU(2) profile H, given by the following equation:

dH 4
e —Ev tan H — (3.3.11)
H(r) = arcsin [exp (—20*(r) — Ip)] , (3.3.12)

where [j is an integration constant. This solution, together with the BPS equations
(3.3.8) and (3.3.9), identically satisfies the field equations 2.2.5 and (2.2.6). In

this way, the complete set of field equations is reduced to the following quadrature
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by using (3.3.12)

v = VK L\/1—exp (—402(r) — 2I). (3.3.13)
By integrating the equation (3.3.13), we obtain

1 v(2m) dr

o2 = ——— ,
VKL, Jo /1 —exp(—472 —2I))

(3.3.14)

where 7 = v(r). Here, for convenience, we choose v(0) = 0. On the other hand,
for the physical analysis of v(27), we must compute the magnetic flux in the

y-direction:

p*rL,

V2K

which implies that v(27) is proportional to the total magnetic flux in the y

b= LL, / drdzF, = ETE (0(2m) — (0)), (3.3.15)

direction,

V2K, (3.3.16)

v(2m) = PRy

3.4 Topological charge and magnetic field

In order to construct the grand canonical partition function of the system, we
must first determine explicitly both the baryonic charge (particle number) and
the energy (topological charge) of the system at the BPS point. To this end, let
us now consider the baryonic charge (2.1.12) with the baryonic density (2.2.8).
Using the solution of H defined in (3.3.12), it takes the explicit form

1
B =g /pB —
V2K® K®?
B = 4 <1 —exp <—8— 2IO>) | (3.4.1)

7L, pr(nL,)?

On the other hand, we can compute the topological charge explicitly in terms of
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124

101

Q(0)

0.0 0.2 0.4 0.6 0.8 1.0
B(®)

Figure 3.4.1: Parametric plot of the topological charge () versus the baryonic
charge B, both as a function of the magnetic flux ®.

the magnetic flux using the expressions of @ (3.3.7), H (3.3.12) and & (3.3.16):

Q="ELrw(om) - w(0)] =
42K 7 d 8K §2

It is interesting to compare the above expressions for both the baryonic and
topological charge in order to see the nonlinearity of the system. From equations

(3.4.1) and (3.4.2), it is possible to obtain the following relation:

Q_ mVE (3.4.3)

B
\/1 — exp (—I% — 2[0>

In this way, we can plot the topological charge and the baryonic charge in order

to illustrate the nonlinear relation between these two quantities (see Fig. 3.4.1).

As we can see, unlike non-interacting systems, there is a nonlinear dependency
between the baryonic charge and the topological charge. However, as both the
baryonic and topological charges increase, they enter a linear regime, just as

expected.
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3.5 On the boundary conditions of H(r)

The definition of the boundary conditions on H(r) deserves a deeper discussion.
From the physical point of view, the baryonic density pp defined in Eqs. (2.1.12),
(2.1.14) and (2.1.15) have to be interpreted physically and concretely as the
baryonic density: namely, a density with the property that its integral is the
baryonic charge. Thus, one could think that the only reasonable boundary
conditions are the ones where the baryonic charge is an integer (and this is
certainly a reasonable viewpoint). On the other hand, in situations in which the
baryonic charge is very large (as in neutron stars) it is also possible to consider the
baryonic charge as a continuous quantity. Indeed, variations of +1 baryons are
very small compared to a total baryonic charge of the order of 10'°. Under these
conditions, baryons can be considered as continuous variations of the mesonic
field and the baryonic charge can be described as a continuous variable. In this
subsection, we will show that in our case both viewpoints are reasonable and that
the second one (where the baryonic charge is considered as a continuous variable)

has some technical advantages (see also Section 4.3).

The boundary conditions on the functions appearing at the exponents of equation
(2.1.4) are generally defined in such a way that the map U describes a closed
manifold, isomorphic to an S® (see, for instance, [79] or [73]). Nevertheless, the
introduction of the magnetic field defined by the ansatz (2.2.4) and the definition
of the BPS equations (2.2.5) and (2.2.6) compromise the closure of the manifold.
In particular, the map U introduced in (2.2.3) is isomorphic to S? with two points
removed. A simple way to see this is the following. First of all, let us observe
that, in order to get a closed manifold, one should impose the following boundary

conditions on the exponent of (2.2.3)
0<y<2m, 0<z<m. (3.5.1)

Furthermore, H should be a continuous function on 0 < r < 27 such that (see,

for instance, [52, 53, 62, 63, (/] for further details)

0< H(r)< or g<H(r)<7r for 0<1r<2m,

N[N
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with boundary conditions
H(0) = g and  H(27r) =0 (3.5.2)

for the first case, or
H(0) = g and H(2m) =7 (3.5.3)

for the second case (notice that sin(H(r)) decreases, due to (3.3.12)). The
condition (3.5.1) is automatically satisfied by the definition of the space in which
the system is defined. On the other hand, the BPS equations (2.2.5) and (2.2.6)
lead to the solution for H(r) outlined in (3.3.12). It is straightforward to observe
from here that sin H(r) # 0 for each 7, thus avoiding the ending points defined
in (3.5.2) or (3.5.3). The condition H(0) = 7/2 can be obtained when I, = 0,
but in this case the relation (3.3.14) implies that v(0) = v(27) = 0, thus leading
to H(r) = m/2 for each r. One can deduce that H(r) does not span the whole
interval necessary to close the manifold. This, clearly, also affects the baryonic
charge. Indeed, B only depends on the boundary conditions of v(r) and H(r), as
arises from (2.1.12) and (2.2.8). For closed manifolds, B takes integer values. In
our case, the boundary conditions of v(r) and H(r) are linked together using the
equations (3.3.12) and (3.3.14). In particular, it is possible to define Iy in terms
of v(27) through equation (3.3.14) and v(27) in terms of H(27) through equation
(3.3.12) (notice that, when we fix v(0) = 0, then I only depends on the choice
of H(0)). Therefore, one can write the value of B in terms of H(2w), v(27) or
Iy. For instance, we can define everything in terms of [y, which now can assume
arbitrary values, since it is not constrained by the closeness conditions of the

manifold. This way, the baryonic charge B varies continuously with Ij.

It is worth mentioning here that the solutions to the equations (3.3.8) and (3.3.9)
describe systems with £ = ), where () > 0, unless /, = 0, in which case we have
the trivial condition ) = 0. The parameter I, can be used to define a continuous
deformation of the solutions with ) > 0 to solutions with () = 0. In this sense, the
system is not topologically stable. Nevertheless, once all the boundary conditions

are fixed, the solutions have finite energy for I, # 0.

Interestingly, when Iy — oo, then H(r) — 0. In this case, the map U does not
wrap around S? at all. The contribution to the baryonic charge is given entirely

by the presence of the magnetic field (in particular, it derives from the volume
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integral of (2.1.15), since the volume integral of (2.1.14) is zero). In this situation,
the quantity @ defined in (3.3.7), only differs from B by a multiplicative constant.
Explicitly,

B=8p*’rvVKL, and Q=nVKB.

Therefore, the obtained solution is characterized by E = () > 0, where the

positivity of the energy is guaranteed only by the magnetic field contribution.

Now, two questions are in order. Are the solutions obtained from (3.3.8) and
(3.3.9) stable for fixed values of B? What is the interpretation of the quantity B

in this paradigm?

In order to answer these questions, we need to observe that both B and () only
depend on the boundary conditions. Once the latter are fixed, B and @ are
invariant under the symmetries of the system. Then, for each sector characterized
by B fixed, also (@ is fixed and the energy associated with solutions to the Skyrme
equations (2.2.5) and (2.2.6) has a finite minimum given by equation (3.3.7). This
minimum is reached by the solutions to the BPS equations (3.3.8) and (3.3.9).
Furthermore, we give B its original interpretation of baryonic charge. From a
physical point of view, the fact that it can assume continuous values could be
interpreted as due to a quantum correction that screens the baryonic charge. This
interpretation would deserve a deeper investigation at a more fundamental level,

but this is out of the scope of this thesis.

3.6 Approximation

For the development of this work, it is essential to find an analytic relation between
the baryonic charge B, the topological charge (), and the magnetic flux ®. This
requires determining an analytic expression for the integration constant . To

this end, we define the function F', which depends on both ® and I, as follows:

V2K
P27"L1" ® d’T

F(®, 1)) = /0 \/1 — exp(—472 — 210).

(3.6.1)

Unfortunately, it is not possible to obtain a closed form expression for this integral.
However, an accurate analytic approximation can be obtained using standard

Casimir effect techniques (see |06 and references therein), based on the expansion
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Numerical solution
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Figure 3.6.1: Comparison between the analytic approximation and the numerical
integration of (3.6.1), both for small values of I (Fig. 3.6.1a) and for large values
of Iy (Fig. 3.6.1b). Here v2K®/(p*wL,) = 1 (which corresponds to ® ~ 10° fm?,
see Section 4.1 for a discussion of the units of measure).

of the integral in terms of Bessel functions.

In this way, for Iy > 0 we obtain the following analytic approximations for the
integral (3.6.1). As shown in Fig. 3.6.1, these analytic expressions are in excellent

agreement with the numerical results.

V2K 1 Y
F(®, 1) ~ pQWchp — I (1—e?0) (3.6.2)
1 8K2d?
F(®,I)) ~ ~log [ 1+ ———>—
8K 22 8K 202
———(2 —> : 3.6.3
* \/p47r2L$IO< + pir2L21, ) ( )

Note that (3.6.2) fails for Iy — 0. Indeed, the approximated expression (3.6.2)

diverges for very small values of Iy. In this limit, we use the expression (3.6.3).
The explicit computation of these approximations is reported in Appendix A.

From (3.6.2) and (3.6.3), and given that F(®, I;) = 2w L,/ K, one can explicitly

determine v(27) in terms of I;. Namely,

[2#\/?1)7« +1n(1- 6_210)] For I, > ¢,

v(2m)(1p) ~
\/gsinh(élﬂ\/fl/r) For I < ¢,

(3.6.4)
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where ¢ is a positive, real quantity that minimizes the error of the approximation
with respect to the original relation F(®,I,) = 2rL,+/K. This quantity can be
determined numerically (in our case, it is of the order of Iy &~ 107!?). In Fig.
3.6.2, the comparison between the function (3.6.4) and v(27) obtained through a
numerical solution of F(®, Iy) = 2L,V K is shown.

2220 -

221.8 -

v(2m)

2216 -

2214 -

= Approximated solution

2212 Numerical solution

............

0.0 0.2 0.4 0.6 0.8 1.0

Figure 3.6.2: Comparison between the analytic approximation of v(27) (3.6.4)
and the numerical solution of F(®, Iy) = 2nL,./K. Here F is defined in (3.6.1),
where K =2 fm 2 and L, = 25 fm.

Through the equation (3.6.4), we can obtain analytically the dependence of I in

terms of the boundary condition v(27):

—3log [1 — exp (41}(27r) - 87T\/KLT)] For v(2m) > ¢
v2(27) For v(27) < &,
(3.6.5)

Ip(v(2m)) ~ )
sinh?(47vVKL;)

where € plays the same role as ¢ in (3.6.4). This approximation can be used to
define analytic expression for the quantities B and F in terms of v(27), which, in

the general case, have the form

B = 4p*v(27) (1 — 6_4”2(2”)_210) , (3.6.6)

— 4p*n*VEKv (2 \/1 e~ (2m) =2l (3.6.7)

=

where Iy can be replaced with (3.6.5).
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Chapter 4
Thermodynamics

In this chapter, we transition from the classical field description of isolated
baryonic layers to the macroscopic thermodynamic properties of a statistical
ensemble of such configurations. Understanding the statistical mechanics of
these systems is crucial for astrophysical applications, particularly for describing
the behavior of dense nuclear matter and the so-called nuclear pasta phases
inside neutron stars. First, in section 4.1, we establish the units of measure
used throughout our thermodynamic analysis. Then, in sections 4.2 and 4.3, we
compute the partition function considering both integer and continuous values
for the topological charge B. Afterwards, in sections 4.4 and 4.5, we derive the
fundamental thermodynamical quantities, culminating in the construction of the
equation of state and the calculation of the speed of sound of the system. Finally,
in section 4.6, we analyze the response of the system to an external field, evaluating

the Maxwell equations and the magnetic susceptibility.

4.1 Units of measure

Before proceeding with the thermodynamic analysis, it is useful to establish the
order of magnitude of the physical quantities under consideration. This will allow
us to obtain numerical estimates of the thermodynamic quantities and to compare

them with observational or experimental data.

At this point, a remark is necessary. The model developed in this work should be

regarded as a preliminary framework. In particular, the solutions obtained here
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are appropriate for describing baryonic crystals arranged in layered structures,
reminiscent of the lasagna phase of nuclear matter expected in neutron stars.
However, the actual physics of neutron stars is considerably more involved than the
simplified description provided by our model. For example, nuclear pasta phases
are typically embedded in a background medium consisting of nucleons in a liquid
state together with an electron gas (see for instance [1()]). In the present analysis
we neglect the interaction with this surrounding medium, although such effects
are essential for obtaining realistic estimates of the relevant physical quantities.
The aim of this work is therefore to establish the foundations for a consistent
treatment of these systems, which are otherwise extremely difficult to analyze
using purely analytical methods. More complete treatments will be explored in

future work.

With this in mind, we set L, ~ 25 fm. Due to the constraint (3.3.3), the lengths
of the remaining edges of the box, denoted by L, depend on the parameter p.
Consequently, this quantity cannot be fixed independently. The volume of the

— 4 27I'3p2 LT

system is given by V/ e

Finally, we adopt the following conventional values for the constants

2
fr=2V2fm ™ ~ 180 MeV (K = % =2 fm™?). (4.1.1)

4.2 Integer values of B

From the expression for the baryonic charge (3.6.6), and replacing in it the
approximation for v(27) given in (3.6.4), we can observe that the quantity B/p?

possesses a maximum value. Indeed, by taking the limit Iy — oo, we obtain

B
lim = =8VKL,x. (4.2.1)

Ip—o0 p2

whose value depends on the choice of the parameters of the system, as can be

observed in Fig. 4.2.1.

As mentioned in the previous chapters, since the baryonic charge B represents
the number of baryons in the system, it is natural to associate this quantity with

an integer. To analyze this case, we will consider the values of v(27) for which
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Figure 4.2.1: B/p? as a function of I,. Here K = 2 fm ™2, L, = 25 fm (The
dashed line represents the maximal value obtained for Iy — o).

B/p* = n, where, in order for B to be an integer, n must also be an integer (in
this case this condition has to be imposed by hand). As shown in (4.2.1), n has
an upper bound, whose maximum value is 1,4, = [8\/? L,7], where the square
brackets denote the integer part. If the width of the layers increases, that is, if L,
increases, the maximum value of n also grows (since n scales linearly with L,). In
our case, we will use L, = 25 fm which gives n,,., = 888, for the analysis of the
following sections. However, due to this large number of baryons, the analysis with
a discrete baryonic charge becomes computationally demanding. For this reason,
in this section we will use smaller values, namely L, = 1 fm, which corresponds to
Nmazx = 3. Later, we will analyze the case of large L,., for which we will introduce

a continuum extension of the baryonic charge.

The values of v(27) that satisfy B/p? = n were determined numerically, as shown
in Fig. 4.2.2. Tt can be observed that v(27) enters on a linear regime for large

values of n.

v(2m)(n)
.

Figure 4.2.2: Values of v(27)(n) as a solution of the equation B/p* = n. Here
K=2fm™? L, =1 fm.
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As noted before, v(27) is practically linear over the entire range of n. This behavior

will be useful later in our analysis.

4.2.1 The partition function

Based on the discussion above, we can define the grand canonical partition function

of the system as:

+00 Nmax

Z(Bpp) =Y Y e Eush) (4.2.2)

p=—0o0 n=1

where 8 = 1/T is the inverse temperature, E' is the energy defined in (3.6.7), up
is the baryonic chemical potential, and B is the baryonic charge defined in (3.6.6).

Notice that both F and B share the common factor p?>. Therefore, we can factor

out p? from the exponent of the partition function, obtaining

+00  Nmaz

Z(Bopp) =Y Y e Fmmn) (4.2.3)

p=—00 n=1

where we define F as the free energy in units of p?. By explicitly substituting the
expressions for £/ and B into the exponent, we obtain the following expression for

the free energy

F(n,pup) = 2r*VnK/v(21)(n) — nup, (4.2.4)

whose behavior is shown in Fig. 5.3.5a.

Note that the quantity v(27) is expressed as a function of n. On the other hand,

the sum over p converges only if F(n, ug) > 0. This condition is satisfied when

F(”v,uB = O)

- (4.2.5)

pp < pp(n), with pp(n) =
The values of pj; are shown in Fig. 4.2.3b. Since uj; converges to a constant value
as n increases, in order for the inequality F(n, ug) > 0 to be satisfied for every
n, we must consider the value of v(27)(n) evaluated in n,,,,, which we denote

as fig = s (Nmaz ). Once these convergence criteria are satisfied, the sum over p
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Figure 4.2.3: Free energy F as a function of n for ug = 0.2 (Fig. 5.3.5a), and
critical chemical potential u}; as a function of n (Fig. 4.2.3b). For large n, F

becomes linear while % approaches a constant value. Here K = 2 fm™* and
L.,=1fm.

leads to the well-known theta function 3 (see Appendix B and [67]). To simplify

the notation from this point onward, we introduce the function

(4.2.6)

Therefore,

(4.2.7)

Z e PP2F(npp) _ £ (g]_'(n’ ,UB)) )

p=—o0
Note that the theta function (4.2.7) diverges when n = 0, since F(0,ug) = 0.
For this reason, we define the sum in the partition function to run from 1 to
Nmaz- Moreover, this is equivalent to considering only states with non—vanishing
baryonic charge, which is necessary for the formation of the layers. In this way,

the partition function reduces to

Nmax

2(.0m) = 3 (?f(mm) . (128)

This sum clearly converges to a finite value, since n is bounded from both below
and above. The behavior of the partition function Z as a function of 5 and up is
illustrated in Fig. 4.2.4.

Let us briefly pause to make the following observations. Recall that when Iy — oo,
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Figure 4.2.4: Partition function Z(7, ug) as a function of 7' =1/ and ugp .
Here K =2 fm™? and L, = 1 fm. The dashed line in (Fig. 4.2.4b) represents the
value of fig.

n reaches its maximum value n,,,,. Consequently,
1—exp (40(%) - 87r\/ELr> 0. (4.2.9)

In this limit, it follows from the expression for the baryonic charge (3.6.6) that

v(2m) o< n. More specifically, in this limit we obtain

v(er) =2 (4.2.10)

S

In this regime, the energy (3.6.7) is also proportional to n. This behavior can be
visualized in Fig. 4.2.2, which suggests that the free energy F is also proportional
to n for sufficiently large values of n, as shown in Fig. 4.2.3. In particular, in this

regime F can be approximated as

F(n,pup) =nlip — pus|, (4.2.11)

with jip = 7K. When pup =~ jig, then F(n,up) ~ 0 and the theta function
diverges. The degree of the divergence can be studied through the identity (see

Appendix B
S( ) . E ( ) . (1-2'12)
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In our case, T = %]—"(n, pp). Therefore, the function £(7) can be written as

§ (%f(n,uza)) S (1 + ziqp2> . (4.2.13)

B‘F(nv MB)

T

w2

—m>. When S(fip — pp) is small enough, then ¢ ~ 0 and

where ¢ = exp (

i3 1
5(?}"(71,/;3)) R~ : (4.2.14)
Enliip — ps)

Notably, this approximation is valid also when n is small. In this case, fip is

replaced by p5(n) and § is small enough.

This divergence shows that jip represents the maximum value of the chemical
potential, beyond which the present analysis is no longer reliable (see also the
discussion in Section 4.4). It is important to stress that deriving a finite range for
the baryonic chemical potential through an explicit analytic expression constitutes
a remarkable result, especially in light of the well-known difficulties encountered
by Lattice QCD at finite baryon density.

4.3 Continuous values of B

As mentioned previously, when considering a large number of baryons, the
difference between B and B + 1 becomes negligible. Therefore, we can ignore
the assumption that B takes only integer values and instead adopt a continuum
approximation. In fact, our model allows n to vary continuously between 0 and
Nmaz- Lhis can be interpreted as an effective quantum screening of the baryonic

charge, allowing it to be treated as a continuous variable.

Moreover, the analysis of a continuous baryonic charge becomes particularly
relevant when the width of the layers is large. In this case, as discussed in the
previous chapter, we consider L, = 25 fm, which corresponds to n,,., ~ 888.58.
The behavior of the partition function analyzed in the discrete case can be extended

to the continuous case by considering the following.

When n is treated as a continuous variable, the sum in the partition function

becomes an integral, giving
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26w = [ €(Lrpm) an (13.1)

where now n,,., = 8V KL,m is a real number. The behavior of the partition
function for continuous n, as a function of the temperature 7" and the baryonic

chemical potential pp, is shown in Fig. 4.3.1.
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Figure 4.3.1: Partition function Z(7, up) as a function of 7' = 1/ and ug .
Here K = 2 fm™? and L, = 25 fm. The dashed line in (Fig. 4.3.1b) represents

the value of jig.

Note that, as n — 0, the theta function diverges as noe. Therefore, the integral

remains convergent.

Interestingly, taking this continuum approximation leads to a connection with the
Riemann zeta function when n,,,, is large. Indeed, if we consider the following

function

O(x) = &(ix), (4.3.2)

it holds

/OO 227 1(O(z) — 1)dz = QFfTif)c(s), (4.3.3)
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for any s such that Re(s) > 0. In this situation, assuming S(fip — pup) not too

small, we can approximate F(n,ug) ~ n[jip — up]. Furthermore, let us define

é(ﬁa /lB) = 2(67 :LLB) — Nmax- (434)

Thus,

2

— = = — i (4.3.5)
Bip—ps  3B(fip — pB)

More generally, one can compute the expectation value of an extensive quantity

Q(n) = wn® as

Q) = 55— [ [es (2Ftnnm) ) 1] dn
w1 (25 +2)
B (s - MB)SF(S T ¢(2)

(4.3.6)
This expression receives two types of corrections. The first arises from the finiteness
of Nmax and leads to terms of order e #mmax(Ez=18)  Consequently, the formula
cannot be reliably applied when Sn,.x(fip — pp) is small. The second source of
corrections originates from the fact that the behavior of uj; changes for small
values of n. In particular, by using Eqs. (4.2.4) and (4.2.5), we can explicitly

write

F(n, pp) =nlpp(n) — psl, (4.3.7)

(4.3.8)

In order to express v(27) in terms of n, we need to solve the relation B/p? = n.
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To this end, we consider Eq. (3.6.6) using the approximations (3.6.5). The explicit

expression for B/p* then reads

do(2m) [L - e (1 — gtem-SrVRL] for v(2r) > &,

—4v2(27r)(1+ (4.3.9)

BN
EM

1
qv(2m) |1 —e sinh? WWLN)] for v(2m) < €.

Since the second relation holds for very small values of v(27), in this limit we can

write
B f 1
Z 160327 [ 1+ ) . 4.3.10
p? (2m) ( sinh? (4#\/? L) ( )
Then,
%
v(27) ~ n (4.3.11)

16 (1 + sinh~2 (4W\/FLT)>

for very small v(27). The exact value of v(27) for values that are not very
small must be determined numerically. However, Fig. (4.3.2) indicates that
the dependence of n on v(27) (and vice versa) is approximately linear when
Nmax 18 large. In particular, from Fig. 4.3.2b it is evident that the linear
approximation remains valid starting from relatively small values of v(27) (around

0.8, corresponding to n ~ 3.2).

In the following, we employ the linear approximation for v(27) in order to simplify

the computations.

4.4 Thermodynamical quantities

The BPS tools that we have discussed offer us the unique opportunity to study
the thermodynamics of interacting systems. When studying thermodynamics,
one usually considers free gases (without interaction), but here, as can be seen in
the relation between the topological charge and the baryonic charge (3.4.3), this

system is clearly interacting.

Since we have obtained an explicit expression for the grand canonical partition
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Figure 4.3.2: Values of B/p? = n in terms of v(27). Here K = 2 fm 2 and
L, =25 fm. The (Fig. 4.3.2a) illustrates the relationship across the full range
of v(2m). In contrast, (Fig. 4.3.2b) displays the same relationship for small
values of v(27), comparing it against the approximation (4.3.11) and the linear
approximation n = v(2w)/4.

function of the system, we can now compute several thermodynamic quantities
as functions of the temperature 7" and the baryonic chemical potential pug. The

thermodynamic quantities analyzed in this section are the following:

Internal energy:
olnZ

U= 4.4.1
86 ) ( )
Entropy:
olnZ
= InZ — ; 4.4.2
Average number of particles:
10lnZ
(V) =55 (143)
Heat capacity:
0?lnZ
Cv = kpf? : 4.4.4
v = ka5 (14.4)

where, recall that 5 = 1/kgT, with T being the temperature and kg the Boltzmann
constant (which we set equal to 1 from this point onward). The behavior of these
thermodynamic quantities is shown in Figs. 4.4.1, 4.4.2) 443 and 4.4.4. In some
cases, we have considered relatively high temperatures in order to better visualize

their behavior.

The plots in Fig. 4.4.1 are particularly relevant, as they reveal the existence of
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Figure 4.4.1: Average numbers of baryons as a function of the temperature T
(Fig. 4.4.1a) and baryonic chemical potential pp (Fig. 4.4.1b). Here K = 2 fm ™2
and L, = 25 fm. The dashed horizontal line represents the case with (N) = 1.
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Figure 4.4.2: Internal energy as a function of temperature 7' (Fig. 4.4.2a) and
baryon chemical potential pp (Fig. 4.4.2b). Here K = 2fm™? and L, = 25 fm.

lower bounds either for the temperature 7" at fixed values of up (see Fig. 4.4.1a)
or for the baryonic chemical potential up at fixed values of T' (see Fig. 4.4.1D).
From Fig. 4.4.1a it follows that, once the baryonic chemical potential is fixed, the
temperature must exceed a threshold value (T" > Ty(up)) in order for at least one
particle to be produced. Conversely, when the temperature is fixed, the baryonic

chemical potential must satisfy up > ppo(T).

Remarkably, when fig — pp is sufficiently small, the allowed temperature range

overlaps with the one typically associated with the formation of nuclear pasta,
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Figure 4.4.3: Entropy as a function of temperature 7' (Fig. 4.4.3a) and baryon
chemical potential p (Fig. 4.4.3b). Here K = 2fm™? and L, = 25 fm.
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Figure 4.4.4: Heat capacity as a function of temperature 7' (Fig. 4.4.4a) and
baryonic chemical potential up (Fig. 4.4.4b). Here K =2 fm™? and L, = 25 fm.

namely 0.5 MeV < T < 15 MeV [10, 65]. This feature can be directly inferred

from the approximation (4.2.14). In fact, when fig — pup is very small, one obtains

1
(N s (4.4.5)

Therefore, (N) > 1 whenever T' > 2(fip — p15), taking kg = 1. The lower bound
for T approaches zero as up approaches jig. Nevertheless, one must keep in

mind that T cannot coincide with this lower bound, otherwise the approximation
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(4.2.14) ceases to be valid. Moreover, the case up = jip leads to divergences in
some thermodynamic quantities. Consequently, the behavior of the system cannot
be analyzed exactly at 7' = 0 MeV. However, by appropriately tuning pp, one
can reach very low temperatures within the range typically associated with the

formation of nuclear pasta.

It is also worth noting that the value fip ~ 888.27 MeV obtained in our model
is slightly smaller than the baryonic chemical potential usually associated with
nuclear pasta formation, although it is not dramatically different. Indeed, typical
estimates lie in the interval 930-1000 MeV (see, for instance, [09]).

As already observed in the case of integer baryonic charge, the limit fiz cannot be
exceeded. The divergent behavior exhibited by some thermodynamic quantities
near this value may be interpreted as a signal of a phase transition. However,
it should be emphasized that our model only describes a specific configuration
of nuclear matter, namely layered baryonic structures. As a result, the possible
existence of other phases cannot be explored within this framework. For this

reason, fig should be regarded as a limit of validity for the present model.

Another noteworthy feature is that the model does not predict an upper bound
for the temperature, which is usually associated with phase transitions. This
suggests that the structures studied in this thesis may persist even at very high

temperatures.

Examining the plots in Fig. (4.4.3), one observes that the entropy does not vanish
in the limit 7" — 0. This behavior originates from the presence of a degenerate
state corresponding to p = 0. Indeed, when T becomes very small (so that
f — 00), the only surviving contribution to the partition function comes from
the ground state at p = 0. This state is characterized by vanishing volume, as a
consequence of the relation (3.3.3) imposed to obtain the BPS conditions, and
also by zero energy. Nevertheless, it can contain 0 < n < n,,,, layers, which leads

to a degeneracy. In particular,

lim Z = / 1dn = Npas. (4.4.6)

B—o0 -0
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As a result, the entropy becomes

lim S = kg In(nme). (4.4.7)

B—00

Finally, the heat capacity C,, shown in Fig. 4.4.4 displays a characteristic
Schottky-like anomaly [70]. The position of the peak can be determined analytically
by using the approximations (4.2.14) in the limit f(jip — pup) — 0 and (4.3.5)
for finite values of B(fip — pp). Interestingly, for certain values of g, the peak
temperature occurs around 7' ~ 10-15 MeV, which corresponds to the temperature
range usually associated with the transition from pasta-like structures to uniform
nuclear matter [71]. As up — fip, this peak shifts toward 7" — 0. Although the
absence of a singular behavior (typically manifested as a A-peak) suggests that
no true thermodynamic phase transition is present, this feature deserves further

investigation in future studies.

4.5 Equation of state and speed of sound

Using the BPS properties of the magnetic layers presented in Chapter 3, we can
analytically derive the equation of state P = P(¢) (where P is the pressure and e
is the energy density), and from this compute the speed of sound ¢, defined by
c2 = OP/de, which is subject to the causality condition 0 < ¢ < 1.

To this end, we consider the energy-momentum tensor 7%, = g"”T},,, which in

matrix form takes the following structure:

—¢ 0 0 0
0O 7, 0 0
T, = 1 , (4.5.1)
0 0 T, D
0 0 D T

where the energy density € = Ty is defined in Eq. (2.2.7), while the remaining
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components of the tensor are given by

K (p? cos® H + 4u®sin® H)

7= - -
2 2

K;Z/> (5;22 (4.5.2)

Ty="T; = —KéZQQ, (4.5.3)

D= % (p? cos® H — 4u? sin® H) — g;zz (4.5.4)

To directly identify the energy density and the pressures of the system, we

diagonalize the energy-momentum tensor, which then takes the following structure:

— 0 0 0
0 T, 0 0

(TPy" = ' . (4.5.5)
0 0 T,+D 0

0 O 0 T, —D

Using the BPS property H = H(v) (3.3.12), we can express the energy density as

€ = €(v), and similarly the pressures of the diagonalized energy-momentum tensor,

obtaining:
€ = AK? (1 4 2o(ge2 1)) , (4.5.6)
Ty + D = —16K 2% "2l (4.5.7)
T, — D =T, =0. (4.5.8)
The trace of the energy-momentum tensor takes the form (7° D)“M = —e+ 3P,

assuming that the system behaves as a perfect fluid without dissipation. In this

way, we can write the total pressure of the system as follows

1 16 2
P=2(Ty+ D) = = Kt (4.5.9)

Remarkably, Eq. (4.5.6) can be inverted, allowing us to obtain v = v(€) in closed

analytic form:
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v(e) = :I:%\/l — W, ((1 - #) el+2fo), (4.5.10)

where W, denotes the principal branch of the Lambert W function. By substituting
this expression for v(e) into (4.5.9), we obtain an analytic expression for the

equation of state P(e):

4, € 12004+ Wo[(1— —<, )el+200
P(E) — 5[( (1 — m —e 0 0[( 4K2) ]> . (4511)

Note that the energy density e must satisfy the following inequality in order to

ensure that v(e) takes real values: Wy [(1 — 15 ) e!™] < 1, due to the square

root appearing in Eq. (5.5.10). As a consequence, the system exhibits negative

pressure, as can be seen in Fig. 4.5.1, as given by the equation of state (41.5.9).

|
N
o
T

1
N
o

T

P(e,lo) [MeV fm™]
1 1
e ] (2]
o o
T

-100

—120]

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200

€[MeV fm™]

Figure 4.5.1: Equation of state as a function of € for different values of 1. Here
K=2fm? L, =25 fm.

The endpoints of the curves on Fig. 4.5.1 arise from the mathematical structure
of the description, in particular from the appearance of the W Lambert function.
Regions where the compressibility becomes negative are mechanically unstable and
should therefore be replaced by a phase—coexistence construction; consequently,

that branch of the equation of state is not physically realized [72].

It is also worth noting that negative values of the pressure indicate that the system
tends to collapse. Such a result is not unexpected, since our analysis only considers
states composed of purely baryonic dense matter. A more complete treatment

should include the contribution of the electron gas, which plays a crucial role in
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stabilizing the system and yielding a positive total pressure. Similar behaviors

have been reported in [73, 71].

On the other hand, although at first glance one could say that in this work we
study the thermodynamics of a classical system, since we have solved the classical
equations of motion, the model is a semiclassical description of pions, and therefore

there exist quantum effects that may justify why the pressure is negative.

The speed of sound ¢, can be obtained by differentiating the equation of state
(4.5.11) with respect to the energy density e:

2 0_P _ 1 1 -
“ 79 3 <1 + Wo [(1 — 52) e!+2D0] 1) ‘ (4.5.12)

Similarly, to ensure real and positive values of the speed of sound ¢?, we must

impose a constraint on the energy density. In this case, ¢ > 0 when

Wo [(1 . é) el+210] <0. (4.5.13)

Therefore, ¢ > 4K?. The behavior of the speed of sound ¢? is shown in Fig. 4.5.2.
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Figure 4.5.2: Speed of sound as a function of ¢ for different values of I;. Here

K =2fm™? L, =25 fm. The magenta line represents the conformal limit ¢ = %

The values of € for which ¢? > 1 are not physical and are associated to the use of
the Lambert function.

Here, let us highlight a couple of important points.

First, we observe that the speed of sound exceeds the conformal limit % (as shown

in Fig. 4.5.2). This behavior has also been found in other models describing dense
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nuclear matter (see for instance [75]). On the other hand, in the case studied
in this thesis, the speed of sound overcomes the speed of light, namely when
2 =1 (see Fig. 4.5.2), and diverges near the endpoints of the equation of state
(see Fig. 4.5.1). Once again, this feature is likely an artifact of the model. In
a more realistic scenario, the curves shown in Fig. 4.5.1 would extend beyond
the endpoints, with the pressure eventually becoming positive and the system
undergoing a phase transition at sufficiently high energy densities. In such a
regime, the speed of sound would remain finite. However, the present model does

not provide a reliable description of the system at these large energy densities.

A second aspect concerns the magnitude of the energy density itself. The
constraints imposed by the model lead to values that are significantly larger
than those typically associated with nuclear pasta, or more generally with dense

nuclear matter.

Despite these limitations, the model still makes it possible to define an equation
of state and to estimate the speed of sound. Achieving this, particularly through

analytic methods, is generally a difficult task in the study of dense nuclear matter.

4.6 External field and magnetic susceptibility

In this section, we analyze the effects of an external magnetic field on the
magnetized BPS baryonic layers. To this end, we introduce a perturbation

of the magnetic field of the form

v(r) = v(r) + ber, (4.6.1)

where b, denotes the magnitude of the external magnetic field, which is taken to
be arbitrarily small. This perturbation also induces a small variation in H(r), so
that

H(r) — H(r)+ I(r,b.), (4.6.2)

where I(r,b.) is a function of both r and the external field b, which must be

determined. Its natural to impose the following condition on this function,
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I(r,0) = 0. (4.6.3)
Since b, is small, we expand I(r,b.) to first order in b., obtaining

0I(r,0)

I(r.b.) ~ b,
(r:be) b,

= ben(r), (4.6.4)

Here, we used the condition (4.6.3). In this way, the equation of motion for H

(2.2.5), at first order in b,, becomes

H" +4 (%)2 sin(2H) G - v2)
+ be {77” + 8 (%)2 {n cos(2H) (i — v2) —or sin(ZH)} } =0, (4.6.5)

where the prime denotes the derivative with respect to r, and L = %. The
functions H and u correspond to the solutions of the BPS equations (3.3.8) and
(3.3.9). Consequently, the terms in Eq. (4.6.5) that are independent of b, are
automatically satisfied. The remaining part of the equation then provides a
differential equation for the perturbation n. Using the relations (3.3.12), we can

express H in terms of v. In particular,

cos(2H) = 1 — 2e~ 4" 200 (4.6.6)
sin(2H) = 22" +2M0\/] — —402=21 (4.6.7)

In this way, the equation for 1 can be written as

n' + fn=g, (4.6.8)
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Figure 4.6.1: Numerical solution for v(r) and 7(r). Here K =2 fm™2 L, = L =
25 fm and I, = 0.01

ol 0.06

—40 |
0.04

f(r)
9q(r)

-60 -

0.02 |-
80

100 . . s s . . s 0.00 .
000 002 004 006 008 010 012  0.14 000 002 004 006 008 010 012 014

r r

Figure 4.6.2: Numerical solution for f(r) and g(r). Here K = 2 fm 2, L, =
L =25 fm and I, = 0.01

where

Flo,r) = (f)Q (1-2e7420) (1 - a?), (4.6.9)

L\’
g(v,r) = (f) or (26‘2”2“10 1—6_4”2_210>. (4.6.10)

Note that, in order to obtain a solution for 7, we must first determine a numerical
solution for v(r) and, consequently, also for f(r) and g(r). The numerical solutions
of these functions are shown in Figs. 4.6.1 and 4.6.2. On the other hand, for
Iy <1, we find that v(r) =~ r, and as I, becomes smaller the solution enters a
linear regime. This is consistent with the fact that small values of I correspond

to the low—energy regime and, therefore, to a strongly interacting regime.



42 4.6. External field and magnetic susceptibility

4.6.1 The Maxwell equations

The perturbation induced by the external magnetic field b, also affects the Maxwell
equation (2.2.6), which represents the field equation for the function v(r). In this

case, an external current J, must be introduced so that it contributes as follows

0" — AK L2 sin®(H)o = J., (4.6.11)

where 0(r) = v(r) + bor and H(r) = H(r) + ben(r) are the perturbed fields. At

first order on the perturbation b., (4.6.11) becomes

Jo = [V — 4K L?sin*(H)v] — 4b. K L? (rsin® H + nusin(2H)) . (4.6.12)

The term in square brackets, which is independent of b., is identically zero as a
consequence of the field equation (2.2.6). Hence, the external current takes the
form

Jo = —4b K L? (rsin® H 4+ nusin(2H)) . (4.6.13)

4.6.2 Contribution to the energy density and total energy

Using the results discussed above, we can compute the energy density (2.2.7) to

first order in the external magnetic field perturbation, obtaining

8K .
Tos = Too + be [?vr sin® H
AK [, 1 K 2/
— — = |sin(2H) + =n'H + ——| . 4.6.14
i ( 4) SnRH) T T (LTL)Z} o1

By making use of the field equations (2.2.5) and (2.2.6), the perturbed energy

density T{s can be expressed as

+ KnH’> . (4.6.15)
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In this way, the contribution of the external field to the energy density can be
written as a total derivative. The derivatives of the fields H' and v’ are replaced
using the BPS equations (3.3.8) and (3.3.9), together with the condition (3.3.3).
Explicitly, we obtain

4K b, d
— (rcosH —vnsinH). (4.6.16)

ng:TOO+ L, dr

Using this energy density, we can compute the total energy, including the effects

of the external field b., by integrating (4.6.16) over the volume of the layers

E,, = E + bSE, (4.6.17)

where

§E = 87°K 2 cos H(2m) — 97T2p2K%v(27r)77(27r) sin H (27). (4.6.18)

The contribution of the external magnetic field b, to the total energy can be
written in terms of the magnetic flux ® and the integration constant Iy, using the
BPS relation (3.3.12) together with Eq. (3.3.16). In this way, we can obtain a
relation between the magnetic flux ® and Iy, as was done previously when solving
the integral (3.3.14) numerically, or by considering its analytic approximation
(3.6.4), in order to determine this relation explicitly. On the other hand, we must
specify the boundary conditions for n(27) in order to understand the behavior of
the total energy in the presence of the external magnetic field. With this in mind,
we first compute the contribution of the external magnetic field to the baryonic

charge.

By, = B + b.0B, (4.6.19)

where
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6B = —12p*b, [4m(1 — sin®(H (2m))) —4n(2m)v(27) sin(H (27)) cos(H (27))] .
(4.6.20)

The presence of the external magnetic field should not alter the value of the

baryonic charge. Therefore,

4rr(1 — sin®(H (2))) — 4n(27)v(27) cos(H (27)) = 0, (4.6.21)

which solution is

m  cos(H(2m))

= (2 sin(H (21) (4.6.22)

n(2m)

Using this result, we can explicitly compute the contribution to the energy (4.6.18)

due to the presence of the external magnetic field, obtaining

§E = —mp*K 2 cos(H (21)). (4.6.23)

The contribution to the total energy arising from the presence of the external
magnetic field is shown in Fig. 4.6.3, where the analytic approximation (3.6.4)

has been used.
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~7x10%F

.........................
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Figure 4.6.3: Contribution of the external field to the total energy as a function
of the flux ®. Here K = 2 fm 2 and L, = 25 fm.

It is important to note that when the external magnetic field is positive, namely
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b. > 0, or equivalently when it is parallel to the magnetic field of the layers, the
contribution to the energy satisfies 0 < 0. This indicates that the solutions

describing the magnetic layers exhibit ferromagnetic behavior.

The contribution to the free energy at first order in b, can be written as

Fo, = F + bnp® opp, (4.6.24)
where
1 O0F

4.6.3 Magnetic susceptibility

With the results presented in this section, we can now compute the magnetic
susceptibility analytically from the partition function, using the following

expression

Mo ;. 82 In Zbe

where p is the vacuum magnetic permeability and Z;_ is the perturbed partition
function, computed using the free energy F;, given in (4.6.24). The behavior of

the magnetic susceptibility as a function of temperature is shown in Fig. 4.6.4.
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150 - 888.192
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Figure 4.6.4: Magnetic susceptibility as a function of the temperature T for
different values of pg. Here K =2 fm ™2, L, = 25 fm.

This behavior can be analyzed in more detail in the low and high temperature

limits by writing the magnetic susceptibility y explicitly as
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_ MO/B LS 2 "
X = 222 [A (n)@ ( )|x73$0(n)z (4.6.27)

n=1

Nmaz

— A(n)O'(7)],—s,, ZA Pt

where xo(n) = n(ph(n) — pug) and A(n) =ndup(n). In this equation, the prime
denotes the derivative with respect to x. This expression is also valid in the case
where n is treated as a continuous variable, in that case, the sum must be replaced

by an integral.

For high temperatures (or small values of ), we use the approximation (A0.7)

for ©(x) in order to obtain

oy 3A2 A(n)A(m
to 3% [ty

ol Szo(m)]z [zo(n)]2 [zo(m)]

(4.6.28)

3
2

Since = 1/(kgT), then, x o< T in the high temperature limit.

For low temperatures (or large values of ), we can explicitly use the following

expression for O(z)

T)=1+2) P (4.6.29)
Thus,
d = —27 Zp e P (4.6.30)
dx
and
@ )
T56(r) =27 Zp e (4.6.31)
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where z = gn(,u*B(n) — up). Then, when 8 — oo, both the first and second
derivative goes to zero with order e=®. Moreover, ©(z) — 1 and Z is a finite

constant different from zero. This means that y — 0 as 8 — oo.

Similarly, these expressions remain valid when n is considered as a continuous

variable.

The increase of the magnetic susceptibility with temperature observed in Fig.
4.6.4 can be understood as follows. At low temperatures, this growing behavior
may be related to the Hopkinson effect, which is characteristic of ferromagnetic
and ferrimagnetic materials [70]. As the temperature approaches the Curie
temperature T,, the magnetic susceptibility is expected to begin decreasing.
However, at sufficiently high temperatures the present low—energy model ceases to
be applicable, and therefore the current expression for the magnetic susceptibility

should only be regarded as reliable in the low-temperature regime.
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Chapter 5

The Effects of the Isospin Chemical
Potential

In this chapter, we expand our previous thermodynamic analysis by including the
effects of the isospin chemical potential. In realistic physical scenarios, such as the
interior of neutron stars, nuclear matter is highly asymmetric in its isospin content,
containing a significantly larger fraction of neutrons than protons. Introducing an
isospin chemical potential is essential to accurately model this asymmetry. First,
in section 5.1, we derive the modified BPS bound to account for this new chemical
potential. Then, in section 5.2, we study the subsequent approximations and
the behavior of the topological charge. Afterwards, in sections 5.3 and 5.4, we
recalculate the partition function and the macroscopic thermodynamical quantities
to explicitly show their dependence on the isospin. Finally, in section 5.5, we
present the modified equation of state and the speed of sound for the system with
a non-zero isospin chemical potential, contrasting these results with the symmetric

case.

5.1 Modified BPS bound

To introduce the asymmetry between protons and neutrons in our theory, we
must include the effect of the isospin chemical potential. As has been previously
studied, in the case of a field theory with internal symmetry SU(2) (see, for
instance [77, 78, 79, 80] and references therein), the effects of the isospin chemical

potential p; can be introduced by modifying the covariant derivative as follows:
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DU — D, U = D,U + uz[73,U]g,0. (5.1.1)

With this definition of the derivative, and considering the ansatz previously
presented in (2.2.3) and (2.2.4), the energy density becomes the free energy

density in the presence of the isospin chemical potential:

Th = Too + 2K i3 sin® H, (5.1.2)

where Tjy is the energy density without the effects of the isospin chemical potential
(2.2.7). In this case, and for consistency, the equations of motion are now obtained

by minimizing the free energy density:

L 2
o (f) (p* — 2L%u7 — 4*) sin(2H) = 0, (5.1.3)

u” — 4uK L?sin® H = 0. (5.1.4)

Remarkably, the system with the inclusion of the isospin chemical potential still
admits a BPS formulation similar to the one presented in Chapter 3. Using the
Hamilton—Jacobi technique, the free energy density T{, can be written as a sum

of squares plus a total derivative and a constant:

2 2
K 4L\ K + 3 2(K + p?) pKL,
Tolozm<H’+TlusmH) +TQI u — ———=cos H

aw
LT (5.1.5)

where the superpotential W is the solution of the Hamilton-Jacobi equation:

4K/ K 2
W = %ucos H, (5.1.6)
DLy
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and the BPS condition now requires the following quantization condition:

2
A N (5.1.7)

2(K + 113) K+ pi

In this way, the free energy takes the form:

27
Fr= /d?)x\/—gT(fo = ALT/ drTig, > |E1l, (5.1.8)
0
where
AL, )
E; = > W (2m) — W(0) + 4n K 7. (5.1.9)

With the above, the BPS equations modified by the presence of u; are:

AL /K 1 122
o VAT G — o, (5.1.10)
p
KL,
u — L2 cosH = 0. (5.1.11)

VE +11}

Note that, as expected, the first-order BPS equations modified by the isospin
chemical potential imply the second-order field equations depending on f;. Similar
to the case with pu; = 0, by using the BPS condition as in 3.3, the first-order

equations of motion are reduced to the following quadrature:

K+u1
- dv

27VKL, _/1)(27r , (5.1.12)
J

K
1 —exp (— 2D 210>

with pv(r) = u(r) such that v(27) is p-independent. Similarly to the previous
sections, we can write v(27) in terms of the magnetic flux in the y direction as

follows
= —pQWLT v(27) — v
¢ = 2(K+M§)( (2m) (0)). (5.1.13)

If we consider v(0) = 0, we can solve for v(27) in terms of the magnetic flux ®

2(K + p3)

v(2m) = L

®. (5.1.14)
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Let us note that, due to the presence of the isospin chemical potential, the magnetic
flux is reduced. With the above, we can rewrite the baryonic charge B; and the

topological charge (); as functions of the magnetic flux and the isospin chemical

potential:
B; = %L—Hﬁ)@/\/l@, (5.1.15)
B = 4\/L§:TK<I>\/M_¢+ %ﬁ?ﬁ, (5.1.16)
where
Mg =1—exp (—%@2 - 210) (5.1.17)

5.2 Approximation and topological charge

In order to obtain an analytic expression relating the topological charge, the
baryonic charge, the magnetic flux, and the isospin chemical potential, we must
repeat the analysis presented in 3.6 to find an analytic expression for the integration

constant [y (5.1.12). For this purpose, it is useful to introduce the following

K 2 [ K
82 = %UZ —— UV = ms. (521)
I

In this way, (5.1.12) takes the following form:

rescaling:

s(2m) ds

0 1 — e—4s—2Io ’

Note that the previous expression has the same form as (3.6.1). In this way, we

27r\/ELT =

(5.2.2)

can use the approximations presented in 3.6 to derive an analytic expression for
v(27)(1p) and its inverse Io(v(27)):
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Figure 5.2.1: Baryonic charge (Fig. 5.2.1a), total energy (Fig. 5.2.1b) and
energy per baryon (Fig. 5.2.1¢) in terms of p;. Here K =2 fm™2, L, = 25 fm.

K + 12 [2#\/_1/ i 1 In (1 —e€ 210)} for Iy > ¢,
s(2m) = Lo(27) ~
K \/ 22 sinh( 47r\/_L ) for Iy < e,
(5.2.3)
_% log [1 — exp (4 K;#%U(QW) - 87?\/ELT>] for K;‘L%v(Qﬂ) > g,
]0 ~
K;M%U2(27T)sinh2(4i\/FLr) for 4/ K%“?U(QW) <&
(5.2.4)

This allows us to define the baryonic charge B; and the topological charge (energy)

E; in terms of v(27) and the isospin chemical potential pif,

B = 4p*v(2m) M, (5.2.5)
4 2 2K 4 3 QLTK 2
By = —L2 yom) My 22N (5.2.6)
VE A+ p? K + py
where
M =1 — 5o em-a (5.2.7)

Figure 5.2.1 shows the topological charge, the energy, and the energy per baryon.
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5.3 The partition function and its dependence on

the chemical potential

Similar to the case without the isospin chemical potential, we define n as follows:

B
n==, (5.3.1)
p
where n is considered as a continuous quantity, motivated by the observations

outlined in the section 4.3.

As in the case with vanishing isospin chemical potential, the quantity n converges

to a finite value when Iy — oo, which in this case depends on u;

B SrKL,
Nomao(7) = lim 4 = 2o (5.3.2)

I——+o00 p? */K—F,u%.
Note that we can also derive a maximum value for the magnetic flux directly by

using the approximation for I, given in (5.2.4):

V22t K L2

9.3.3
K+ 3 (5.33)

(I)macc =

It is worth emphasizing that, due to the presence of the isospin chemical potential,

the value of n,., decreases due to its effect, as can be seen in Fig. 5.3.1.
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Figure 5.3.1: n,,,; as a function of ;. Here K =2 fm=2, L, = 25 fm.

With all the above, we can compute the grand canonical partition function,

including the effects of puy, as follows:



54 5.3. The partition function and its dependence on the chemical potential

+o0
Z(/BnuBa MI) = // Z 6—5172-7:1(71#37#[) dn d’I'L]. (534)

p=—00
where

Fi(n, pp, pr) = Gr — npip — nypur, (5.3.5)

and n; is the isospin number. As we will see later in this chapter, n; is not an
independent quantity, but rather depends on n. In this way, the double integral
in the definition of the partition function (5.3.4) becomes a single integral such

that n € (0, nmax(per)]-

On the other hand using equations (5.1.15) and (5.1.16) we obtain that,

22K A3 K L,y
Gl = ——= 2 + 1
7 nv(2m)(n, pr) K2

VE 13

(5.3.6)

We must analyze the free energy in depth in order to understand the behavior of
the partition function. To this end, we first note that the quantity n; corresponds

to the isospin charge, defined as follows:

Qr = / &’z Jg, (5.3.7)

where J3 is the 0 component along 73 of the isospin current

Jo =2KTr (D,UU'7%), (5.3.8)

and D, is the usual covariant derivative. In this way, we obtain the following

expression for the isospin charge:

8K Ly jurm’p?
0 = # /dr sin? H, (5.3.9)
I

which also corresponds to the volume integral of the component of the energy

density (5.1.2) associated with the isospin chemical potential. By using the BPS
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equations, we can rewrite the isospin charge in terms of v(r) as follows:

8urv Km*p?
_ SV P 7 5.3.10

where

T —

K+u2
/\/ —gLu@m) 42?20

dx (5.3.11)
0 A/ 1 _ 6741‘27210

The numerical solution to the integral (5.3.11) is graphically represented in Fig.

‘
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Figure 5.3.2: Behavior of Q/p? as a function of I for different values of u; (Fig.
5.3.2a), and as a function of u; (Fig. 5.3.2b). Here K =2 fm™? and L, = 25 fm.
Note that ); reaches a maximum for a specific value of y; and then tends to zero
for large values of y;. This behavior is due to the decrease in the total number of
baryons, as shown in (Fig. 5.2.1).

As we mentioned before, the isospin charge )7, and therefore n;, is not an
independent quantity, but rather depends on the baryonic charge. In particular,
using the relation (5.1.15), we can rewrite Iy in terms of n and substitute this
expression into (5.2.5). In this way, the double integral in the partition function

reduces to a single integral over n.

Let us observe that the ratio between the isospin charge ); and the baryonic

charge Bj is determined by

2
O fmvEm g (5.3.12)
By (K + pj)v(2m) M




56 5.3. The partition function and its dependence on the chemical potential

where M and Z were defined previously in (5.2.7) and (5.3.11), respectively. In
Fig. 5.3.3, this ratio is shown numerically. We can observe that, once the boundary
conditions in the solution for H(r) are fixed and with I fixed, the ratio (5.3.12),

for large values of the isospin chemical potential, becomes constant.
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Figure 5.3.3: The ratio )7/ By as a function of y;. Here K = 2 fm =2, L, = 25 fm.

It is possible to obtain a good approximation for the integral (5.3.11) by using
the approximations presented in Appendix A. When I is not too small, that is,

for Iy > €, we can consider the following approximation:

I~ é [Liz (e721) = 2log (1 — e210)] . (5.3.13)

On the other hand, for the case Iy < €, which means that K%“?UQ(ZW) is also small

(see equation (5.2.3)), we consider the following approximation:

T~ ;1 I (1+2+ a2+ ) (5.3.14)
— w < (1+az)r+ arcsin(ﬁ))] ,

K+p2 402(2 . . .
Tﬂl% The comparison between the numerical solution and the

analytic approximations is shown in Fig. 5.3.4.

where ©z =
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Figure 5.3.4: Comparison between the analytic approximation and the numerical
integration of (5.3.11) as a function of y;. Here K = 2 fm 2, L, = 25 fm and
Iy = 0.1. The term v(27) is given by equation (5.2.3).

In this way, we define:

Qr 2y VK .
— = 7 5.3.15
Br  4v(2m)(n, pur) K + p? (. o), ( )

a(n, /L[) =

where 7 takes different approximations depending on the value of Iy. For I < e:

. A B o0y2 n, ur)B
Z(n, 1) = — v 2m)"(n, p) (5.3.16)
S w(2m)2(n, i) (1 + +>
K ) sinh2(47r\/?Lr)
where
1
A=3hn [cosh2(47r\/ELr) (5.3.17)
+ Sinh(47r\/?Lr)\/1 + cosh2(47r\/?Lr)] ,
cosh(4mvKL,) 47K L,
. S (5.3.18)
sinh(47vKL,) sinh*(4rvKL,)
And for Iy > e:
. Liy (e 2lo(mrn)) — 2]og (1 — e=2o(mmr)
Z(n,ur) = ( Kl% ( ) : (5.3.19)

1 — 674 K v(27r)2(n,u1)7210(n,;11)

The dependence of v(27) and I as functions of n and p; has been defined by
imposing the condition (5.3.1) and using the relations (5.2.3) and (5.2.4). In this

way, we can write the free energy as
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Fi(n, pp, pur) = n[p*(n, pr) — pp — o(n, pr) )], (5.3.20)

where " (ur,n) = Gy (ur,m)/n.
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Figure 5.3.5: Free energy as a function of n and uj for different values of u;
(Fig. 5.3.5a)and n (Fig. 5.3.5b). Here K = 2 fm™?, L, = 25 fm and pup = 0.
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As in the case with vanishing isospin chemical potential, in order to obtain a
well-defined partition function, the free energy must be positive. We can study the
sign of the free energy in terms of up, pur, and n through the following observations.

We begin by setting g = 0. Recall that our previous approximation holds for two

K+p?
K

(see equations (5.2.3) and 5.2.4). Consequently, we should analyze the free energy

different ranges of Iy, which correspond to two different ranges of n = n
in terms of (7, pur) rather than (n, pr). This relationship is shown in Fig. 5.3.5.
Specifically, the plot in Fig. 5.3.5a shows that F(n,0, p;) is mostly linear with
respect to n. Therefore, we can apply the same linear approximation used for the

pr = 0 case. In this limit, the free energy expression becomes:

VK

K+ 7

20 3K L,
K+

F(n,0,ur) ~ (K +3uj) f (5.3.21)

As we can see in 5.3.5, both plots show that for certain values of n and pu;, the

free energy becomes negative. Using the linear approximation, we observe that in
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order to avoid this problem, n must satisfy

2
. 1253

> 1 o0rVKL,. 5.3.22
"=K + 3u? i ( )

From this, we can note that for each p; there exists a lower bound for n. This
bound is zero only when p; = 0. This situation is represented in the plots of Fig.
5.3.5.

Considering the previous analysis, the partition function takes the following form

when pup = 0:

2(8,0, 1) / " e (Pro u,)) i, (5.3.23)
K + NI nml'n(ﬂ[

where 7, (1r) = K+2 >(1+ 12VKL, )y Nmaz = 87V KL,.

For the case when ug # 0, the free energy is given by

2 K K 2
mVE <K+3u§——ku3> Q

K+ 7

f(ﬁqunuI)% 2

. 20;&@@} . (5.3.24)

Hence, the inclusion of the baryonic chemical potential also affects the range of n,

leading to
. 207V K L1132
Pomin (1B fi1) = \/FI;P (5.3.25)
K +3p; — Y¥——up

This leaves us with an upper bound for up. Indeed, it can be seen from (5.3.24)

that pup must satisfy
pp < T ——= = p(pr)- (5.3.26)

Additionally, another necessary condition iS ez — Tmin (B, tir) > 0. This is

obtained when

N buim?

pp < (i) — ===
2/ K + 3

(5.3.27)
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which is smaller than fg(pr). When 7, (15, 1) approaches miy,q,, then the

partition function approaches to zero.

A representation of the partition function in terms of 7" and up, for different

values of py, is shown in Fig. 5.3.6.
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Figure 5.3.6: Partition function as a function of 7" and up for different values of
pp (Fig. 5.3.6a), T (Fig. 5.3.6b) and p;. Here K =2 fm™2 and L, = 25 fm.

The physical interpretation of this behavior is not immediately clear. However,
it is important to recall that providing an analytical description of isospin in
strongly coupled systems of baryonic crystals is generally a challenging problem.
Therefore, the present analysis should be regarded as an indication of a possible

direction for further investigation.

5.4 Thermodynamical quantities

In this section, we analyze the same thermodynamic quantities as in Section 4.4
(namely, the average number of baryons, the heat capacity, the internal energy,
and the entropy). These thermodynamic quantities are shown in Figs. 5.4.1 and
5.4.2. Tt is straightforward to see that for u; = 0 we recover the same expression

for the free energy. Therefore, we will focus only on the cases with u; # 0.

As can be seen in Fig. 5.4.1, regarding the behavior of the average number of
baryons, it is clear that the temperature required for the creation of baryons
increases with the isospin chemical potential u;. On the other hand, as was
observed in the previous analysis with pu; = 0, as up increases, the temperature T'

required for the creation of baryons decreases.
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The behavior of the remaining thermodynamic quantities as functions of pu is
particularly interesting. In fact, we observe that nuclear matter tends to condense
as 7 increases. As shown in Figs. 5.4.2b and 5.4.2d, both the heat capacity
and the internal energy decrease, eventually reaching negative and therefore non-
physical values. This behavior may signal the presence of a phase transition that

lies beyond the regime captured by our model.

Finally, it can be seen from the entropy plot (Fig. 5.4.2), when considered as a
function of temperature, that it exhibits the same behavior as in the case with
vanishing isospin chemical potential. That is, when 7" — 0, the entropy takes a
positive value different from 0. In this case, this value depends on the isospin

chemical potential p;.
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Figure 5.4.1: Average number of baryons as a function of 7" and u; for different
values of py (Fig. 5.4.1a), T (Fig. 5.4.2a) and pp. Here K = 2 fm 2 and
L, =25 fm.
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5.5 Equation of state and speed of sound with

non-zero isospin chemical potential

The effects of the isospin chemical potential coupled to the G-NLSM, and
additionally subject to the BPS condition of the magnetized baryonic layers,

modify the structure of the energy—momentum tensor, which in this case reads

—e 0 —L?C L*C
0 T, 0 0
= 01 r o | (5.5.1)
2

-C 0 D 15

where

K
e = 2K 2 sin® H + I3 [p? cos*(H) + 4sin®(H )u’]

+ KgZ)Q + (éuz; (5.5.2)
Ty = 2K 2 sin® H K (p? cos? HL—: 4u? sin® H )

+ Kgg)z + g; (5.5.3)
Ty =Ty = —2K 2 sin®> H — Kéf;y, (5.5.4)
D= g (p*cos® H — 4u*sin® H) — gg,[);, (5.5.5)
C = UL(;”usm? H. (5.5.6)

Using the BPS conditions and then diagonalizing the tensor, we obtain that it

takes the following form in its matrix representation:

—£+VQ 0 0 0
0 0 0 0

(TP = , (5.5.7)
0 0 To+D 0

0 0 0 —-£-VQ

€2

where @ = & — 2L?C?. Finally, by taking the trace of the energy—momentum

tensor, we obtain that the pressure can be written as P = %(Tg + D). In this way,
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both the pressure P and the energy density € can be written as functions of the

profile v(r) as follows:

(K +43) 4K + p?
e(v, pr) = 4K? {1 + S et (—( i /h)vz — 1)]

K
+ 2K 13, (5.5.8)
2K2 2 A(K+p2)v?
P(v,pur) = 3 (K/jrluz A _210> : (5.5.9)
1

As in the case with vanishing isospin chemical potential, the energy density can

be inverted, yielding the following expression

v(e) = i\/ﬁ\/l — W, [(1 + % - ﬁ) 61+210} (5.5.10)

In this way, the pressure can be written in terms of e:

4 M2 € 4 717210+W0[(1+ﬁ,%)61+210}
PO =K 1+ g ~ 172 ) — 35 S . (5.5.11
=3 ( oK 4K2) 3 ¢ ( )

The representation of the pressure in terms of the energy density for different
values of py is given in Fig. 5.5.1. Note that, at low energies, there exists a region
in which the pressure is positive (in contrast to the case without isospin chemical
potential). From this, we can say that the isospin chemical potential has the effect

of stabilizing the system at low energies.

P(e.unlp) [MeV fm™)
1
(2]
o
T

(| wMeV]
[[ = 0.006364

| - 6364
“20f] = 19.092

J

I I I I I
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Figure 5.5.1: Pressure as a function of € for different values of u;. Here
K =2fm™? L, =25fm, I, = 0.01.
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The speed of sound ¢?, defined as the derivative of the pressure with respect to

the energy density, finally takes the form

oP 1 1
cd=——=z - -1, (5.5.12)
O 3\ 14 W | (145 - i) 120

which is represented in Fig. 5.5.2.
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Figure 5.5.2: Speed of sound as a function of € for different values of p;. Here
K =2fm™ 2 L, =25 fm, Iy = 0.01. The magenta line represents the conformal
limit ¢2 = %. The values of € for which ¢2 > 1 are not physical and are associated
with the use of the Lambert function.

In the limit pu; — 0, the expressions for e(v) and P(v) consistently recover the
results presented in Section 4.5. Consequently, the observations discussed there

for the case p; = 0 remain valid also in the present case.
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Figure 5.4.2: Thermodynamical quantities as functions of T" and u;.
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Chapter 6
Conclusion

In the present thesis, we have analyzed the semiclassical thermodynamics of
magnetized BPS baryonic layers in the nonlinear sigma model minimally coupled
to Maxwell theory (G-NLSM), which possess both baryonic charge and magnetic
flux. For the mathematical construction of these layers, we have utilized tools
from the Hamilton-Jacobi equation of classical mechanics and BPS soliton theory.
The G-NLSM describes the low-energy limit of quantum chromodynamics (QCD),
which also includes the electromagnetic interactions of the hadronic degrees of
freedom. In the case where the isospin chemical potential vanishes, the topological
charge, which plays the role of the energy of these layers and appears naturally
on the right-hand side of the BPS bound, is a nonlinear function of the baryonic
charge. Due to this, and given that it is a strongly interacting system, the
analysis of the thermodynamics of magnetized baryonic layers proves highly non-
trivial. Using techniques from Casimir effect theory, we were able to calculate an
analytical relationship between the topological charge, the baryonic charge, and
the magnetic flux, thus achieving the construction of the grand canonical partition
function, which is interestingly related to the Riemann zeta function. With this,
we have been able to analytically obtain various thermodynamic quantities such
as the internal energy, entropy, heat capacity, and magnetic susceptibility of these
layers. Remarkably, this analysis can be extended to include the effects of the
isospin chemical potential, which is essential for the description of nuclear pasta
phases. We have explicitly constructed the BPS bound and its corresponding
BPS configurations by introducing the effects of the isospin chemical potential.

The topological charge that naturally appears on the right-hand side of the BPS
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bound (which is also a nonlinear function of the baryonic charge), in this case,
takes the role of the free energy of the magnetized baryonic layers. Furthermore,
we have been able to construct the equation of state analytically via the energy-
momentum tensor and, using this, calculate the speed of sound for both the
case where we consider the isospin chemical potential and the case where it is
zero. Deriving explicit thermodynamic expressions at finite baryonic density for a
strongly interacting magnetized system is a non-trivial achievement, especially
taking into account the lattice QCD sign problem at finite baryonic density. The
properties of these thermodynamic quantities appear reasonable and may be
useful for improving our understanding of highly interacting magnetized baryonic

systems.

As a final comment, the introduction mentioned the possibility of describing
nuclear pasta phases using our results, particularly the lasagna phase. However,
a direct comparison of the physical quantities in this work with neutron star
physics is not possible at this stage, as it requires an extension of the model.
Although we were able to describe the physical properties of ordered structures of
baryons organized in layers, which would constitute the solid part of the lasagna-
type structures (a significant achievement, as these results are generally difficult
to obtain using analytical tools), our analysis omits the contribution of liquid
and gaseous nuclear matter, as well as the electron gas surrounding these layers.
Omitting these contributions makes a reliable comparison with experimental data

impossible. The study of these extensions will be part of future work.
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Appendix A

On the approximation of the
integral (3.3.14)

Equation (3.3.14) is assumed to be independent on p and relates v = u(27)/p to
Iy. Iy is thus expected to be independent on p. To solve this equation one should

be able to compute the integral (3.6.1) that we rewrite as

v dx
I pu—
6.0 = ||
— ot K, 1). (A0.1)

where

v 1
K(v,1) = / ( - 1)dx. (A0.2)
0 1 — o (4a%+21)
Now, let us consider the function K. Its derivative w.r.t. v is

1
1 — o—(4a2+20)

~1 (A0.3)

which for positive I and x not too small (already x > 1 is good) is approximately
zero. Therefore, we can approximate (for such values of v) K (v, I) with K (oo, v).

By using

(1—2)"—1= i Mm" (A0.4)
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we get

K(o0,v) = 411 Z %\/geﬂ". (A0.5)

Now, the Stirling formula gives a good approximation for the Gamma function

for arguments larger than 1:

1 1 1
I'(n+ 5) ~ (n— 5)”_56_”_% 2m(n — 5)
~ne " 27Tn(en)_%
~ nl(en)z. (A0.6)

Therefore,

1 [m=1
K ~_, /L ~ —2Ipn
(00,v) 4\/22716

n=

__1 z _ 2l
= 4\/Zlog (1—e2P). (A0.7)

Since \/§ ~ 1, this justifies (3.6.2). However, the letter seems to become not

—

so good when [y — 0 since it diverges. The reason is probably that the above
derivation fails when [ is very small and v also is small. In this case, 0, K fails
to be small, and the constant approximation is not good. In this situation, we
conveniently rewrite

1 [ ds 1

G, I) =~ e
(Ua ) 4 0 \/g /1 — 6_(S+21)

1 2421 d 1
:-/ i . (A0.8)
4 oI \/8—2[\/1—6_8

Assuming that I < 2v? < 1, we can approximate v/1 — e~ & /s so that

1 1+40v2 /T dt
Gman[ —

1 402 \/42}2 42




7

which is equivalent to

2

4
1+ % — cosh(4G(v, ). (A0.10)

Therefore, (3.3.14) gives

u A p,/%sinh(m\/ELr). (A0.11)

This is expected to be the correct expression when I is very small.
That this is the right behavior when u — 0 can also be inferred from (3.3.14).
Indeed, let us set Iy ~ 2\u?, with % := u(27)/p. Changing the variable 7 into up,
(3.3.14) becomes

udx

27VkL, = /0 N eyt (A0.12)

Since 22 + A? is bounded by 1 4 A2, for u very small, we can Taylor expand the

exponential to first order, getting
1 [ d 1 1
orVEkL, ~ = | ————— = arcsinh~. (A0.13)

Therefore,

1
5= sinh(47VkL,), (A0.14)

confirming (A0.11).
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Appendix B

The Jacobi theta constant 63(q)

The third Jacobi theta function is

T93<Z, q) _ an2e2iﬂz7

nel

convergent for |¢| < 1. The associated theta constant is

03(q) == 15(0,.q) = > _q"".

neL

Let us introduce the function

O(z) =03 (™) = Z e Re(z) > 0.

neL

By using the Poisson’s resummation formula

Y f)y=)" f(m),

nez mMEZ

with

Fom) = [~ e2mmege),

to the function ©, with f(y) = e~™%* and f(m) = e_#/\/i, we get

O(1/x) = Vx O(x).

(A0.1)

(A0.2)

(A0.3)

(A0.4)

(A0.5)

(A0.6)
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Notice that when Re(x) — 400 then O(z) — 1, so, for Re(z) — 01 we have

(A0.7)

Finally, we notice that, for Re(s) > 0,

/ (O(x) — 1)2>tdx :22/ e ™ x5y
0 = Jo
2 - 1 > -z 2-1
ZW;E/O e “z27dz

=2 T(5/2)C(6), (A08)
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