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Resumen

En esta tesis, describiremos los avances recientes en métodos analiticos para construir soluciones
exactas del modelo Skyrme que representan condensados hadrénicos no homogéneos que viven
en una densidad baribnica finita. Estas novedosas herramientas analiticas se basan en la idea
de generalizar el conocido ansatz del erizo esférico a situaciones (relevantes para el analisis
de efectos de densidad finita) en las que ya no existe la simetria esférica. Estudiamos dos
parametrizaciones; la exponencial (que llamamos Generic Spherical Ansatz) y la de angulos de

Euler (que llamamos Fuler Angles Ansatz).

Ademés del interés matematico intrinseco para encontrar soluciones exactas con carga barionica
no nula a volumen finito, este marco abre la posibilidad de calcular cantidades fisicas importantes
que serian dificiles de calcular de otra manera. En particular, discutiremos las propiedades de
transporte de dichos condensados hadrénicos no homogéneos del Modelo Skyrme en (3 + 1)

dimensiones a través del formalismo de Kubo.

Estos resultados contribuyen significativamente a la comprensién de la materia nuclear en el
régimen de baja energia ya que, debido a su naturaleza no perturbativa, es dificil calcular sus
propiedades analiticamente. Ademaés, los resultados presentados en esta tesis estan directamente
relacionados con descubrimientos recientes en fisica nuclear sobre estructuras que presentan

patrones ordenados y que coloquialmente se denominan nuclear pasta.

Keywords — densidad finita, skyrmiones, funciones de respuesta, pasta nuclear.
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Abstract

In this thesis, we will describe recent advances in analytical methods to construct exact solutions
of the Skyrme model (and its generalizations) representing inhomogeneous Hadronic condensates
living at finite Baryon density. Such novel analytical tools are based on the idea to generalize
the well known spherical hedgehog ansatz to situations (relevant for the analysis of finite density
effects) in which there is no spherical symmetry anymore. We study two parameterizations; the
exponential (which we call Generic Spherical Ansatz) and the Euler Angles (which we call Euler

Angles Ansatz).

Besides the intrinsic mathematical interest to find exact solutions with non-vanishing Baryonic
charge confined to a finite volume, this framework opens the possibility to compute important
physical quantities, which would be difficult to compute otherwise. In particular, we will discuss
the transport properties of such inhomogeneous hadronic condensates of the Skyrme Model in

(3+ 1) dimensions through the Kubo formalism.

These results contribute significantly to understanding nuclear matter in the low-energy regime
since, due to its non-perturbative nature, it is challenging to calculate properties analytically. In
addition, the results presented in this thesis are directly related to recent discoveries in nuclear

physics about structures that give ordered patterns and are colloquially called nuclear pasta.

Keywords — finite density, skyrmions, response functions, nuclear pasta.
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Chapter 1

Introduction

Undoubtedly, one of the most significant open issues in physics is achieving a satisfactory
theoretical description of the phase diagram of Quantum Chromodynamics (QCD henceforth).
In this context, the most challenging part is the low temperature and finite Baryon density
region of the phase diagram. The common belief is that in this regime, only refined numerical
techniques can be effective (see [1], [2], [3], [4], and references therein) while analytical tools are
useless. An unfortunate consequence of this fact is that until very recently, the appearance of
the nuclear pasta phase * (see [, [0], [7], |3, 191, [10], [11], [12], [13], [14], [15], and the nice up
to date review [10]), which is a very remarkable phenomenon typical of the finite Baryon density
and low-temperature regime, had no theoretical “first principles" explanation. > Moreover, the
numerical analysis of these configurations is quite challenging (see [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27] and references therein) and, as the above references show, requires very

high computing power.

Transport properties are fundamental properties of multi-Baryonic configurations, especially
electrical conductivity, entropy, and viscosity (see [28], [29], [30], [31], [32] and references therein).
It is difficult to underestimate the importance of these quantities in particle physics, nuclear
physics and astrophysics. Without a proper analytic understanding of the complex structures
characterizing the nuclear pasta phase, numerical simulations are the only way to compute the
electric conductivity. In this work, we intend to prove that it is very difficult to extend the
numerical techniques used to analyze transport properties in homogeneous condensates with very
large Baryonic charge when these systems are coming out of equilibrium. On the other hand,
a "theoretical dream" would be to have a proper analytic description of these multi-Baryonic
systems in order to be able to apply the Green-Kubo formalism [33], [34], [35] (for a detailed
pedagogical review see [36]). In this way, one would achieve a first-principle understanding of

these essential properties, allowing their comparison with available experimental data.

n such a phase, ordered structures appear, in which most of the Baryonic charge is contained in regular shapes
like thick Baryonic layers (called nuclear lasagna) or thick Baryonic tubes (called nuclear spaghetti). This phase
has many similarities with the non-homogeneous condensates, which have been discovered in integrable field
theories in (1 4 1) dimensions.

2Namely, a theoretical explanation that only uses the QCD Lagrangian (or its low energy limit) and the fact
that there is a finite amount of Baryonic charge within a finite spatial volume.



The main goal of this thesis is to take the first steps toward the construction of a first principle
understanding of the low-temperature transport properties of multi-Baryonic structures appearing
in the nuclear pasta phase. Our starting point is the Skyrme theory which (at leading order in

the t” Hooft expansion [37], [35], [39]) represents the low energy limit of QCD.?

The dynamical field of the Skyrme action [17] is a SU(N)-valued scalar field U (here we will

consider the two-flavors case U(xz) € SU(2)). This action possesses both small excitations

describing Pions and topological solitons describing Baryons [18], [19], [50], [51], [52]; the
Baryonic charge being a topological invariant (see also [53], [51], [55], [56], [57], [58], [59] [60],
[61] , [62] and references therein).

To achieve the goal of computing -via the Green-Kubo formalism- some transport properties of
regular multi-Baryonic structures, we will need to generalize the analytic crystal-like solutions
with high topological charge constructed in [63], [64], [65], [66], [67], [68], [69], [70], [71], and
[72] (using the methods developed in [73], [74], [75], [76], [77], [75], [79], [20]).* It is worth
emphasizing that, first of all, the plots in [63] and [72] are qualitatively very close to the ones
found numerically in the analysis of spaghetti-like configurations (see the plots in [5], [6], [7], [3],
[9] and [16]). Moreover, in [71] the shear modulus of lasagna configurations has been computed,
the result being in good agreement with [I1] and [15]. Thus, the present formalism is well

equipped to analyze the nuclear pasta phase.

Now, as the analysis of the following sections will clarify, the Hamiltonian describing small Pionic
fluctuations of these crystalline structures cannot be directly analyzed with the Green-Kubo
formalism. An essential technical step is to allow for a more general time-dependence of these
configurations and describe "Baryonic pulses". We will construct more general topologically
non-trivial solutions and show that the Hamiltonian describing the small Pionic excitations is

very well suited for the Green-Kubo formalism.

The manuscript is divided as follows: In chapter 2, we give a brief review of the Skyrme Model,
its relation with baryons, its field equations, the energy-momentum tensor, and we define
topological charge in the model. Furthermore, we define and explain the most common ansétze

for the fundamental element U.

Chapter 3 summarizes previous contributions of hadronic configurations at finite density, we
called these structures Skyrmions crystals. Then, we will present the metric and their ranges of

coordinates.

Chapter 4 presents our analytic solution of the Skyrme Model at finite density with a non-
vanishing topological charge. Besides, we will define the relevant properties of the theory, like

the energy-momentum tensor and the topological current.

In chapter 5, we present recent work on transport properties of hadronic layers and tubes. We

3Needless to say, Skyrme’s ideas have also been applied in astrophysics [10], Bose-Einstein condensates [11],
nematic liquids [12], magnetic structures [13] and condensed matter physics [11] (see also [15] and [16]).
4In [$1] and [32], numerical string shaped solutions in the Skyrme model with the mass term have been constructed.

However, those configurations have vanishing topological density (and they are expected to decay into Pions).
The configurations analyzed in the present thesis are topologically non-trivial and therefore can not decay into
those of [31] and [32].



contrast with recent references on nuclear pasta.

In chapter 6, we show recent work related to a sector of the Yang-Mills theory that exhibits
conformal symmetry. We will motivate this work with the exciting possibilities to compute and

characterize nuclear matter.
Finally, chapter 7 is dedicated to conclusions and future outlook.

In our convention ¢ = h = 1, Greek indices run over the space-time with mostly plus signature,
and Latin indices are reserved for those of the internal space. For simplicity, we denote the

scalar product with -, for example, we use (Va - VG) for (V,aV*QG).
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Chapter 2

Skyrme Model

In this chapter, we present the most essential aspects of the Skyrme theory when coupled with
the Maxwell theory. First, in section 2.1, we show that barions are described by skyrmions, which
are solutions to the Skyrme model. Then, in section 2.2, we give the definition of the Skyrme
Model coupled with the Maxwell action and the considerations for the fundamental element
U of SU(2). Afterwards, in section 2.3, we study the field equations of the Skyrme-Maxwell
Model. Finally, in section 2.4, we compute the energy-momentum tensor; however, we analyze
the energy when the fundamental field A, vanishes, i.e we only study the contributions of the

Skyrme action.

It should be noted that in this chapter we analyze the Skyrme theory coupled with Maxwell

theory; nevertheless, our work and results are focused when the field 4, goes to 0.

2.1 Topological Solitons and Baryons

The Skyrme model is an effective field theory of Quantum Chromodynamics (QCD) at low
energies proposed by T. Skyrme in 1961. The model describes baryons and mesons simultaneously
by using a scalar field triplet taking values in SU(2) [17]. Skyrme constructed the simplest
topological action through the skyrme term that gives stability to its solutions called solitons

(for more details, see A1). In particular, for this model, these solutions are called skyrmions.

Nevertheless, before starting with an in-depth analysis of the Skyrme model, it is convenient to
highlight some aspects of QCD. This model is a theory describing the strong nuclear interaction
between its fundamental constituents: the quark and gluon fields. In an analogous way to
electrodynamics, a theory in which elementary particles (electrons) interact through a mediator
of the force i.e. the photon, in QCD, gluons mediate strong nuclear interactions, while quarks
are the elementary particles. In this sense, quarks are the fundamental constituents of known
matter, everything we can interact with. These, when cooled, form hadrons such as neutrons

and protons.

Hadrons are quark-bound states, which can be classified according to their electric charge or
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the number of quark constituents. The latter classification separates hadrons into baryons and

mesons, composed of three and two quarks, respectively.

Now, when we say quarks are "cooled" we are alluding to the process in which the quark states
of the theory flow into a lower energy sector such that their color charge is hidden or masked
by the hadronic states. This phenomenon is called color confinement, and it explains that we
do not observe color-charged particles in nature, and it is related to an interesting property of

QCD: asymptotic freedom.

Asymptotic freedom is a peculiar characteristic of the fundamental constituents of QCD, which
interact strongly and non-linearly as they are separated. In contrast, they interact very weakly
when located relatively close to each other. This phenomenon is characteristic of the strong
nuclear interaction, making it very different from other forces. Furthermore, asymptotic freedom
is responsible for the fact that, at high enough energies, this theory can be studied perturbatively
since the expansion parameter (coupling constant) is small in this region. Nevertheless, in the
low-temperature regime, this parameter grows, which breaks the validity of the perturbation
theory. Hence, for studying such regions of the phase space, we use effective theories like the

Skyrme model, which describes hadron dynamics well.

The Skyrme model is related to the large N limit, where N¢ is the number of colors (3 for QCD).
This number arises from the Lie group structure of QCD, a gauge theory for the color group
SU(3). In this context, the fundamental parameters of the theory are the strong interaction

coupling constant and the quark masses.

't Hoolf [37] is the one who studies this coefficient as one more parameter of the theory. In
simple words, this parameter is very large and induces a combinatorial factor related to the
Feynman diagrams of the theory. This combinatory factor goes as 1/N¢ so that the theory can

be studied in power series on this factor.

In addition to coinciding with this regime with the Skyrme Model, he also describes other phases

of matter that are difficult to study since perturbation theory cannot be done.

In the particular case of the Skyrme Model, the relationship with QCD lies precisely in the large
NC limit where the topological charge corresponds to the baryon number of QCD.

In conclusion, the Skyrme Model provides a satisfactory description for baryons since it can
even, through quantization, a baryon itself. Among the essential features of the model is that it
predicts that the baryonic charge is conserved, which is related to the stability of the neutron

when it has no charge.

2.2 The Skyrme-Maxwell Model

The Skyrme model is a type of non-linear sigma model, so let’s first see the explicit contribution

of this term, which is defined as

IU, A, = /d4v (£5K+EU<1>) : (2.2.1)
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where
K A
L = 4T {R#R“ - 8G,“,G’“’} : (2.2.2)

In this action, we recognize the first term like the non-linear sigma model that had a strong
predictive character for the time in which it was created. Skyrme was interested in a theory
that would allow him to have soliton-type solutions describing baryons and mesons, and wanted
to provide an answer for the following question: what is the simplest term that avoids Derrick’s
theorem, being Lorentz covariant and having second order field equations? It turns out that
his model was succesful in these points, and his work produced the so-called Skyrme term. We
provide a detailed proof that this term avoids Derrick’s theorem in Appendix A1l. This means
that the theory has finite energy static solutions, which are stabilized by the second term of
(2.2.2).
R, =U"'D,U =Rlta, Gu =|[Ru,R)], dv=+—gd'z,
DU =V, U+ AUO, O=U "[t;U], (2.2.3)

where, U(x) € SU(2), g is the metric determinant, V,, is the partial derivative, D, is the
covariant derivative associated to the U(1) gauge field A, and t, = io, are the generators of
the SU(2) Lie group, being o, the Pauli matrices. The Skyrme couplings K and X are positive

constants that have to be fixed experimentally'.

On the other hand, Maxwell’s action is defined by the following lagrangian
VI ) (2.2.4)

where,
F,, =0,A, -0,A, . (2.2.5)

Here it is worth emphasizing an important point. In the limit of vanishing gauge potential the

above U(1) current does not necessarily vanish:

~ el 700) 4 ¢y
Alirgoj” = J,)#0. (2.2.6)

2.3 Field Equation

Field equations for the Skyrme Model are obtained through the variation of the Skyrme Model
with respect to the fundamental fields U and A,. This yields:

v, <R“+2[RV,G“”]> = 0, (2.3.1)
VP =Y, (2.3.2)

1The parameter K and X\ are defined by the constant of decay of pions Fi and the adimensional constant that
gives the stability of the skyrmions e. These has the values Fr = 186MeV and e = 5.45. In this sense, the
parameter K = F2/4 and \ = 4/(e2F2) (see the references [52] and [33]).
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For the fist equation we consider the variation of the element U fulfills 6U = 0 over the volume

boundary of integration. While the electromagnetic current J,, is given by

J, = gTr {O (Ru + i[R”,GW])} . (2.3.3)

In (2.3.1) we have (N2 — 1) equations (where N is the group number of SU(N) ), these equations
are nonlinear and their derivation is explicited in Appendix A2. It should be noted that finding
solutions of the Skyrme Model is hard, which makes the election of an intelligent Ansatz crucial
for the reduction of these complicated field equations. The last part of this chapter is dedicated

to the details of such Anséitze.

2.4 Energy of Solitons

The contribution to the energy-momentum tensor of the Skyrme model is given by

K 1 A 1
T3 = -5 T {RHRI, - igu,,Ro‘Ra +7 <gaﬁGWGV5 — 4gWGaﬂGaﬁ>} , (2.4.1)

while the contribution of the Maxwell theory is

U 1
T = g FuaFop — ZgWFO‘BFag : (2.4.2)
We focus on the energy momentum tensor of Skyrme Model T E}f because across this work we

will use A4, — 0.

In section 2.5, we will see with greater detail that using an in depth analysis of the energy it is
possible to have a notion of how complicated it is to find a solution to the Skyrme model field
equations through a Bogomol’'nyi-Prasad-Sommerfield (BPS) bound in models with non trivial
topological charge @). In order to do this, it will be useful to know an expression for the energy

that is obtained via the integration of the Tpp component of (2.4.1).
E = Ega + Frot (2.4.3)

where FEg.t is the static energy of the model and E,; is related with the rotational energy.

These are given by

_ K 3 1 a A ab
Estat - *5 /d LCTI' {ZRaR + EGabG } ) (244)
K 1 A
B = Y d*zTr {2R0R0 - SGOaGoa} . (2.4.5)

The derivation of (2.4.3) and interpretations of these terms are given in Appendix A3.
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2.5 Topological Charge like a Baryon Number

Topological charge is a property of theories that have non trivial topology and characterizes
solitonic solutions of the theory. More rigurously, topological charges are conserved charges
associated with discrete symmetries of the theory, which contrasts with the usual notion of
Noether charges. In practice, it is very useful to know that the existance and conservation of

this charge does not require to use the equations of motion.

1
B= m/pB, (2.5.1)

where o is a three-dimensional hypersurface at ¢ = const. and pp is defined as

pp = p K +p"W, (2.5.2)

where
P =T {(UT9.U) (U™ aU) (U0}, (2.5.3)
"M = T {0, (34015 (U700 + (0.0) U ) ) } . (2.5.4)

Topological charge is also known as a topological invariant that is uniquely linked to the
boundary conditions of the fundamental field U. One of the most important properties of this
kind of charge is the fact that infinite energy is needed to change a physical state with a fixed

value of the topological charge to a state with a different topological charge.

Whenever A,, — 0 we get the topological charge associated to the Skyrme model by itself. As
mentioned before, there is a bound to this charge called the BPS bound. This equation relates

the static energy of a configuration of topological charge @ in such a way that it satisfies
E > Q. (2.5.5)

There is a convenient case in which this bound is saturated i.e. E = |Q|. In this case the field
equations interpolate from a system with second order equations to a first order one. This is
very convenient for finding solutions to the system. Nevertheless, for the Skyrme model, this
bound can not be saturated, and this path can not help us construct any novel solutions of the
model. A proof of the impossibility of saturating the BPS bound in the Skyrme model is given
in Appendix A4.

In what follows, we will use the terminology "Skyrmions at finite density" and "inhomogeneous
Baryonic condensates" to denote analytic solutions of the field equations in Egs. (2.3.1) and
(2.3.2) with non-vanishing topological charge satisfying boundary conditions corresponding to a

finite spatial volume.
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2.6 Ansatz for Skyrme Field

In this section, we will show two parametrizations of the fundamental field U. The objective of
this parametrization is to construct the field equations easily. Using these simplifications, we
will find solutions for the field equations by considering convenient ansétze for the scalar fields

in question.

2.6.1 Skyrme Generalized Spherical Ansatz SU(2)

The standard exponential form of the field U(z) is
U = cos (a)laxa + sin (a)n;t?, (2.6.1)
where 1,y is the 2 x 2 identity matrix and ¢ = io? where o7 are the Pauli matrices. Besides,
7t = (sin(0O) cos(P), sin(O) sin(P), cos(0)) , (2.6.2)

where a = a(z*), © = O(z*) and & = P(z#) are the three scalar degree of freedom of the

SU(2)-valued field U(x).
Then, plugging (2.6.1) and (2.6.2) into the action we get

I{a,0,9) = % /d4vTr{(Va)2 +sin? (@) ((VO)? + sin?(0)(D®)?) + g(st(a)((Va)2(V®)2—
— (Va-V0)?) +sin’(a) sin®(0)((Va)*(D®)? — (Va - DP)?)+

+ sin’(@) sin?*(0)((VO)*(D®)? — (VO - VI)?)) }+IU(1>, (2.6.3)
where
D,® =V,® —2eA,. (2.6.4)

It is a trivial computation to check that the covariant derivative in terms of the three scalar
degrees of freedom a(z*), ©(x*) and ®(a*) is equivalent to the following minimal coupling rule

Vo — Dya=V,a, (2.6.5)
V.© —-D,0=V,0, (2.6.6)
Vu® — Dy® =V, & — 2eA,, . (2.6.7)

Thus, the scalar degree of freedom @ plays the role of the "U(1) phase" of the Skyrme field

since, under a gauge transformation, it transforms as

Ay — A+ VA, (2.6.8)
D — &+ 2. (2.6.9)

It is also useful to write the full Skyrme-Maxwell equations in terms of the three scalar degrees
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of freedom «, © and ®:

— Oa + sin(a) cos(a) ((VO)? +sin?(©)(D®)?) + )\(sin(a) cos(a) ((Va)*(VO)? — (Va - VO)?)+

+ sin(a) cos() sin®(©) ((Voz)z(Dq))2 - (Va- D<I>)2) + 2sin®(a) cos(a) sin*(©) ((V@)Z(DQ)Q—

— (VO - D®)?) — V,,(sin*(@)(VO)*’V*a) + V, (sin’(a)(Va - VO)V*O) -

- Vu(sin2 () sin®(©) (D<I>)2V”a) + Vu(sinQ(a) sin®(0)(Va - D<I>)D“<I>)) =0, (2.6.10)

— sin®(@)00 — 2sin(a) cos(a)(Va - VO) + sin’(a) sin(©) cos(0)(D®)*+

+ /\(sinz(a) sin(©) cos(0) (V)2 (D®)? — (Va - D))+

+ sin’(a) sin(©) cos(0) ((VO)?*(D®)* — (VO - DP)?) — V,,(sin*(a)(Va)’V*O) -
— V. (sin* (@) sin®(©)(D®)*V*0) + V, (sin*(a) sin®(0)(VO - D)D" @)+

+ Y, (sin?(a)(Va - ve)v“a)) =0, (2.6.11)

— sin®*(a) sin®(©) (0P — 2eV, A") — 2sin(a) cos(a) sin*(0)(Va - D®)—

— 2sin?(a) sin(©) cos(0) (VO - DP) + /\( — V. (sin(a) sin?(©) (V) D ®) +

+ V,.(sin’(a) sin®(8)(Va - D®)V*a) — V. (sin(a) sin’*(0)(VO)* D" @)+

+ V.. (sin?(a) sin?(©)(VO - D@)V”@)) =0, (2.6.12)

where the electromagnetic current in the Maxwell equations (2.3.2) is

J, = —eK sin® asin? @{D,@ + g((Va)QDHQJ — (Vo - D®)V,a +sin’ a((VO)’D,d — (VO - v<b)vue))} .
(2.6.13)

The previous parametrization is reduced to the original ansatz proposed by Skyrme in [$1]

when the three scalars fields are

a=a(R), (2.6.14)
0=0, (2.6.15)
d=0¢, (2.6.16)

if we consider a flat metric in spherical coordinates

ds* = —dt* + dR* + R? (d6* + sin®(0)d¢?) . (2.6.17)

2.6.2 Skyrme Generalized Spherical Ansatz SU(3)

When the fundamental field U(x) is an element of the SU(3) group, Balachandran et al. [35]
proposed an ansatz for describing dibaryons in flat spacetime with numerical tools. The Skyrme
field is constructed by a subgroup of Gell-Mann matrices that generate SU(3), the subgroup is
{A\2, =5, A7} and corresponds to the subalgebra so(3) C su(3). A generalization of the spherical
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ansatz U is given by

UB::eXp@¢0hX3—Fi$n(X)aq)(—i?)ﬁF%—(aﬂ(x)eq)<—if> —exp@¢g)ir2 (2.6.18)

where

T=AK-#, (2.6.19)
K= (A7, = A5 Ma) (2.6.20)
7 = (sin © cos @, sin O sin @, cos O) , (2.6.21)

here 9, x, © and ® are in principle arbitrary functions of the coordinates. The objective of

constructing this ansatz is to rewrite de field equations to easily find their solutions.

The previous parametrization is reduced to the original Ansatz proposed by Balachandran et al,

whenever

b =), (2.6.22)
x = x(r), (2.6.23)

and the functions © and ® are angular coordinates. In such a case we have

U = exp(itp(r))Lsxs + isin(x) exp (—@) K &+ <cos(x(r)) exp (—@) - exp(W(r))) (X-2)?
(2.6.24)
where
Z = (sind cos ¢, sin 0 sin ¢, cos 0). (2.6.25)
2.6.3 Euler Angles Ansatz SU(N)
The Euler angle parametrization is detailed in [86, 87]. This formula, in our case, takes the
following forms for elements of SU(2) and SU(3), respectively
SUR) _ g0 (2 B P
Ur = exp (z 5 03) exp (z 5 02) exp (1203>, (2.6.26)
SU@3) _
Ug = Ui(a, B, p)Us(©, ®)Us(a, b, c), (2.6.27)
where
Ui(a, B, p) = exp (i%ﬁ3) exp (igag) exp (igag), (2.6.28)
Uz(©, D) = exp (1OXs5) exp (iPAs) , (2.6.29)

.a b .c
Us(a,b,c) = exp (1503) exp <z§<72) exp <1503)7 (2.6.30)
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a, B, p, a, b, ¢, ® and ¥ are arbitrary functions of the coordinates a*, {o;}, with i =1,...,3

the Pauli matrices and {\;}, with i = 1,...,8, the Gell-Mann matrices.

For the SU(2) case we chose the following element U of SU(2)
U =exp (F (z")t3) exp (H (x*) t2) exp (G () t3), (2.6.31)

where F (z#), G (z*) and H (2*) are the three scalar degrees of freedom (traditionally, in this
parametrization the field H is called profile). It is worth emphasizing that, as it happens for
the exponential representation discussed in the previous section, any group element can always
be written in the Euler angle representation. We will see that in order to construct a concrete
ansatz that can be adapted to the finite density situation it is convenient to explicitly write the
Skyrme action in terms of the generic Euler angle parametrization in Eq. (2.6.31). A direct
computation shows that

I(H,F,G) = — g d4vTr{(VH)2 + (DF)? + (DG)? + 2cos(2H)(DF - DG)—

— M(2cos(2H)((VH - DF)(VH - DG) — (VH)*(DF - DG))+
+ 4sin’(H) cos’(H)((DF - DG)? — (DF)*(DG)*)+

+(VH -DF)*> 4+ (VH - DG)* — (VH)*(DF)* — (VH)Q(DG)Q)} : (2.6.32)
The coupling with the Maxwell field in this parametrization is performed via
D,F=V,F—eA,, D,G=V,G+eA,,
And the field equations in the Euler parameterization are given by

0 =0H + 2sin(2H)(VF - VG) — /\{2 sin(2H) ((VH VF)(VH-VG) — (VH)*(VF - VG)—
— cos(2H)((VF - VG)? — (VF)2(VG)2)) V. (cos(2H)(VH - VG)V*F)+
+ V,(cos(2H)(VH - VE)V*G) — V(2 cos(2H) (VG - VE)V*H) + V,.(VH - VF)V*F)+

+V,.(VH -VG)V*G) —V,.((VF)’V"H) — Vu((VG)QV"H)} , (2.6.33)

0=0F — eV - A — 2sin(2H)(DG - VH) + cos(2H)(OG + eV - A)—
- /\(VH(COS(QH)(VH - DG)V*H) — V. (cos(2H)(VH)*D"G)+
+ V,.(4sin”(H) cos®(H)(DF - DG)D"G) — V. (4sin’(H) cos*(H)(DG)* D" F)+
+V,.(VH - DF)V*H) — V,L((VH)ZD“F)) , (2.6.34)

0=0G + eV - A — 2sin(2H)(DF - VH) + cos(2H)(OF — eV - A)—
- A(Vu(cos(2H)(VH "DF)V"H) — V,(cos(2H)(VH)* D" F)+
+ V. (4sin®*(H) cos®(H)(DF - DG)D"*F) — V. (4sin’(H) cos’(H)(DF)* D" G)+
LV, (VH - DG)V*H) — V#((VH)QD“G)) : (2.6.35)
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while the Maxwell equations are given in (2.3.2). In this case the current J,, is very relevant for
computing the electrical conductivity, and it is given by
Jy = eK{2sin2 H(D,F — D,G) + A(cos(QH)(((VH .DF) — (VH - DG))V,H — (VH)*(D,F — D,G))+
+4sin® H cos” H((DF - DG)(D,F — D,G) + (DG)’D,F — (DF)*D,G)+((VH - DG)—
— (VH - DF))V,.H + (VH)*(D,F — DMG))} . (2.6.36)

In the following chapters, we will discuss first these field equations in the ungauged case to

show how and why effective low energy chiral conformal degrees of freedom appear.
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Chapter 3

Skyrmions at Finite Density

In this chapter, we will present a brief historical introduction of Klebanov Crystal in section 3.1.

Then, in 3.2, we will summarize the first example of skyrmions at finite density.

The Skyrme crystal is a hypothetical arrangement of skyrmions that has important properties
for our understanding of nuclear matter. In this chapter, we will summarize these structures

and the future perspective for this study.

E. Witten first proposed the concept of Skyrme crystal in 1981 [38], and later other authors
such as Igor Klebanov, Manton, and others made significant contributions to understanding

these structures and concluded relevant aspects in the nuclear physics context.

3.1 Klebanov Crystal

Igor Klebanov in 1985 ordered skyrmions in a cubic lattice and calculated the energy of the
configuration through numerical calculations, provided the symmetry of the crystal was preserved

[18]. This research inspired to coin these structures like Klebanov crystals in future works.

In this crystal, the skyrmions are arranged in a periodic array. One of the critical properties
of the Klebanov crystal is that it exhibits a wide variety of topological defects and magnetic
phases, which arise from the interplay between the skyrmions and the crystal lattice. In this
sense, he obtains a set of equations describing the dynamics of nuclear matter in terms of the
Skyrme fields.

Klebanov computes the equation of the state of nuclear matter and discusses the need to include
other degrees of freedom to describe the interaction between nucleons. Then, in 1988 M. Kugler
and S. Shtrikman [21] proposed a new type of skyrmion crystal with cubic symmetry, different
from the previously known skyrmion crystals with triangular lattice structure, and they explained

some aspects of this ferromagnetic material.

More recently, N. Manton et al. [39] contributed to finding and classifying the symmetries of the

Skyrme crystal. They used numerical simulations to steady the role of the maximal symmetry
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group for these structures. They concluded that the maximal symmetry of the Skyrme crystal

is an important tool for understanding the fundamental properties of this type of matter.

In this way, it is clear that the study of Skyrme crystals is a very active research area. In general,
this type of structure has been analyzed numerically. Nevertheless, it is important to highlight
that the analytical study of this phase of material can contribute significantly to understanding

nuclear matter in the low energy regime.

3.2 The first example: Sine-Gordon layer

As mentioned before, the study of skyrmions at finite density has been investigated through
numerical tools. However, in [90], the first analytical solution in flat space-time that describes

states of skyrmions in a finite volume was built.

The authors consider the following set of expressions for the scalar fields in the generalized

spherical ansatz parameterization of SU(2)

v+
@:

2 b
tan H

tan © =

an cos A’
1+ tan’©

tana = %. (3.2.1)

where, A = (v — ¢)/2 and H = H(t,r).

Then, they prove that the expression (3.2.1) in the field equations (2.6.10), (2.6.11) and (2.6.12),

can be reduced to a single equation, given by

A
OH— —————sin(4H) =
ST 27 S () =0,
H? 1 92
o2 Do D (822)

which is the Sine-Gordon equation (the prototype of integrable PDE), and the parameter L

comes from the flat metric in (3 4 1) dimensions.
ds* = —dt* + L*(dr® + dp* + db?) , (3.2.3)
where the range of coordinates are
0<r<2r , 0<y<4nm , 0<¢<2r. (3.2.4)
Moreover, the topological charge is non-vanishing and it reads

pp = 3sin (2H)dHdd¢ .
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Furthermore, when the profile H satisfies the following boundary conditions
7r
H(t,0)=0, H(t,?w)::tg,

the topological charge takes the values of B = +1. These solutions are known as skyrmions
and anti-skyrmions, respectively. These configurations represent the first analytic examples
of Baryonic layers in a flat box of finite volume. In the following sections, we will discuss the

generalizations of these solutions.
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Chapter 4

Novel Solutions

In this chapter, we present the fundamental consideration for the objective of this work: the
computation of relevant transport properties. First, in section 4.1, we study the definition
of the flat metric for our case. Then, in section 4.2, we give the definition of the particular
parametrization of the layer case and the ansatz that we used. Afterward, in section 4.2.1, we
present a physical interpretation of the chiral degrees of freedom in the context of hadronic
layers. Finally, in sections 4.3 and 4.3.1, we present the same analysis as in the previous two

sections of this chapter, now in the context of hadronic tubes.

4.1 Finite Density: Metric of a Box

We are interested in analyzing the intriguing phenomena that occur when a finite amount of
Baryonic charge lives within a finite spatial volume. Therefore, we consider as a starting point

the metric of a box whose line element is
ds* = —dt® + L}dr* + L3d0” + L3 d¢* (4.1.1)

where L; are constants representing the length of the box where the solitons are confined. The

dimensionless coordinates {r, 8, ¢} have the following ranges
0<r<2r, 0<6<7m, 0<¢p<2m, (4.1.2)

so that the volume available for the solitons is V = 473 L, LyLs. Notice that the coordinates are

Cartesian, even if we use an angular notation to emphasize their finite ranges.

4.2 Skyrme Field in Euler Angles: Hadronic Layers

One of the most important quantities is the energy-momentum tensor, in section 5.1 we will

discuss some important aspects of them. In this sense, the energy-momentum tensor of the



18 4.2. Skyrme Field in Euler Angles: Hadronic Layers

Skyrme model reads

oK = g L% + K{VHHVUH + D,FD,F + D,GD,G + cos (2H)(D,FD,G + D,FD,G)—
- /\(cos (2H)((VH - DG)(V,HD,F + V,HD,F) + (VH - DF)(V,HD,G + V, HD,G)—
—~2(VF-DG)V,HV,H — (VH)*(D.FD,G + D,FD,G))+
+ 4sin® H cos® H((DF - DG)(D,.FD,G + D,FD,G) — (DG)*V,FV,F — (DG)*V,GV,F)+
+(VH - DF)(N,HD,F +V,HD,F) + (VH - DG)(V,HD,G + V,HD,G)—
— V,HV,H((DF)? + (DG)?) — (VH)*(D,FD,F + DHGDL,G)> } (4.2.1)
The hadronic layers-like solution can be generalized by including an arbitrary light-like function

as a degree of freedom. In fact, the suitable generalization of the ansatz in [71], [75], [70], [77],
[75], [79] and [20] is

H=H(r), F=q¢0, G=G), u=——2a¢, (4.2.2)
Ly

where ¢ is an integer number. Here G (u) is an arbitrary function of the light-like coordinate w.
The eq. (4.2.2) explicitly avoids the no-go Derrick’s theorem [91] due to the time dependence of
the U field. The above ansatz keeps all the nice properties of the one in [71]. In particular, it

satisfies the following identities
(VF-VG)=(VH-VF)=(VH-VG) = (VF)?=0, (4.2.3)

which greatly simplifies the field equations. In fact, the ansatz in Eq. (4.2.2) reduces to the
Skyrme field equations in Egs. (2.6.33) to (2.6.35) to a simple linear equation

O?H(r)=0 = H(r)=rr+ko, (4.2.4)

where kg can be fixed to zero, the integration constant x will be determined using appropriate

boundary conditions.

Plugging the ansatz in Eqgs. (2.6.31) (4.2.2) into Eq. (2.5.1), the topological charge density of
the matter field reads
pp = —12¢sin(2H)H'9,G,

where it can be seen that the appropriate boundary conditions for the soliton profile H(r) and

the light-like function G(u) are the following:
H(r =27) = g . Hr=0)=0, Gtd=0)—Gt¢=2r)=2r)p, (4.2.5)
so that the topological charge takes the value

B=npq. (4.2.6)
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Therefore, using the above boundary conditions, the profile becomes

H(r) = (4.2.7)

r
i
On the other hand, the light-like function G(u) satisfies the equations of a free scalar field in
two dimensions and a first-order nonlinear equation, which leads to an emergent chiral CFT

that we will discuss in the following section.

4.2.1 Physical interpretation of the chiral degrees of freedom

In order to clarify the physical meaning of the function G(u) appearing in the ansatz in Eq.

(4.2.2), let us consider the slightly different ansatz
Hz%quG,G:G(t,(;S).

With the ansatz here above the Skyrme field equations would reduce to

(5 £:2)9) (5 £:2)) -

Thus, the Skyrme field equations force the choice of chirality: G can represent either left movers
or right movers (but cannot represent both). Let us choose, as in Eq. (4.2.2) G = G(u). Then,
the boundary conditions in Eqgs. (4.2.5) and (4.2.6) ensure that G(u) has the following expression

G(u) = Go(u) + G(u), (4.2.8)

where Go(u) = pu represent the contribution without modulation and G(w) is periodic in the

coordinates ¢

G(u) = ZaN cos(Nu) + by sin(Nu) , NeN,
N
where an and by are real coefficients and the integer NV labels the chiral modes. Thus, the first
term (linear in w) on the right hand side of Eq. (4.2.8) contributes to the Baryonic charge while
G does not (being periodic in the coordinate ¢). In order to interpret G it is enough to observe
that, when G= 0, the energy-momentum tensor only depends on the coordinate r (while it is

homogeneous in the other two spatial coordinates).

Thus, in this case the solution represents a homogeneous Baryonic layer. On the other hand,
when we turn on G, the energy-momentum tensor depends not only on r but also on u (through
the modes of é) In this case, the plots 4.2.2 of the energy-density reveal that G represents
modulations of the layer in the ¢ direction moving at the speed of light. Consequently, the
present family of exact analytic solutions of the Skyrme field equations represents Baryonic
layers dressed by modulations in the ¢ direction. Aside from the high theoretical interest to
reveal the emergence of chiral conformal degrees of freedom living on Hadronic layers, the present

results open unprecedented possibilities to compute analytically relevant observable quantities
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Figure 4.2.1: Energy density without modulation of hadronic layers, with topological charge
B=4. Wehaveset L, =Lg=Ly=K=A=1,p=¢g=2and ar = by =0.1.

as will be discussed in the next sections.

Figure 4.2.2: Energy density with modulation of hadronic layers, with topological charge
B=4 Wehaveset L, =Lg=Lys =K =A=1,p=qg=2and, a1 =ap =b; = —b3 =0.1.

4.3 Generalized Spherical Hedgehog: Hadronic Tubes

For computing transport properties it is necessary to know the form of the fundamental quantities

of the Skyrme model. In this sense, the energy-momentum tensor related to Skyrme Model Tff
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in the hedgehog ansatz (2.6.1) with (2.6.2) reads

TS = g, £5% — K{V#avya +sin%a (V,0V,0 +sin20 D,®D,d) + (4.3.1)
+ A [Sin2a ((v<9)2 V,aV,a + (Va)? V,0V,0 — (Va-VO) (V,aV,o + vyavﬂe)) +
+sin?a sin? © ((Dq>)2 V,aV,a + (Va)? D,&D,® — (Va-D®) (V,aD,d + V,,aD,@)) +

+sinasin?0 ((D<I>)2 V,0V,0 + (VO)?D,®D,® — (VO - D®) (V,0D,® + vuepucp))] } .
While the topological charge density in Eq. (2.5.1) becomes
pp = 12sin’a (sin© (d® 4+ A) A dO + cos © F) A da (4.3.2)

where A = A;dz? and F = %Fijdmi A dz?. From the above expression, it follows that to have
non-trivial topological configurations, we must demand that d© A d® A da # 0. This implies the
necessary (but insufficient) condition that «, ©, and ® must be three independent functions. The
existence of arbitrary topological charge of our solutions will be revealed later when appropriate

boundary conditions are imposed.

To be able to apply the Green-Kubo formalism to compute some transport properties, we need
to generalize the strategy introduced in [63] and [64] for the Skyrme-Maxwell case. In particular,
for reasons which will be clarified in the next sections, we need more general time-dependence of
the SU(2)-valued Skyrme field without losing the main property of such an approach which can
reduce the complete set of non-linear field equations to just two integrable equations (one ODE
for the Skyrmion profile and one PDE for the Maxwell potential) while also keeping alive the

topological charge. In this subsection, we will not need to introduce the Maxwell field.

The suitable generalization of the ansatz in [63] and [64] is
a=ar),
0 = Q0, Q=2v+1, veZ,
t
=G u), u=-——2a, (4.3.3)
Lg

where now G (u) is an arbitrary function of the light-like coordinate w. It is easy to see that
the above ansatz keeps all the nice properties of the one in [63] and [64]. Firstly, it satisfies the

following identities
(V®-Va) = (Va-V0O) = (VO V) = (Vd)? =0, (4.3.4)
which greatly simplifies the field equations in Egs. (2.6.10) to (2.6.12). Moreover, Eq. (4.3.3)

explicitly avoids the no-go theorem of Derrick [91] due to the time dependence of the U field.
The construction in [63] and [(1] also suggests the following ansatz for the A, (which will be
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needed in the following section):

A//« = (57 07 07 _L¢'£) 5 5 = f(u, T, 0) 5 (435)
= A,A" =0 and V¥4,=0. (4.3.6)

Replacing the ansatz introduced in Egs. (2.6.1), (2.6.2) and (4.3.3) into the Skyrme field
equations in Egs. (2.6.10) to (2.6.12), the set of three non-linear differential equations is reduced

to an ODE for the profile o, namely

o Q? sin(a) cos(a)(Aa’? — L2) _0
L% + A\Q%sin*(«) ’
which can be reduced to a first-order ODE that can be conveniently written as

1
g (o — [El = A estza)
n(a, Eo) ’ ’ L% 4+ A\Q?sin’(a) ’

(4.3.7)

Ey being an integration constant (fixed by the boundary conditions, as we will see below)." On
the other hand, the light-like function G(u) satisfies the equations of a free scalar field in two
dimensions, which leads to an emergent chiral CFT. We will discuss this important fact in the

next section.

Plugging the ansatz in Egs. (2.6.1), (2.6.2) and (4.3.3) into Eq. (2.5.1), the topological charge
turns out to be
pp = 12¢sin(gf) sin*(a)a’ 904G |

where it is clearly seen that the appropriate boundary conditions for the soliton profile «(r) and

the light-like function G(u) are the following:

a(27) — a(0) = nm, (4.3.8)
G(t,¢p =27) — G(t, ¢ = 0) = (27)p, (4.3.9)

with n and p integer numbers. Therefore, using Eq. (4.3.9) and integrating with the ranges

defined in Eq. (4.1.2), the topological charge takes the value
B=np, (4.3.10)

We have used that ¢ is an odd number, as specified in the ansatz in Eq. (4.3.3). From Egs.
(4.1.2), (4.3.7) and (4.3.9) it follows that the integration constant Ey must satisfy

T da
n — =27 4.3.11
/0 n (OZ,E()) ( )

1Eq. (4.3.7) can be solved analytically in terms of Elliptic Functions; however, the explicit solution is not
necessary for our purposes.
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Eq. (4.3.11) is an equation for Ey in terms of n that always has a real solution when

Q2L2
2L2

Ey >

so that, for given values of ¢, L, and Ly, the integration constant E, determines the value of

the « profile for the boundary conditions defined in Eq. (4.3.9).

From the above condition, it is clear that for large n, the integration constant Ey scales as n?

Ey = n?&, & > 0, (4.3.12)

where &y can also be interpreted as an integration constant and does not depend on n for large

n.

4.3.1 Physical Interpretation of the chiral degrees of freedom

In the present case one can clarify the physical meaning of the function G(u) appearing in the
ansatz in Eq. (4.3.3) by the slightly more general ansatz

da
a=ar), ——— = =£dr,
) n(a, Eo)
EoLj — 3¢°L? cos(2a) 2
L% + 2Q? sin®(a) ’
0 = Q9, Q=2v+1, veZ,

d=G(t,¢), al2r)—al0)=nr,

n (0" EO) =

where «(r) and ©(0) are the same as in Eq. (4.3.3) but G has been taken as a generic function
of t and ¢ (instead of taking G as function of a single light-like coordinate). In this way one
can shed light on the true nature of G. As in the case of the Baryonic layers described in the

previous sections, with the ansatz here above the Skyrme field equations reduce to
0 1 0 0 1 0
_——— — 4+ —— = 4.3.13
(G- 23)9) (G 2os) ) (329

0? 1 92
(aﬂ_@w>0_07

which is a consequence of Eq. (4.3.13). Thus, G can represent either left movers or right movers

plus

(but cannot reoresent both). Let us then choose G = G(u). The boundary conditions in Eq.
(4.3.9) require that G(u) has the following expression:

G (u) = Go(u) + G (u) , (4.3.14)
where Go(u) = pu and G (u) is periodic in the coordinate ¢:

G (u) :ZaNcos(Nu)+szin(Nu) , NeN,
N
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where an and by are real coefficients. Furthermore, in this case the first term (linear in u) on
the right hand side of Eq. (4.3.14) contributes to the Baryonic charge while G does not (being
periodic in the coordinate ¢). Moreover, when G= 0, the stationary energy-momentum tensor

only depends on the coordinates r and 6 (while it does not depend on ¢).

Figure 4.3.1: Energy density without modulation of hadronic tubes, with topological charge
B=8Wehaveset L, =Lg=Ly=K=A=1,p=Q=2,n=4,and a; = by =0.

Thus, in this case the solution represents an ordered array of homogeneous Baryonic tubes. On
the other hand, when we turn on G , the energy-momentum tensor depends not only on r and
0 but also on u (through the modes of é) In this case, the plots 4.3.1 of the energy-density
reveal that G describes modulations of the tubes in the ¢ direction moving at the speed of light.
These analytic solutions are Baryonic tubes dressed by modulations in the ¢ direction. The fact
that (both in the case of Hadronic layers and tubes) G behaves as a chiral conformal field in
one spatial dimensions open the intriguing perspective to compute the transport coefficients

associated to these modulations as it will be shortly discussed in the next chapter.

Figure 4.3.2: Energy density with modulation of hadronic tubes, with topological charge B = 8.
Wehaveset Ly, =Lg=Ls=K=A=1,p=Q=2,n=4anda; =ay =b; = b3 =0.1.
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Chapter 5

Gauged Skyrmions and applications

In this chapter, we will discuss how to generalize the modulated inhomogeneous Baryonic
condensates constructed in the previous sections in the case in which the minimal coupling with
Maxwell theory is taken into account. This issue is extremely important for the following reason.
The numerical simulations discussing the appearance of inhomogeneous Baryonic condensates
(see [5, 6, 7, 8,9, 10, 11, 31, 13, 14, 15], and the nice up to date review [1(]) usually do not
consider explicitly the electromagnetic interactions of the Baryons (which often are modeled as
point-like particles). The self-consistent coupling of many Baryons with the electromagnetic field
generated by the Baryons themselves would make the numerical simulations considerably heavier.
Therefore, to have analytic tools which can help understand the nature of the electromagnetic
field naturally associated to these inhomogeneous Hadronic condensates would be extremely
helpful also as a guide for numerical simulations. Here we will describe how one can "dress" the
condensates introduced in the previous sections with their own electromagnetic fields. We will
try to give a unified description of this construction which is valid both for Hadronic layers and

tubes.

The starting point is the observation that the key property of the ansatze in the ungauged cases
which allows to decouple the Skyrme field equations without killing the topological charge are
the relations in Eqgs. (4.2.3) and (4.3.4) for layers and tubes respectively. Thus, we have to
construct an ansatz for the gauge potential A, which keeps Eqs. (4.2.3) and (4.3.4) alive. The

answer to this question was found in [76, 77, (4], and [65].

We will first describe the method in the case of the Hadronic tube, which is easier to understand.
In order to minimally couple the Hadronic tubes discussed in the previous sections with U(1)

Maxwell gauge field let us consider a gauge potential A, with the following characteristics:
A 0la=0,4,0'0=0,4,0"'G=0, (5.0.1)

A AR =0, 9,4" =0 . (5.0.2)

First of all, one observes that the above conditions for A, are not empty. In order to satisfy
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both conditions it is enough to consider a gauge potential with components only along the
t—direction and the ¢—direction, then these two components, A; and A4, must be proportional
(in order to satisfy A, A* =0) and can depend on r, § and the same null coordinate u which

enters in G. In this sense, the Eq. (4.3.5) show this point.

One can easily check that the field strength of such gauge potential in general is non-vanishing.
The above conditions in Egs. (5.0.1) and (5.0.2) complement the condition in Eq. (4.3.4) for
the SU(2)-valued Skyrme field. From the viewpoint of the gauged Skyrme field equations, Egs.
(5.0.1) and (5.0.2) possess the very nice feature of eliminating all the terms of the gauged Skyrme
field equations which could, potentially, mix the SU(2) degrees of freedom with the gauge
potential. Consequently, with the above ansatz for the gauge potential, the gauged Skyrme field
equations remain the same as the ungauged Skyrme field equations corresponding to the ansatz
in Eq. (4.3.3). On the other hand, one may wonder whether the above conditions in Egs. (5.0.1)
and (5.0.2) are too restrictive from the viewpoint of the Maxwell equations. In particular, the
left hand side of the Maxwell field equations (namely 0 F),,) only has components along the
t—direction and the ¢—direction (due to the form of the gauge potential in Eq. (4.3.5)). Thus,

we have to analyze the U(1) Skyrme current.

The terms which could spoil the consistency of the ansatz are all the terms which are not
proportional to D,® (such as the terms proportional to V,a and V,0). In fact, all these
“dangerous terms" vanish (since the ansatz has the property that Va- D® =0 = VO-D®). From
the mathematical viewpoint, this ansatz for the gauge potential has been chosen to simplify as
much as possible the coupled gauged Skyrme Maxwell system keeping alive the field strength
and the interactions. From the physical viewpoint it turns out that such gauge fields belong to
the important class of force free Maxwell field [68] (which are very important in astrophysics:
see [92, 93, 94, 95, 96, 97] and references therein). Hence, from the physical viewpoint, the
present approach disclosed a relevant property of the inhomogeneous condensates introduced in
the previous sections which would have been very difficult to discover with other methods: such

condensates are natural sources of force free plasmas.

As far as Hadronic layers are concerned, the story is very similar although slightly more

complicated (see [76, 77], and [98] ). The ansatz for the Hadronic layers
t
H=H(r), F=q¢0, G=G(u), u:L——qS,
[

which satisfy the useful identities
(VF-VG)=(VH-VF)=(VH-VG) = (VF)*=0,

can also be complemented with a suitable gauge potential by requiring that the gauge potential
does not spoil the solvability of the gauged Skyrme field equations. The only difference is
that instead of requiring A, A* = 0 one has to require a suitable quadratic constraint on the
components of A,, (see [70, 77], and [95]) together with the usual conditions on the orthogonality
of the gradients as in the case of Hadronic layers. Furthermore, final results are similar: it

is possible to explicitly construct an ansatz for the gauge potential which allows the gauged
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Skyrme field equations to be solved and the Maxwell equations with the U(1) Skyrme current
reduce consistently to a Schrodinger-like equation. The case of Hadronic layers is simpler since
the Schrodinger-like equation can be reduced to the Mathieu equation which is solvable in terms
of special functions. For the Hadronic layers it is also true that they are natural sources of force

free plasmas (see [93] for details).

5.1 How to use the emergent Chiral Conformal Degrees of
Freedom

As it has been discussed in the previous sections, the present approach does not produce just
novel analytic solutions but it also provide new physical insights on relevant properties (such
as the natural electromagnetic field generated by the inhomogeneous condensates). In fact,
these solutions possess another characteristic which is likely to disclose intriguing observable
features. As it has been already discussed, these inhomogeneous condensates can be dressed with
a chiral conformal field (representing modulations along the layers and tubes) which behaves as
one-dimensional (such a field was denoted as G in the previous sections). These “chiral CFT
modes" in one spatial dimension possess the remarkable properties of being not only solutions of
the linearized field equations around the inhomogeneous Baryonic condensates (defined by G = 0)
but also exact solutions of the field equations. Moreover, not only the field equations for G are
the same as in a chiral conformal field theory, but also the energy-momentum tensor (restricted
to the t, ¢ directions) corresponds to an effective two-dimensional traceless energy-momentum

tensor (both in the case of Hadronic layers and in the case of Hadronic tubes):

T, T;
Tab: Y L y a,b:t7¢.
Tyt Tye

This fact opens the exciting possibility to develop an analytic theory of transport coefficients
of these inhomogeneous Baryonic condensates associated to these chiral modes. Here we will

sketch in some detail this analysis which we hope to complete in the near future.

As it is well known, one can consider the usual mode quantization of G following the recipes of
conformal field theories (see [99] and [100]). If these recipes could be implemented in a proper
way in the present case one could arrive at a closed form for the shear viscosity, the thermal

conductivity and the electric conductivity.

Roughly speaking, the viscosity and conductivities are defined as
K= <JMJL> y N= <Tt¢TtI¢> )

where J,, is the “U(1)" current which can be expressed in terms of the gradient G'. The viscosity
can be calculated directly using the well-known results of CFT [99] or [100] and the definitions
of the Kubo formalism [33]. Since in the present case these inhomogeneous condensates can be

dressed exactly with chiral conformal excitations which propagate in one spatial dimension, a

1The expression for these currents is in Eqgs. (2.6.36) and (2.6.13) for the Hadronic layers and tubes, respectively.
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natural guess is that the results for obtaining x and 7 are the same as in a chiral conformal field
theory:
. T . .
77]:§§J7j:1323

where T is the temperature, j = 1 refers to the layers, j = 2 to the tubes, and the coefficients ¢’
(which, in principle, can be computed explicitly) would distinguish the transport coefficients
of Hadronic layers from the ones of Hadronic tubes. There are still some missing steps (in
particular, the proper semi-classical quantizations of these chiral modes living on top of the

condensates) but we are quite confident that such steps can be completed successfully.
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Chapter 6

Yang-Mills Perspectives

The Yang-Mills model is a quantum field theory that describes the behavior of gauge bosons,
particles that mediate the fundamental forces of nature. It was developed by physicists Chen

Ning Yang and Robert Mills in the 1950s to generalize the Maxwell theory of electromagnetism
[101].

The model is based on the concept of gauge symmetry, which is a mathematical transformation
that leaves the physics of a system unchanged. The Yang-Mills model is an essential theoretical
tool in particle physics used to describe the behavior of subatomic particles and the fundamental
forces that govern their interactions. It has been validated by numerous experiments, including
the discovery of the W and Z bosons, which mediate the weak nuclear force, and the discovery
of the gluon, which mediates the strong nuclear force. Their discoverers, C. Rubbia and S. van
der Meer, obtained the Nobel Prize in 1984.

In this thesis, we show the relationship with the Skyrme model in the context of a future

perspective for calculating some transport properties of matter.

6.1 Yang-Mills and Conformal Symmetry

The Yang-Mills and the Skyrme Model are very different because the Yang-Mills theory is a
gauge theory, while the Skyrme model only has global symmetries. However, recently, [75]
found a creative relationship between Skyrme and the Yang-Mills model, despite the belief that

different methods should be used for each.

However, they showed that certain sectors of these (3 + 1)-dimensional theories could be
identified as possessing arbitrary baryonic charge and conformal symmetry. As we saw in the
previous chapter, the Skyrme model has a sector with chiral conformal symmetry; however,
in the case of the Yang-Mills model, in [78], they showed that it has a sector with conformal

symmetry of infinite dimension. We sketch here this derivation.
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The Yang-Mills theory in (3 + 1) dimensions has the following action

I[A] i/d‘lx\/ngr(F,wFW), (6.1.1)

T 2e2
where e is the Yang-Mills coupling constant. The field strenght Fuv is defined as
Fo,=0,A, —0,A,+ A, A, (6.1.2)
where A, is the non-abelian connection, defined by
A= Al t;dat (6.1.3)

where ¢; can be written in terms of the Pauli matrices (see section 2.6.1).

The analogue of the barionic charge of the Skyrme Model in this context is the Chern-Simons
charge Q% defined by

QY% = /pCSdV, (6.1.4)

where p©* = Jf;fo with

1 2
JO5 = 53 Cnpo T (A“@PA” + 3A”APA"> (6.1.5)

The field equations can be calculated directly through variation of the action with respect to
the field A,. These are

V, F" + A, Fr] =0 (6.1.6)
To consider finite effects, the authors need to use the flat metric (4.1.1), with ranges
0<r<4n

0<f<2r , 0<¢p<m. (6.1.7)

7

Then, they consider the Euler parameterization (2.6.26) with the following scalar fields

a=pd , B=2H(t,¢) , p=qr (6.1.8)

And for some boundary conditions for the field H(t, ¢), and some relations for the field A, and
the element U of SU(2), they find

H(t,¢) = arccos (GQ) (6.1.9)

where G is an arbitrary function G(¢, ¢) that is defined in terms of

G(t,¢) = exp(3n) — eX§(4n) — (6.1.10)
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where 7 is a real number that fixes the Chern-Simons charge Q¢ in terms of an integer value.
Using the former, F' takes values depending on the boundary conditions of H. So then, from

specific considerations, they conclude that.

0? 1 02
OF = (8{2 _L§5&¢2> F =0, (6.1.11)

which describes the behavior of a free massless scalar field in two dimensions. Another relevant
result is that they find the same behavior of the (5.1). In conclusion, they find a sector of this

theory that describes the simplest bosonic CFT in two dimensions.

In the same article, they find exciting properties of the Yang-Mills-Higgs Model. This model
shares the chiral properties with the Skyrme Model, unlike the Yang-Mills model.

In conclusion, the authors provide a framework that can be systematically used to characterize
specific sectors of different theories, which was not expected at all due to their unequal
characteristics. This simplification promises to be able to calculate relevant properties, such as

transport properties, systematically.
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Chapter 7

Conclusion

In this thesis, we present the formalism of the Skyrme Model coupling with the Maxwell Theory.
We define the most important properties of this model, such as the topological charge and
the relation with the baryonic charge of the QCD theory. Then, in chapter 3, we present a
short historical introduction to Skyrme Crystals and their importance for characterizing nuclear
matter at the low energy limit. In chapter 4, we construct two solutions in the context of the
SU(2) group; layers and tubes cases. We show the box through the line element in cartesian
coordinates. In chapter 5, we expose the results and their derivations (with more details in the
respective Appendices). Then, in chapter 6, we see another example where our analytical tools
are necessary to compute some novel regions of the non-linear models, like the Yang-Mills. In
this region, emergent an effective conformal field theory. In the case of Skyrme, in chapter 5, we
see that this CFT is chiral.

We have described a proper analytic framework to construct inhomogeneous Baryonic condensates
in the gauged Skyrme Maxwell theory. This approach is able not only to produce exact solutions
with high Baryonic charges but also gives considerable physical insights on the nature of
the configurations (such as the fact that these Hadronic layers and tubes constructed in the
previous sections are natural sources of force free plasmas). Another characteristic of the present
technique is that it discloses the appearance of chiral conformal degrees of freedom which

describes modulations of the condensates.

Aside from the intrinsic theoretical interest of this fact, the unprecedented possibility of arriving
at the analytical computation of the transport properties of these condensates using known
results in conformal field theory in (1 4 1) dimensions was opened by these works. There are
still some missing steps to complete the proper computations of the transport coefficients. We

hope to provide solutions to this issue in the near future.

There is still much work to be done; we could compute the same transport properties with the
same tools while considering an ansatz for U in the SU(3) group. Besides, with the recent work
[72], we can extend this understanding to another useful model, like the non-linear sigma model,

Yang-Mills, and the coupling with Higss and, possibly, with relativity.
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Appendix A

Basic of Skyrme Model

A1l Derrick Theorem

We consider the Skyrme Model for study static solutions that satisfied finite energy. Derrick
proved this although reductio ad absurdum. He assumed that the static solution exist and he use

a scaling of coordinates for proved that Fist we consider that the energy of the Skyrme Model is
FE = Intusm + Isk.- (Al.l)

where Inpsy and Isk in therms of the element U € SU(2) are

INnLsm = g/d‘ler {(U™19,U)%}, (A1.2)
Isk = {f/d‘*xTr{g [U~'9,U, U "o,U] [U ' 0rT, U—la”U]}. (A1.3)

The energy should satisfied that E(A = 1) = Ey, where A = 1 is an stationary point of E(X).
We study the stationary point thought

=\ =0. (A1.4)

In particular, we have for the non-sigma model action (A1.2) after the scaling & = z for the
scalar field U

D
Intsm = {f/Tr{(U(E)@iU()\x)) (U(2)0;U(\x)) 57 (i) }d%

K oU oz oU o) (1P
J—— 7 - T ij [ = D -
— 4/Tr (U(maﬁ. 833)) <U<x853j 833))6 ()\) d-z,
~—~ "

A A

2-D
= A" 7 INLsMm-
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The non sigma model action has not static solutions by finite energy in R3.

However, we have in the commutator term of the Skyrme term (A1.3)

U—to,Uu, U to,UlU o' U, U0,
= [UY(2)0;U(A\x), U1 (2)0;U \x)|[U (&) 0k U (\x), U1 (2)OU (\) |5 69,

oU OFt oU 0zJ oU ozF oU Oz

—1/x —1/= —1/ —1/x

=V Wz 50V Wam o l @5z 50V @ga o |
~—~—~ —~—. ~—~—~ —~—.
A A A A

= XU tou, Ut Ul[UT U, U U
Thus, we find the follow expression

_ K A 1 1 —1ai —1qj 1 b D~
Isx = 5 [ Ty QU oU Ut UIUT o v U U () dP

= )\47DISK.

We concluded that the Skyrme term of the Skyrme action permit stable solution of finite energy

A2 Details of Field Equations

We want to find the field equations for for the Skyrme Action. For this we should vary the
action (2.2.2) with respect the fundamental field U and we obtain

0Lsk = gTr {R“(SRM + ;‘G”“éGW} . (A2.1)
Firstly, we consider the following relation
R,=U10,U=6U"'=-UtU)U"
Then, we analyze the first term of (A2.1),
§R, =8(U 0, U) = ~U Y (U)R,, + R, U *(0U) + 9, (U 16U).
Then,

Tr{(6R,R")} = Tr{ —U ' (6U)R, + R,U ' (6U) + 9, (U *6U)R"}
= -Te{R*U'(SU)R,} + Tr{R, U (SU)R"} + Tr{0, (U "'6U)R"}
= Tr{9,(U'6U)R"}
=Tr{0,(U'SUR")} — Tr{U'6U (9, R")}
=Tr{0,(U'6UR")} — Tx{(8,R")U'6U}. (A2.2)



A3. Energy Derivation 41

On the other hand, for the second term of (A2.1), we have

O.R, =0,(UO,U)
=0,U '9,U +U10,0,U
=-U"1o,UU'9,U+U19,0,U,

then we have, the following expression
OuR, — 0,R, = —[R,, R,].
This suggested

§[R,, R, = —0,0R, + 0,0R,,,
=0,(U'SUR, — R,USU) - 0,(U*SUR,, — R,U'6U)

Thus,

Tr{0,([U'6U,R,]) — 0, ([U'6U, R,])G*"}

=Tr{0, (U 'SUR,)G" — 0,(R, U '6U)G" — 0,(R, U '6U)G" — 9,(U'SUR,)G*"}
=2Tr{8, (U '6UR,)G" — 8,(R,U'6U)G""}

=Tr{0,(U'6UR,G*) — (U '6U)R,0,0,G""

— 0,(R,USUG*) + R,U ' 6UD,G" }

= 2Tv{8, (U SU[R,, G*]) + U~'U[9,G", R,]}. (A2.3)

Where we have considered

[Ry,0,G"] = 8,(|Ry,G"]) — 9, R, G" + G" R, ,
= Ou([Ry, GM).

We concluded with (A2.2) and (A2.3) that the field equation of the Skyme Action (2.2.2) are
(2.3.1).

A3 Energy Derivation

From the (2.4.1) we find

K 1 A 1
Too = —5TF {RORO - EQOORQR(X + 1 (gaﬁGOaGOB - 4900GaBGaﬁ)}
K A

_ 1 0 Oa K 1 a A ab
= 2%{2303 < GouG } 2Tr{2RaR + 75 CaG (A3.1)

where the fist term of the previous equations is the rotational energy F,o; and the second term

is the stataic energy Fgtatic-
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A4 Bound BPS

We focus now on the static energy term of the system, and notice the following

GaupyG® = [Rq, Ry][R*, R]

1
= ielaqun [R*, R")[Rpn, Ry).- (A4.1)
Hence, the static energy term can be rewritten as

K A
Egtar = 7ZTI' {RaRa + *elabelmn [Raa Rb] [Rma Rn] + \/XecabRcRaRb + \/XecabRcRaRb}

16
K VA ?
=T (Ra + Teabc[m, Rc]> F Ve R Ry Re % . (A4.2)

From the last expression we see that the first term corresponds to the BPS equation while the
second is the baryonic charge. The existance of a BPS bound is given by the fact that the first

term is strictly positive

Estat Z

K
Tr {4\[\ecabRcRaRbH . (A4.3)

This bound gives us access to the first term, which is known as the BPS equations. These
equations are of first order, which is extremely helpful for finding solutions to non linear theories
where the field equations are hard to solve in general. Moreover, the BPS equations imply the
field equations without the need of varying the action. In this sense, one only needs to make an

analysis of the total energy of the theory.

We first need to saturate the bound

(Ra + ?Eabc[Rb, RC]> =0. (A4.4)

Then, apply a commutator from the left

VA
[Rh Ra] + 7611176[Rl7 [Rln RCH =0.

Furthermore, the following commutator can be obtained from the BPS equation

2
+—¢€awpcRa = [Rp, R
\F/\Eb [Ry, R,
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Substituting, we obtain

2 A
0=+ 7€anan + £E(Lbc[Ll[Lb; L(‘]]

I 2

2 VA
+ ﬁGaldealnLn £ 7€abc€ald[Ll [Lba L(‘H
VA

4
—=80L, £ -
\/X n 2

F %Ld F VAR, [Ra, Ry]].

And with the former, we reobtain the static field equations as

F (8502 — 85 0¢) (L[ L, Le])

Va4 (Ld + 2[[15, Gdb]) =0. (A4.5)
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Appendix B

First Steps to a new Work Related

to Hadronic Tubes

Here we will study the Pionic excitations on the multi-Baryonic configurations. These
perturbations can be divided into two types. The first type (which is discussed in the present
thesis in chapter 4) is denoted as “CFT perturbations": these are perturbations of the Hadronic
tubes in which the dependence of II; (z*) is chosen in such a way to disclose some features of

the Baryonic tubes closely related to CFT in 1 + 1 dimension.

The second type will be denoted as “generic perturbations”: these are perturbations (encoded in
three scalar degrees of freedom II; () with j = 1,2,3 ) of the Hadronic tubes in which the
dependence of II; (z*) on the coordinates x* is, a priori, generic (in other words, no symmetry

assumption on the II; will be made). This last type we will study in this chapter.

Bl Pionic excitations on the Baryonic tubes

The idea is quite natural: let us consider the following generic perturbations of the solutions

defined above
a(r) = a(r)+elly (z#) , 0 — QO+clly () , @ — G (u)+ells (z") , le] < 1. (B1.1)

The three degrees of freedom II; (z#) represent excitations of the topologically non-trivial
configurations. To declare that these are “Pionic excitations" we need to require that the

variation of the topological charge d B to first order in ¢ vanishes:
0B=0.

The above condition defines the boundary conditions for the Pionic excitations. The simplest
way to implement the condition here above is to require that either the II; (z#) are periodic in

the spatial directions (this will be our choice in the following sections).
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If we replace the expressions in Eq. (B1.1) in the Skyrme action in Eq. (2.6.3) at zeroth order
in € we obtain, of course, the on-shell action evaluated on the multi-Baryonic configurations. At
first order in £ we get zero (modulo boundary terms) since the configurations in Egs. (2.6.1),
(2.6.2) and (4.3.3) are solutions of the field equations. At second order in € we obtain the

following effective action Iy,
def K - T i A® T
Ig = I(U +e0U)| = /d‘*v{ofjg(aﬂm)(a I;)CfY, + O (I C) + 0T HJ} ,
(1)

where the expressions for the operators OMV,CZ{), OALQ), Cg) and ij’) can be found in the

following section.

One can see that the action for the Pionic excitations can be written as the sum of two quadratic
parts. The first one is a time-independent action in which the soliton profile plays the role of an
effective static potential. The second one (which can be considered as a small perturbation of
the first one as long as the gradient of G is small) is a time-dependent perturbation that can be

turned on and off adiabatically.

Hence, we are in the position to apply directly the Kubo formula for the electric conductivity
[33] [34] [35]. The above explains why we needed the generalizations of the solutions in [63], and
[64] introduced in [72]. In [72] G is an arbitrary function of the null coordinate w which can be
chosen in such a way as to have a small gradient. Therefore, in this case, the Kubo theory can

be applied directly.

The field equation for the Pionic excitations is a set of three coupled partial differential equations
in a non-trivial background that are very difficult to deal with analytically. For this reason, in
what follows we will restrict to the NLSM case, that is A — 0, where it is possible to derive

analytic expressions for the frequencies of the excitations, as we will see immediately.

First, it is important to note that perturbation of the form (B1.1) where only Fourier modes
in time are considered, leads only to trivial solutions for the perturbations. Therefore, it is
not consistent to analyze perturbations II; which only depend on the time since the linearized
field equations would imply that such perturbations are actually trivial: hence here and in the

following sections the Pionic excitations will depend on, at least, one spatial coordinate.

From the above, to find non-trivial solutions of the equations system we use the following Fourier

expansions for the Pionic fields

Iy (¢, 7,0, 0) = ui(r,0) expi (wt + ko) , (B1.2)
o (t,r,0,¢) = ua(r, ) expi (wt + ko) , (B1.3)
I5(t,7,0,¢) = uz(r,0) expi (wt + ko) . (B1.4)
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In this sector, the field equations for the Pionic excitations become

k3 Q? cos (2a(r)) Qsin (2a(r)) 1 1
0= <_L% + w2 — 7]43 ul(r7 9) — 7L3 BQUQ(’I“, 9) + L—gagm (7'7 9) + fgaful (Ta 0) )
(B1.5)
2 ’
0= —k—é +w? | ua(r,0) + %Bgug(r, 0) + 2 cot (a(r)) (%(%ul (r,0) + e (27’) Orua(r, 0)) + %6311,2(7', 0) ,
2 2 L2 12 L2
(B1.6)
2 /
0= fk—é +w? | us(r,0) + M%ug(r, 0) + %631;3(1‘, 0) + My)a(r)@ug(r, 0) + %&ug(r, 0)
2 L2 L2 L2 L2

Note that Eq. (B1.7) is decoupled equation, the one that can be lead to a Schrédinger-like

equation of the form

~AU+ Vi =w?i , (B1.8)
where the new function u is
@ = —sin(«) sin(gf)us , (B1.9)
and where we have defined
1 ..
Au=—0;(,/99" 0;u) , gi; = diag(L? L2) .
7 (V99" 9;u) j (L7, Lg)

The potential in Eq. (B1.8) takes the form

Ey k¥ Q* Q%cos(2a)

V- o
2" I3 203 L2

(B1.10)
where we have used the expressions for the derivatives of « in Egs. (4.3) and (4.3.7). A sufficient
condition ensuring linear stability under the Pionic excitations is the requirement V' > 0, which
leads to the following constraint between the constants

k2 3Q%* E,

— > —5 + = . (B1.11)

Lé 2L L?
As per the previous ansatz, With the above condition, we notice a limit to the frequencies. This
fact is notable because, with this, we will only focus on the lowest energy perturbation, i.e.,
CFT-type.
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The action I at second order in e under the Pionic excitations (B1.1)

= g/d‘*v{(am)2 + sin? () (11, - Oy) + sin?(a) sin? ©(AT3) %+
+ 211 sin (2a) (VO - 911y) + 2 cos (2) (VO)+
+ g(SIH 3H2) + 4(Va . 8H1)(V@ . 3H2) + (V@)Q([)Hl)Q*

+ I sin (20) (2(V)* (VO - 0115) + 2(Va - 011;)(VO)?) +

+ 112 cos (2a) (Va)? ( 0)%+

+ sin®(a) sin® O ((Va)?(9113)? — (Va - 0113)?) +

+sin asin? O((VO)2(lT5)* — (VO - 8H3)2)) } (B2.1)

)
)((V
—2(Va - 0ll,) (VO - anl) (Va - 0ll)? — (VO - 911;1)%) +
(
(

If we use (B1), we have the non-linear sigma term

O 1)C’”) = 0,,,0;10;1 + sin 2(a )0,00i1052 + sin?(a) sin2(®)5w(5i35j3, (B2.2)
O C) = 2651510 (20) (V,0) 8ia, (B2.3)
O = 6,181 cos (2a) (VO)”. (B2.4)

In the same way, for the Skyrme term

O CH) = sin®(a) (Va)? §,u,8j28j2 + 4sin’(a) (V@) (V,0) 882 + sin® @ (VO)? 861161 —
—2sin*(a) (V,) (V,0) §;20;1 — sin®(a) (V) (V,a) §i20;2 — sin®(a) (V,0) (V,0) §;16;1+

+ sin?(@) sin?(0) (Va)? 6,,0:18;1 — sin® asin®(0) (V,a) (V,a) dizd 3+

+sin® asin?(0) (VO)? 6,,0i38,3 — sin® asin?(©) (V,,0) (V,,0) 6;30;3, (B2.5)
O Cll) = 2651 5in (20) (Va)* (V,,0) 62 + 201 sin (20) (VO)* (V) 551, (B2.6)
O = §116;1 cos (2a) (Va)* (VO)°. (B2.7)

Now the field equations for the three pionic fields are

0 = 01l — sin (2a)(V,,00"112) — I1; cos (20)(VO)? + %(2vu(sin2(a)(V@ - OT1y) V¥ o)+
+ V, (sin®(a)(VO)20M11;) — V,,(sin?(e)(Va - 91l) VFO) — V,,(sin® a(VO - 011;) V*O) —
— sin(2a) ((Va)?(VO - 0IL,) + (Va - 9111 )(VO)?) + V, (I; sin(22)(VO)*VHa) —
-~ COS(QQ)(Va)z(V@)Q), (B2.8)
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0 = Olly sin®(a) + 0, (sin®(«)) 9"z + 9,,(I1; sin (2a) V#O) + (V,Asm a(Va)?ol,)+
+ 2V, (sin’(a)(Va - 0II)V#O) — V,,(sin?(a) (VO - 9I1;) VF a) — V,,(sin(a)(Va - O1) V4 a)+
+V,, (I sin (2a)(Va)2we)), (B2.9)

0 = O sin®(a) sin?(0) + 9, (sin? (a) sin® ©)9"TI5 + % (V”(Sin2 asin? O(Va)*o"l;)—
— V. (sin® asin®(0)(Va - 0ll5)V*a) + V, (sin* (@) sin?(0)(VO)?0+11;) —

— V,(sin asin® ©(VO - 8H3)V“6)> . (B2.10)

The field equations for II;

¢®cos(2a(r)I, 9310 gsin(2a(r)dpIly | OFIL 21T

0=—
L2 L2 L2 2 'L,

— 6t2H1+

+ 2L%égLiqA (Lqul(008(204(7“))0/(1")2 + sin(2a(r))a’ (1)) + sin(2a(r)) (L%q sin(a(r))@iﬂl—k
+ L% (2 cos(a(r))a’ (r)*0pIly + o (r)(2q cos(a(r)) 0,111 + sin(ov(r)),9pI15)+

+ sin(2a(r)) (20" (r)DpTTy + 0TI — quafnl)))), (B2.11)
the field equation for I,

. in(a(r))03M; cos(a(r))0pI1 sin(a(r)9211 cos(a(r))a/ (r)0,11
0281n(a(7“))<s ( (Li) . +2q (L(Z)) L ( (L)ge 2)+2 ( ()23 (1) 12

[
sin(a(r))0?Ily . Asin?(a(r))
- sin(a(r)) 97, +m — Lio(r)" 9pIly + L qc ()0, OpI11+

+

r

o/ (r)? (L3024 L3(33 — Lzafnm) (B2.12)

and the field equation for Il are

A sin(g#) sin?(a(r))

0 =
2021317

(sin(qb?)(qu2 sin®(a(r)) + Lo (r)?)031s + L3 <2q2 sin(qf) sin(2a(r))a’ (r)0, 3+

+ q2 sin(q0) sin? (a(r))(@fﬂg — Lf@fl’[g) + 0/(1")2[2q cos(q6)ds + sin(gh) (5‘31’[3 — Lg@fl’[;;)}) ) +

sin(gf) sin(a(r))

L%LgLi (Lng sin(q6) sin(a(r))@iﬂg + Li (QL,%q cos(q0) sin(a(r))OpIls+

+ sin(gf)[L2 sin(a(r))d3 103 + Lj (2 cos(a(r)))a’ d:113 + sin(a(r)) (025 — LEB?H@])) . (B2.13)
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To solve the system of equations, we use the following Fourier expression for the pionic fields

I (¢, 7,0, 0) = ui(r) exp(i(0ks + koo + wt)), (B2.14)
I (t, 7,0, ¢) = ua(r) exp(i(0k1 + ka2¢p + wt)), (B2.15)
Ms(t,r,0,0) = us(r) exp(i(0ks + koo + wt)). (B2.16)

The field equation for II; is

0= —Li{ul(r) (AH"? + L2) (L3 (k1 + Low)(ky — Low) + k3L3)+
+ uz(r) cos(2H (1)) (AH'"? + L?) (L2 (k1 + Low) (k1 — Low) + k%Lz) + Li (i)\quug(T)H”(r)—l—

—|—H’(7“)(2Lg sin(2H (r))uj(r) — irkiquy(r)) — {Le (cos(2H (1)) uf (1) —l—u’{(r))})}, (B2.17)
then the field equation for Il is

0= —Lg{ — L2up(r) (kTL3 + (k2 + Low) (k2 — Lgw)(Lj + Aq?)) + L3 (L5 + Ag®)us (r)+
+ ik1q (2 uy (r)H" (1) + AH' (r) (cos(2H (r))uly (1) + u) (1)) 4 2us(r) {\H" (r) cos(2H (r))+
+sin(2H (r)) (L2 — AH)})) } (B2.18)

and the field equation for Il3 is

0= sz{ — 20K LLous(r)H'™ + 4L L% sin(2H (r)) (Lg H' (r)uy (r) + iky L qua(r)) —
— 205 LG L2us(r)H' + Liuf (r) (4ANLGH"™ + L} (Aq® cos(4H (1)) — 2L5 — A¢*))+
+ 2ALG L2 Law?us(r)H'™ — ANL? L7 ¢° H' (r) sin(4H (r))us (r)+
+2L2 cos(2H (7)) (ul(r) (AH" + L2) (L3 (k1 + Low) (k1 — Low) + K3L3)+
L2{ = T3uf (r) + Ny (ua(r) HY (1) — ' (r)u(r)) }) + SALZLZH' ()" )y ()~
— A3 LyqPus(r) cos(4H (1)) + AL} L3 qPw?us(r) cos(4H (r)) + 2k7 L} Lius (r) + 2k3 L Lius(r)+
+ ARRLAus(r) — 2L LA L2w ug(r) — ALAL2¢%w ug(r)} (B2.19)

Now in the case of k&1 = 0 we have the following equations.
The field equation for II; is

T qu Iy (w1 (r, ) (E2(~2L30% cos(2a(r)) — (b — Low) (k2 + Low) (213 +
+ ¢ Xsin®(a(r)))) + sin(2a(r))a’” (r)) + 2L gsin(a(r))(—2L; cos(a(r)) + Acos(a(r))a/ (r)*+

+ Asin(a(r))e” (r))doui (r, 0) + 2L} L303u1 (1, 0) + LigAsin(a(r))a’ () (2q cos(a(r))dyui (1, )+

2L% + ¢*\sin®(a(r))d2us (r, 0)

2L2% + 2¢2\sin?(«) ’

+ sin(a(r)) 9 dpua(r, 9))) + (B2.20)
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the field equation for Il5 is

1
0= 31212 ( — L3(k3 — Lin)(QLf + X/ (1)) ug(r, 0) + Li((@gul(n 0)(4qL? cot(a(r)) — Mg’ (1)) +
0

+ (2L2 + Xa/(1)?)9Fua(r,0)) + o/ (r)(4L2 cot(a(r))Oyua(r, 0) 4+ gAO, Oguy (7, 0)))) + 02us (1, 0),
(B2.21)
the field equation for II3
B 212 + \o/(r)?
B 2L2 + 2¢%\ sin?(a(r))
— PL2\ + > L? X cos(2a(r)))) + 4Li(q cot(gh)) csc(a(r))(2L2 + Ao/ (r)*)Bgusz + 2(¢* X cos(a(r))+

2L% + ¢*Asin®(a(r))
2L2% + 2¢2 A sin®(a(r))

csc(a(r))

D2us(r,0) +
s (r ) 4L5(¢? A + L esc2(a(r)))

((kS — Liw?) esc(a(r))us(r, 0)(—4L7 Li—

+ L% cot(a(r)) csc(a(r)))) + D2us(r,0). (B2.22)
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Appendix C

First Steps to a New Work Related

to Hadronic Layers

Cl A Future Work: Pionic excitations on the Baryonic

layers

The Pionic excitations of the Hadronic layers can be divided into two types: the first type is
“CFT perturbations". In contrast, the second type corresponds to “generic perturbations". In
the present section, we will discuss the second type in the same form discussed in the previous

chapter.

C2 Pionic excitations on the Hadronic layers

Let us consider the following generic perturbations of the solutions presented above
H(r) = kr+ella(2*) , G— G(u)+elly (z) , F — qf+ellz(2?) le] < 1. (C2.1)

The three degrees of freedom II; (z*) represent Pionic excitations of the Baryonic layers
configurations. Also, in this case, these excitations can be considered as “Pionic excitations" if

the variation of the topological charge B to first order in & vanishes:
6B=0.
The simplest way to implement the above condition requires periodic boundary conditions for

the Hj.

If we replace the expressions in Eq. (C2.1) in the Skyrme action in Eq. (2.6.32) at zeroth
order in & we obtain the on-shell action. Once again, at first order in ¢ we get zero (modulo

boundary terms). At second order in & we obtain the following effective action I for the Pionic



52 C2. Pionic excitations on the Hadronic layers

excitations:

_ 4,.) Al v ij A(2 ij AG) i
Ig = /d v{ogg(auni)(a ;)Cl, + O (9" )L C3) + 071 HJ} .
The above is the sum of two quadratic parts (see section C3 for the explicit expressions). The
first is a time-dependent action in which H is an effective static potential. The second one
(which can be considered as a small perturbation of the first one as long as the gradient of G is
small) is a time-dependent perturbation that can be turned on and off adiabatically. Hence, we

are in the position to apply the Kubo formula for the electric conductivity directly [33] [34] [35].

As in the case of the Baryonic tubes, here we will focus in the case A — 0, where the resulting

equations can be interpreted directly.

To solve the equations system, we use the following Fourier expansions for the Pionic fields

Iy (t, 7,0, ¢) = ui(r) exp(i(kp + wt)) , (C2.2)
(¢, 7,0, 0) = us(r) exp(i(+kg + wt)) , (C2.3)
5(t, 7,0, ¢) = us(r) exp(i(kp + wt)) . (C2.4)

In this sector, the field equations for the Pionic excitations (the general equations are in section
C3) become

0= —L3LA(k5 — Liw®) (ul(r) + us(r) cos (%)) + L Liuf (1) + LGL cos (f) uf (r) — %LgLi sin (C) us(r)

2 2
2752072 2 2 r 272 272 r 1070 . (T
0=—LgL. (k3 — Lyw") (u3(r) + w1 (r) cos (5)) + LyLgus (r) + Ly L cos (5) uy (r) — §L9L¢ sin (5) uy(r) .

The solution of this system is in section C3. The quantization of k is related to the periodic
boundary conditions in phi. The frequency w turns out to be (note that at least one of the

integers k and/or i must be non-vanishing as explained in the section C3.

\/16k§L$ + L2 (A - 1)

v AL, Ly :

(C2.5)

with 7 an integer number that cannot be vanished. The regularity of these solutions and the

constant value are explained in section C3.
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Furthermore, the action under the Pionic excitations (C2.1) is

_K
2

— A\(2cos(2H) ((VH -OIL)(VH - 0llg) + (VF - 0112)(VH - 0lls) — (VH)?(TL, - 91ls) — 2(VH - 0115)(VF - 0ll5)+

I= d4v{(8H1)2 + (912)* + (9T13)° + 2 cos(2H ) (AT, - AI3) — 41Tz sin(2H)(VF - 9ll3)—

+ 4IL, sin(2H) (/«ﬁ(VF : ang)) + 4sin®(H) cos® (H) ((VF - Oll5)> (VF)2(8H1)2) -

1
4
— [y sin(4H)(VF)*(VF - 0I1,) — (VF)*(8111)° + (VF)*(dI13)* + i(vzrf(anz)2 +2(VH - 911 (VF - 9ll2)+

+ (VH - 9IL)* + (VH - 9115)° 4 (VF - 9ll2)* — 4(VH - 0lLz)(VF - 9111)) } (C3.1)

If we use (C2) in the non-linear sigma model term we obtain

OLBCE{) = 6;},1/51'153'1 + 6MV5i26j2 + 5;1,1/5@’36]‘3 + QCOS(QH)(SMV(SH(S]‘?,, <C32)
OPCl) = —4sin(2H) (62]-6W(VVF)51-3 + 52j5,w(vye)5ﬂ), (C3.3)
0P =o. (C3.4)

In the same way, for the Skyrme term, we obtain
OWCH) = 4sin® (H) cos®(H) (2(V,G) (Vo F)ondjs + (V,,G) (Vo G)din 1+

+ (V) (Vo F)di3053 — %maﬂaﬂ - 4(v,LG)(v,,F)5i35ﬂ)+
+2cos(2H) ((v#H)(vVH)aﬂ(sjg + (VL H)(V,G)oi1650 + (Y, F)(Vy H) 8120 5+
+ (VuF)(V,G)diab 0 — £20,,0611053 — 2(V . H)(V, F)dia0,3—
- z(qu)(vVG)aizaﬂ) + 2V, H)(V, F)o1850+
+ (V,H)(V,H)31651 + (VuF) (Y, F)diadjo + 2(V, H)(V,G)di3d o+
+ (V. H)(V, H)i303 + (V,uG) (Y, G)biabia — £28,,0110;1—

2
— 4(VHH)(VVF)5226J1 + Ii2(5/“j5i3(5j3 + qz(sﬂuéigéjg + 4(VMH)(VVG)6Z‘2(SJ‘3, <C35)

OPC) = 46 sin(2H) (n%ﬂ,,aig(vym + /<;25W,5i1(V1,G))+
q2
+ 265, sin(4H)< - 2Z5“”5i1(v”F)>’ (C3.6)

0% =o. (C3.7)

ij
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The field equation of the II; is

0 :{Lg (L7 + AH'(r)) 9310y — 2L3L7% sin (2H (r))H'(r) 0,113 + L3 ( — gAH" 9911+
+ (L 4+ AH'(r)*)0711; + gAH' (r)9,0p10s + L5071 — Li(L? + AH'(r)*)0711 )+
+ cos(2H (r)) (Lg(Lz + AH'(r)?) 03103 + L (L§o2Ms + (L + AH'(r)?) (07115 — Lga,?ng))) }

(C3.8)
In the same way, the field equation for Il is
1 .
0= m{Lf(LZ + N3, + L2 (2qsin (2H (r)) (L2 — AH'(r)?) 9T+
+ 2g H" (r)(0pII1 + cos (2H(r))pIl3) + gAH'(r) (0, 09111 + cos (2H (r)) 0, 0pI13)+
(L3 + N0, + L2 (0FT1, — (L3 + ¢*\)OTL)) }, (C3.9)

and for the Il3

= m{QLng cos 2H (r)(L? + AH'(r)*) 9310y + L7 (L2(2L5 + ¢°X — Acos (4H(r)))—
—2LgH'(r)*) 0313 + L (2L489H3 — 2L2NH'(r)?03 3 — 4L sin (2H (1)) (L2q0p o+

+ L2H'(r)0,11;) + 4L2¢* Xsin (4H (7)) H' (r)0, 113 — SLAXNH' (r)H" ()0, 113+

+ 2L2L302T03 + L2q*NOT13 — 4LZNH' (r)? 0% T13+

+2L2 cos (2H (r)) ( — gAH" (r)9pI1s + (L2 + XH' (1)) 03111 + g\H' (1), 0pIla+

+ L30T, — Ly(L2 + ANH'(r)*)07IL) — 2L} L3075 — Lig® \Of I+

+2L2L2NH (r)202T05 + L2q2A cos (AH (1)) (— 0TI + Liafng)) } (C3.10)

To solve the system of equations, we use the following Fourier expression for the pionic fields

I (¢, 7, 0, ) = uy(r) exp(i(0k1 + ka2¢p + wt)), (C3.11)
Mo (t,7, 6, ) = ua(r) exp(i(0k1 + kagp + wt)), (C3.12)
I5(t, 7, 6, ¢) = us(r) exp(i(0k1 + koo + wt)). (C3.13)

Now for the case of our study, when A — 0, we have the previous system of equations is

1 .
0= —LyLi(ki — Liw?) (ul(r) + uz(r) cos ( )) + L Liuf (r) + LiL cos (g) uf (r) — §L§Li sin (g) us (),
0= —LyLA(ki — Liw®) (u1(r) cos ( ) + us(r )) + L L3uf (r) + Ly L cos (%) uf (r) — %LgLi sin (g) uy (7).

For solve this, we use an auxiliary variable ¥(r) defined such as

U(r) =wui(r) —us(r). (C3.14)
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Then, if we take the difference between the equations of the previous system, we have an EDO

such like

0= —L2L2(ky — Lyw) (ks + Low) (1 — cos (g)) U(r) + L3L2 ((1 . (f)) ‘Il’(r))/ .

2
(C3.15)
Then, the solution of ¥(r) is
r r r
U(r) = csc (Z) (exp (ZA) €1+ exp <71A) 02> ) (C3.16)
where ¢; and co are, in principle, complex number and A is defined such as
N \/16L3(k§ ~ L2w?) - L2
= I ;
for w to be real, we need the following constraint for A in the quantization of ko
A —ing =0, (C3.17)

from the above, it is clear that ng cannot be null (otherwise, the perturbation vanishes). Besides,

for the regularity of the function W(r) we choose the constant co so that ¥(r) remains in terms
of

U(r) =csc (%) sin (r%) . (C3.18)

With the above, the modes wu;(r) and ug(r) are defined from the auxiliary function ¥(r), being

also regular.
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