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Resumo

Nesta tese, iremos inicialmente discutir ensembles fenomenoldgicos de vortices de
centro. Mostraremos que, quando regras de fusao apropriadas e configuragdes nao
orientadas sdo incluidas, os ensembles sdo naturalmente representados por teorias
de campos efetivas contendo solugdes topoldgicas. Estas sdo paredes de dominio
em 3 dimensodes, e objetos unidimensionais estaticos em 4 dimensdes. NOs discu-
tiremos, entdo, como um ponto-sela baseado nessas solugdes é capaz de capturar as
propriedades assintoticas do tubo de fluxo confinante das teorias de Yang-Mills SU(N),
tanto em 3 como em 4 dimensdes. Em seguida, revisaremos um novo procedimento de
quantizagao para as teorias de Yang-Mills, baseado em uma condigao de calibre que
€ local no espacgo de configuragdes, e discutiremos como essa proposta é promissora
nao so para lidar com o problema de Gribov, mas também para mostrar um vislumbre
de um caminho da teoria de Yang-Mills pura para os ensembles de vértices de centro.
Depois, estudamos a renormalizabilidade dessse procedimento no setor perturbativo
e em setores rotulados por um numero qualquer de vértices de centro, estabelecendo
portanto a calculabilidade desse ensemble de Yang-Mills. O calculo explicito da con-
tribuicdo de cada setor, a ser feito no futuro, envolve integrais de caminho de campos
satisfazendo condicdes de contorno de Dirichlet nas superficies de mundo dos vér-
tices, que tém codimensao dois. Nesse sentido, apresentamos o calculo da energia
de vacuo de um campo escalar satisfazendo condigbes de contorno em hipersuperfi-
cies de diferentes codimensdes. Discutimos as sutilezas que aparecem em cada caso,
e mostramos que o caso de codimensao dois é o mais especial.



Abstract

In this thesis, we initially discuss phenomenological ensembles of center vortices in 3
and 4 dimensions. We show that, when appropriate matching rules and nonoriented
configurations are included, the ensembles are naturally represented by effective field
theories accommodating topological solutions. These are domain walls in 3 dimen-
sions, and static one dimensional objects in 4 dimensions. We then discuss how a
saddle-point based on these solutions is able to capture the asymptotic properties of
the confining flux tube of SU (V) Yang-Mills theories, both in 3 and 4 dimensions. Then,
we review a novel quantization procedure for Yang-Mills theory, based on a gauge con-
dition that is local in configuration space, and discuss how it is promising candidate not
only to deal with the Gribov problem, but also to provide a glimpse of a path from pure
Yang-Mills theory to ensembles of center vortices. Next, we study the renormalizabil-
ity of this procedure in the perturbative sector and in sectors labeled by any number
of center vortices, thus establishing the calculability of this Yang-Mills ensemble. The
explicit computation of each sector’s contribution, to be done in the future, involves
the calculation of a path integral of fields satisfying Dirichlet boundary conditions in the
vortices’s worldsurfaces, which have codimension two. In this regard, we present the
calculation of the vacuum energy for a scalar field satisfying boundary conditions along
hypersurfaces of different codimensions. We discuss the subtleties that arise in each
case, and show that codimension two is the most special one.
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Chapter 1
Introduction

Yang-Mills (YM) theory [1] is a very powerful framework to describe the fundamental
interactions of nature for a wide range of energies. Electroweak [2, 3, 4] and strong
interactions are currently described by the Standard Model, which consists of a gauge
theory with group SU(2) x U(1) x SU(3). These theories comprise the current theoret-
ical basis for the understanding of high energy experiments such as those in the Large
Hadron Collider (LHC). In fact, Quantum Electrodynamics (QED), the U(1) gauge the-
ory that describes the electromagnetic interaction, was able to deliver a value for the
anomalous magnetic dipole moment of the electron which agrees with experiment to
within ten parts in a billion [5, 6, 7], the most accurate prediction in the history of sci-
ence so far. Of course, such an agreement was only possible due to the existence of
powerful and reliable calculational tools. For a wide range of energies, all couplings of
the Standard model are small, and the standard (and very successful) method is per-
turbation theory. For very high energies, QED reaches a Landau pole[8, 9], which is
usually interpreted as an indicator that the electroweak sector of the Standard Model
must be an effective theory.

Quantum Chromodynamics (QCD), on the other hand, is an asymptotically free the-
ory, i.e., its coupling approaches zero for very high energies, while reaching a (pertur-
bative) Landau pole in the infrared limit. This comes about as its /5 function is negative
[10, 11, 12]. Perturbation theory is thus unapplicable in the low energy limit of QCD.
Moreover, in this regime there is no gauge condition which is free of Gribov copies [13],
thus invalidating the usual Faddeev-Popov quantization procedure for Yang-Mills theo-
ries [14]. However, many important physical phenomena, such as confinement, chiral
symmetry breaking, and the formation of baryonic matter, take place in this regime of
the theory, and it is therefore very important to overcome these practical and theoretical
obstructions. A well-known successful approach is to discretize space-time and com-
pute averages of observables through Monte Carlo simulations [15]. In this case the
existence of Gribov copies is not a problem, as there is no need to fix the gauge. Most
of the important results of low energy YM theory were obtained through this method.
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However, these results sometimes come with the lack of understanding of the underly-
ing physical mechanism. The most striking example of this is perhaps that of confine-
ment: a rectangular Wilson loop in the z* — T plane, z* being a spatial direction and T
being the Euclidean time, follows an area law in the infrared regime of SU(N) Yang-
Mills theory [16]. This implies a linear potential between a static quark-antiquark pair.
Moreover, lattice calculations point to the existence of a confining flux tube with very
particular properties, such as a soliton-like chromoelectric field profile, and a string-like
behaviour, as evidenced by the presence of the Luscher term. Additionally, for asymp-
totic distances, the properties of the confining flux tube depend on the representation R
of the static sources only by means of its N —ality, i.e. on how the center Z(NV) of SU(N)
is realized in the given representation. These properties of the flux tube are reviewed
in chapter 2. There is currently no full theoretical understanding of the mechanism that
leads to the formation of such a confining flux tube. In fact, this is related to one of the
seven Millennium problems posed by the Clay Mathematics Institute [17]. Despite the
lack of a complete understanding, some progress has been made in the last 40 years.
A recent review of the different approaches that have been pursued can be found in
e.g. Ref. [18]. One approach that has been developed is the idea that some degrees
of freedom of Yang-Mills theory become predominant in the confining regime, giving
rise to the possibility of describing the observed phenomena in terms of an effective
description of these degrees [19, 20, 21, 22, 23, 24]. One important contribution in this
regard was that of Polyakov in Refs. [25, 26, 27], where it was shown that compact QED
in 2 + 1 dimensions can be written as an ensemble of instantons, which in turn may be
represented by an effective scalar theory. The Wilson loop could then be evaluated by
means of a saddle-point of this effective theory. Moreover, this effective representation
allowed him to show that the theory has a mass gap. This is a striking example of how
the confining mechanism of a theory may be understood from first principles. It is also
possible to make an analogy with the situation of superconductors, where the cooper
pairs condense, giving rise to the Ginzburg-Landau effective description.

The first step in this framework is to identify what are the relevant degrees of freedom
(d.o.f.) for describing the infrared regime of SU(N) YM theories. In some proposals,
these d.o.f are Abelian [28, 29, 30, 31, 32, 33, 34, 35]. However, some popular Abelian
models such as the monopole plasma, dyon gas and dual Abelian Higgs models, are
not consistent with observations that the string tension on a general representation
R of SU(N) depends only on the N—ality of R. In particular, these approaches pre-
dict a sum-of-areas law for double-winding Wilson Loops, in contrast to the observed
difference-of-areas law [36]. Center vortices are the most promising configurations for
accommodating these and many other observed properties of the confining string. In
this thesis, we will focus on this approach. There are three main topics to be investi-
gated in this framework: a) studying classical effective models where the confining flux
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tube is represented by a topological soliton; b) analyzing phenomenological ensembles
of center vortices and deriving an effective field representation, c) pursuing a more di-
rect connection between first principles Yang-Mills theory with the phenomenological
approach. In chapter 3 we study these configurations in detail and review well-known
numerical and analytical evidence of their importance in the confining regime. Then,
we review and present different ensembles of these configurations which are able to
capture various confining properties of YM theory. In particular, we show that these
ensembles must contain the contribution of non-oriented vortex configurations in order
to successfuly reproduce the asymptotic properties of the confining string. The most
successful ensembles lead to effective field theories which accommodate topological
solitons that are stable classically. This facilitates the computation of quantum aver-
ages, as a saddle-point calculation around these classical solutions may be performed.
The relevant classical solutions are discussed both for the 2 + 1d and for the 3 + 1d
case.

An important point to be understood is how such an ensemble of center vortices
could be derived from a first principles calculation in continuum Yang-Mills theory. In this
case there is an important obstacle, as the Yang-Mills partition function in the continuum
is ill defined in the usual gauges due to the presence of Gribov copies in the infrared
regime. In fact, Singer proved that any global gauge fixing condition will suffer of this
problem [13]. As emphasized by Singer, quantization procedures relying on gauge
fixings which are local in configuration space can in principle be well-defined. In chapter
4 we review one possibility in this regard, where the configuration space {A,,} is divided
into disjoint sectors V(.Sy) labeled by center vortices, and then the gauge is fixed by a
sector-dependent gauge condition. More specifically, in this framework the Yang-Mills
partition function is written as a sum over the partial contributions of the sectors V(.5;),
as follows

Zru=3 2% o 2= [ (DA (1.1)
So 9(S0)

Then, an appropriate identity is inserted in each of the partial contributions Zﬁ(}w, in
order to implement the Fadeev-Popov procedure locally:

Zi= [ A (aypet )
9(S0)

T (1.2)

U=I

Here, fs,(A) is a sector-dependent gauge fixing condition. In chapter 4 we discuss
the procedure carefully and show that it not only has the potential of dealing with the
Gribov problem, but also leads naturally to a first principles Yang-Mills center vortex
ensemble. In chapter 5 we present a proof of the renormalizability of this Yang-Mills
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ensemble using the algebraic method, thus establishing its calculability.

As discussed in chapter 5.8, the explicit computation of the partial contributions 7,5,
will necessarily involve path-integrals in d + 1 dimensions with boundary conditions
in hypersurfaces of dimension d — 1. This is in contrast with usual Casimir energy
calculations, which are problems with boundary conditions in surfaces of codimension
1 with respect to the full spacetime. It is therefore important to understand the role of
the codimension in these type of problems. In this regard, in chapter 6 we compute the
vacuum energy of a scalar field with boundary conditions in hypersurfaces of different
codimensions. We give special emphasis to the codimension 2 case.
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Chapter 2

Some ideas and results regarding
confinement

An usual setup which is used to describe confinement in QCD is that of a quark that
is initially close to an antiquark (both of mass m), and then the pair is separated by a
large distance L. The energy of this configuration grows linearly with L, i.e. £ = oL,
for some constant o. When oL >> 2mc?, it will be energetically favorable for the flux
tube to break, giving rise to a new quark-antiquark pair. As a consequence, it is not
possible to observe an isolated quark in this confining regime. Since quarks are colored
particles, the spectrum consists only of color singlets. Even though the formation of a
flux tube is intimately connected with the absence of colored particles in the spectrum
in this case, it is important to understand that, in general, these are separate concepts.
Confinement, a priori, is related to the existence of a flux tube. In section 2.1 we briefly
review the continuum formulation of YM theories. In section 2.2, following Ref. [18],
we introduce lattice gauge theory and the observables which allow for the study of flux
tubes. In section 2.3 we review the Wilson Loop in pure YM theory, and discuss its
possible behaviours and implications. In section 2.4, we review, very briefly, a theory
with no flux tubes whose spectrum consists only of color singlets.

2.1 Quantizing YM theory in the continuum
The primary example of a classical Yang-Mills theory is that of electrodynamics, which
is described by the Maxwell Lagrangian, which reads, in Euclidean conventions,

1 2
LMaac = _4_92Fp,y ) (21)
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The field strength is defined as F),, = 0,4, — d,A,. This theory is invariant under the
U(1) gauge transformations

A, = A, + —e0@g o) (2.2)
g

where «(z) is a smooth function. More general classical Yang-Mills theories are gen-
eralizations of Maxwell’s theory that are invariant by local gauge transformations that
belong to a general gauge group G, usually a simple Lie group. We will restrict our
attention to the case G = SU(N).

In this case, the gauge field is an element of the Lie algebra of G, i.e. A, = A:T?,
a=1,...,N? — 1. The Lagrangian of this theory turns out to be (see Appendix A for
conventions)

Las = 1 (Fous Fu) (2.3)

where the non-Abelian field strength is defined by

Fuu = é[DuaDu] )
D, =0, —1iglA,,] . (2.4)

This action is invariant under the local gauge transformation
A, — UAU + éUE)“U‘l .U € SU(N). (2.5)

Because of the non-Abelian character of the group, this action contains interaction
terms for the different color components A%, as well as self-interactions. To quantize
these theories, an usual approach is that of the path-integral formalism, where the fun-
damental object is the partition function

ZY]W = /[DA]€_SYM . (26)

The usual path connecting the partition function with the real world is established trough
the LSZ reduction formula. The typical setup is an experiment where n; particles are
initially prepared with momenta p’, j = 1,...,n;, and then interact through some pro-
cess. One then may obtain the probability amplitude that the final state contains n;
particles with momenta k%, a = 1,...,n; by means of the vacuum expectation value of
the time-ordered product of the corresponding fields. This product is a local composite
operator. Expectation values of general operators O of this type may be evaluated in
the path-integral formalism as

[ Dfields] O ¢~
() = [[Dfields] e=5

(2.7)
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and thus the importance of evaluating the partition function. Here, we have switched to
Euclidean space by means of a Wick rotation. The issue here is that the list of known
functional integrals is quite short. In fact, it contains only one entry: the Gaussian path-
integral. For a set of real bosonic fields ¢; and a differential operator O;,

N 1,5
Dol e ¢101bs+Jror — "7 ,3J101;Js 7 28
Jzs — 2.8)
where N is a normalization factor. The labels I, J stand for internal and space-time
indices, i.e., there is an integration and sum over repeated labels. Similar formulas
hold for complex and Grassman fields

f[D¢] [DQE] €—¢101J<1_>J+j1¢_51+J1¢1 — % eJIOI_JljJ ’ (29)

e

[[DO)[DO*] e~ 0rOrs05tnifrtnid; — det O eni O | (2.10)

where the bar stands for complex conjugation, and the star for Grassman conjugate.
The first obstacle is thus that Yang-Mills is an interacting theory, and thus the path
integral is not Gaussian. The usual way around this is to separate the Gaussian from
the interacting part, i.e.,

SYM:SO+Sint 9 (211)
Sy = %/d“x Au(—a%,“, + 0,0,)A, . (2.12)

Then, one defines
ZolJ] = / [DAJe=So+] da Ju@Au@) (2.13)

because the following useful formula holds

f[DA]f(A)eiSO(A) — f[DA]f((S/(SJ)B*SO(A)«FId‘lzJ#(I)AH(I)|J:0 —
f(8/6J)Zo[J]] =0 - (2.14)

This allows for the perturbative evaluation of Zy-,, and then of any observable by taking
appropriate derivatives of Z,[.J], which is a Gaussian functional integral. The problem
of this approach to YM theory is that even Z,[J] is ill-defined, as the operator O, =
—9%* + 9,0, has zero modes. This can be seen more evidently in momentum space,
since

(k*0,, — kuk, )k, = 0. (2.15)

Formula (2.8) may therefore not be applied, as the inverse of O, does not exist. This
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is to be expected, as the kernel of O, is given by
OMVAV =0. (216)

Due to the gauge invariance of the theory, this equation has as many solutions as there
are gauge transformations, even in the presence of appropriate boundary conditions.
To solve this problem, the typical approach is to find a condition f(A) = 0 that selects
one representative at each gauge orbit, and then introduce an identity in the partition
function

- /[DU](S(f(A))detM(A) | (2.17)
where the differential operator M/ (A) is defined as

M(A) =4 (2.18)

U = el T" (2.19)

However, Singer proved that, for SU(N) YM theories, every continuous, global condi-
tion f(A) will not be able to select an unique representative for all gauge orbits. This
implies that Gribov copies, which are elements of the same orbit that satisfy f(A) =0,
will necessarily exist. Thus, the identity of eq. (2.17) is necessarily ill-defined, as the
operator M (A) contains zero modes. In section 4.21 we will come back to this issue,
and discuss possible ways around it.

The above discussion seems to imply that the usual FP approach is useless for YM
theory. However, it turns out that this formalism works quite well in the perturbative
regime, giving results consistent with experiments. Let us review the usual explanation
for this. Consider a particular gauge-fixing condition, the Landau gauge

F(A) =0,A,=0. (2.20)

For a Gribov copy to exist, it is necessary that there is an A such that f(A) = f(AY) = 0,
for a nontrivial U € SU(N). For an infinitesimal gauge transformation U = ¢@"T", the
variation of the gauge field is given by

SAL = 3“70‘ + b A (2.21)

Thus, there will be an infinitesimal copy if there exist N? —1 scalar functions o* satisfying

(=00 + gf“bC.Azaﬂ)ac =M*a=0, (2.22)
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with the boundary condition o«* — 0 as |z| — co. We see that, for ¢ = 0, the only
solution is o = 0, as in this case M = —3%§. Therefore, for small values of the
product g.4, one expects that no zero modes will be produced.

2.2 Lattice gauge theory

In Quantum Field Theory, we are generally interested in the computation of averages
of observables O

J[Dg]O(¢)e*1¥
[IDgle=ste]

where ¢ denotes all the fields of the theory. As discussed in the previous section, the

(O(9)) = (2.23)

usual continuum methods for dealing with these objects only work for theories with
small coupling constants. When this is not the case, a possibility is to perform a full
computation of the path integrals using a computer. In this section we shall review very
briefly the main elements of this approach. A more complete introduction can be found
in e.g. Ref. [37]. For the purpose of performing these path integrals in a computer,
it is necessary to discretize d dimensional space-time, transforming it in a hypercubic
lattice, where the distance between neighboring points is a. Accordingly, the action S[¢]
must be discretized, thus becoming S;[¢, a|, such that

lim Si[¢,a] = S[¢] . (2.24)

a—0

Scalar fields ¢s(x) are discretized straightforwardly by assigning a variable ¢s(x;) for
each lattice point z;. Gauge fields A,(x), on the other hand, become link variables
Uu(x;) = 9@y =0, ... d. Acommonly used discretization of Yang-Mills action is
given by the Wilson action

Sw = —=—— (Tr(Uu(z)U, (z + ,u)UjL(x +v)Ul(z)) + cc.) . (2.25)

In the limit « — 0, by expanding the link variables and retaining only linear terms, it is
possible to show that it reduces, upon identifying 5 = g% to the Yang-Mills action. This
discretization is of course not unique [37]. This can be easily understood: any action
S" = Sw + aV(U), where V is independent of a, will also reproduce the YM action in
the a — 0 limit. The Wilson Action is invariant under the gauge transformations

Uu(x) = G(2)U,(2)G'(x 4+ pu) ,G € SU(N) . (2.26)

In fact, the plaquettes, which are the building blocks of the Wilson action, are gauge
invariant. These are defined as the product of the link variables along the smallest
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closed paths of the lattice:
P (z) = Tr(U,(z)U,(z + p)Ul(z + v)U](z)) . (2.27)

Matter fields may be included naturally as well. For instance, the action of an SU(N)
scalar field in the representation R is

S =5Sw+Su,
v =—72 (¢'(@)UR(z)p(x 4 p) + c.c.) + 2o (m? +2(d + 1))¢! (z)p(x) , (2.28)

where UE stands for the link variable in the R representation of the group. The scalar
fields transforms as ¢(x) — G(z)¢(x) to assure the gauge invariance of the full action.

Then, the path-integral (eq. (2.23)) is usually evaluated by Monte-Carlo methods,
where an initial discretized field configuration is generated randomly, and then up-
dated according to an algorithm which selects the best ones [37]. One possibility is
the Metropolis algorithm. In this case, an update in the configuration is accepted if it
lowers the energy, and refused with a probability proportional to e #2F if it increases
the energy. This is done until a thermalized configuration is reached. The complicated
path-integral is then computed by the sum of the contribution of these configurations
and, with a sufficiently large number of them, this sum will provide a good approximation
for the exact result.

2.3 Observables that probe confining properties

Consider an operator which creates two scalar particles in representation R separated
by a distance L in the v (a normalized vector) direction at a given time ¢

Q(t) = ¢'(0,1) (H UR( nvt) (Lv,t) . (2.29)

The operators ¢, ¢' create the antiparticle and particle, respectively, while the link vari-
ables ensure the gauge-invariance of the operator. Now, consider the following expec-
tation value

(@'(T)Q(0)) = (0IQ1(T)Q(0)[0) = (0|QTe~""Q|0) , (2.30)
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where in the last equality we have switched from the Heisenberg to the Schroédinger
picture. Now, we insert the completeness relation of energy eigenstates

(01QTe™ " QI0) = 3=, (01Q ) (n]e~ T |m) (m|Q]0)
=22, e P0lQTn)(nlQI0) . (2.31)

On the other hand,

[1DU) [1D61Q(T)Q()e >

<QT(T)Q(O)> = I[DU]I[D¢]€_S

(2.32)
In the large mass limit, the term proportional to v in S (eq. (2.28)) may be treated as a
perturbation, and this path-integral yields, to lowest order in m~! [18],

NWR(LT)[U] , (2.33)

where N is a constant, and the object Wr(LT)[U] is the Wilson Loop associated to this
path. It is the trace of the product of the link variables along a rectangle of length L in
the spatial v direction, and of length 7" in the temporal direction. Then, from eqgs. (2.31)
and (2.33), we get

WR(LT) = 1 32 ¢ BT (0/Q ) nlQI0) (2:34)

It should be noted that only the energy eigenstates |n) with the same quantum numbers
as () contribute to this sum. Then, in the T" — oo limit, only the term n = 0 survives,
yielding

e BT oc WR(LT) . (2.35)

Therefore, it is possible to obtain the energy of the ground state containing a very mas-
sive quark-antiquark pair in representation R from the corresponding Wilson Loop. In
particular, an area law for this observable, i.e. Wr(LT) x e LT, implies a linear static
potential. We thus arrive at a possible definition of confinement in pure YM: a theory is
said to be confining if arbitrarily large Wilson Loops follow an area law in the fundamen-
tal representation. In fact, this is the observed behaviour for SU(N) pure gauge theories,
and is a reasonable definition in this case. On the other hand, when dynamical matter is
considered, the confining string will break at very large quark-antiquark separations, as
the formation of additional particle-antiparticle pairs will become energetically favorable
[18]. The Wilson loop is therefore not an order parameter for confinement in QCD. See
[38] for a recent discussion of this subject. In that work, the authors propose a weaker
criterium for confinement, and argue that it reduces to the area law for pure YM theory.
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2.3.1 Some facts regarding the Wilson Loop in Yang-Mills theories

As discussed in the previous section, asymptotic Wilson Loops in the fundamental rep-
resentation follow an area law in pure SU(N) YM theories. There are, however, other
important properties of the confining string that may be probed with this observable.
Regarding the dependence of the string tension on the representation D of the Wilson
Loop, the observed behaviour is a Casimir scaling at intermediate distances [39]-[47],
where the string tension is proportional to the quadratic Casimir of D. At asymptotic
distances, the results vary depending on the dimension of spacetime. In 3d, lattice
simulations show that the ratio of og and o, the string tension in representation R and
in the fundamental, respectively, is given by [48]

o) k(N —k)
o®  N-—-1

(2.36)

The number k is known as the N —ality of the representation R, and indicates how the
center of SU(N) is realized in the representation. The center of a group is the set of
elements that commute with all elements of the group. In the case of SU(N), the center
is given by Z(NNV), which has N — 1 elements, i.e. k =1,..., N — 1. More precisely, the
N —ality is defined by the formula

127 27k

RevI)=enN Ig, (2.37)

I, Ig being the N x N and D x D identity matrices (D is the dimension of the repre-
sentation R). The behaviour indicated by Eq. (2.36) is known as a Casimir Law, as
the quantity k(N — K) corresponds to the quadratic Casimir of the k—Antisymmetric
representation. This is the most stable representation with a given n—ality £. This law
is among the possibilities in 4d as well. However, in this case, the lattice data can'’t
distinguish between a Casimir or a Sine law [49]

o) k(N = k) oy} sinkr/N

= VS. = — .
o® N -1 o®  sint/N

(2.38)

Regarding the subleading terms in the static quark-antiquark potential, there is evidence
[50, 51] for an universal 1/L correction at asymptotic distances, i.e.
w(d—2)1

Tt O(L7?) . (2.39)

VR(L) == O'RL -

This contribution is known as a "Luscher term”. This same exact term also arises in the
vacuum energy of a quantum Nambu-Goto string with its endpoints fixed at a distance
L, due to its transverse fluctuations [52, 53]. This "string character” of the confining
potential has been confirmed by comparing the spectrum of its excited states to that
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of string theory [54, 55]. Moreover, with the choice of an appropriate closed loop Ce,
the observable 1/, gives information about the chromoelectric field distribution around
the confining string. In 3 4 1d, this was studied in Refs. [56, 57, 58] and references
therein. The observed profiles turn out to be consistent with that of a Nielsen-Olesen
vortex. These results indicate that a soliton-like flux tube is formed between the static
quark-antiquark pair.

2.3.2 Wilson Loop and magnetic center symmetry

Despite the fact that we had to introduce matter in the theory to arrive at eq. (2.35),
it should be noted that the Wilson Loop is a perfectly well-defined observable for pure
Yang Mills theory, as it only depends on the link variables. Therefore, it also makes
sense to compute it along more general closed curves C, which may be spatial, tempo-
ral, or a combination of both. An interesting question is: what else does it measure in
pure YM theory, besides the potential between external sources? This was answered
by t' Hooft in his seminal paper [19], which we will review in this section.

The starting point is to consider pure Yang-Mills theory in 3 spacetime dimensions
in the Weyl gauge A, = 0. Then, define spatial operators V(fo) at fixed time that
implement singular gauge transformations S

V()] A) = [A5°) (2.40)

S¥ is defined in such a way that it changes by a center element when going around a
closed loop that encircles zg, and is thus associated to the introduction of a thin center
vortex on the gauge field configuration. In Ref. [59], an explicit representation for this
local operator was given. The correlation functions

~

(T(V(z1) ... V(@) V() ... Vi(ym))) (2.41)

would be computed formally by introducing appropriate Dirac strings between the points
x1...7, and y; ...y, in the Yang-Mills path integral. In principle, there are nontrivial
contributions for all (n, m) satisfying n = m(modN). Then, the proposal is to effectively
generate the most important correlation functions through the Lagrangian

L=0"Va,V+m*VV+ % (VV2+e(WVN +VN), (2.42)

V' being a complex scalar field. This description includes quadratic and quartic terms,
which are the most relevant for the understanding of formation of condensates, as well
as the N—th order terms that capture the center character of the singular transforma-
tions Sf)”?), representing the possibility that N center vortices may annihilate. Now, con-
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sider the possible results for the 3d Euclidean Green’s function (V(y)V (z)). In a Higgs
phase (m? > 0), an exponential decay is expected for |z — y| — oo, which implies, by
the clustering property, that <f/> = 0. When m? < 0, a condensate is formed, and the
Z(N) magnetic symmetry is spontaneously broken, i.e. (V') 0.

To understand the implications of these results to the confining properties of the
theory, it will be useful to consider the algebra of V with the Wilson Loop W along a
spatial curve C"

A~ A A ;27 L(C.70)

WeV (i) = V(g Wee™ v | (2.43)

L(C, Zy) being the linking number between C and zg, which is one if 2 lies within C' and
zero otherwise. Now, consider the basis |V') where the operator V' is diagonal. Then,

27 L(C,T)
L

V(@)We|V) = e V(@) We|V) (2.44)
i.e. the Wilson Loop operatorimplements a magnetic Z (V) transformation in the interior
I(C) of the curve C. In a phase where the magnetic Z(N) symmetry is spontaneously
broken, the vacuum |Q2) is by definition not invariant under the action of the Wilson Loop
operator, and it is thus clear that (2[17|2) will be the overlap of two inequivalent states
for # € I(C). In this case, it is thus reasonable to expect an effect proportional to the
area of the minimal surface whose border is the Wilson Loop. On the other hand, if
m?2 > 0, the magnetic Z(N') symmetry is not spontaneously broken, and W leaves |Q)
invariant, implying a perimeter law. We can reverse the argument to conclude that an
area (resp. perimeter) law for the Wilson loop implies a phase of YM where the mag-
netic center symmetry is (resp. not) spontaneously broken. Finally, it is important to
emphasize that this discussion shows that the 't Hooft operator V(z) serves as an alter-
native (dis)order parameter for confinement. The generalization of the 't Hooft operator
to higher dimensions is done by means of Eq. (2.43). In particular, in 4 dimensions it
is defined along a loop C’. As argued in 't Hooft’s paper, in the absence of massless
particles in the spectrum, this operator follows a perimeter law in the confining phase,
and an area law otherwise.

2.4 Color confinement x flux tube

It is well-known that the observed spectrum of QCD consists only of particles with neu-
tral color charge. In fact, this holds more generally for a gauge-Higgs theory, as dis-
cussed in Ref. [60]. In the following we will, following Ref. [18], briefly review some
ideas to illustrate why this is true. Consider SU(2) Yang-Mills-Higgs theory, where the
gauge field is coupled to scalars ¢ in the fundamental representation. Moreover, let the
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modulus of the Higgs field be fixed. The lattice action of this theory is [61]
1 ~
S=8 ; TrUUUTUT] 4~ Zu: §Tr[q§T(x)UM(x)¢(x +0)] . (2.45)

The first term is just the discretized YM action. The second contains the coupling of the
gauge field with the discretized scalar field ¢(z), and its corresponding kinetic term. For
sufficiently large ~ this is a theory that is very similar to that of the weak interactions,
with massive vector bosons, implying a Yukawa potential. For small ~, however, the
dynamics is resemblant of ordinary QCD, with the formation of flux tubes between the
color sources, and string breaking for large separations. Osterwalder and Seiler proved
[62] that, for any two points of the parameter space (f3, ), there is a path for which
all local, gauge-invariant observables of the quantum theory of (2.45) vary smoothly
along the path. In particular, this implies that there is such a path connecting pure
YM theory, which is confining in the sense that the Wilson Loops follow area laws,
to a theory with massive bosons, with Yukawa interactions. This theorem implies, as
emphasized in Ref. [60], that if color confinement exists in the limit of small ~, the
spectrum of the theory in the Higgs phase is also composed solely of colorless states.
An interesting implication of this result is that the absence of colorful particles in the
spectrum does not imply the existence of a flux tube. The mechanism responsible
for the color confinement is completely different in these two limits. For small v, a
confining flux tube is formed between the colored sources, which is broken at sufficiently
large distances if the creation of an additional particle-antiparticle pair is energetically
favorable. In the Higgs-like limit, it is the short-rangedness of the Yukawa interactions
that make the color field undetectable far from the source.
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Chapter 3
Ensembles of center vortices

Center vortices are gauge field configurations «, defined by their contribution to the
Wilson Loop along a curve Ce, in a given representation R of SU(N) :

Wr(Co)la,] = %tr [R (e”ﬁ)]uw’@) = LW k=1, N, (3.1)

where L(w, Ce) is the total linking number between C, and w, the vortex guiding center.
That is, the contribution of a center-vortex to the Wilson loop is an element of the center
Z(N) of SU(N) raised to the linking number between w and Ces. This definition has
important implications:

1. In d space-time dimensions, these objects must be located at d — 2 dimensional
closed hypersurfaces, as these are able to link curves.

2. These objects are automatically compatible with the observed N —ality of the Wil-
son Loop [63].

In particular, they are concentrated in closed worldsurfaces in d = 3 + 1 dimensions,
or in closed lines in d = 2 + 1. These objects were primarily defined and studied in
the lattice, where they may be identified after fixing the gauge to Direct Maximal Center
Gauge [64] (there are other possibilities, see [18]). The gauge-fixed link variables U, ()
are then decomposed as U,(z) = Z,(x)V,(z), where Z,(z) is the center element of
SU(N) that is closest to U,(z). A plaquette is then said to be pierced by a thin vortex
(or p— vortex) if the product of its center elements is nontrivial. With these concepts, it
is possible to identify vortex configurations in the lattice and investigate their role on the
confining properties of YM theory. In particular, the Wilson Loop may be computed by
considering only the contribution from center vortices, and the result is an area law with
the correct string tension o [64, 65, 66]. As a consistency check, this same observable
may be computed by removing the vortices, and the resultis a perimeter law (associated
to a nonconfining theory). There is also strong numerical evidence that these field
configurations are key to explain the high temperature deconfinement transition [67, 68,
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69, 70, 71, 72, 73], chiral symmetry breaking [74, 75], and the topological susceptibility
[75, 76]. These evidences motivate the idea that YM theory in the infrared regime
could be described by an ensemble of center vortices. In the following sections we
present some ensembles and discuss the various physical properties that they are able
to describe.

3.1 The simplest vortex ensemble

The simplest realization of a vortex ensemble is to compute a planar Wilson Loop of
area A in the presence of V vortices in the percolating regime (very large, straight vor-
tices everywhere) in SU(2) gauge theory[18]. Also, let us imagine that spacetime is a
box of length L. Then, the probability that ¢ of the vortices will link the Wilson Loop is

Pt (Y (1 2) o2

For each linking point there is a contribution of —1 to the Wilson Loop. Therefore,

%4 24 \%
wie) =P = (1-33) 33)
=0
where the absence of a superscript means that R is the fundamental representation.
Assuming that the vortex density p = % is fixed in the limit V' — oo, we arrive at

W(Ce) = e 24, (3.4)

which is an area law for the Wilson Loop. Of course, this is an extremely simplified
model, as no action for the vortices is considered. In particular, this simplified picture
is not able to explain Casimir Scaling, or the emergence of a fluctuating flux tube.

3.2 Intermediate Casimir Scaling

In this section, we review an improved version of the simplest ensemble presented in
the previous section. The idea is to consider the possibility of center vortex thickness,
where the singular core of these configurations is smoothed out in a finite region. This
approach was introduced in Refs. [77, 78, 79] (see also [80]). The idea is to consider
the existence of various vortex domains with total flux z; = ¢2™/" as measured by a
fundamental Wilson Loop. The contribution of such an object is assumed to be captured
by the insertion of a group element G’ in the holonomy. More precisely, in the lattice
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the Wilson Loop along a curve C, in representation R is given by
Trr(U...U), (3.5)

where U ...U represents the ordered product of the link variables along the closed
curve Ce. These link variables are assumed to be in a general irreducible representation
R of SU(N). Then, the contribution of a domain of type j is modeled by the replacement

TI’R(UU)—>TI’R(UGJU),

. 1 . ;
GI(z,8) = 55490(1‘)5 Tgt (3.6)

where 6, (x) € [0,27] measures how much of the domain pierces S(Ce), the minimal
surface whose border is Ce. Specifically, 6¢, is equal to 27 if the domain is fully contained
within S(Ce), and it is zero if the domain has zero overlap with S(Ce). Moreover, if the
overlap between S(Ce) and the domain is partial, 6, will be a number between 0 and
27, proportional to the overlap size. The different 37, j = 1,..., N are proportional
to the weights of the fundamental representation, and label the N possible types of
center vortices. The generators 7 and the link variables U are assumed to be in the
representation R of SU(NN), whose dimension we will denote by dz. Moreover, the
product g - T" denotes 3|,T,, where T, are the generators of the Cartan subalgebra.
Then, the next assumption is that the group orientation given by S is random, and
should be averaged. In this case, the full contribution of a domain of type j is given by

_ 1 . ; 1 . i ,
G(x) = 5 / dS Seifc@F T gt — 5T @B T — Gl (x)Ip .

A 1 4 ;
Gi(x) = 5Tr et @B T (3.7)

To obtain this result, the orthogonality relation
[ dn@ DG D ™) et = G (3.8)

was used, where dpu(g) is the Haar measure of SU(N), and D stands for the i—
irreducible representation of this group. Then, the contribution of m domains of type
e.g. 1, centered at z4, ..., z,, amounts to

TrR(U ... U) = Gh(z1) ... Gx(zm)TrR(U ... U) . (3.9)
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This allowed the authors to approximate the average of the Wilson Loop in the presence
of these domains as

(Wr(Ce; {x;})) ~ Hgé(fliiXWo(CeD : (3.10)

where (W, (Ce)) is the average of configurations which do not contain vortices, or a
perturbative average, following a perimeter law. The final assumption is to consider
that the probabilities of finding domains in any two different plaquettes is independent.
Then, an estimate for (IWr(Ce)) is obtained from the formula

(Wr(Ce)) ~ (Wro(C H 1—219 +ij91 (3.11)

where f; is the probability that a given plaquette is pierced by a domain of type j, and
the product runs over all sites of the plane A’ of the lattice that contains the loop Ce. In
the general case, Eq. (3.11) may be written as

N

(WRr(Ce)) ~ (Wro(C, expz IN(1=> " f;(1 = Gi(x))| = (Wro(Co)) exp [-04A] |

J=1

of = Z%ma —iju—ggg(x)). (3.12)

This is not quite an area law, as the quantities Qé(:z:) depend on the loop C, through the
angle 6, (z). For small and intermediate loops Ce, the authors argued that both f; and
¢, (x) will be very small, so that the following approximation may be considered

g

mwm)Q(@@(I))Q, (3.13)

: 1
Gh(w) 1= 5 B89 (0 () PTRT,T,) = 1 -
where the formula

(2)
T, T, =Dy Cr

wNT 1 (3.14)

CF(f) being the quadratic Casimir of the representation R, was used. With these approx-
imations, Eq. (3.12) becomes

N—-1
UCe ~ Z Z 2 N2 — 1 )29(219(37) Céf) . (3.15)

r j=1
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This formula should be studied carefully, as it only makes sense to interpret ag‘e as a
string tension if the term in brackets is proportional to the area A of S(Ce). This will
strongly depend on the profile used for the function 6, (x)[79]. Choosing the profiles
appropriately, the authors showed that the ratio of the string tensions in two different
representations R, R’ is

oR C’éz)

= _R_ 3.16
Sl (3.16)

which is the expected Casimir scaling at intermediate distances.

3.3 More general center-vortex ensembles

The ensembles presented in the previous sections rely on very simple and powerful
ideas regarding the definition of center vortices which are independent of the dimen-
sion of space-time. Despite being very useful for providing a simple understanding for
the emergence of an area law for the Wilson Loop and a possible explanation for the
Casimir Scaling of the string tension at intermediate distances, they are not sufficient
to describe all the confining properties of YM theory. Among the properties which are
not contemplated are: the emergence of a confining flux tube, the asymptotic scaling
law of the string tension, the transition to a deconfined phase for higher temperatures,
the existence of a nonvanishing chiral condensate when fermions are included, and the
topological susceptibility of the vacuum. For this purpose, it is necessary to consider a
more general setup, which includes not only the center element contribution from the
vortex configurations, but also an effective vortex weight. That is, we are interested in
approximating Wilson Loop averages in a general representation R by expressions of
the form

(Wa(Co)) m N3 e 5 Te [Re¥ )] (3.17)
where (1 is the guiding center of the vortex, which is located in a closed d—2 dimensional
hypersurface in d spacetime dimensions. In principle all surfaces should be considered,
regardless of orientation. The choice of the effective vortex weight e« is made based
on phenomenological inputs and on properties of the vortex configurations observed
in the lattice. In particular, terms proportional to the area (tension term) and to the
extrinsic curvature (stiffness term) of w should be included in S(w) for d = 3,4 [81, 82].
For example, in d = 4 an ensemble of fluctuating vortex closed worldsurfaces was
introduced in the lattice in Ref. [76], with an action
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Statt(w) = pA(w) + cNy , (3.18)

where A(w) is the area of the surface w and N, is the number of pairs of neighboring
plaquettes which lie on different planes, and is thus a lattice version of a stiffness term.
This model was initially introduced for SU(2), and later generalized for SU(3) [83], and
is able to describe the fundamental string tension with a reasonable accuracy, and also
other important confining properties such as the order of the deconfinement transition,
however the scaling of the string tension in different representations was not studied.
When it comes to center-vortex ensembles in the continuum, the inclusion of stiffness
is again important in order to ensure a well-defined limit when the monomer size goes
to zero in d = 3 [84, 85], and to avoid a branched polymer phase in d = 4 [86, 87]. In
this regard, some interesting proposals have been made, both in d =3 and d = 4. The
different proposals differ mainly in the inclusion or not of non-oriented configurations,
and turn out to be more complete and satisfactory in the latter case. In the following
subsections we will present the different proposals in both 3d and 4d.

3.3.1 Center vortices in the continuum

The starting point for the construction of the vortex ensemble in the continuum is the
identification of these variables. In this regard, explicit expressions for the gauge field
configurations of center vortices in the continuum for arbitrary spacetime dimension
were given for the first time in [66]. A typical center-vortex is given by af} = 3-To.x,
g = 2Nw, where w is a weight of the fundamental representation of SU(N) and x is an
angle that is multivalued with respect to the vortex closed hypersurface 2. The weights
w are tuples with N —1 components containing the eigenvalues of the Cartan generators
T,, ¢ = 1,...N (see Appendix A for details regarding our Lie Algebra conventions).
Moreover, we defined -1 = §,7,. This gauge field is locally (but no globally) equivalent
to a pure gauge with the phase

S = XPT (3.19)

In order to see that this indeed a center-vortex configuration, we must show that it has
the following expression for the Wilson Loop along a curve Ce
]L(Q,Ce)

. 1 - 270
WR(Ce)[a?] = TrrP (ez fo d) -t [ R(e% 1)

, (3.20)

where P stands for path-ordering, R is a general representation of SU(N), and L(£2,Ce)
is the linking number between the vortex hypersurface €2 and C.. For this purpose,
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notice that, as said before, locally we may write
0 = ésaus—l . (3.21)

Then, notice the following property of an holonomy along a general curve C, which
starts at z; and ends at z;:

Wa(Ce)[AS) = S(a)Wa(Ce)[ 4,15 (x:) (3.:22)

Applying this relation for the case of the closed loop Ce, with z; = z; = = being some
arbitrarily chosen point along the curve, we get:

Wr(Ce)lay] = S(a(0y))S™ (x(0)) (3.23)

where z(c) is a parametrization of the closed loop C.. Now, if the vortex line does not link
the Wilson Loop, the angle x will not go through nontrivial changes upon completion of
the path Ce, and the contribution of af} will be trivial. However, if [ links C,, the multivalued
phase will change by 27 for each time that the hypersurface 2 links the curve C,, and
we will have

Wr(Ce)[a] = S(x = 2nL(Q,Ce))S Hx = 0) = S(x = 27L(Q, Co)) = 2™ TLEOCe)

(3.24)
Then, notice
pi2mBT _ ji2m2NwT _ —i5F | ’ (3.25)
where we have used that two fundamental weights w,, w, satisfy
Négp —1
Wy Wy = g (3.26)

Therefore, we have showed that Eq. (3.20) holds for aL, and hence that this is a center-
vortex configuration. In order to get a more concrete picture of this configuration, let us
consider the specific case for d = 4 where the vortex guiding center is located along
the infinite xo = 0, 23 = 0 plane. Then, the angle y is simply the polar angle ¢, and we
may represent the vortex configuration a,, locally as

1
a, = p LB T . (3.27)

It should be emphasized that this representation is valid only locally, i.e. the § singularity
in the derivative of ¢ should be disregarded. A representation that makes this explicit
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a, = éAd(S)aNAdw—l) , (3.28)

where Ad stands for the adjoint representation. The representations (3.27) and (3.28)

are equivalent. In order to better understand this configuration, let us compute its field
strength:

1
F. = 56 -T[0y, 0] (3.29)
where we cannot assume that [0, 0,]¢ = 0, as this is a multivalued function. Indeed,

2
Fio=—Fy=-——2_8.T, (3.30)

2 2
T+ 75

and all other components vanish. This expression confirms again our claim that the
vortex configuration, in spite of Eq. (3.21), is not a trivial configuration, as the SU(N)
valued transformation S(x) is not regular, and is thus not a gauge transformation. In
fact, this vortex configuration is singular for 1 = x5 = 0. This type of singularity may be
smoothed by considering a more general vortex configuration which satisfies Eq. (3.21)
only asymptotically, while being accompanied by some smooth profile that vanishes at
the vortex guiding center in order to eliminate possible singularities. In this regard,
the "bare-bone” configurations which satisfy Eq. (3.21) are named thin center vortices,
while the smoothed ones are known as thick center vortices. Itis then natural to wonder
whether a center-vortex ensemble should consider all possible vortex configurations
with all possible smoothings for a given guiding-center location, or if it is sufficient to
consider just one representative. For now we will simply assume the latter, and on
chapter 4, we will provide a possible justification for this.

3.4 Non-abelian Center-vortex ensembles in 3d

Center vortices in 2+ 1 dimensions are gauge field configurations aL localized on closed
loops . It is therefore natural to expect that ensembles of these configurations, in the
sense of Eq. (3.17), will be described by effective field theories. In the following we
present one possible ensemble that was recently proposed in Ref. [88], derive the
corresponding effective field theory and discuss its physical consequences.
In d = 3, the Wilson Loop of these configurations satisfy
W(Co)ld,] = (e2mPue) ) (3.31)

"
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where w, is a weight of the quark representation, and L(l,C) is the linking number
between the closed vortex line | and the curve C.. Also, as the fundamental weights
satisfy Eq. (3.26), the vortex contribution to the Wilson Loop may be rewritten as

Wa(Colldl] = WiliS] = TP (455 | (3:32)

with jie = 2753, - T's,, s, being a source concentrated on a surface S(Ce) wWhose border
is Ce, given explictly by

1 ox¥ dz*
su(z) = 5 /dﬁdTgeWp o o —0(y(m,m) — ), (3.33)

y(mi, 72) being a parametrization of the surface S(C). The source s, is defined so as to
assure that

f s,dz, = 1(S(Ce),1) = L(Ce, 1) , (3.34)

l

where 1(S(Ce), 1) is the intersection number between the surface S(C') and the closed
vortex worldline [. The representation (3.32) allows the inclusion of an action for the
vortices in the Wilson average in a natural way, a typical contribution being

e o ettty iG] (3.35)

L is the length of the loop. The parameters x and p introduce stiffness and tension
for the vortex worldlines, respectively. These are phenomenological parameters intro-
duced to implement properties that are observed on the lattice [81, 82]. We also defined
the unit tangent vector to the vortex worldline

Uu(s) = s u,(s) = 5 (3.36)

Then, the Wilson average is computed in the ensemble by summing the contribution
from any number of vortices V' of all possible sizes and locations in space-time

. dL
Zl[jg] I/Vloops ],L ZH/ k/d:ﬂk/dukx

V=0 1i=1

1 - p(k) . (k)
X /[Dx(k)]lzk oo ’“dsk(ﬁuk 0 +M>I/Vlk [JS] ) (3.37)

T, Uk

The measure [Dz* path-integrates over all loops of length L, starting and ending

]xk U
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at z;, with unit tangent vector u;. The object Z;[j,,] may also be written as

Zij,) = efooo% [dx [ dutrQ(z,u;z,u; L) ,
Q. 63 30, u0; L) = [[Da]E 1y 0 )T [,] = p (00} (3.38)

That is, the ensemble of vortex loops may be written in terms of the building block
Q(z,u; xg, ug, L), which is simply the probability amplitude for a line to start at x, with
orientation u,, and end at z with final tangent vector u. Next, by using the techniques
of Refs [89, 90], it is possible to derive a diffusion equation for this building block

K - .
(00 = 512+ 1+ (D — i) ) Qo i mo uos L) = 0. (3:39)
where f;i is the Laplace operator in the unit sphere. This is just a Schrodinger-like
equation where the time is replaced by the length of the curve. It is to be solved with
the initial condition Q(z,u; 7o, ug,0) = 6@ (z — 20)d® (u — up)Iy. In the small x limit,
where the loops are very flexible, the solution may be approximated as

1 .
Q(z,u; xo,up; L) =~ <x|e_LO|x0> , 0= —3—/{(% — Zju)2 + uly . (3.40)

Then,
Zlj) m e7"O = (detO) ! = / [Dgle™I Freioe (3.41)

¢ being a complex field in the fundamental representation of SU(N).

3.4.1 Including vortex correlations in the ensemble

Up to this point, only noninteracting vortex loops were included in the ensemble. A more
complete description may be obtained by including natural correlations of these objects.
One possibility is to include the creation of N vortices at some initial point z,, which
propagate along open paths +;, and then annihilate at a common final point z;. This is
possible as the N different weights of the fundamental representation of SU (V) satisfy
Zfil w; = 0. This property allows us to visualize this as a configuration of N — 1 center
vortices with guiding centers along the loops /;, j = 1,..., N — 1, which are formed
by the composition of +; with v (see Fig. 3.1). These vortex loops carry weights
B1, ..., Bn-1. Thisimplies that the corresponding gauge field is A7V = SV BT,
where y; is a multivalued angle when going around the vortex loop [;. Its contribution
to the Wilson Loop is

2wk ) L(S(C)vl1)++L(s(C)1lel)

Wa(Ce)[A)"] = (e (3.42)
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Figure 3.1: The N center-vortex creation-annihilation process . The lines ~; are labeled
by the corresponding weights 3;.

In analogy to (3.32), this can be rewritten in terms of holonomies ' along the curves
~;, as follows

Wa(Ce)[ANY] = — T (3.43)

__Ei i ei/ i ’ Ly
N‘ LA R0 R AT INTN

Then, the contribution Cy of this correlation to the Wilson average is obtained by adding
the phenomenological action cost for each vortex line

Cy o [ dzg dPar, [ dLduidu, [[Da@]L o~ Gl i) p

T0,U0;T,U

Dy = €iy.in €j1~~~jNF’Yl [j,u]hjl s F'YN [ju]iNjN : (3.44)
Next, notice that egs. (3.38) and (3.39) imply, for each line,

f dL du duo I[D‘T}ﬁo,uo;w,ue_ fOL dS(uuuM—’_u)F[ju] = fOOO dL du duO Q(ZL’, U; Lo, Uo; L)
x G(x,xg) , (3.45)

where OG(x,xy) = 6(x — zo)Iy. This means that
CN X /d323 dsl'o eil.“,-NejlijG(x, .130)1'1]'1 R G(SE, l’o)iNjN s (346)

which strongly suggests that this correlation may be generated by the introduction of an
appropriate interaction in the effective field theory. Even though the contribution of the
loops may be written in terms of a single complex field ¢ (see Eq. (3.41)), this is not pos-
sible for the N lines correlation, due to the presence of the Levi-Civita tensors. Instead,
we need to consider N fundamental fields (the same number of weights of SU(N)) and
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an appropriate interaction among them in order to reproduce (3.44). Specifically, the
following partition function is able to reproduce them

/[DQJT][D@] - [d3x ( Tr(D,®)t D, ®)+uTr(®Td)— go(det<1>+det<I>T)) : (347)

where the covariant derivative is defined by D,® = (9, — ij,)®, and the components
of ® by ®,; = ¢|;, where each ¢/, j = 1,..., N is a complex field in the fundamental
representation. Thatis, lines and columns of ® are associated to color and flavor indices
of the fundamental fields, respectively. A perturbative expansion of this interaction of
to second order gives

/ [DOT[DP] (1 + & / d*x / d3xg

- . Y ./
i i —3! —3" — [dBx I |;07 oI |
€i1.~~l'N€i'1~--i/N()01|’i1 '"SON|iN€j1~--jN€ji--~j}V(p 1|j1 ...()ON’jN +)6 I vl L (348)

The first term is simply Z/, which is the contribution of N uncorrelated loop types. Then,
by multiplying and diving the second order term by

(detO) N — / (D& [D] e~ =& W0L e e ol = §ii'0,, |
it is possible to use Wick’s theorem to obtain

2 -/ -/
oy [IDVT| D] [ dPa [ d*xg €y inesy. ig, 1113 (@) . 9N iy ()

. . (a3 sil.0dd i
X €5y i€ty @1 () - @Iy (wo)e ™  FNi0h #l

= Z[Ngg f d3ZL’ f d3$0 eil...iN€j1...jNGi1j1 (SB, 270) Ce GiNjN (ZIZ’, l'o) . (349)

Using Egs. (3.45), (3.41), we obtain that the full contribution of the ¢, interaction, up to
second order, is

— [l ds; u<)u(l L
501"[ / Prd® o €, g hrkn / dLydu' dus / (D) 1€ S do [ ”‘]FSLZU]

N
1 dLy e gy (L o) g®)
(Z J H /0‘ / dvk / dl. Ik Uk 3Tk, uk fO ( +M> I/I/lk [jlu’]> :
v k=1

(3.50)

This not only reproduces the contribution originated from the N vortex lines interac-
tion, but also their mixing with the uncorrelated loops.
Further interaction terms compatible with the symmetries of the action in Eq. (3.47)
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may be added. Two of its important symmetries are local color transformations
D — S.(x)® gy — Se()uSo () +i5:(2)9,5, (x) . Se(x) € SUN), (3.51)
and global flavor transformations
o — oSy , SpeSU(N). (3.52)
In our case, we will take the vortex contribution to the Wilson Loop to be

Zv[j ] — /[D(I)T][DCI)] e—dex»C'U :

L, = iTr(( D,®)'D,®) + puTr(®Td) + A\ Tr(®1®)? — &y(detd +detd’) ,  (3.53)

3K

which contains not only the loop and N-lines contribution, but also a quartic interaction
(compatible with color and flavor symmetries) with parameter ).

3.4.2 Further correlations

Up to this point, our effective model is able to describe uncorrelated loops and corre-
lations between N vortex lines in a non-Abelian setting. A well-known description for
these correlations within the Abelian framework is that of t' Hooft, who proposed the
effective model

L=0"Vo,V+m’VV + g (VV)?2 4+ (VN 4V (3.54)

This theory may also be obtained as an effective description of an Abelian center vortex
ensemble [92]. It has a Z(N) discrete vacuum, which implies the existence of one
dimensional domain-walls. These walls represent the confining string, as they carry
a finite energy per unit length. A good effective theory for the confining string should
therefore have a discrete vacuum. This implies that the Lagrangian in Eq. (3.53) is
not yet complete. First, the vacuum of this model is not discrete. Second, as the
Spontaneous Symmetry Breaking is not complete, there will be Goldstone modes, and
the path-integral will contain large fluctuations. As we will see, these issues will be
solved after the introduction of the contribution of instantons in the ensembile.

An important observation in the lattice is that most (97 %) center vortices configu-
rations contain lower-dimensional defects, forming nonoriented vortices or chains [93].
It is therefore natural that an ensemble of vortices should include the contributions of
these objects in order to describe the confining string more efficiently. In the continuum,
these nonoriented vortices have different Lie algebra orientations [94]. Similarly to the
pure vortex (see Eq. (3.19)), these chains may be written locally in terms of singular
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gauge transformations of the type
S = XYY () | (3.55)

The Cartan sector creates the thin vortices, while 17 (z) is a different Weyl transforma-
tion on each vortex guiding-center, creating lower dimensional defects [96]. In the 2+1
dimensional case, these defects are one-dimensional (instantons), and change the Lie
Algebra orientation of the gauge field from a weight to another.

The physical properties of the defects are encoded in the gauge-invariant field strength
Ju(A) = €.a5S 1 F,5(A)S. More general defects may be created by considering the
singular phase SU~', with U~! being a regular gauge transformation. Then, the gauge-
invariant field strengths for a single vortex and the N —vortex lines configurations are
given respectively by

N
FulA) = ful,g(s), 8) , fu(A) = Z Fulli gi(si), ;) . (3.56)
where we defined the dual field strength
fus6).8) = [ @S2 = a6 995 To ) o) =0als) . @357)

For a chain with a pair of instantons,

fulA) = fu(v,9(5). B) + fu(', g'(5), B') - (3.58)

For N > 3, there is also the three instanton configuration, characterized by

fu(A) = fu(v,9(5), 8) + (/. 9'(s), B") + f.(0", 9" ("), B") . (3.59)

3.4.3 Introducing chains in the ensemble

Previously, we were able to obtain an effective theory for the loops, together with the
N —vortex configurations, from their respective Wilson Loop contributions

. 1 . .
VVz[jﬁe] ; mEil‘..z’NQg.‘.z’;va [jff]ilz’g Doy [Jge]im’N : (3.60)

In order to identify the proper contribution of the chains, it is illuminating to express the
above-mentioned contributions in terms of Gilmore-Peleremov group coherent states
(see Refs [95, 97] for a complete introduction to these objects). Given a weight vector
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|w) of a given representation, we define the state |g, w) = g|w). Then, we may write

Wilj,] = / dyu(9){g, wiTulj, g, w) - (3.61)

In order to find the corresponding representation for the N— vortex configuration, we
need the formula [98],

1
\/d:u’(g)gll‘h < Oinin = meil---iNejl---jN 5 (362)

which implies
1
du(g) 19, widliy - [ wn)lin = [ dplg) Gingy - - - Ginjw W) jy - - - [wN) |5 = 1 Citin -
(3.63)
Thus, the N-line contribution may be written as

Dy[b,] = (N!)2/dﬂ(g)dﬂ(90><gawl’Fw[j#Hgval>"-<g7wN’F“/N[jM”907wN>- (3.64)

These alternative representations imply that each loop is associated with a fundamental
weight and each vortex line (on the matched configuration) corresponds to a different
weight.

As in the chain contribution the weight must change at the location of the zero-
dimensional defects (instantons), the contribution of a chain with n instantons is pro-
posed to be

(g1, W, [l gns w) - - - (g3, W' [T, [ |92, w) (g2, w'|Ts, [fu] g1, w)
=Tr (‘F'Yn [jltHgTM w) <9n7 w/| ce ’Fw [Jﬁ”g% 7~U><92’ wllrw [jqub w><91, w,| . (3.65)

However, the integrals of gj]w><w’]gj. vanish, as implied by the formula

/d:u(g) R(Z)(g)‘ab R(]) (gilﬂﬁoz = (Sij(saa(sbﬂ 5 (366)

where R and RV are unitary irreducible representations (irreps) of SU(N) [91], in the
case of the trivial and adjoint irreps. Additionaly, chains also contribute a center element
to the Wilson Loop [89]. This can be seen in Eq. (3.55), as the W (x) factor is single
valued in any closed path around the chain, and therefore the only contribution comes
from the singular phase S. The proposal of Eq. (3.65) contains additional phase factors
that must be canceled, leaving only the center element contribution. Thus, the proper
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Figure 3.2: A configuration corresponding to a chain, with n instantons. The Wilson
Loop along C gives a center element when it links the chain configuration.

chain contribution is

/du(gl) - dp(gn) (g1, w] g2, w') (g2, w]gs, W) . .. (gn, w|g1, W)
X (g1, W'y, [Gullgn, w) . .. (g3, w'[T, [7,] |92, w) (g2, w'| T, [3,.] g1, w) (3.67)
= /du(gl) o dp(gn) Te(|gn, W'Y (gns w] - . - |go, w') (g2, w| |g1, w") (g1, w])

T (T, [l lgns w) (gns w'] - [Ta ] |92, w) (g2, w105, [G] g1, w) (g1, '] -

For j, = jf, the center-vortex line of the chain that links C (see Fig. 3.2) will contribute
a center element times the real and positive factor

. L(C,l , ’ ’
(ei2mh/my )/du(gl)---du(gn) IT0(|gns w') (g ] - - g2, w') (g2, w] g1, 0" (g1, w0]) |
(3.68)

thus coinciding with the Wilson Loop of the chain.

It is possible to obtain an alternative representation for the chain and other defect
contributions by performing appropriate Weyl transformations. For the n = 2 case, we
replace g, — g.W, where W is an odd Weyl reflection, to get

/du(gl)du(gz) (g1, w|g2, w) (g2, w'|gr,w') x (g1, w'|Ts, [fullg2, W) (g2, w|T5, [,] g1, w) -
(3.69)

Forn =3, N > 2 we can perform an even Weyl transformation that takes g, — g2 P4,
where P, changes w, w', w” to w”, w, w’, and then g3 — g3 Py, where Pz changes w,
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w', w" to w', w”, w, and the variable becomes

/ dya(90)dpi(g)dp(gs) (g1, wlgs, w) (ga, 0 |gs, w") (g5, w'|gr, )

X (g1, w'|Tay [u)| g3, w') (g3, w" [T, [, | g2, w") (g2, [T, [7]] 91, w) - (3.70)

The next step is to use the Gilmore-Perelemov representation

; i [ds $)T5(s)g(s)+igT(s)g(s) Jw- . . dx
(9.0l llgo w) = [ ldgls)] 4T ONT) ) — i al)

(3.71)

where ¢(s) satisfies g(0) = go,g(L) = g. In principle, this formula is valid when |w) is
the state associated to the highest weight of the representation. However, as all the
weights of the fundamental representation may be connected by Weyl transformations,
this formula holds for any fundamental weight. With this representation, it is possible
to show that the contributions of all the configurations (noninteracting loops, N-vortex
lines matching, chains) may be written as

et | PaTudu(4) (3.72)

where A is the gauge field of the corresponding configuration.
Moreover, the chain contribution (3.70) may be generated by the vertex

Virain % / dya(g) (g, w'|®]g, w') (g, w]@|g, w), (3.73)

which is the same as

Vinain % / du(g)Tr (19 w) (g, w'|T]g, ) (g, w]®)

= /du(g)Tr (glw)(w'|gt@Tglw’) (w]g'®) . (3.74)

Notice that |w')(w| = E,, with « = w’ — w. This is an element of the root sector in the
Cartan decomposition of SU(N) (see Appendix A), which may be written in terms of
the hermitian generators T, T,

T +iT,
N

Using this and that ¢T1g" = Rap(9)Ts, R(g) being the adjoint representation of g, we

E, (3.75)
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obtain
Vihain % / dp(g) Tr ((Rap(9) + iRap(9)) T2 (Rac(g) — iRac(9))Tc®) . (3.76)

Using the orthogonality formula

/d“(g)D(i) (9D (g™ et = 61j0aadne (3.77)

when i and j are the adjoint representation, we obtain

/du(g) Rap(9) Rarp(g) = 0aa0pp - (3.78)
Therefore,
Vihain o< TH(OTTAT,) . (3.79)

We now have all the necessary elements to compute the average of the Wilson Loop
in our ensemble. It is given by the formula

Z(j, ]

W& = i

,Z1j,) = / [DO)[DDT|eSerr(®in) | (3.80)

where the effective action contains the contributions of the loops, of the N— vortex lines
matching (as well as a quartic vortex interaction), and of chains with different numbers
of instantons attached

Serp(®,7,) = / d*z (Tr(D,®)'D'® + V(@) , D=0, —iju,
V(®) = gTr(CDTCI) —a’Iy)® — ¢(det® + det @) — 9Tr (STT4DT4) + ¢ . (3.81)

The constant c is included so as to assure that the vacua have energy equal to zero.
To write this formula, we considered a negative tension p and a positive stiffness % for
the vortex lines, which corresponds to a phase where they are very large (percolating
phase). Indeed, this is the phase observed in lattice calculations [81, 82]. Notice that
the SU(N) color and flavor symmetries of the vortex sector are broken by the chain
term. The unbroken symmetries are global color-flavor transformations (S. = S;l) and
alocal discrete Z(N) symmetry & — ¢/@5T where f(z) is equal to 27 inside a volume
V, and 0 outside. This kind of center transformation localized in a volume may be used
to change the location of S(C), the unobservable surface whose border is the Wilson
Loop C.
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3.4.4 Physical consequences

In this section we shall explore the physical consequences of the effective model (3.81).
Let us begin by analyzing the vacuum of this model. For this purpose, it is useful to
perform a polar decomposition on @, by writing it as the product of a positive semidefinite
hermitian matrix P and a phase U € U(N), ® = PU. The potential reads

V(P,U) = %Tr ((P? — a®Iy)?) —¢ det P (detU +detUT) —0Tr (PTpPUTRUT) . (3.82)

If only the vortex sector were present, vacuum configurations would have P proportional
to the identity due to the A term, and U € SU(N) due to the ¢ term, thus forming a
continuum. Such a model would not accommodate stable domain walls, and its partition
function would contain large Goldstone fluctuations. In Ref[92], an Abelian ensemble of
center vortices was studied. In that case, the large fluctuations of the partition function
were mapped into those of an XY-model with frustration, and allowed the authors to
obtain an area law for the Wilson Loop. However, the Abelian effective model is not
able to accommodate the asymptotic Casimir Law.

As the ) term is present in our model, and is positive, the matrix U of the vacuum
configurations should maximize the overlap of 75 and ngz = UTgU~!. This implies that
U should belong to the center Z(N) of SU(NN). Our vacuum configurations are therefore
of the type

P=oly, UeZN:{ei”T"JN‘nzo,1,2,...,N—1} ,
0

2AN (v — a?) — 26NV 72 — % (N?—1) = (3.83)
Therefore, the presence of the instanton contribution in our model allow for the exis-
tence of stable domain walls. In the following paragraphs we shall study how these
walls describe the confining string within our approach.

As our partition function does not have associated Goldstone modes, it may be well
approximated by means of a saddle-point expansion, the leading contribution being
that of the classical solution for ®, which satisfies

D*® = A\p(®T® — a®) — £C[0] —9Tp®Ts , D, =0, —ij (3.84)

where C'[] stands for the cofactor matrix, which arises upon variation of the determinant.
Let us study the solution to this problem when C'is a circle contained in the zz; = 0 plane.
we shall choose S(C') not to be the minimal area, but its (unbounded) complement in
the z; = 0 plane. In this case, the source in the covariant derivative implies that ¢
must "jump” by a factor of ¢2%T on nearby points that are on the opposite sides of
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S(C). For an asymptotic Wilson Loop, the solution will be independent of (x5, x3), and
the presence of the source will imply the boundary conditions

lim ®(xq, 20, 23) =viy lim ®(zy, 29, 23) = vt (3.85)

xr1——00 x1—+o0

Then, the leading contribution to the saddle-point expansion will be
Seff = €A | (3.86)

A being the area of the disk, and the string tension shall be obtained from the one-
dimensional soliton that minimizes the action given by

5= /dx (Tr (8,@)"0,® + V (@, @) , (3.87)

where ®(—cc) = vly, ®(+00) = ve?P T, Clearly, ®(z) satisfies (3.84), replacing D?
by 92, as the effect of the source was already taken into account.

Due to Eq. (3.86), it is clear that this model is compatible with a linear confining
potential between static sources. The next question is whether the effective string ten-
sion is compatible with the observed Casimir Law or not. More precisely, we need to
understand how ¢ depends on the N—ality of the representation with weight 5.. For
definiteness, we will restrict our analysis to the k-Antisymmetric representations, with
weights 3. = 2Nwji', k being the N —ality. In this case, an Ansatz of the form

= (WP +hP)S , §=eh v itayh (3.88)
with
b (%00
0 o0/’
0 0
P, = . , (3.89)
0 —£Iy

closes the equations of motion [88], in the sense that the complete matrix equations
are equivalent to scalar equations for the profiles hq, hs, 61, 6,. The obtained equations
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are

2
02 = (M5 ) (@t + A (4 — o) — gnt-1hd* cos (KX O =) )

N
- 0%111 - ﬁNQZ_thQ cos (%92 + N]; kel) , (3.90a)
02 hy = (%)2 (0202)*ha + Aha(h3 — a®) — EhERY ™" cos (k(N — k])v(el — 92))
- ﬁN(N2;V§) — 1h2 - ﬁ%hl cos (%ez + N]; k91> , (3.90b)
&0, = —20,Inhy 0,0, + §5 = kh’f”hé“’“ sin (k(N — k;\;el — 92))
+ 3k (%9 + ’fel) , (3.900)
820y = — 20, Inhy 0,0 — 5%11’1%@”“2 sin (k(N — k])v(gl — 92))
+ 20 sin (%9 2 %I) | (3.90d)
The phase can be factored in U(1) and SU(N) sectors
S =T = N]; kel + %02 , o= kY — 2(291 —6a) (3.91)

In principle, as ¢2™=T = ¢~1*¥" | there are two ways to impose the boundary conditions
(3.85): one where «a (resp. #) performs the transition and leaves the possibility of ¢
(resp. «) to remain constant. The first possibility gives rise to a model closely related
with the ‘t Hooft's model (see Eq. (3.54)), which is not consistent with a Casimir Law,
while the second, corresponding to

hi(—00) = hy(—00) = hqg , hi(00) = ha(00) = he , (3.92a)
01(—00) = by(—00) =0 , 01(00) = b3(c0) = 27, (3.92b)
f(—o0) =0, O(c0) =27 : a(—o0) =0, a(co) =0, (3.92¢)

is the option we shall explore. To understand the conditions on the parameters of the
model that favor this possibility, it is useful to look at small perturbations of the profiles
around their vacuum value and keep up to linear terms. In this regard, it is convenient
to write the Ansatz in terms of the variables 7, g, a, 6

k N —k

b = (7][]\/ + 7]06 : T) ewﬁ'Tem ) n= Nhl + ThQ y Mo = hl — hg . (393)
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The perturbations then satisfy

_ N2 -1
0% om = Mg om Ms = A(3v® —a®) — (N — 1)V 2 -9 ST (3.94a)
_ U
0% omy = Mgo mo Mgo = A3v? —a?) + &N 4 INT (3.94b)
026 = M25a , M?2= N&™N 2, (3.94c)
0260 = Mjo0 , M= g : (3.94d)

Therefore, we will consider the limit £&o¥=2 >> 4, as this implies a very high energy
cost for « to leave its trivial value a = 0. This, together with our previous requirements
that \a?, £V =2 >> o, imply that the profiles 7, 1o, o will remain approximately constant,
while ¢ will satisfy the Sine-Gordon equation

920 = g sing . (3.95)

Then, as analyzed in [88], after using Derrick’s theorem, the energy of the solution in
this case may be written as

ey = k(]ifv_f (22 - /ae ) (N 1k)51, (3.96)

which is consistent with the Casimir Law for the string tension.

In this section, we have discussed ensembles of center vortices in 2+ 1 dimensions.
Starting from a very simple well-known example, we showed how these ensembles are
able to accommodate an area law for the Wilson Loop. More complicated ensem-
bles require more sophisticated methods to extract the physical consequences, often
through the obtention of effective theories that describe them. Then, we presented an
ensemble of center vortices and chains containing non-Abelian degrees of freedom in
2 + 1 dimensions and showed that it is well described by a non-Abelian effective theory
whose partition function may be approximated by a saddle-point expansion, due to the
absence of Goldstone modes. Then, we showed that the leading order contribution to
the Wilson Loop is compatible with a Casimir Law for the string tension. Moreover, the
results presented predict that the chromoelectric field profile of the 2 + 1d flux must be
of the Sine-Gordon type. This is an important step towards the understanding of the
role of these configurations to the confining properties of YM theory.
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3.5 Center vortex ensembles in 4 dimensions

In 3 + 1 dimensions, the center vortices are configurations localized in closed world-
surfaces. Therefore, ensembles of these objects, as defined by Eq. (3.17), will involve
sums over all possible closed surfaces. This is in sharp contrast with the 3 dimensional
case which involved the sum over closed lines, and was thus directly representable by
a field theory. In the present case, the natural effective description would be in terms
of a string field theory, or a matrix model, which is considerably more complicated. The
derivation of a diffusion equation for an ensemble of surfaces, and a subsequent inter-
pretation in terms of an effective theory, is still lacking. However, some important ideas
were put forward in Ref. [89], which we will describe in what follows.

3.5.1 Ensemble of surfaces

Following the general setup presented in Section 3.3, the simplest realization of a
center-vortex ensemble in 4 spacetime dimensions in the continuum would be given
by (see Eq. (3.17))

, (3.97)

1 o L(2,Ce)
R ~ — S, (Q)—Sx() i2z
(WR(Ce)) = N EQ e dRTr [R(e ])]

where S,,, S, are contributions containing tension and stiffness terms, respectively. The
tension term could be chosen to be the Nambu-Goto action

SEG(Q) = M/daldagvg(al,ag) , (3.98)

where g(04, 02) is the worldsheet metric. As we are considering Yang-Mills theory in flat
4 dimensional Euclidean space, the surfaces (2 must be embedded in R* properly, i.e.,
a parametrization z* (o, 02) must be given. Then, the metric may be written as

ox* Oxt
GJab = %% . (399)
Another possibility is to consider the Polyakov action
Poly _ H abaxu<017 02) 81’“(0’1, UZ)
S =13 / dorydors V=2 o (3.100)

where the worldsheet metric h? is treated as an independent variable. As for the stiff-
ness term S,, itis important to note that it must contain even powers of the extrinsic cur-
vature of (2, in order to account for the observed vortex properties in the lattice [81, 82].
In particular, terms which depend only on the intrinsic curvature would vanish for e.g.
a cylinder, which is not a desirable effect. Finally, it is possible to write the center el-
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ement contribution in Eq. (3.97) in a more illuminating way. For this purpose, notice
that L($2,Ce) = 1(2, 5(Ce)), with 1(£2, S(Ce)) being the intersection number between the
2 and S(Ce), a surface whose border is C.. The quantity /(©2, S(Ce)) has the integral

expression
/dQUMV/dQUMV5(4)(y(S,T) —x(01,09)) ,

1 0x,, 0x 0y Ox
d2 Y= —€uvar doq d « B _ a B
T QEM § 401 602 (80‘1 80'2 80‘2 60'1)

(3.101)

where y(s, ), z(01, 02) are parametrizations of S(Ce) and 2, respectively. This formula
allows us to write the center element contribution in Eq. (3.97) in terms of the coupling
of a Kalb-Ramond field, concentrated in S(Ce), with the surface Q:

1 r \THOCG)

d—RTr[R(ewﬂ _ 5

Sy = / dovdos By (2(01, 02)) 5" (2(01, 7)) |
ozt ox¥  Ox¥ Ox*

Y _ 102
80'1 80'2 80'1 80'2 ’ (3 O )

with

21k
By () = —

d*G,,0W (x — y(o1, 02)) . (3.103)
N Jsce)

Here, k is the N —ality of the representation R. With this result, Eq. (3.97) may be written
as

(WR(Ce)) NZ —Su(D=S:(D=55(Q) (3.104)

The next step would be to write this expression in terms of a building block (in analogy
with Eq. (3.38) for the 3d case), and then derive a diffusion equation for this object.
This step is still lacking.

Although the description of a sum of random surfaces is made by an effective string
field theory (or a matrix model) in the general case, some simplifications may occur
when a condensate is formed. In this regard, the Spontaneous Symmetry Breaking
phase of an Abelian string field IV was studied in Ref. [99]. The action for this field
coupled with an external Kalb-Ramond field B, reads, in the lattice,

==Y > (V(C+pU,V(C)+V(C - p)T,V(C) +m* Y _V(C)V(C
C pen(C) c

(3.105)
where C'is a closed loop formed by lattice links, n(C') is the set of plaquettes that share
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at least one common link with C', and the plaquette variable is given by U, = ¢ia* Buv ()
The paths C' + p (C — p) are defined as the inclusion (exclusion) of the plaquette p in
the closed path C. As the field V(C) is simply a complex number that depends on the
curve C, a polar decomposition of the string field may always be performed. By further
assuming that the phase may be written as a product of local variables, it is possible to
write

viey=w) ][V . VieUuQ). (3.106)

leC

The author argued that, when a condensate is formed (i.e. when m? < 0), the modulus
w(C) will be practically constant. Using this property in Eq. (3.105), the only links whose
contribution do not cancel are those belonging to p:

V(C+pUv(C)=w® [ T]ViUV =w?U, [V (3.107)

leC+pl'eC lep

Then, the action becomes

S(B)~ ) Re (I—UpHvl> . (3.108)

lep

It is then clear that these soft modes may be described in terms of the fluctuations of
the link variables V;, which correspond to a gauge field in the continuum limit. This
corresponds to the generalization of the Goldstone theorem for a string field theory.
For a field theory, the Goldstone modes are scalar fields. For a string field theory, these
soft modes are gauge fields. These ideas imply that an ensemble of surfaces in the
condensate phase could be well described by a field theory.

3.5.2 An effective theory for the condensate of surfaces

The ideas presented in the last section led, in Ref. [89], to the proposal of the following
lattice ensemble average, in terms of a field V,, € SU(N) ,

latt a
(v ~ e

Zlatt[aw} _ /[DVM]B—BZI,KV Retr(I— V. (2)Vy (z+m) V)] (z42) V] (z)e~1our) 7 (3.109)

where the frustration «,, is nontrivial only on plaquettes that intersect S(Cs), where it
satisfies e’ = ¢2™T The (N — 1)-tuple 3, is proportional to the highest weight of the
representation R. Then, using the properties of the group integral measure [100], one
may show that the nontrivial contributions to Eq. (3.109) come from plaquettes that form
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closed surfaces, . Moreover, the matching rules of N worldsurfaces is automatically
included, as the tensor product of N fundamental representations contains a singlet.
Surfaces that link C. will contribute a factor eTiew = 8w which is the appropriate
center element, for each intersection point. This proposal was enhanced by including
the contribution of chains, i.e. configurations of vortices joined by monopole loops. The
contribution of such a configuration, containing an arbitrary number n of loops C2, is
given by

mix

Zatt [Oé,w] - /[Dvu]e—ﬁszu Retr(f—vu(z)v;(z+p)v,j(z+u)vj(z)e—mw)w/&t) . WA(\Z) 7

1
N2 -1

Wk = tr{ I Ad(Vu(x) | . (3.110)

|
(a,p)eCt

Notice that the integral of a single adjoint variable Ad(V,(z)) vanishes, due to the or-
thogonality formula of Eq. (3.77). However, as N ® N contains an adjoint, the combi-
nation Ad(V,,)V, V| gives a nontrivial contribution. Here, we denoted by N and N the
fundamental and anti-fundamental representations, respectively. Therefore, the con-
figurations that contribute to Eq. (3.110) are those formed by pairs of open surfaces that
join at the closed loops Cj", representing chains formed by vortices and monopoles.

In Ref. [89], using polymer techniques, an effective description for this ensem-
ble was derived in the continuum limit. Upon inclusion of matching between 3 and
4 monopole lines carrying roots ¢;, with ). 6; = 0, the resulting effective theory may be
described by the action

4 9 1 M2
S = /d X ((FMV(A) - 27]—8/11//66 : T) + §<DH¢A7 D/ﬂ/}A> + 7<¢A7¢A>
[, 0 NPk) + Xabr A by, or AYS))
m;éwwm], D, =08, —ig[\,, ] =0, + gAuA, (3.111)

A,, being the gauge field that emerges from the continuum limit of the dual link variable
V.. Here we used the wedge notation A A B = —i[A, B]. The number of adjoint Higgs
fields is equal to N> — 1,i.e. I = 1,...,N? — 1. The source s, IS concentrated on a
surface S(C) whose border is the Wilson Loop C. Explicitly,

Sy = / d*6,,0W (x — w(s, ) . (3.112)
s(C)
Then, as in the three dimensional case, the problem of evaluating the Wilson Loop

amounts to the understanding of this effective theory. The model has been extensively
studied in Refs. [101, 102], where it was shown that it is able not only to produce an
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area law, but also to be consistent with a Casimir Law for the string tension at asymptotic
distances. This behaviour is, together with a Sine Law, among the possibilities which
are consistent with current lattice calculations. In the following section we show how
these results were obtained.

3.6 Analysis of the effective model in 4 dimensions

Let us now study the relevant classical solutions of the effective model of Eq. (3.111).
This model is invariant under the SU (V) gauge transformations

A, — UNU + éU&uU‘l Ly — U UL (3.113a)

Here, Ty and f,pc are, respectively, the generators and the structure constants of the
Lie Algebra of SU(N). In this thesis we will use the Cartan basis. Our conventions and
the relevant properties of the Lie Algebra of SU(N) are explained in Appendix A. This
basis consists of the diagonal generators 7, ¢ = 1, ..., N —1, and the off-diagonal ones

_ EatE,
S L

 E.-E.,

Ta Td - )
V/2i

(3.114)

where £, are the root vectors.
Typical configurations of the vacuum manifold M of this theory are given by

A, = 25(3#8‘1 , Y4 =vSTyS™, (3.115)

where the mass parameter v is such that the potential V() is minimized, i.e.
2o+ ko2 + X =0 (3.116)

This condition has the trivial solution v = 0, but also admits the nontrivial ones

_%i,/<%>2_";. (3.117)

Therefore, for an appropriate choice of the parameters [96], this model admits a nontriv-

v =

ial vacuum configuration, and thus contains Spontaneous Symmetry Breaking (SSB).
As the only transformation that leaves the vacuum invariant is given by U € Z(N), the
SSBis SU(N) — Z(N). Due to the nontrivial first homotopy group of the vacuum man-
ifold M = SU(N)/Z(N), the model admits static string-like solutions. These satisfy the
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equations of motion of the model, given by

D;Fij = gDba ANpa (3.118)
DDy = % . (3.119)

For the solution containing only one infinite straight string along the z axis, which corre-
sponds to the confining string between a pair of heavy quarks infinitely separated, the
gauge field must tend to the pure gauge ésoéngl asymptotically, where S, = e#*7 |
and 8 = 2N\, \E being the highest weight of the representation R of the Wilson Loop.
The Ansatz which was used to solve the above equations was

No=0 Az-:SAiSwgsaiSl L Ya=hapSTAS™ 8 =T
(3.120)

This Ansatz may be written in a simpler form using the Cartan basis
Vo = haSTWS™ | s = hoSTRS™ , Yy = hyp,ST,S . (3.121)

In order for the gauge and v, ¢ fields, with o - 3 # 0, to be well-defined along the =
axis, the regularity conditions

a(0) =0, (3.122a)
ha(0)=0 when a-B#0, (3.122b)

must be imposed. In this regard, note that

ST,S™' =cos (B -a)T,+sin(pB-a)Ty, (3.123a)
SToS™ ' =cos(¢pB-a)Ty—sin(pB-a)T, . (3.123Db)

This solution was initially studied in Ref. [101] for the k—Antisymmetric (k-A) and
k—Symmetric (k—S) representations. In this case, it was sufficient to consider A, =
(a/g)0;p8 - T. The goal of our work [102] was to find a solution for a general irrep R.
For this purpose, it was important to study the existence of a BPS point in parameter
space, which we shall discuss in the next section.
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3.6.1 The BPS equations

To motivate the discussion of the BPS point of the non-Abelian model, let us initially
consider the case of the Nielsen-Olesen model
1 1 A

Stwa = [ do( = Fuo t 3D,0D0 — S0 —R), (3.124)
where D, = 0, —igA,, ¢ € C. The vacuum manifold of this model is given by U(1),
which has a nontrivial first homotopy group, and thus also admits string-like solutions
which are topologically stable. For the case of an infinite string, it is possible to show
that, for A = ¢2, the second order Euler-Lagrange equations of this model reduce to the

first order ones
Di6 =0, By=5(v" = 6¢"), Bi=B, =0, (3.125)

where D, = D, +iD,. For an in-depth discussion of this topic, see e.g. Ref. [103].
Moreover, it is well-known that some non-Abelian models containing SU(N) — Z(N)
Spontaneous Symmetry Breaking also admit BPS points [104, 105, 106]. This moti-
vated the search for a similar simplification in the model of Eq. (3.111), which turned
out to be successful. In order to present the BPS equations of our model, it will be

convenient to define the fields ,
_ Vo + 15

\/§ Y

which are in the complexified su(/NV) Lie algebra (« is a positive root). Because we are

Ca (3.126)

considering an infinite static string, the first requirements are
Bi=By=0 , D3ps=0. (3.127)

Then, motivated by the non-Abelian generalizations of Eq. (3.125) considered in Refs.
[104, 105, 106], we proposed the BPS equations

D=0 < D=0, Dppy=Dyhpy=0, (3.128a)
By =g (valay — [¢aCl)) - (3.128b)
a>0

These equations can also be written in terms of the original fields as

Ditpo = FiDiths (3.129)
By =93 (valgty — ta Ava) - (3.130)
a>0

In section 3.6.4 we will show that these equations are indeed equivalent to the full
equations of the model (3.118), (3.119) for the Ansatz that we considered.
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3.6.2 The Ansatz for a general irrep R

As for the Ansatz, we will again use Egs. (3.120), (3.121). For the k—A and k—S
representations, it was sufficient, in Ref. [101], to consider A; along a fixed direction in
the Cartan subalgebra€. However, for a general R, it is necessary to consider a more

general one
N-1

a; —
A =

=1

a oA T (3.131)

where g0 = 2N A and A2, [ = 1,..., N — 1 are the antisymmetric (fundamental)
weights, which provide a basis 5% - T for ¢. The Dynkin numbers d; are the positive
integer coefficients obtained when expressing /3 as a linear combination of 3. The
profiles a; must obey the boundary conditions

al(O) =0 , al(oo) = dl . (3132)

The first guarantees a finite action density and a well-defined strength field along the
vortex core located at p = 0, while the second ensures that the gauge field is a pure
gauge asymptotically, i.e. (3.120),

0;p

A — gﬁ-T, when p — oo . (3.133)

- For this Ansatz, it holds that D;y, = 0,7, and, from Egs. (3.127), (3.128a), that the
fields ¢, must be constant. We shall take v, = v7T},. Moreover, notice that Eq. (3.128a)
implies

D+ [ComCo/] = [D+Ca7Ca’]+[Ca>D+Co/] =0 ) (3134)
if both v and o’ are positive roots. This suggests that [(,, (/] is proportional to another

(.. In addition, notice that the boundary conditions imply that {, — vE,, for p — oc.
Therefore,

[Caa Ca] aa [Eaa E ] = UzNa,a’ atals when p— 00. (3135)
Then, it is natural to assume

Kon go/] = UNa,a’gaJro/ . (3136)

In the following paragraph we show that this proposal is consistent with the regularity
conditions at p = 0.

If - 5 # 0, because of the Ansatz (3.121) and Eq. (3.123), we must impose (,(p —
0) = 0 to ensure regularity of the solution. Now, consider the case when 3 -« # 0 or
g o # 0. Using the results of Appendix A, it follows that 5 -~v > 0, Vv > 0. Then
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B (a+ ') # 0. In this case, to avoid the possible multivaluedness problem in Eq.
(3.123), (4+or Mmust be zero at p = 0, in accordance with the regularity condition of
at least one of the factors in the left-hand side of Eq. (3.136). Moreover, when both
S-a=0and $-ao =0, the associated basis elements E,, E, do not rotate, so that 1,
Ya, Yo, Ya are not determined at the origin. In this case, in similarity with 1), it holds
that D;v, = 0;1,, which suggests that we set ¢, = vT,,, 15 = vT;. This is consistent
with the equations of motion and also with Eq. (3.136).

3.6.3 Reduced scalar BPS equations

Let us analyze the proposed BPS equations in more detail. Notice that

N-—1
Do (Ao =SD(A)(haEo)S™ = (ama — 0 pha S (ar — di)a- ﬁl—A)SEas—l ,

=1

(3.137)
“— 1 0a
B3 = Z—a—l@l_A'TZQZUQOé'T_ﬂ)a/\@DaZQZ(U2—hi)Sa-TS_1 ‘
= 9P op = —
(3.138)

These relations imply the BPS equations for the the gauge and Higgs scalar profiles

N-1
OsINhe =i0y0 Y (g —dp)a- 74 (3.139a)
=1
1ou _ 7Y (W = h2)a-a . (3.139b)
p 8’0 a>0

To obtain these equations, we used the well-known formula involving the fundamental
weights and the simple roots a'?) = w, — w,;:

a® . gimA — 5pa (3.140)

We have already discussed the property [(.,(w] = v(,1o- Naturally, this leads to
hoho = vhaio, Which is consistent with Eq. (3.139a). Furthermore, as a general
root can be written as a linear combination of simple roots, the scalar profiles h )
associated with simple roots, which satisfy

0, 1N by = i0sp(a, —dy) | (3.141)

can be used to generate all the others.
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3.6.4 Making contact with the SU(N) — Z(/N) model
The gauge-field equations
The BPS Egs. (3.127), (3.128b), recalling that

1
B; = §€iijjk ,  Fij =¢eijBr, (3.142)

imply that
DjFij = EijijBk = —géijsDj(¢a A wa) . (3.143)

Considering i = 1 and using the BPS equation for 1, 15, we get

DiFi; = —gD(a M) = —gDsta At — ga A Datbs
= 5 (Dita Atba = Db A + tha A Ditla = tha A D)
= % (—1D4tpa N g — 1D _1ps N g + i)q N Db + i) N D_1),)

= =g (0 n P e n P ) = aData A (3144)

This is nothing but the component i = 1 of the full equation of motion of the model
(3.118). A similar calculation can be done for : = 2, while i = 3 is trivially satisfied.

The Higgs-field equations
Cartan sector

Now, to make contact with the full equation of motion for the Higgs-field (3.119), we
have to look for a Higgs potential V44 that is compatible with the BPS equations. In
particular, Egs. (3.127), (3.128a) imply D, D", = 0, so that Vj; must imply

Vi
— =0 3.145
5%, 1)

on the ansatz given in Egs. (3.120), (3.121) and (3.131), which closes the BPS equa-
tions. In what follows, we will see that this happens when it is given by

2
Vi) = e+ 5 (0 )+ 5 Famelion A tbe) + J00a A, (3.146)

with 2 = 0 and \ = ¢2. Of course, this is precisely the potential of Eq. (3.111). In this

case,
oVy

—— =M A (Ya ANy —vfapcibc) , (3.147)
0
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where v = —£. Indeed, using the proposed Ansatz, we get
oVy
W = )‘quz)a A (¢q A 77ba - quac‘quz)&) + ¢d A (% A ¢5¢ - quaa¢a)
q a>0
= )\'UZ (haSTaS‘l) A (oz|qhaST5¢b“1 — oz|qhaST@S‘1) =0. (3.148)
a>0

Off-diagonal sector

Let us now analyze the equations for the fields ¢, labeled by roots. The BPS equations
imply

D%, = D_DyCo—glBs.Cl=¢"Y. [[ga,,gl,] — 2T, G| . (3.149)
a’>0
The sum over «’ involves all positive roots, including a. On the other hand, according
to the full equations of the model, we have

1 [0V oV
D*,=F, , F,=— —+¢—). 3.150

: 73 (s s, (3.150)
Accordingto Eq. (3.147), F,, receives contributions from the index types B = ¢, o, &, v, 7
where v > 0 is a root different from «. The partial contribution originated from the Cartan
labels B = ¢ is given by

_ A , »
FP=0 — 50 A (a Ay = 0faastia + e Aty = i0fagatin) (3.151)
Using the Ansatz equations (3.120), (3.121), and also ¢, = v1,, we have
1% A wq = Ufaqdwo‘z s (31528)
1% A wq - Ufc_vqawa ) (3152b)

which imply FP=7 — (0. Next, there are the contributions originated from B = «, &

(B=a®) _ (- Wt ‘ A —of
Fa \/5 <¢a A (Q/)a A wa Ufaoaqwq) + Z@/Ja A (wa A wa Ufaoaqwq))
N Bl ot
- )\ \/§ /\ (¢o¢ /\ wa Ufaozq¢q)
= A HCOH Cl] — v wu ga] ) (3153)

where we used the property

Yo Na = [Car L] - (3.154)

60



Finally, we evaluate F\°~"" = P, + Q.,, where P, (Q.) is the part without (with) explicit
dependence on the structure constants. They are given by a sum over positive roots

VFQ

Po=AD (A (Ca Ahy) + 5 A (Ca At5)) (3.155a)
7¢a
Oc \/— Z orydqv/}’y A % fawﬂb"/ A ¢5 Zfowéqu)v A 77/}5 [ a’y(ﬂb’y A ¢5> (3155b)
yFo

Using Eq. (3.136), we arrive at

=AY (GAGAD+AA(GAG) =
yFo

Z C’wCT Coa _Q'UNOc'y[CA/aCa-‘rW]) . (3156)
YF#o

On the other hand, by using Egs. (A.19) and (3.126) it is possible to write ), as follows

Qo = MY (Nanldd, Casr] + Nay Gy Cams]) - (3.157)
YF

Let us analyze the term with label o — +. Because ~ is a positive root, a — ~ is not
necessarily positive, so we cannot use Eq. (3.136) right away. Instead, we shall split
the sum over ~ as follows:

D=+ (3.158)

y#Fo  yt#a T Fa

where v = ~* (y = v ) is such that « — 4t (a — v7) is a positive (negative) root. As for
the v~ contribution,

)\UNa,f'y_ [C’y‘7<oz77_] = )\UNa,fafoz[CUJraa C*U] = /\UNoz,U [C};v Co+a] ) (3159)

where on the second equality we have defined o = —(a — 7~ ) which is, by definition,
a positive root. Moreover, a + o yields another positive root. This is equal to the first
term of Eq. (3.157). Therefore,

Qo = A0 Y 2Noy (¢ Carn] M0 D> Nayt (G Caryt] (3.160)

VF el

which together with the result for P, yields

FP= = A (160 AL G + MY Na e [ Gart] - (3.161)

Yo v+
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By the definition of v, « — 4 is positive so we can use Eq. (3.136) to write

FC(!B:W,W) _ /\Z C% Ca —}-)\U ZNO‘ 7+/\/’7+a 'erCoc
Y7o

= A 6L G) = w? Z/\ﬂ —iCa s (3.162)
y#o

To evaluate the sum over 4", we must count how many roots are consistent with the
condition a — vt > 0. For this purpose, we can use that o = w; — w; for some I < J.
Then, there are two cases

vt = wr—w,I<l<J=J—-1-1 possibilities,
vt = w—wy,I<l<J=J—-1-1 possibilities.
ASJ\/2 =3 7 in both of these cases, we have
J—-1-1
N2 =" (3.163)

The sum of the A2-factors in Eq. (3.162) can be rewritten as a sum of (« - v)-factors:

 N+J—-I-3 N-J+I-1_ )

> ay= oI - oI => NI ., (3.164)
yFa yF

where we used a similar counting to determine how many positive roots ~ different from

ahave a -~ = iﬁ. In addition, using that, for our Ansatz,

O"’YCoz = [V'Tvca] 3 (3165)
it follows that
FP = N3 (6 ¢ = vy TG (3.166)
QG

Finally, using this result, together with FP=9 = 0 and Eq. (3.153), we get

D*Ca = AM[Cas H] =0T, G+ 2 ) (1K Gl =0Ty ] = A [’ T [, (L] Gl
y#a a’>0

(3.167)
which equals Eq. (3.149) for A = ¢?. We have thus shown that the proposed BPS
equations imply the full equations of motion of the model.
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3.6.5 Physical analysis
Stability of the asymptotic Casimir scaling law

In the previous sections, for each quark representation, we reviewed that at ;2 = 0,
A = ¢* the proposed vortex Ansatz that satisfies the BPS equations provide a static
vortex solution for the SU(N) — Z(N) YMH model defined in Eq. (3.111). From Eqgs.
(3.126)-(3.128), the corresponding energy per unit-length is

e = [ (5B By #3540 D) FVa()) (3.168)

where d?z integrates over the transverse directions to the infinite string. Using Derrick’s
theorem in two dimensions, we can equate the potential energy of the Higgs field to that
of the gauge field, thus obtaining

¢ — / P (By, By) — (¢t D?C.)
- / P (By, By) — (Ch, DD Ca) + g{Ch [Bo, Cal) = / P (B, B + glCa, 1)
= /d2x9v2<B3, 20 - T) = gv* j{ (N, 20 -T) dzx; (3.169)

where ¢ is the sum of all positive roots and the last integral must be taken along a cicle
with infinite radius. Recalling Eq. (3.133), this implies that

€ =2mguB - 26 . (3.170)

at the BPS point. In particular, note that the k-A string tension scales with the quadratic
Casimir, as 3 - 20 = 7 C(k-A) in this case. This is the result obtained in Ref. [101].
The important physical consequence that we will derive from Eq. (3.170) is that for a

general representation D(-) with N-ality &, the asymptotic string tension satisfies

o(D)  Cy(k-A)
o(F)  Cy(F) ’

(3.171)

which is among the possibilities which are consistent with lattice simulations.

In what follows, we shall see that the smallest 3 - 26 factor, and thus that the lowest
energy, is given by the k-A weight. This was the result obtained in our work [102].
To prove this, some Young Tableaux technology, useful to study the properties of the
irreducible representations, was required. In this discussion, we closely followed the
ideas in Ref. [107]. A Young Tableau consists of a set of adjacent boxes organized
according to the following rules:

1. The maximum allowed number of boxes (n;) in a given column is N — 1.
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: Hk/_)
Figure 3.3: Young tableaux for the k-Symmetric (right) and k-Antisymmetric (left) rep-
resentations.

2. n; should be lower or equal than the number of boxes n; in any column to the left.
Thatis, i > j — n; < n,.

3. The number of boxes in a given row (m;) should be lower or equal than the number
of boxes in any row above. Thatis, i > j — m; < m,.

Every diagram drawn according to these rules corresponds to an irreducible represen-
tation of SU (V). Many properties of these irreps can be easily identified in this language
[107]. The N—ality of a representation is given by the number of boxes of the Young
Tableau, modulo N. The Dynkin indices d;, of the highest weight \” satisfy [107]"

N-1
= AP di=mi = mag (3.172)

When a box is moved from an upper to a lower row, an irrep. with more antisymmetries
is obtained. For example, the Young tableau for the k-A (k-S) irrep. has one column
(row) with £ boxes, as shown in Fig. 3.3. For an irrep. with N-ality &, that is, a Young
tableau with a total number of boxes of the form k + n/V, the factor 5 - 26 can be written
as

N— N-1
825 = Z (k+nN)—ﬂ ml (3.173)

Then, if a pair of irreps. D and D’ with magnetic weights g and ', respectively, have
the same N-ality £, it follows that

o 2
AB-25=F-20—F-26 = NAn—N—HZAmZ (3.174)

Amy; = mj; —my, An = n’ — n, where the primed variables refer to D’. Let us initially
consider a pair of Young tableaux with the same number of boxes, so that An = 0. If
a box is moved from an upper row [ to a lower row J (see Fig. 3.4 for an example),

we have I < J and Am; = —Am; = 1; consequently, A5 - 2§ = N+1<] —J) < 0.

"When i = N — 1, we take my = 0.
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Figure 3.4: A transformation on a tableau that decreases the factor 3 - 6.

This means that, for a given number of boxes k + n/N, the tableau with smallest 5 - 20
is that in which the boxes are as lowered as possible. Now, let us consider a general
representation D with N —ality £. Its Young tableau contains k£ + nN boxes, where n
is a natural number. Clearly, by moving the boxes from the upper to the lower rows, it
will be possible to obtain a Young tableau whose first n columns are composed of N
boxes, and the last column will contain the last £ boxes. The first N columns can then
be erased, as they correspond to singlets, and the resulting Young tableau is that of
the k—A irrep. As the product 5 - 20 decreased in each step of this process, it follows
that the lowest factor (5 - 2 is that of the k—A representation, which is what we wanted
to show.

Now, to complete the analysis of the asymptotic scaling, we need to discuss how
the Wilson loop would be assessed in the effective model in Eq. (3.111), as this is the
observable used in the lattice to compute string tensions. Indeed, as discussed in sec-
tion 3.5.2, this model emerges as an effective description of center-element averages,
which depend on the linking number between center vortices and the Wilson loop C.
Recall that 3 is a magnetic weight associated with the quark representation, and s, is
concentrated on any surface S(C), parametrized by w(s, 7), whose border is C. More
precisely, J,, = 27s,, 5 - T was introduced to compute intersection numbers in the ini-
tial ensemble, which are equivalent to the linking numbers between C and the vortex
worldsurfaces. As usual, the confining state in the presence of a static quark-antiquark
pair is obtained from a rectangular Wilson loop with one side along the Euclidean time
with length 7" — oo. In the energy functional, J,, gives place to unobservable Dirac
strings with endpoints at the (physical) quark and antiquark locations. These strings
need to be taken into account for vortices of finite length. In this case, solutions of
the form (3.120), with modified regularity conditions so as to cancel the Dirac strings,
can be obtained. They correspond to smooth finite strings, which in the limit of large
quark-antiquark separations make contact with the BPS solutions studied in this work.
However, most of these solutions are in fact local minima or metastable states. Other
finite energy solutions where the Dirac strings are also canceled may involve dynamical
adjoint monopoles (also known as valence gluons) created around the sources [108].
As the adjoint representation has trivial N-ality, the favored asymptotic confining string
will be the one with the lowest energy among those with the same N-ality (k) of D(-).
From the previous discussion, this corresponds to the £-A string, which completes the
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(a) Two quark-antiquark pairs (b) Double Y-shaped flux tube in SU(3)

Figure 3.5: qqqq probes: a) The stable flux configuration includes the energy minimiza-
tion over all possible guiding-centers ¢;, g.. b) For R; > v/3R,, the coalescence of ¢;,
g» is favored, as the sum of the fundamental su(3) weights f;, 5 is the antifundamental
weight — 33 (N-ality).

proof of the asymptotic Casimir scaling in Eq. (3.171).

Configurations induced by a pair of external quark-antiquark sources

In Monte Carlo simulations, when studying an observable that creates static sources
during a large time interval 7', the leading behavior is dominated by the lowest energy
state, consistent with the quantum numbers of the observable, that can be created. In
the effective model, this state corresponds to the lowest energy configuration compati-
ble with the conditions imposed by the sources. For example, it is clear that the lattice
simulation of the Wilson loop in the k-A irrep. corresponds to a straight string (with
cylindrical symmetry), running from the quark to the antiquark. This will be the global
minimum, as the introduction of dynamical monopoles or wiggles in the string will cer-
tainly increase the energy. Indeed, at asymptotic distances, where the effective model
is expected to be valid, this will make contact with the translationally symmetric BPS
k-A string solution studied in the previous sections.

Now, at 4% = 0, the nontrivial profiles for translationally symmetric configurations
with any number of k-A strings, given by the ansatz in Eq. (3.120), were shown to
obey Nielsen-Olesen equations [101]. At the critical coupling, this implies that they do
not interact. However, this is not necessarily related with the behavior of flux tubes
in Yang-Mills theories. For example, to analyze a situation with a pair of sources and
sinks (see Fig. 3.5a), an observable that creates a tetraquark must be considered.
Again, the lattice result has to be compared with the global minimization of the effective
energy functional in the presence of the external sources induced by this observable,
without any further restrictions on the fields. Moreover, the multivortex critical solu-
tions do not contemplate the minimization with respect to translationally nonsymmetric
configurations. That is, when the sources and sinks are far apart from each other, the
noninteracting translationally invariant configuration could be a metastable state asso-
ciated with a local minimum. To settle this discussion, let us take a closer look to the
case of SU(3) with fundamental quarks. As pointed out in Refs. [109, 110, 111], the flux
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Figure 3.6: Visualization of the tetraquark observable W,,. The dashed lines are op-
tional holonomies that can be included without changing the observable.

distribution of this tetraquark configuration strongly depends on the distance between
the quark-antiquark pairs. For R, > /3R, (with asymptotic values for both R; and
R»), the energy distribution is given by a double Y-shaped configuration, as depicted
in Fig. 3.5b. This behavior was computed in the lattice, by considering the tetraquark
observable [109]

]. AN, N ! / ! ! !

W4q[A/,L} :EGGbCEdefEQ b'c 6d e'f Fllaa Fg‘bb FG’ch?)’d dr4‘e 6FG1‘f c 7 (3175)
where A, is the fundamental field of pure Yang-Mills theory and the different holonomies
I are evaluated along the paths 4, ..., v, 7, 7o (see Fig. 3.6).

In the center-vortex ensemble picture, the tetraquark observable is related with the

average of
4
=1

over closed worldsurfaces w, as this is the contribution to the tetraquark variable W,
when evaluated on thin center-vortices. Here, z = ¢27/3 is a center element, and the
closed paths 77, 7S (resp. 5, ) are the composition of v, v, (resp. ~s, v4) with the adja-
cent dotted line ;, (resp. ). In addition, the closed path ~£ is given by the composition
of v, 7L, 7er and yg. L5, w) is the linking number between w and the closed paths ~;,
while the factor 2 is because ~¢ has opposite orientation compared with ~{, ..., ~¢, and
271 = 22. Due to Eq. (3.176), a possibility is given by
5
Ju =21y B(Af) - Tsh, (3.177)

k=1

where s, is localized on a surface S(+{) whose border is ~; and

BV =pB0s) =0 , B3 =B80)=8 , B0OE) =0=—F—0F, (3.178)
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where 5, = 2Nwy, and w, wsy, ws are the three (ordered) weights of the fundamental
representation of SU(3). Indeed, in the lattice, this introduces a frustration factor in the
Wilson action

€ w0 Sy

2 ).-T if intersects S(~¢
, O = ot ta,—on of = B0k {uv) . (%)
0 otherwise,

defined on the lattice plaquettes (uv). In the expansion of the Wilson action of the en-
semble defined by Eq. (3.109), the nontrivial contribution is originated from plaquettes
distributed on closed worldsurfaces w. When ~5 links w, then S(~;) is intersected. This
gives a factor 27T = 2702 T — 4 or ¢=270sT = 27(Ai+52)T — ;2] thus reproducing
Eq. (3.176). Similarly to the case of a single Wilson loop, at fixed time the external
source in Eq. (3.177) will give rise to unobservable Dirac lines, which can be chosen
as entering the lower (upper) antiquark and leaving the lower (upper) quark with 3; (5s).
In this case, in order for the energy to be finite, a field configuration based on a phase
S = ePra+ifx2) T is required, where y; (x2) is multivalued when going around a closed
path designed to cancel the Dirac string of type 5, (52). This leaves the effect of a pair
of guiding centers ¢;, g» (Fig. 3.5a) where the fields must be in a false vacuum, so that
the energy will be mainly concentrated around them. Itis clear that for R, > /3R, (with
asymptotic R, Ry), the energy minimization, which includes the variation of ¢g; and gs,
will favor a Y-shaped global minimum as shown in Fig. 3.5b. This is due to the fact that,
in the common part, the sum of fundamental magnetic weights 5, and S, will combine
to —p3, which implies the same energy cost of a single fundamental string. In other
words, the observed Y-shaped configuration is nothing but the implications of N-ality
stated in the language of weights.
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Chapter 4
The Yang-Mills ensemble

The center vortex scenario, together with its effective descriptions discussed in this
thesis, are powerful tools for the description of the phenomenology of confinement.
However, up to this point, it is not clear at all how such an ensemble could emerge
from a first principles calculation. In fact, it is not even clear how to perform a first prin-
ciples calculation in continuum Yang-Mills theory in the infrared regime, as any global
gauge is doomed by the existence of Gribov Copies [13]. We start this section by briefly
reviewing global gauge fixing procedures and their limitations. Then, we present an al-
ternative solution, initially introduced in Ref. [112], and then further studied in Ref [113],
where the configuration space of YM theory is divided into sectors labeled by defects,
and the gauge is fixed by a local, sector-dependent gauge condition. We show that this
approach is not only a promising candidate to deal with the Gribov problem, but also is
closely connected with a center-vortex ensemble.

4.1 Yang-Mills (global) gauge-fixings

In this section, we provide a brief discussion of some of the global gauge-fixings com-
monly used for continuum and lattice nonabelian gauge theories. These gauges are
global, in the sense that a unique condition is imposed on the whole configuration space
{A,}. Then, in the next sections, we will introduce our local procedure and discuss how
it could avoid the limitations of the global procedures.

Let us initially consider gauge theories in the continuum. In this case, globally de-
fined gauge-fixing conditions,

f(A) =0 ) Au € {Au} ) (4-1)

were extensively studied. For example, the Landau gauge corresponds to f(A) = 0, A,..
Due to Singer’s theorem [13], it is impossible to find a continuous condition on the whole
configuration space {A,} that avoids Gribov copies, i.e. such that f(AY) =0 = U =
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I. Then, in this framework, to continue working with the traditional methods, which
are based on a single global f(A), one possibility is to restrict the path integral to the
first Gribov region, which is a subset of {4,}. This region is defined as the smallest
connected set, containing the trivial configuration A, = 0, such that the Fadeev-Popov
(FP) operator is positive definite [114]. This region generally contains, however, finite
copies. The restriction of the path integral to the first Gribov region is done via the
introduction of nonlocal extra terms in the action, which are then localized with the
aid of auxiliary fields [115]. This approach was initially plagued by infrared instabilities
which were then solved with the use of the Refined Gribov-Zwanziger action [116, 117].
Finally, we point out the existence of a Becchi-Rouet-Stora-Tyutin (BRST) invariant
formulation of the path integral restriction, with a local and renormalizable action, that
was implemented in Refs. [118, 119, 120]. The computation of an observable regarding
the confining flux tube in this framework is, however, still lacking. It should be mentioned
that the first Gribov region is a gauge-dependent concept, as it is defined in terms of
the gauge-dependent FP operator. In the infrared regime, it is believed that the YM
path-integral in Landau gauge is dominated by configurations on the Gribov horizon
[121, 122], which is the boundary of the first Gribov region. The corresponding FP
operators were extensively studied in the continuum and in the lattice for the Landau
and Coulomb gauges [122, 123, 124]. For example, in the Landau gauge, where the
FP operator is given by

]v[ab

Landau

= —0,D%5W(x —y) | (4.2)

it was shown that typical center vortices and instantons belong to the corresponding
Gribov horizon [75, 125, 126].

In the lattice, as mentioned in chapter 3, center vortices have been extensively stud-
ied in the infrared regime. In this case, although a gauge-fixing is not necessary for the
computation of observables, it is important for identifying the dominant configurations
in the confining regime. These studies were initially carried out in the Maximal Center
Gauge (MCG) [64, 65, 66], which brings each link element as close as possible to an el-
ement of the center Z (V) of SU(N). Given an initial link configuration U, (z) € SU(N),
the gauge is defined by means of the following maximization over gauge transforma-
tions g(x)

max, Y (rAd(Ug(z))) .,  Ad(U(x)) = R"(x) Ad(U,(x)) R(z + 1) , (4.3)

€T,

with R = Ad(g) , Ad(-) denoting the adjoint representation of SU(N). In Ref. [66], this
gauge was generalized to the continuum by means of the condition

miny, ming/dDa: (tr (49 — ax)?) , (4.4)

70



where ay, is the gauge field of a thin vortex whose guiding center is localized on the
closed surface 0%. A condition for local extrema can be obtained by first considering
the extremization with respect to g = ¢, with infinitesimal ¢, and fixed ¥, which leads
to

[0, +a;, Ay — Oua, =0 (4.5)

If this condition was free from Gribov copies, a well-defined map ¥ — A,[X], with A[X]
satisfying Eq. (4.5), would exist. Then, the continuum Maximal Center Gauge would
be achieved by minimizing over >:

mins, /detr(A[E} —ax)?. (4.6)

This is a conceptually interesting procedure, which tries to bring A, as close as possible
to a thin center vortex field ax|,. However, as noticed in Ref. [66], this idea would
require further developments, as there is a large mismatch between a smooth A, and
a thin center-vortex field ay|,, at points that are close to any 0%, where the difference
A — ay, diverges. Thus, the condition (4.4) is always achieved for a trivial ax, even for
vortex-like smooth configurations A,. Some possibilities to avoid this problem were
considered in Ref. [66]: a smoothed ay, or the replacement tr(-) — s(tr(+)) in Eq. (4.4),
with s(¢) a monotonically increasing function. A problem pointed in that work is that, to
avoid the divergence at 0%, s(t) cannot diverge as t — co. However, in this case, large
deviations between A, and ay|,, in other regions would not be penalized. Additionally,
for certain functions as s(t) = —tanh(R*t?), it was noted that the best 9% does not
coincide with the spatial location of the guiding-center of a smooth center-vortex A,,,
even for the simplest example.

Another important class of gauges in the lattice considers a set of eigenvectors ¢/
corresponding to the lowest eigenvalues of the lattice covariant adjoint Laplacian,

AL (U)o (y) = nyo () . (4.7)

The gauge can then be fixed by imposing different conditions on the eigenfunctions
associated with the lowest eigenvalues. For instance, in the Laplacian Center Gauge
(LCG) [127], the gauge-fixed configuration is achieved by the composition of a pair of
gauge transformations on the link variables. The first one orients the lowest eigen-
function ¢(!) along the Cartan subalgebra. Then, a second transformation is performed
to ensure that the color components of the second lowest eigenfunction ¢(? satisfy
some conventional conditions. The second transformation must, additionally, keep (")
fixed. The possibility of extending this gauge to the continuum was first pointed out in
Ref. [128]. For this purpose, it was suggested that the pair of Laplacian eigenfunctions
should be replaced by other adjoint fields. However, a specific realization for these
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fields was not presented. Additionally, the use of such a global gauge-fixing condi-
tion on these adjoint fields would, in general, lead to singular gauge-fixed fields. This
would happen, in particular, for vortex-like configurations, due to the topological char-
acter of their phases. In the lattice, we would also like to mention the Direct Laplacian
Center Gauge (DLCG), introduced in Ref. [129], motivated by the above mentioned
discrepancy between smooth and thin configurations in the MCG. For SU(2), instead
of introducing the function s(t), the MCG was smoothed out by promoting R(x) € SO(3)
to a new degree of freedom M (z), given by a 3 x 3 real matrix. The initial step to achieve
this gauge is to perform the constrained maximization

maxy Yy tr (M (2) Ad(Uu(2)) M(z + p)) %Z MU ()M (z) = Isxs, (4.8)

z,u

with V being the lattice volume. Then, it was shown that the solution to this maximiza-
tion can be written as M, (x) = ¢§,“)(a:). In the next step, an SO(3)-field is extracted
from M (x) through a polar decomposition. This field is then mapped to SU(2) and the
link-variables are gauge transformed to satisfy the adjoint version of the lattice Lapla-
cian Landau Gauge (LLG) introduced in Ref. [130]. Finally, the DLCG is achieved by
bringing these link-variables to the closest configuration that satisfies the MCG. In Ref.
[129], it was argued that the DLCG is preferable to the LLG, as it avoids the presence
of small scale fluctuations in the P-vortex surfaces of projected configurations.

4.2 The local gauge-fixing in continuum YM theory

In the lattice, the use of global gauge-fixing conditions, in the various center gauges dis-
cussed in Sec. 4.1, is always possible because there is no concept of singular phase
field S(x), where z represents the discrete lattice sites. On the other hand, in the contin-
uum, any attempt of defining a global condition, in a procedure that detects nonabelian
topological phases S(z), * € R*, would lead to singular gauge-fixed fields. For ex-
ample, this occurs in the global gauge of Ref. [131]. In that case, among the natural
large phases there are those corresponding to monopoles. Then, a gauge-fixing based
on a global orientation of the auxiliary fields, where S(z) is set to the identity, leads to
gauge fields A, containing singularities (Dirac strings). A similar situation would occur
in gauge fixings in the continuum based on a set of adjoint auxiliary fields ¢; € su(N),
I =1,...,N;. This time, the topological phases S(z) € SU(N) will certainly include
center-vortex defects. In addition, monopole-like phases will generally be attached to
a pair of (physical) center-vortex defects.! Again, there will be an obstruction to im-
plement a global v; orientation, for every A, € {A,}. By enforcing such a condition,

'These configurations are known as nonoriented center vortices (see Ref. [66]).
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singular gauge fixed fields Agf would be produced. On the other hand, in the continuum,
it is precisely the clear distinction between regular and singular SU(N)-mappings that
enables the introduction of the equivalence relation

S(x)~S"(x) if Iregular U(z) /I  S'(x) =U(x)S(x) . (4.9)

Such distinction and equivalence relation have no meaning for fields defined on the lat-
tice. In the continuum, it enables us to think of generating, a priori, different equivalence
classes [Sy], where Sy(z) is a class representative. For example, in gauges based on
adjoint auxiliary fields, a possible reference would be S, = ¢X*7', where y is a multival-
ued harmonic function and S is a fundamental magnetic weight, such that S, changes
by a center element when going around a closed surface 0%. Of course, there is also
a defect-free sector that can be labeled by the identity. There are also more general
topological phases representing center-vortices that are nonoriented in the Lie algebra
(see Refs. [66, 89]). Here, we will not discuss the general classification of the topo-
logical sectors. Instead, we shall analyze some examples. However, it is important to
underline that, as discussed in Ref. [89], multiplying a label S, by a regular mapping on
the right generally leads to a physically inequivalent label. The identification of these
nonabelian degrees of freedom is an important property in the continuum which has no
clear counterpart in the lattice. A possibility to achieve a local gauge-fixing is to use
a mechanism that maps A, to a phase S in a gauge covariant way, and look for the
previously defined reference label S, that is equivalent to S. Then, instead of a global
condition on {A,}, we can require the gauge-fixed Agf to be mapped into Sy, which is
attained by a regular gauge transformation.

The simplest known example where local gauge-fixings are used is in the context
of the Abelian Higgs Model [132]. In the unitary gauge, the phase of the Higgs field is
required to be trivial. However, this condition cannot be applied to the Nielsen-Olesen
vortex. For a straight infinite vortex, the best that can be done is to fix the gauge by
requiring that ¢ = he'?, where ¢ is the polar angle (9%¢ = 0). This is one of the
motivations that led to the gauge-fixing proposal for pure YM theories in Ref. [112],
which we will consider in this thesis. There, the mapping 4, — S(A,) was done by
introducing a set of adjoint auxiliary fields that minimize an auxiliary action

Saux = [ @t (Dytor, Dytor) + V) (4.10)

The Killing product is defined between elements of the Lie Algebra according to
(X,Y) =Tr(Ad(X)Ad(Y)) . (4.11)
The consideration of ¢(A) = (¢4, ...,%x,), solution to this minimization problem, has
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the advantage that, unlike the lowest eigenfunctions of the covariant adjoint Laplacian,
it is a a well-posed problem in the continuum. At the quantum level, as reviewed in the
next section, these fields were introduced by means of an identity, keeping the pure
Yang-Mills dynamics unchanged. Regarding the field content and auxiliary potential,
they were chosen such that the components ¢; of the classical solution (A) enable
a simple concept of “modulus” tuple and the extraction of a phase. For this aim, we
proposed S,y to display SU(N) — Z(N) SSB, which requires Ny > N. Among the
many possible sets of auxiliary fields, we preferred the choice N; = N? — 1, as a simple
auxiliary action and procedure to extract the phase S can be given for general SU(N).
For example, V,ux can be chosen such that it is minimized by the nontrivial solutions to

—i[Yr, Y] = v frix VK (4.12)

namely, v; = vST;S~!, where I = 1,..., N* — 1. In regions where A, is close to a pure
gauge, the solution will be close to this rotated frame. This “dynamical tendency” can
be thought of as playing a similar role to the orthonormality property of the Laplacian
eigenvector fields in the DLCG (see Eq. (4.8)).

The polar decomposition of a tuple ) was done by defining a modulus tuple ¢ as the
transformed « that minimizes the average square distance

> ar —vTp)* (4.13)

1

This implies that ¢; is “aligned” with the Lie basis 77 on average,
lar, T1] = 0. (4.14)

Then, this procedure allows for the identification of the phase S(A) of the solution (A)
and identify the corresponding sector V(S,) where A, is. Finally, the gauge can be fixed
by the sector-dependent condition

fso () =[Sy ' r(A)So, Tr] = 0 . (4.15)

This procedure, proposed in Ref. [112], has many points of contact with Laplacian cen-
ter gauges used in the lattice. As discussed in section 4.1, the possibility of using adjoint
fields other than the Laplacian eigenfunctions in the continuum was first pointed out in
Ref. [128]. In the procedure to be analyzed here, various adjoint field were considered.
This field content simplified the extraction of a covariant phase out of 1. Indeed, the
above-mentioned concept of polar decomposition generalizes to SU(N) the usual de-
composition of the 3 x 3 real matrix, formed with the three lowest eigenvectors, used in
the lattice adjoint LLG in SU(2). In addition, as already explained, by considering local
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gauge-fixing conditions on V(S,) C {A,}, singular gauge-fixed fields are avoided in this
procedure.

On the other hand, for oriented center vortices, our procedure differs from the con-
tinuum global MCG, as it is not based on comparing A,, with the singular configurations
as. The closed manifold 0% is not obtained after a best fit of a|y;, to A, but by reading
the defects in S(A). It is also very different from the traditional global gauge-fixings.
For instance, in the Landau gauge, the Gribov copies associated with smooth center
vortex or instanton configurations (cf. Eq. (4.2)) are related with zero mode solutions to
a Schrodinger-like differential equation. It should be emphasized that the FP operator
for this type of global gauges is completely different from the FP operator Jg, in any
local sector V(.Sy), which is related with the algebraic condition in Eq. (4.15). There-
fore, there is no a priori reason to expect .Jg, to contain zero modes. In order to study
the existence of copies, the analysis must be completely reformulated. Instead of con-
sidering a general A, € {A,}, it should be done separately for A, € V(S;), for every
possible label S;.

4.3 A different quantization scheme: the Yang-Mills en-
semble

In this section we will present the necessary techniques to perform the local gauge-fixing
procedure discussed in the previous section. As proposed by Singer, the approach
should be based on a locally finite open covering {4, } of the total space of gauge field
configurations {4,}, i.e.

{AL} = Uaba (4.16)
together with a subordinate partition of unity [133, 134]

Y op(A)=1 , VA, e{A}, (4.17)

where the function p,, is nonzero only in ¥,,. Using this identity, it is possible to write the
Yang-Mills partition function as

Zym = ZZ(Q> y L) = /19 [DA] pa(A) e~ SmlA]l (4.18)

Note that, in each term, the path-integral can be done on the support of p,(A). Now,
notice that it is always possible to choose the open sets ¥, so as to assure that they
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admit local cross sections
fa(A) =0, (4.19)

without copies. This follows from the fact that it is always possible to define local
cross-sections in a principal fiber bundle, even when the bundle is not trivial. Then,
the Faddeev-Popov procedure can be safely implemented on each 7,

dfu(AY)
oU

Zaw= Y [ (DA pu(4) 551, (4)) Dt (4.20)

U=I

4.3.1 Center vortices as labels for the different sectors

If each of the terms in the sum on the rhs of eq. (4.20) could be well-approximated
by a dominant contribution of the sector ¥, this equation would allow us to express
the YM partition function in terms of an ensemble of these relevant configurations. As
discussed in chapter 3, the most promising candidates for describing the YM degrees
of freedom in the infrared are center-vortex ensembles. Therefore, it would be very
interesting if these labels o were related to these field configurations. This is precisely
achieved by implementing the local gauge-fixing procedure on the sets V(S,) labeled
by center vortices discussed in section 4.2. This was proposed in Ref. [112], and the
YM partition function written as

Zm=> Zgy (4.21)
So

Concretely, the procedure is achieved by means of the introduction of two identities in
Zyu- The first, given by

(52Saux 5Saum
1_/[D\If]det5¢15%5( o ) , (4.22)

correlates the gauge fields with the tuple of adjoint scalar fields that minimize S, in
their presence. For this identity to be well-defined, it is sufficient to assume that the min-
imization equations for S,,, admits an unique solution for a given A,,. Then, a second
identity is introduced

1= 1s - (4.23)
1s, = [[DU]S(fs, U~ U) det.J (1) (4.24)

where fs,(v) = [SourSy*, ;) is a sector-dependent gauge condition. To define the
operator J45(1), we proceed similarly to the usual FP procedure (eq. (2.17)), by con-
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sidering an infinitesimal gauge transformation G = ¢*"1", and set

5f5,(0)

S
TS0 =
ab 5ab

(4.25)

For this identity to be consistent, it is necessary, for each v, that: a) There are no el-
ements U € SU(N) which leave v invariant. b) Only one element of the orbit S—1¢S
(S = US, ') satisfies the condition fs, (1)) = 0. The first condition may be posed alterna-
tively in terms of the injectivity of the functional ¢/(A), obtained by associating to A, the
adjoint scalar fields ; that minimize S,... Condition b) is the usual requirement that a
good gauge-fixing should satisfy, with the difference that in our case the gauge condi-
tion is imposed in the auxiliary fields . Additionaly, as the second identity is introduced
together with the first one (eq. (4.22)), we only need to worry about conditions a) and
b) for fields v that are in the image of the functional ¥/(A). In Ref. [113], we showed
that this is true for typical configurations in the vortex-free sector, in the limit of large v,
and for a specific configuration in the one-vortex sector, for N = 2. In section 4.4, we
will review how this result was obtained.
Then, the partial contribution of the sector S is given by

So 52Sau:p 5Sauw —1 So
Z= [ DAIDvdet (520 ) (o) g (0 00 det <) (426

The determinants and deltas may be exponentiated in the usual way. For now, we
exponentiate only the contributions arising from the first identity, thus

755 = Jy s [DAIDY] D] [Dw][DEle58(f5, (U ,U) det J (1), (4.27)
S =Sym+ [d*z ((Duwl,Duwﬁ + (@, &‘z—V%wJ» +

Jd' (<DM&7 Dypr) + (&1, g%)) , (4.28)

where w;, w; and £; are adjoint fermionic and bosonic fields, respectively. Next, we
perform the change of variables

-Au—h‘lu:flg,¢I—>C1=¢?7§1—>51=§?7 (4.29)

w1—>cI:wIU,w1—>61:w§], (430)

and use the gauge invariance of S and of the FP determinant to arrive at the gauge-fixed
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partition function for the sector S,

Zh = ([IDU]) [y (s, [DA D] [Ded][De][Dbi)[De][De|[Dble %, (4.31)
ng =Sym + fd4«73 (<Dyélv D;LCI> + <51a %'d}:(c])) +

fd4$ ((Dubla DyCr) + (br, %w:C» N

f d*x ((bv [u?07 CID + <E’ [u?)’ [Cfv CH + <Ea [ufo’ CI]>) . (432)

The presence of Sj in ng is expected, as it may not be eliminated by a regular gauge
transformation, and is responsible for distinguishing the different sectors. The term
(¢, [u5®, ¢;]) was included for later convenience: it is possible to show that it does not
contribute to the partition function [112].

We have thus shown that the YM partition function may be written as a sum over
sectors labeled by center vortices, where the gauge is fixed in each partial contribution
through a sector-dependent condition. This is a very promising representation for non-
perturbative purposes, as it allows us to study the contributions of sectors with vorticity
in a more controlled way. In particular, we see that thin and thick center vortices with
the same guiding center should belong to the same sector. In the best case scenario,
it could be possible to describe each sector with only a few dominant vortex configu-
rations, thus arriving at an ensemble of center vortices. This provides a glimpse of a
path from pure Yang-Mills theory to the phenomenological ensembles of center vortices
discussed in Chapter 3.

4.3.2 A class of nontrivial sectors

In this section we discuss some examples of gauge field configurations that belong to
nontrivial sectors. Eq. (4.24) implies that a configuration A, belongs to a given sector
V(Sp) if and only if there is a regular transformation U(z) € SU(N) such that

[So U (@)Y (2)[AJU (2)So, ur] = 0 ,Var . (4.33)

We will choose, for convenience, u; = v1} as the element of M. Let us now consider
a class of configurations with cylindrical symmetry

AP = agy(p)dupf™ - T, (4.34)

i

with p, ¢ being the radial and angular coordinates. We are using the convention that
indices between parenthesis are not summed. The N — 1 dimensional vectors 5*) are
the highest weights of the antisymmetric representation with V—ality k, given explicitly
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by
k
BY=2N> w;. (4.35)
=1

The scalar profile a,(p) satisfies the conditions
ag(p—>00)=1 , ag(0)=0. (4.36)

The first implies that the configurations contributes a center element to the k& power to
the Wilson Loop, the definining property of a center vortex. The second assures that
the gauge field A,(f) is smooth and regular. In Ref. [101] ¢);(A) was obtained for the
special case in which the gauge field minimizes the auxiliary action, and is given by

¢§k) — h((]l;)V(k)TpV(;)l : (4.37)
VB =l = KOV TV (4.38)
Vig = €977, (4.39)

with the profiles h,,(p) satisfying the regularity condition £,(0) = 0if a-5 # 0. The profiles
a(p), hgp(p), ha(p) satisfy scalar equations, which were solved numerically for SU(N) in
Refs. [135, 101]. This solution satisfies the condition (4.33) for Sy = Vi) = €¥" 7,
U = I. This implies that the smooth thick center vortex configuration of Eq. (4.34)
belong to the sector V{;). Moreover, for each k, the set of roots that satisfy « - CANTS
different, which implies that, for different £, the singular phases V/;, label inequivalent
sectors of Yang-Mills theory.

4.3.3 Nonabelian degrees of freedom

The study of the labels V/;, discussed in the previous section implies the existence
of a discrete set of physically inequivalent sectors with defects located at the same
space-time points. Similar internal degrees of freedom were observed in the context of
effective Yang-Mills-Higgs models [136, 137, 138, 139, 140, 141], but here they appear
naturally in pure YM theory. As discussed in [89, 113], a continuum of such degrees of
freedom may also be generated from a defect S, by multiplicating it on the right by a
regular phase (~](x). For example, when S, = €¥¥?7T, the generated configuration is

A, = aiS9,S™ = SA,S " +i89,57 (4.40)
A, = (1—a)iS™'9,S (4.41)
S =Uet Tyt (4.42)
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and the associated solution /(A) being of the form ;(A) = Si;(A)S™L, with ¢;(A)
regular. The equations of motion for the auxiliary action imply

STHD(A)D*(A)r)S = 0y + 2A N Opbr + 0 A AUy + Ay A (AL ADp) . (4.43)

Next, notice that the regularity conditions of ¥;(z) and a(z) (see Eq. (4.36)) imply that
they may be expanded as

b= + 0+ (4.44)
a(z) =aVp+aPp? + ... (4.45)

Substituting these in Eq. (4.43), the term proportional to p=2 is

e SN )
S —2X/\%+X/\(X/\1p[ ), (4.46)

X=Up-TU . (4.47)

As 1, is single-valued and regular, the zeroth order term z/_sz) in the p expansion can't
depend on . Therefore, in the guiding center it must hold that

XnXapy=0. (4.48)
Evaluating the scalar product of this equation with zﬁf) yields
XA =o0. (4.49)

That is, the fields must satisfy U — dependent regularity conditions. This implies the ex-
istence of a continuum of physically inequivalent sectors S for the Yang-Mills ensemble,
which are localized in the same spacetime points as the original defect 5.

4.4 Study of Gribov copies in the Yang-Mills ensemble

As discussed in section 4.3.1, for our local gauge-fixing to be well defined, there are
two main requirements: a) The mapping A — ¢(A) must be injective. b) The sector-
dependent gauge-fixing condition fs,(1)) = 0 must be free of copies. We will study
these conditions in the following sections.
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4.4.1 Infinitesimal injectivity of ¢/(A)

In this section we will show that injectivity is related to the positivity of the operator
introduced in the identity of Eq. (4.22), and to the absence of nontrivial gauge transfor-
mations that leave the auxiliary fields invariant. Then, we show that the functional ¢)(A)
is injective for typical configurations of the vortex-free sector. A particular example in
the vortex labeled by one vortex is also provided.

Conditions for injectivity

The equations of motion originated from the auxiliary action (4.10) is a functional of ¢
and A,, ¥ == 0Saux/0Y = X(¢, A,), and it is invariant under an infinitesimal gauge
transformation, i.e. 63 = 043 + 0,2 = 0, with

) )
(SA E/aAZaW , 51/, E/éw?m . (450)
i

To address the infinitesimal injectivity of ¢)(A), we should study if the equation

05 08 528
e = Oy = — [ dy——r—— fom T(y) = 4.51
A5w:[z<x) "/}é‘w?(m) / y5¢?(x)¢g(y) f 5 <y>wJ(y) O ( )

has nontrivial solutions. We may multiply this equation by fo™™ ¢™ (x)y (x) and inte-
grate over x to arrive at

05 “a)h(y) = vi(x) = fE (o)) () = (€ x
/dxdymwm(y)—o, L (@) = fEm () () = (Ex) A r(z))]a

(4.52)

For ¢¢ to be a minimum of S, all the eigenvalues of 50 ®5___ must be positive, as was
I

¢ (2)v5 (y)
already required for the identity in Eq. (4.22) to be well-defined. Therefore, non-trivial
solutions for (4.4.3), if they exist, are given by

Ve =5yl =0 (4.53)

We see that the lack of infinitesimal injectivity is associated to the existence of nontrivial
gauge transformations that leave +; invariant. By using the definitions ¥ = ¢%, X =
EAMA, MA| e = ifABC, we can rewrite condition (4.53) as

UX =0. (4.54)

Therefore, we conclude that a lack of infinitesimal injectivity would be associated to
configurations of auxiliary fields that satisfy det ¥ = 0.
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Vortex-free sector

For this sector, in the limit of large v, we expect that the adjoint scalar fields will be close
to the vacuum configuration, i.e. ¥ = vl + ¢, where ¢ is a small matrix. We must then
show that b(e) = det (vI + €) # 0 for small e. By expanding b(¢), we may write

dg
Oe®

b(e) = b(0) + =€ . (4.55)
Since b(0) = detvl = vM*~1 is a finite (and large) value, we may conclude that the
only solution to Eq. (4.54) is X = 0. Therefore, in the vortex-free sector, injectivity is
ensured.

4.4.2 Sectors with center-vortices

The argument of the vortex-free sector cannot be extended to sectors labeled by vor-
tices, as ¥ will necessarily be far from the vacuum near their guiding-centers. There-
fore, we shall consider a particular example for SU(2). The simplest case is the sector
labeled by an antisymmetric vortex with charge k=1.Then, as 3 = v/2, the relevant sin-
gular phase is S, = ¢i*V27t where ¢ is the angle of cylindrical coordinates. The solution
for ¢)(A), when A is a minimum of the action as well, is known to be [101]

Yy = h1(ﬂ)T1 )

wal = h(P>SOTa1551 )

wcﬁ - h(p)‘S'O,TChSO_1 : (456)
For SU(2), there is only one root oy = \/% satisfying o1 - f§ = 1, and the following

relations hold

SOTa1551 = COS((p)Tal - Sin(@)le )
ST, Syt = cos(¢)T,, + sin(p) Ty, . (4.57)

This implies the following matrix ¥ of auxiliary fields:

hi(p) 0 0
0 h(p)cos(p) —h(p)sin(y) | - (4.58)
0 h(p)cos(p) h(p)sin(y)
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Now, the condition (4.54) implies that, if injectivity was violated, the following equation
would hold

0 hi(p)&s hi(p)&a
—&h(p) cos(p) — &h(p)sin(p)  &ih(p)sin(p)  &h(p)cos(p) | =0.  (4.59)
—&3h(p) cos(p) + &h(p) sin(p) —&ih(p)sin(p) &h(p)cos(p)

For p # 0, this gives & = & = & = 0, i.e. there are no problems of injectivity in this
case. The only region where problems could arise is the plane p = 0, which is a set of
null measure in R*. The gauge transformations that would leave ¥ invariant, thus lead-
ing to the lack of injectivity, should be nontrivial only in this plane. Such transformations
are not continuous, so they can be disregarded. The functional v/(A) is therefore in-
finitesimally injective for this particular configuration belonging to the one-vortex sector.

4.4.3 A polar decomposition without infinitesimal copies

In this section we will study the existence of copies in requirement that, for all sectors
So,
fso((A)) = fs,(V(AY)) =0 > U =1T. (4.60)

We shall see that this condition, as expected, is related to the absence of zero modes
of the operator introduced in the identity of Eq. (4.24). For instance, to analyze Eq.
(4.60) in the vortex-free sector, we must show that if a given set of auxiliary fields ¢;
satisfies

(@t ATy, = f1g =0, (4.61)

then there is no nontrivial gauge transformation with parameters £¢, such that

fob panmapem = 0. (4.62)

It should be emphasized that these are just necessary conditions that a problematic
tuple ¢; should satisfy, as it should also minimize the auxiliary action ((4.10)) i.e. it
should belong to the image of the functional v/(A). These algebraic conditions for the
existence of Gribov copies (4.61),(4.62) can also be written by using the generators in
the adjoint representation:

Ad(TA>’BC = MA’BC = ’ifABC s (463)
and the matrix

Qlia = a7 - (4.64)
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Then, equations (4.61) and (4.62) become, respectively,

Tr(M,Q) =0, (4.65)
Tr(M,M,Q)E" =0 . (4.66)

These conditions may also be written as
JABeB —o | JAB =Tr(MAMEQ) .

Therefore, copies are associated with configurations having detJ = 0. In fact, this
is precisely the operator J introduced in the Yang-Mills partition function by means of
the Fadeev-Popov procedure (see eq. (4.24)). It is therefore expected that copies are
related to zeros of this determinant.

Let us begin by analyzing the above equations for SU(2). In this case, f45¢ = —effic,
and the matrices M and X are given by
0 0 0 0 O —\/Lﬁ O' \/Lﬁ 0
Ml = 0 O \/Li ) M2 - O 0 0 ’ M3 = _\/Li O O 9
0 —2 0 =0 0 0 0 0
(4.67)
0 5& — 56
X=Mr'= | —4¢& 0 2 | . (4.68)

The pure modulus condition (4.65) implies that @) is a symmetric matrix, and thus can
be parametrized as

Qu Q12 Q3
Q= Q12 Q22 Q23 . (4-69)
Q13 Q23 Q33

The equation for copies (4.66) is then

Q22 + Q33 —Q12 —Q13 ¢
JUE =0 , J= —Q12 Qu + Q33 —Q23 , =& . (470)
—Q13 — Q23 Qu + Q22 &

A necessary condition for the system (4.70) to have a nontrivial solution is that the
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determinant of J should be 0 . This yields

detJ =(Qa2 + Q33)(Q11 + Q33)(Q11 + Q22) — 2Q12Q23CQ13 — Q%2(Q11 + Q22) — Q§3(Q22 + Q33)
—Q1(Q11 +Q33) =0 . (4.71)

Study of copies in the vortex-free sector

In the vortex-free sector, the gauge-fixed functional ¢;(A) satisfies

qr(A) ANur =0, (4.72)

qr(A) = vT; ;o — 0 . (4.73)
If there is a Gribov copy, then there exists a gauge transformation U(z) such that

V(A Aup =0, (4.74)

Ulx) =Lz — 0. (4.75)
For infinitesimal transformations, equation (4.75) implies
ferfemgre™ =0. (4.76)

In the vortex-free sector, the boundary condition of Eq. (4.73) implies, in the large v
limit, that the fields Q are close to the vacuum v I everywhere, i.e. ¢f = vdé§ + €. EQ.
(4.76) may thus be written as

vgY ol pammenemn — ) (4.77)
EM(ve™ 4 foly panmeny — (4.78)

This is a system of N2 — 1 linear equations in the variables £%, with coefficients that
depend on €4, i.e.

M(e)E=0, (4.79)

where M is the matrix of coefficients. For this system to have a nontrivial solution, it
must hold that

k(e) = det M(e) = 0 . (4.80)
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Since k(¢) is polynomial on the infinitesimal parameters ¢}, we may approximate:

Ok(e)

a
€7 .
I
a
O€§

k(e) ~ k(0) +

(4.81)

As M (0) is proportional the (N? — 1) x (N? — 1) identity matrix, we have k(0) = v", a
finite value. Therefore, in the large v-limit, there are no Gribov copies in the vortex-free
sector.

Study of copies in a general sector

In a general sector labeled by a defect Sy, the functional ¢;(A) satisfies, by definition,

6Saux
0Yr

For a general gauge field A in this sector, the corresponding v will be of the form ; =
USoqrSy 'U~1, with U regular. The gauge-fixed A, will be associated to ¢; = Syq;5; ",

=0. (4.82)

and the following properties must hold

Q(A) A nr = 0 3 (483)
nr = vSeT1Syt (4.84)
((A) = vST1Syt  , ©—o00. (4.85)

If there is a Gribov copy, then there exists a gauge transformation U(z) such that

C}J(A) A nr = (US()C]]SO_IU_I) AN S()T[SO_I =0 s (486)

Ulkx)—1 , z—o00. (4.87)
Condition (4.86) may be written in terms of ¢;:
(S tUSoqr(Sg*USe) ™ ) Aur =0, (4.88)
and in terms of the matrix Q)
R(S;'US)Q =Q'", (4.89)

with @, Q" being pure modulus matrices. Therefore, for a Gribov copy to exist, it is
necessary that



where we defined U = S;'US,. Clearly, if U is infinitesimal, so is U. The algebraic
equation for infinitesimal copies is therefore the same in all sectors. However, in a
general sector there is no reason to expect that ¢; will be close to vT; everywhere, since
some of its components must go to zero at the guiding centers of the vortices to assure
regularity. Gauge transformations which are nontrivial only in the regions surrounding
the guiding-centers of the vortices could, in principle, yield copies. However, as v grows,
these regions become increasingly small.

An example of field configuration that could yield copies is when A, = a(p)0,¢8 - T,
belonging to the sector labeled by a vortex along the z axis. As reviewed in (4.56), for
SU(2), the solution for ¢)(A) is known. It is of the form

Ur = hrsSoTrSy (4.92)

which implies
qr = hpTy . (4.93)

The associated (Q—matrix is symmetric, as required by the gauge fixing. For this config-
uration to admit infinitesimal copies, eq (4.71) should be satisfied in some finite region.
This condition corresponds to

2h(hy +h)*=0. (4.94)

Since the scalar profiles h,(p) and h(p) are positive for all p > 0 (see Ref. [101]), it is
easy to see that this condition is only satisfied at p = 0, which is a set of null measure in
R*. The transformations that could lead to copies are not continuous, as they should be
nontrivial only in the plane p = 0. This configuration, therefore, does not admit Gribov
copies.
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Chapter 5

Studying the perturbative
renormalizability of the Yang-Mills
ensemble

5.1 The vortex-free sector

A first interesting point to investigate in the Yang-Mills ensemble is the contribution
of the vortex-free sector. As the expectation is that it will be essentially perturbative,
it is important to study its renormalizability, which is the subject of this section. For
definiteness, we will consider the following potential for the auxiliary action

Vauw = £ FPU0505 + Mg pidividl (5.1)

where %<4 is the most general tensor invariant under color and flavor transformations,
i.e.,

Raa’ Rbb’ Rcc’ RddIW?}b;g/LCi/ — 7?3%L ’ (52)
RII/RJJIRKKIRLL/'V?Pj/dK/L/ - 'Y?S%L y
where R belongs to the adjoint representation of SU(N). Additionally, in this sector, we

will denote the field (; by ¢;. In this case, it was shown in Ref. [112] that the action S
has the following nilpotent BRST symmetry

sA, = éDzbcb ,s¢ = —% fobechee (5.4)

s¢* = —=b* ,sb* =0, (5.5)

sq% = ifeeqbe + ¢4, sb? = i fabbee (5.6)

5¢) = —ifabcél}cc — b} ,sc) = —if“bccl}cc —07. (5.7)
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The BRST operator is useful for the construction of the physical space, which are non-
trivial elements of its cohomology, i.e., observables O of the theory must satisfy sO = 0,
O +# sO, for some O [142, 143]. The elements E of the cohomology that may be written
as sk, for some E, are said to be trivial elements, as they may not appear in the spec-
trum. The expectation is that the gauge-fixing terms belong to this trivial cohomology.
In fact, this is true: S,; may be written as a trivial variation

Sgr = s [d'x (DPE DS + & (qr + w75 Foqh ) + vt A dag i+
ifeerulgs) (5.8)

The BRST symmetry is also a powerful tool for studying the algebraic renormalizability
of the theory, which will be done in the following sections.

5.2 Controlling the dependence of observables on the
gauge-fixing parameters

The auxiliary action (Eq. (5.1)) contains the parameters p, x, A which, in the classi-
cal theory, are associated to the interactions among the fields ;. However, in our
setup, these are simply gauge-fixing parameters from which the observables should
be independent. In order to make this evident, it is necessary to extend the BRST
transformations to these parameters as well:

st =U?% ,sU? =0, (5.9)
sk =K ,sK=0, (5.10)
sA=A,sA=0, (5.11)

where U?, K, A are constant Grassmann variables with ghost number 1 and mass
dimension 2,1,0, respectively. With this extension, the pairs (1%, U), (k,K) and (A, A)
are now BRST doublets from which physical quantities must be independent [144, 145,
146, 147]. However, with this modification, the flavor sector of the full action (eq. (4.32))
is given by

5'f = [d'z (Dzbél}chcﬁ + u? <E?c? + b?q}‘) + K frx f (b?qf’,q% — 25‘}(]?(03) +

M5t (05 dha5eat + 3ethdgeal) + Dﬁbb’}DZCQ?) : (5.12)
Accordingly, we define the new flavor action
5= 80— [ (U + KPS - M dddat)  (649)
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which may also be written as a trivial variation. The full action of the flavor sector thus
becomes

% = / d'o( (Dgiet) Dicc + (Dyivh) D + w2 (e + bia} ) +
+ "‘ffIJKfabc (quJqK 25%111)(03) + A’Yﬁ%L@IQJQKQL + 35%?&?(9%) +

— U*eiqp — K5 fedhas — Av?l}??mql}(ﬁﬁ)‘ (5.14)

5.3 Useful symmetries for the renormalization proce-
dure

For the algebraic characterization of the counter-terms, it is important to seek for sym-
metries of the classical action X [148]. These are transformations of the fields of the
form

0 = Py(o) , (5.15)

where ¢; denotes, in an abstract way, fields of the theory, together with their indices,
which in our case may be of color and or/ flavor type. P;(¢) stands for a local polynomial
in the fields and derivatives. A specially important case is that of linear symmetries, for
which

Pi(¢) = aijo; (5.16)

a;; being independent of the fields. In this case, the invariance of the action may be
expressed in the functional form

S

It should be noted that this will be an integrated Ward Identity for the case of global
symmetries, and a local, stronger one for gauge symmetries.

WE:O,W:/d4mH(gb(x)) (5.17)

Another important class of symmetries are those associated to non-linear transfor-
mations of the fields. For instance,

Pi(¢) = Cijk¢j(x)¢k(x) ) (5.18)

where c;;;, are independent of the fields. The variation of correlation functions with
respect to this type of symmetry ends up being dependent on Green’s functions of the
composite operator P;(¢) [149]. Therefore, it is necessary to generalize the starting
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action in this case

Y =%+Sy, (5.19)
Sy= fd4$/0ipi(¢) ) (5.20)

p; being classical external sources. Of course, as the action is modified in this case,
one should check whether Y’ satisfies the same Ward Identities of X or not. Suppose
that §P;(¢) = 0. Then, the nonlinear symmetry (5.18) may be written in the form

55 5%
Wy = /d“x 550 = (5.21)

Finally, there is the case of linearly broken symmetries
WY = Ay, (5.22)

where W is a functional operator implementing a symmetry of a general kind, and A;;,
is linear in the quantum fields.

5.4 The Quantum Action Principle (QAP)

A natural question is whether the symmetries obeyed by the classical action may be
extended to the quantum level or not. For this purpose, the Quantum Action Principle
(QAP) is a really useful result. Here we merely state it, and refer the reader to [150,
151, 152, 153] for proofs.

Consider alocal, Lorentz invariant and power-counting renormalizable theory whose
propagators have the following behaviour on the UV

P(k)

(0i(k)d;(=k)) o< =57, (5.23)

lim

k—o0
P(k) being a polynomial in k. Additionaly, consider the loop expansion of the quantum
action I,

r=> nro. (5.24)
=0

The QAP states that, if a symmetry of the kind (5.15), implemented in the functional
language by the operator W, is known to hold (or to be linearly broken by A'") to order
h!=1, then, in the next order,

WT = A" + B'A + O(h) (5.25)
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where A is an integrated (or not, depending on the nature of I') local polynomial in the
fields, with dimension bounded by 4 — d; + dp, d; and dp being the mass dimensions of
¢; and P;, respectively. Additionaly, it has the same quantum numbers as . Equation
(5.25) is a very strong one, and allows (unless there is an anomaly, see [148]) for the
introduction of non-invariant terms in the action I' to assure that the Ward Identity will
also hold to order #!. By using an induction argument, the QAP allows for the extension
of linearly broken symmetries of the classical action to symmetries of the full quantum
action I'. With the set of Ward Identities satisfied by the quantum action, it is possible
to restrict the possible counterterms and study the perturbative stability of the theory
to all orders, also with an induction argument. One considers that the theory has been
multiplicatively renormalized to some order [ — 1, and that

PO — P14 piset (5.26)

where X! is the most general local polynomial in the fields with dimension bounded by
4. We will consider [ = 1 for simplicity. Then, the set of Ward Identities W* are imposed
on the next order, giving the constraint

wer© £ p'set) = AL (5.27)
For a symmetry W linear in the fields, this implies
Wt =0, (5.28)

i.e. the counter-term must be invariant. The situation is different for non-linear Ward
Identities, as

(0) c.t. (0) c.t.
W — / @i X TR 0T R (5.29)
0pi 0pi

To order A, this implies

ST gxet- oI O gyet
d' =0. .
B G (659)

For symmetries containing mixed linear and non-linear parts, the corresponding mixture
of egs (5.29), (5.30) will hold. Finally, after all the symmetries have been imposed on
¢!, one proceeds to study the multiplicative renormalizability of the theory.

5.5 The non-linear symmetries of our action

As many of our BRST transformations are non-linear, it is necessary to introduce ex-
ternal sources coupled to these variations [149]. We do this in a BRST-invariant way
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by introducing
s = [ (KAL) + Cosc) + Qi) + L) + Lisch) + Bi(s)
: | )
= / d'z (éKﬁDzbcb — IO [ + QR g + cf) — i Licic+
—  LY(if*eh e + b)) + i f* BB ) | (5.31)
with s(C*, K¢, L}, L, Qf, Bf) = 0. Clearly, 2L rces belONgs to the trivial cohomology of
s. We also introduce two additional external sources M, N¢ which will be important

to ensure that the ghost and anti-ghost Ward identities are satisfied by the full action.
They are naturally introduced through a trivial variation:

0%
s = 5 [t = [ (NP - arpieg - PSS ) (632
T 1

Then, we finally arrive at our full classical action ¥ in the vortex-free sector

Y = Sym+ / d'z ((nga;) Dyceq + (Dp'0h) Dycqs + £frow f*° (b?qf}q; - 2é?q’;<c3) +
+ (5?0? + b?t]?) + M55 (05 dsea + 3eihakal) +
— Ueq — KR feidhase — A feeidhalas + if e (bulbqs + euley) +

ecd reba=a c 4 a a ]'~7a abc c a/; rabc c a - rabcT a c
4 feed pebag ul}qlcd+§Ku(Dubcb)—§zC et + Qu(if e qhet + ) — i f*eLychet +

—  L§(if el + ) + i f**Bibie” + Ni¥e'qy — Mibqp — beaa%> , (5.33)
which is invariant under the full extended BRST transformations
sA, = Z.Dl‘jbcb , sc = L fabechee
g 2
sct = —=b*, sb* = 0,
saf = ifqpe op, sep = —ifde — b,
sby = af*vhes sc§ = —ifoechee
s> = U?, sU? = 0,
sk = K, sk = 0,
sSA = A, sAh = 0,
sM® = N, sNeb =0,
sC* = sKi = sL} = sLi = sQf = sBf = 0. (5.34)

93



5.6 Ward Identities

We now display the Ward Identities satisfied by the full action X (eq. (5.33)):

» The Slavnov-Taylor identity:

S(E) — /d4 526_E+525_2+526_2+6_25_2+525_2+5_25_2+
B 0K Ae  6Q96qy 0By obr 0L ocy LY oct  6C* b

0% 0% 0% 0% 0%
— b— + N 2 —+A=0. 5.35
dee 5M“b) U2 o2 RS A (5:35)
» Gauge fixing condition
0%
S = M (5.36)
» The antighost equation
G = N#bgh | (5.37)
where the anti-ghost operator is given by
aw O 4] abe b O
G* Mlerb—i-——z buljéQc . (5.38)
* The ghost equation
G'Y = D“”Kb +if*e (B + QYqy + Lhe§ + Lhe; + C°¢) . (5.39)
where the ghost operator is given by
Ga o fcmn abc n 5 (5 40)
B 1 GNmb - '
* Ghost number equation:
Ny = 0, (5.41)
Ny = [ diz ( W—CMJF%C —cm_a+U25U2+lC + A5+
_KaaKa — 2L§5La - QC’awa QI&Q“ — B?aBa +N?b5Nab) ) (5.42)
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* Global flavor symmetry:
FYX=0, (5.43)

where we defined the flavor charge operator

0 0 0 ) 0 ) 0 0
F = @l —ppld 1 & a Ba-o_ _ s
q[ 5q(]z 5b + 5 ? 1501 U’I(S + IdBa QIO‘QI I(SL? +
S IR A . Ai—M;“’ O NP L (544

5Le "ok sA 0K oA sMeb T SNab

This Ward Identity can be used to define a new conserved quantum number, the
O-charge, carried by the fields with a flavor index.

* Rigid symmetry:

RY = Lje] + Lict — q1Qf (5.45)
where
_a 5 —a 5 abc 5 Ta 5 a 5 5 5 ab 5
Re=diga + g — g + Uisge = Bigpa = w5 — 2455 — Mg
(5.46)

The symmetries (5.36), (5.37), (5.39), (5.45) are not exact, but the breaking is linear in
the quantum fields. They are therefore compatible with the Quantum Action Principle,
as the breaking remains classical upon quantization.

As the dimensions and quantum numbers of the fields will be useful for the algebraic
characterization of the counter-term, we display these in Tables 1,2, and 3.

’ Fields ‘ AH ‘ by ‘ Cr ‘ Cr ‘ qr ‘ Ur ‘ c ‘ C ‘ b ‘
Dimension 1 1 1 111 1 2 |02
Ghost number | 0 O|—-1/1(0|0|-1[1]0
Q-charge O |-1]-1}1]1]-1]0 0|0
Statistics B/ B|F|F B|B|F|F|B

Table 5.1: The quantum numbers of the fields. B stands for bosons and F for fermions.

| Sources | C |K,|[L/| L | Q| Br | Nt | M|
Dimension 4 3133 3 3 1 1
Ghostnumber | -2 | -1 | 0 | -2 | -1 | -1 1 0
Q-charge O[O0 |1 |—-1|-1|1/]-=1|-1
Statistics B F | B| B F F F B

Table 5.2: The quantum numbers of the external sources.
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| Parameters |

Ghost number
Q-charge
Statistics B| B B F F F

M2
Dimension 2
0
0

Table 5.3: The quantum numbers of the parameters.

5.7 Renormalizability of the vortex-free sector

With all the Ward Identities at hand, we now proceed to the algebraic characterization
of the most general counter-term [148]. The quantum action will be given, to the lowest
nontrivial order, by

[ =%+ hx, (5.47)

where X¢* is the most general integrated local polynomial in the fields, of dimension
bounded by four. Then, the QAP allows us to impose that the Ward Identites of the
previous section must be satisfied by I', which implies, for the linear symmetries,

Gazc.t. — 07 GzzEc.t. — 07

NpXet =0,FX“" =0, RX“"=0. (5.48)

As for the implications of the Slavnov-Taylor identity, we need to define the nilpotent
operator

g /(52(5 0¥ 0 0¥ 6 0¥ 6 0¥ 0 0¥ 0
E:

SKo As ' 5AuoKa | oL3oc | o oLy | oLy oci | aci oLy
555 S 5 65 6 65 5 65 5 6% 6

T SBroy, TS oBr T 0Qiaq | 04 0Q;  8Cases | e o0
— b“%JrN;‘bM%b) +U25%2+1C%+A%. (5.49)
Then, the Slavnov-Taylor symmetry implies
Syt =0. (5.50)

This means that X% must belong to the cohomology of the operator Sy, whose domain
is the space of integrated local polynomials in the fields, sources and parameters. As
any element of a cohomology, it may be decomposed as the sum of a trivial and a
non-trivial part

Yot = A+ Sy ACY (5.51)
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where A~! is an integrated local polynomial of dimension four and ghost number —1,
and A is the non-trivial part, i.e., it may not be written as a trivial variation. Then, with
the help of tables 1,2,3, we may write the most general counter-term as

Yot = agSyar + Sy ACY (5.52)

ALY = / d'z (blC‘“c“ + by K AS + bycf LY 4 ba f** Liqhc” + b By Mp° + be Lic§
b7Q4q} + +bsufBf + by Bib] 4 bio f*" (0, A%) T qf + bi P AL AL & qf
b120°q} ¢} + bi3(8,AL) " +

btllZ,C}iJKLbCILEbJQE{Q% + bis fDGE G + blllgl,)}iKJLc?Ech)]q% + biz fCgE e +
b?g?}jJKLUZ}E?QE(Q% + bio [ ke + bgg,c}iJKL)‘E(}ng;(Q% +
b3t gy et e + boa fUuTGYE" + bas fUPCHGILT + baupi*Eq] +

bas 20T AD AS + bag [T 4 D37 L i 41 ETESC A+ basTb” +

bt Gl M + D Mo ) (5.53)

+ o+ 4+ o+ o+ A

After a long computation, we find that the following constraints are imposed by the Ward
Identities [155]:

bi=by=-=by=biz=bry=big=big=byp=bys=---=0b3 =0,
D" = ibog (f7 f A f )

bis = —bi7 = bag = bas

bio = gbi2 ,

pobed — g2 feaa pabdp

bR = gy (fen 0 i e

bgl())ae — _gbeseap,

mnai1mbed mbainmed mcainbmd mda1nbem
T 00 1rcr + S 0o Tk + ST 050 1y + ST s Tk, = 0 (5.94)
Therefore, the counter-term is reduced to

Q Q Q Q
yet /d4l‘ (?O(GMA(;)Q N 3051/142@“143 + EogfabcAZAl;aquc/ + ZOngabCfcdeAaAbAdAe+

[l Zalal Vil 7

+ b1a(8,80uct + g 0, CLANCE + g f O AL + g7 U f AL AS e+

+ 0508+ gFTOLIALG + gf VIO GLAS + g Fabe fee A A g+

+ biof T F(Keq) gk — 26eichqh — rbIdhak )+

+ 050k (MG akcal — 30T asal — Mbidhaseal )+

+ boy(UPciq) — pPcicy — pPbiag)) - (5.99)
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The last step is to check if this general counter-term may be absorbed in X by a redef-
inition of the p fields (F), sources and parameters (P), i.e., we must check if

So[Fo, Po] + O(R?) S[F, Pl + h ¥4 [F, P,
F = {AM,QI,,b],E],C[,lLE,C},
P = {KM,L],I_/],B[,Q[,M[,N[,O,Q,MQ,K,)\,U2,IC7A},(5.56)

where bare quantities are denoted with the subscript 0. In our conventions, the renor-
malization factors read

2

h
Fo = Zy*F = <1+—2F>F,

where the quantities z, zp should be numerical coefficients dependent on the param-
eters ag,b;. Indeed this is the case, as the general counter-term in eq. (5.55) only
contains contributions that are already present in . Then,

Qo

ZA:CLO’ Zg:—E’
2, =0, 2q, =0,
2y, = 2b1a 2g = 2b1a
2y2 = —big — bos Zu2 = —bi2 — bos
2 = —big — by , 2y = —bja — big ,
zZpn = —bya — by , zZy = —bia — by,
2z =10, z.=0,
2 =0, ze =0,

o
ZK = —35 2 = —bia,

2
zp =0, zp = —bia,
ZQ:O, ZMZO,
v =0. (5.58)

This establishes the stability of the action X to order 4. Then, relying on the usual
inductive structure of the algebraic renormalization procedure, the same will hold to all
orders, and thus we have established the all-orders perturbative renormalizability of the
vortex-free sector.
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5.8 Renormalizability of sectors labeled by center vor-
tices

Let us now consider a general sector labeled by a center vortex S, = ¢X*7,3 being
proportional to a weight of the fundamental representation, and y being a multivalued
angle with respect to a set of closed surfaces (;,...,Q,. For convenience we shall
define 2 = Q, U---UQ,, the guiding-center of the vortex configuration. Because of the
sector-dependent gauge condition [¢;, SoT;S;'] = 0, the gauge-fixed auxiliary fields (;
will be of the form (; = Soqlso‘l, with [¢7, T7] = 0. In this case, it is important to consider
the behaviour of the Lie Algebra basis 7; under the S, transformation. The Cartan

components 7, ¢ = 1,..., N — 1 are obviously left invariant by it. The root components
satisfy
SoT,Sy ' = cos(a - )Ty — sin(a - Bx)Tx , (5.59)
SoTxSy " = cos(a - )T + sin(a - Bx)Ty - (5.60)

Due to the multivaluedness property of the angle v, the components labeled by roots
a satisfying o - 8 # 0 will not be regular. This can easily be dealt with by imposing the
regularity conditions

() =CMx)=0 , z2€Q, (5.61)

for a - B # 0. The roots satisfying this condition will be denoted by v from now on. A
practical implementation of these conditions may be accomplished by the introduction
of the following ¢ functional in the path-integral [156]

[T6a(ciac) . (5.62)

which may be exponentiated by defining fields \] localized on 2, as follows:

5 iY [ dovdoan/g(o1,02) (A (01,02)¢] (2(01,02))+A] (01,02)¢] (2(01,02)) )
[T 6a(¢hda(c)) = / [DA] e » ' ! ! ! (5.63)
ol

Here, x(01,02) is @ parametrization of the surface (2. It is then possible to extend the
fields A\; to the whole spacetime, by defining a source Jq(x) localized on

i [ dz Jo() ;(A} (@)¢] (@)+X] (2)¢] ()

[Toa(hialch) = [(DA ¢ , (5.64)
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Jo(z) = thﬂjldagx/g(al,og)é(x<—-x(01,02)). (5.65)

Next, itis necessary to ensure the BRST invariance of these boundary conditions, which
imply that

s¢l(z) =s¢(x)=0 , x2€Q. (5.66)

For this purpose we introduced a set Grassmanian Lagrange multipliers ¢/ (z) and im-
plement these conditions in a similar way, i.e. by inserting

[160(¢7)0a(¢7)0a(s(])da(sC]) =

i [ de Jo(x) (A7 (@)¢] (2)+2] (2)¢] (2)+€] (2)s¢] (2)+€] ()s¢] ()
JIDN[DE e” ™ (G @A G @4 (220 ) (5.67)

into the partition function. Next, in order to maximize the symmetries of the action, we
used the Symanzik method [157], where we extended J,(x) to be a general Lie-Algebra
valued source J(z) = J%(z)T* and considered the replacement

[ 0a(¢)da(¢)da(s¢])da(s¢)) — / [DA|[Dg] e S0t - (5.68)
S
At this point it was also convenient to define the BRST transformations of the fields
>\Ia 61

s€f = AT,
s\ = 0. (5.69)

These ensure that the fields are BRST doublets which will not appear in the spectrum
of the theory, as desired. Additionally, defining the source J to be a singlet, i.e. sJ = 0,
the terms in the exponent of Eq. (5.68) may be written in terms of the action

S;=s / dia fobe gagtee (5.70)

The object in Eq. (5.67) is then recovered by setting J* to its physical values

= J@
phys

J“ =0,

phys

= iﬁq/dO’ldO'Q\/g<O'1,0'2)5<I—ZL'(O'l,O'Q)) : (5.71)

Jq

phys

In this case,
FUTENCE = T (5.72)
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The structure constants f%¢ are nontrivial only when b = a,c = &, or b = a, ¢ = «, with
the values f1** = |, (see Appendix A for our Lie Algebra conventions). Then, Eq.
(5.72) becomes

Dasod - al€FCE —E7CT) =
2oz 1B a [ dordos/g(on, 02)6(x — x(01,02))(§7CF — €7¢F) - (5.73)

As the scalar product o 3 is either 0, —1,0r 1, expression (5.67) is recovered. Therefore,
the full action in a sector labeled by center vortices is given by

S=%+8,, (5.74)

where Y is the action in the vortex-free sector (see Eq. (5.33)), replacing ¢; by (;.

One important point is if the imposition of these boundary conditions on the auxiliary
fields is sufficient to restrict the path integral of the gauge fields to the sector V'(.Sy). The
boundary conditions discussed in this section ensure the regularity of the functional
C(A). The ¢ functional introduced in the path integral by means of the identity (4.22)
implements the correlation A — ((A) discussed in section 4.3.1. At the classical level,
this correlation is sufficient to ensure the regularity of the corresponding gauge field
(see e.g. Eq. (4.45)). The question is if this remains true at the quantum level. We will
make this assumption from now on, but this must be investigated more carefully in the
future.

5.8.1 Ward identities in sectors labeled by center vortices

As discussed in Section 5.6, the vortex-free sector has a rich set of symmetries. It
turns out that these can be extended to the sectors labeled by center vortices, with
appropriate adaptations. For this purpose, it is necessary to introduce four additional
external sources { M %, N m2% nd%1 with the following BRST transformations

sM* = N |
sNeb = 0,
ab ab
Smpy = —Njj,
snt = 0. (5.75)

Then, we add to the action the term

Ss=s / d*z (mPCreh + MpPe(y) (5.76)
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thus arriving at the final action in sectors containing vortices
Sev=2+57+ 55 . (5.77)
With the appropriate modifications, the action S, then satisfies the same Ward Identities

of . In particular, it satisfies the modified ghost equation

a 5 aomn mn aobc renm n 5 ma Cc rcma 5
g SC.V. = <5ca (Zf b M] + f b f )5Nmb + Z(Zm(li?] d —|— fbl f Jl)5n1J>SCV

which is crucial for the renormalizability. The ghost number equation also requires some
modifications, and becomes

5 5 5o 5 5.6
v. — d* - SU? sk T
NghSeu. / m( 5c° C5Ca+15a 5 +U6U2+,C51C+ oA
5 _ 4§ (5 — )
Y S N LY R I
SKea 2C 5Ce QI 5@? I(SB? IaLa I 5Nab +
) )
ab __¢ca_7 — X 579
+ mIJ_(Sm?Z 6[ 56?) SC.V. 0 ( )

The modified global flavor symmetry reads

5 5 5 5 5 5 5
N = @~ _ G .0 LB ()¢ —_ 4 ]o
Q (Cf scr Vi TG~ g~ Vigye T B — Qg TGt
s 5 5 5 5 5 5

o Mab
SNgb T Mg

a 5 a 5 _
- AI(S_X}_&(S_&L) Sev. = 0. (5.80)

The linearly broken rigid symmetry is given by

e I o o ab
1502 "o R TOR L T

_|_

RScv. = (c‘}(;ga + C}lég — B?(;ia — jfabene 8 T + L[aQa — /{ — 225 5 M?b5]3ab +
—£7 w) = —(1Q¢ + Lict + Licy . (5.81)

The other Ward Identities of the vortex-free sector are also satisfied without any modi-
fication. Finally, the action S, satisfies three additional symmetries:
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* The J equation,
0Sc.v.

9Je

dScv.
ombe

J"Sen. = — fe5;; =0. (5.82)

* Global symmetry in the boundary-conditions sector,

0Sc.v. 0Sev. _ a0y, ab 05w, ab 05c.v.

* The linearly broken X\ equation,
05 V. abc c
A9 Soy, = 220 = pabech e (5.84)
Y

5.8.2 Counterterm of the sectors labeled by center vortices

We now may proceed as in the vortex-free case to analyze the most general countert-
erm consistent with all the Ward Identities. Specifically, X°' must satisfy

Bs,, X% =
5EC't'
obe
g_azc.t. —

Nghzc.t. _
ch.t. —_
ch.t. —_
gazc‘t —

Joxet  —
Frot =
AchEc.t. _

e}

o O O O o o o o o

(5.85)

where we have defined the linearized Slavnov-Taylor operator of the vortex sectors

+

B _ / 0Scv. 0 0Scv. 0 +5Sc.v. 0 0Scv. 0 0Scy. 6 0Scy. O
Sov = [ OKae As ~ 6As 0Ke 0Ly oy - oct oLy OLG oct  dcj LS
0Scv. 0 0S¢y, 6 0Sev. 0 0Scy. O 0S¢y & 0Scy. O

T SBe s, T obe 0B T 8Qq oCr | ock 605 | 5Ce den | den o0e
- N;Lbé%?b - baé% - n‘}f}ﬁ - A?(%) - UQ(;%Q + IC% - A% : (5.86)
As this operator is nilpotent, the full counterterm may be written as
¥t = Ay + Bs,, AT, (5.87)
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with A, being a nontrivial element of the cohomology of Bs,, , and A~! the trivial one.
As the additional fields in this sector are doublets, the term A, is trivial, i.e., it contains
only the usual Yang-Mills action

Ay = agSywm - (5.88)

The trivial part A~! consists of the most general integrated local polynomial of dimen-
sion four, with ghost number -1. It may be written as

A =AY (p)+ D g, ), (5.89)

where ¢ = {J, A\;,&, ms,nr;} and ¢ denotes all the other fields, sources and parame-
ters. Then, it follows that A—!(y) is identical to that of the vortex-free sector (Eq. (5.53)).
Amazingly, after applying all remaining constraints in (5.85), one finds

A = [ (aleiorcy + gf o, + £ P AL + anf K fare )G+

witp

a3l AR CE + aue ] ) (5.90)
D' =0, (5.91)

with a; being independent renormalization parameters. The tensor a3’ , has the same
structure of v¢4<¢, . Therefore,

Ec.t. — Zc.t.(gp) 7 (592)

with X¢* () being the vortex-free counterterm, given by

Set(p) = / d'z (%@Ag)? - %ayAgaqu - %gfa"cA“AiauAH

;
RO f A AL ALAL + a1 (9ub10,CF + 9 MU OuCL AT, + g Db
G2 F P A ASCE 4 0,350,C] + 9 f U TOuCT AL + 90,7 Al +

92 f " A A+ anf 1T (K CHCE — 2meiiCh — mBCHCR)+
a5 1L (AGHCHCRCE — BN CheCE — A ChC)+

ay(U*ei(t — pejet — pbicr)) (5.93)

+ 4+ + + +

5.8.3 Quantum Stability

To complete the renormalizability analysis, we have to check if the action S, is stable
under the quantum corrections given by <. Specifically, we must show that all the
divergences contained in X" may be absorbed by a multiplicative redefinition of the

104



fields @, parameters P, and sources S contained in S :
Sen.[®,C, P] + X [®,C, P] = Scv.[Po, Co, Po] - (5.94)
We follow the conventions of the vortex-free sector for the renormalization factors, i.e.

€
(I)O = <1+§Zq>>(1)7
SO = (1+625)S,
Py = (l+exp)P. (5.95)

Then, as the vortex-free part X of the action was already shown to be stable, it follows
that these terms renormalize in exactly the same way

ao
ZA = Qg , Zg__Ea
ZEI:2a17 ZC[:Oa
ze, =0, 2y, = 201,
Zu2 = —ap — as, Zy2 = —ap —das,
2k = —a1 — a2, 2K = —a1 — Qg ,
Z\N = —01 — a4, N = —Q1 — G4,
ze =0, 2 =10,
z.=0, zz=0,
zZr = —aq , zg =0,
ZK:—%, ZB = —a1,
vy =0, 29 =0,
2y =0. (5.96)
Furthermore,
Zn:Zm:ZJ:_%:_%. (5.97)

As there is no counterterm containing the source J, and the fields ¢;, {; do not renor-
malize, we may set z, = z,, = z; = 2\, = 2z, = 0. Therefore, we have established the

all-orders perturbative renormalizability of sectors labeled by a general configuration of
center vortices.
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Chapter 6

A toy model to study quantum
fluctuations around a center vortex

The results of the previous chapter establish the calculability of the Yang-Mills ensem-
ble. This means that the partial contributions Z°° of Yang-Mills are in principle calcu-
lable. As already mentioned, in a sector labeled by a center vortex S, = ¢, the
off-diagonal components v, satisfying « - 5 will need to satisfy regularity conditions at
the vortex worldsurfaces. More precisely, they should vanish at the vortex locations.
The evaluation of the partition function in these nontrivial sectors is thus resemblant
of Casimir energy problems, but the Dirichlet boundary conditions are imposed on sur-
faces instead of volumes, i.e. a codimension 2 problem. In this section we shall explore
the influence of the codimension on the Casimir effect. We shall see that codimension
2 is indeed a special case [158].

6.1 A moving point with Dirichlet boundary conditions

Let us consider a scalar field ¢ in d+ 1 space-time dimensions, d = 1, 2, 3, with Dirichlet
boundary conditions along a one-dimensional curve C. The Euclidean effective action
I'(C) is given by

) Z(C)
e —
e z (6.1)
with
Z(C) = /D(p 50(90) e_%fdd+1x(au‘»@(m)au@(x)'i‘mQ@Z(x)) (62)

being the partition function with the Dirichlet boundary conditions, implemented by
dc(p), and Z, the free partition function. It is convenient to consider a generalized
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problem, where the field is coupled to the curve C by means of a mass )\ localized on
C. In this case,

_ Z,\(C)
Ta(C) — 22\
e — (6.3)
with
/Dgp o3 [ 47Tz (0up(2)dup(2)+mP?(2)) =5 [ dT/g(r)? (y(7)) (6.4)

y(7) being a parametrization of C. Then, it is clear that the Dirichlet limit corresponds
to the specific case A\ — oo. By using an auxiliary field £(7), Z,(C) may be cast in the
alternative form '

2Z,(C) = det M/ 2 /DSODfB 3 [ a4z (Bup(2)dup()+m?o? (2))+i [ d T ade (z)p(x)— 55 [ dry/g(T)E (7

(6.5)
where
e = [ dry/gembe - y(r)) . (6.6)
M(r,7') = 8(r — 1) i”) . (6.7)
Integrating ¢, we arrive at
Z,(C) = det M2 Z, / D¢ e~z JdrdremKEmE) (6.8)

with the kernel (7, ') given by

, d(s(1) — s(’ B ,

K = vam (O e+ mt) ) ) VA 69)

where s(7) denotes the arc-length of C. Integrating over the auxiliary field, we get
Z,(C) = det M2 Zy(det k)~ 1/2 . (6.10)

This implies that the effective action I',(C) is given by

1 1
rC) = §TrlogIC—IogZO+§Iogdeth. (6.11)

To arrive at (6.5), we discarded a contribution that gives rise to a renormalization of the tension of C.
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The two last contributions may be absorbed by a renormalization of the tension of C,
and will thus be disregarded from now on.

6.1.1 Small-departure expansion for the massless field

Consider a curve C that is almost a line, so that it may be parametrized as y,, = y,(t) =
(t,mi(t)), i =1,...,d, with small n;. If we interpret the curve as the trajectory of a particle
in space-time, this would correspond to nonrelativistic motion. Then, an expansion of
the effective action in powers of 7;(t) may be performed:

r\C) =) +1)+ 1) +. .. (6.12)
where
r%c) = %Trlog KO (6.13)
1
Ff\l)(C) _ §Tr [(IC(O))A/C(U} , (6.14)
1 1

Notice that the contribution F(AO)(C) is that due to a straight line (static particle), and
will be disregarded. The kernels K are obtained by expanding K in powers of the
fluctuations. The lowest order is given by

KOt 1) = %5@ _ ) £ (,0(—02) |, 0) — ;l_wkgm(w) | (6.16)
m
with
01
K (w)—x+l(w), (6.17)
dk 1
The first order contribution vanishes, as
dw o u dk 1
(1) n o ; Y iw(t—t") Am. —n:(t)) =
IC)7 () 1/27Te /(27T)dk2+w2kj(n](t) n;(t)) =0. (6.19)
The lowest nontrivial contribution is given by
IC(2)(t t) = 1 d_weiw(tt’)/dd_kk_Q( () — mi(t))? (6.20)
AN od | oor (2m)9 k2 4 w? T " ’ '
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which may be rewritten as

dw

KD (t,t) = 3¢ DT (W) (1) — it = (6.21)

2d
1 N2 )2 dw -1y 2 1 ‘ ,/dw w(t—t'), 2

5 (D) + (1)) / e (WSO I(w). (6:22)
These results allow us to compute the terms in the expansion (6.12) up to second order.
Since IC(;) = 0, the first order contribution F&”(C) vanishes, and the second order one

is given by

0 = [ R @) e <t’,t> - (6:23)

3 [ [ RO @RI 45 [SERlaer . @24
where we defined

Flw) = —— / ;l”(f( (v +w)) 2 (V) | (6.25)

The first term in Eq. (6.24) gives rise to a renormalization of the particle’s mass. We
now proceed to analyze the second one, for different codimensions.

Codimension one

This case corresponds to the most widely studied situation in the context of the Casimir
effect, which is when boundary conditions are imposed on a hypersurface of codimen-
sion one with respect to the full space-time [159]. The main difference is that this effect
is usually studied with the presence of more than one conductor, in order to calculate
the forces between them. This specific problem with just one conductor was studied in
Ref. [160]. In that reference, I(w) was shown to be convergent, and given by

[(w)]aer = (6.26)

2wl

flw) = —g—; (2|w| -2 (1 + §|w|> In (1 + ;\M)) : (6.27)

The first term amounts to a renormalization of the kinetic energy of the particle, and
the second, which survives in the A — oo limit, is the well-known result in the case of
Dirichlet boundary conditions.

which implies
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Codimension three

In this case, I(w) is divergent, and so is f(w). Regularizing with a frequency cutoff A,
the integral evaluates to

Hwli=s = 55 = - (6.28)
This implies that
FOw) =+ - 1 (6.29)
Ar T
with
)\ir = % + 2%2 : (6.30)

The kernel f(w) may be evaluated as well. It turns out that all terms of even power in
w are divergent, and the odd ones are finite, given by:

647t

F0) =~ + Tl = Y 1o (2 6.31)
- 256 A2 34 M6 ) '

Performing the rotation back to real time, we have

ey L1 [ e
() = 5 [ Sl (6.32)
1 2 64rt 1

The imaginary part of the effective action in this case of higher codimension may thus
be rendered finite by a renormalization of A. The presence of this imaginary part is
expected, as it is associated to the creation of particles out of the vacuum, which is
induced by the motion of the particle (dynamical Casimir Effect [161]).

Codimension two

This is a special case, as the coupling A is dimensionless. Indeed, the integral /(w) is
logarithmically divergent:

1

——log ‘%) . (6.34)

I(w)]a=2 =
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To be able to deal with this divergence, we introduce a mass scale u, and write
KP(w) =+ @) (6.35)
with the renormalized coupling

A (6.36)

and the ;— dependent integral
1
I(w, 1) = —— log ‘— . (6.37)

This implies the following expression for the kernel f(w, )

i~ log |“t«

A Jo log (e

log

v—w
I

(v+w)®+

(v — w)Q) : (6.38)
log

_ 27
Ze Ar
"

which is still divergent. To deal with this, we subtract from the integrand its Taylor ex-
pansion around w = 0, up to order 2. The subtracted terms give rise to renormalizations
of the mass and kinetic energy of the particle. Then, the subtracted integral f;(w) may
be cast in the form

folw) = wl*e (]%\e) , (6.39)

with

1 *  dx 9 1 |

The function ¢(y) may be evaluated numerically, and turns out to be finite and smooth
for all y > 0 (see Ref. [158]). We have thus succeeded in renormalizing the codimen-
sion 2 problem.

6.1.2 The massive case in 2 dimensions

To analyze the massive case for the special situation of d = 2, it is convenient to express
the effective action in the form

1 )
[A(€) = 5Trlog(l + NHe) - (6.41)
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We have discarded constants and contributions which renormalize the tension of the
string to arrive at this expression. It will be most convenient to use a representation in
the arc length s space, where the operator H. has the components

1 e=mly(s)-y(s)
Ary(s) —y(s)]

As this object is singular when s — ', a regularization is necessary. In this regard, it is
convenient to define the object

He(s, s') = (y(s)|(=0" +m*) " y(s)) (6.42)

_ (s 1 1€
HE(s, ") = e WO VENT (s 8, TS(s,8) = — , 6.43
C( ) C( ) C( ) A7 |y(3) _y(s/)|1_€ ( )
which may be rewritten as
He=D+H;, , D =H;—H . (6.44)

The kernel D<(s, s) may be shown to be finite when ¢ — 0, so that the regulator may be
removed from this term. However, #¢, which is the kernel associated to a straight line,
must be analyzed more carefully. It is given by

€

/ 1
Hi(s,s') = e ™ Te(s,8)  , Ii(s,8) = S (6.45)

N E|s — sl|t=e

The distribution |z|* is well-known to have a pole at a = —1, with residue 2j(z) [162].
This results allows us to add and subtract the pole of H; (s, s") =:

€ AN € / 1 !
Hi(s,s') =R (3,3)+—27T€5(s s, (6.46)
R(s,s") = Hj(s,s") — L5(3 -4 . (6.47)
2me

With these definitions, the distribution R<(s, s’) is regular. This can be checked by ap-
plying it to a test function f(s)

- A7 |s — s

/ o ds'Re(s, s') f(s') = / ds' i“—g(ef””b'H"f (s) = f(s))
— |s—s'|<

+ / ds L ey (6.48)
|s—s/|>%

E|S—s’|1—6

The singularity when s — s’ of the first contribution is eliminated because e="15=*'| f (') —
f(s) = O(s — &), and the second term is always regular. Then, the pole in Eq. (6.46)
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may be absorbed in a renormalization of A:
— =4 —, (6.49)
and the effective action is obtained from

I'\(C) = %Trlog (i

CrD R€> (6.50)

in the limit ¢ — 0.

The limit of small curvature

If the curve C were associated to a vortex world-line, the presence of a curvature termin
the effective action would indicate a nonzero stiffness. This is an important property in
the context of ensembles of center vortices. To be able to study this type of contribution,
it is useful to expand I'\(C) in powers of D, which goes to zero as C — . In this regard,
it is convenient to rewrite Eq. (6.50) as

1 1
I)(C) = éTrlog(A;1 + R) + §Tr|og(1 + N+ R)TID) . (6.51)
Then, an expansion may be performed:

I (C) = Ta(l) + %Tr((/\;l + R)LD) — }lTr(()\;l + R DO + R) D) 4.
(6.52)

Defining Q(s — s’) as the kernel of the operator (A} + R°)~!, the lowest nontrivial con-
tribution is given by

T'(C) /ds/dsQ D(s, ) | (6.53)
Do) = 2(@7511 N \;m—s;rl) (6.54)

In the arc-length parametrization, the curvature is proportional to ¢%(s), e(s) being the
normalized tangent vector. This type of contribution may be obtained by using the
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expansion

oy —y(N pmmls—s'| pméls—s (6.55)
= - 4= ]
W) =yl Js— o] 1- 5élls —sP)
—m|s—s’|
€|S — 5| +é¥(s)P(s — '), (6.56)
1 !
P(S — 8,) — ﬂﬂs _ S/| + m|S - S/’Q)e—m|s—s ‘ ' (657)
These results allow us to write D(s, s') as
-2
D(s,s') = ﬂp(s _ ). (6.58)

47

Substituting these in the expression (6.53) for the effective action, we obtain

¢*(s)

FA(C)—FA(Z):/ds—/ds’Q(s—s’)P(s—s’):/d

47

¢*(s)

S
™

/ du Q(u)P(u) .
(6.59)

We have thus succeeded in obtaining a contribution proportional to the curvature of the
curve C. It remains to study the dependence of the numerical coefficient
1

x(m, p) = pp

/ du Q(u) P(u) (6.60)

on m and p. By introducing the Fourier transforms

P(u) = /%P(C)ezcu . RY(u) = /Z—iée(oeicu, (6.61)
we may write
/du@(u)P(u) = /%%26(0 (6.62)

The function P(¢) may be easily shown to be

- 3m* — 6m2¢? — ¢4

P(¢) = T2(m? 1 G2 (6.63)
Then, we need to obtain the Fourier transform of
ME €—m|s—s’\ 1
R(s—¢') = d(s—4). (6.64)

T dm|s—s/[lc 2me
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For e > 0, we have that [162]
F(e_m‘x||x|€_1) = iei(e_l)”/QF(e)(—C +1im)~ ¢ + c.c. (6.65)

which implies

+0(e) (6.66)

which is well-defined in the limit ¢ — 0. We may now substitute Eqgs. (6.66), (6.63) in
Egs. (6.62), (6.59) to obtain

LA(€) = Talb) = x(m. ) [ dsé?(s). (6.67)

xm) = oo | g M+ ¢ s (6.68)
) 967T 50 (m2 + C2>3 |og <1 /<2+m2 62\:) )
m

where we have redefined ;1 — pe™7. Form >> ,ue%r, the coefficient y is finite and
negative, implying in a negative stiffness contribution for the curve C.

It would be important to generalize the calculations presented in this chapter for
gauge fields. In this case, we expect that the stiffness contribution will be positive, in
accordance with Eq. (3.17).

115



Chapter 7
Conclusions

In this thesis we have presented recent advances on the understanding of the emer-
gence of a confining flux tube in SU (V) Yang-Mills theory, both in 3 and 4 spacetime
dimensions. |Initially, based on lattice results, we adopted the point of view that av-
erages of Wilson Loops in continuum YM theory may be described by ensembles of
center vortices. In 3 dimensions these objects are localized in closed worldlines, so
that the resulting effective description is a field theory. In 4 dimensions the vortices are
localized in closed worldsurfaces, and hence an effective description for the general
case would be in terms of a string field theory, or a matrix model. We reviewed how
the percolating phase of this theory in 3 + 1d is related to the existence of an effective
gauge field, corresponding to the Goldstone modes of the string field, and the possi-
bility of an SU(N) — Z(N) Spontaneous Symmetry Breaking phase. By considering
non-Abelian information and appropriate correlations between vortices and chains, the
resulting effective description in 3 dimensions accommodates domain walls which in-
terpolate the different discrete vacua. In 4 dimensions the relevant classical solutions
are given by topologically stable strings, which exist due to the nontrivial topological
structure of the vacuum. Then, both in 2 + 1d and in 3 + 1d, the Wilson Loop may be
approximated by a saddle-point expansion, where the leading order is compatible with
the observed asymptotic Casimir Law, and the lowest order fluctuations give rise to the
Lascher term. Moreover, the predicted chromoeletric field profiles are compatible with
lattice simulations for asymptotic distances in 3 + 1d. In 2 + 1d, the results presented
indicate profiles of the Sine-Gordon type. Additionally, both for 2 + 1d and 3 + 1d, we
predict that the transverse profiles for the confining flux should depend on the repre-
sentation of the quarks only via the asymptotic scaling law. It would be interesting to
test these predictions with lattice simulations.

It is thus clear that center-vortex ensembles are successful for the description of flux
tubes at asymptotic distances. Regarding the regime of validity of these ensembles, it
is illuminating to consider the analysis of Refs. [56, 57, 58] of the energy-momentum
tensor 7),, of the confining flux tube. This was done for 4d YM theory at intermediate

116



and nearly asymptotic distances. It was shown that the 7}, of the Abelian Nielsen-
Olesen vortex is not compatible with that of the flux tube for SU(3), for L = 0.46 fm.
This can be interpreted as a lower bound to the regime of validity of the ensembles of
thin center vortices. A possible modification that may extend the regime of validity of
the ensembles is the introduction of vortex thickness. Indeed, as reviewed in Chap-
ter 3, the results are compatible with the observed intermediate Casimir Scaling when
thickness is considered, even for a simple model. It would be interesting to investigate
ensembles of thick non-oriented configurations. In the best case scenario, this descrip-
tion would also lead to an effective theory accommodating solitons compatible with the
intermediate Casimir scaling and observed 7),,.

Next, we discussed a recent proposal to overcome the Gribov problem in 3 + 1
spacetime dimensions, where the configuration space of YM theory is partitioned into
sectors labeled by center vortices, and then the gauge is fixed by a condition that is
local in configuration space. We showed that this approach not only has the potential to
overcome the Gribov problem, but also could provide a path from pure Yang-Mills theory
to ensembles of center vortices. We then showed the renormalizability of a sector
containing an arbitrary number of center vortices relying on the algebraic method, which
establishes the validity of the YM ensemble as a calculational tool. Then, we presented
the computation of the effective action of a scalar field in the presence of boundary
conditions of different codimensions, giving special emphasis to the d = 2 case, which
would arise in the calculation of a sector labeled by a center vortex. Surprisingly, even
in this simple case, a term proportional to the stiffness of the "vortex” worldline C was
obtained.

These ideas offer a glimpse of how the flux tube could emerge in first principles YM
theory. Starting from the YM ensemble, we would evaluate the contribution of each in-
dividual sector to the Wilson Loop, thus obtaining a weight factor for each configuration
of center vortices. This weight would contain stiffness and tension terms, and perhaps
other more complicated contributions. Then, the full average of the observable would
be obtained by summing over all possible labels with the appropriate weight, thus mak-
ing contact with ensembles of percolating center vortices described by an effective field
theory in 2 + 1 and in 3 + 1 dimensions. Finally, the field content and SSB properties
of these models are expected to support the formation of a soliton-like confining string.
Indeed, domain walls in 2 + 1d and flux tubes in 3 4+ 1d are able to accommodate the
asymptotic properties of confinement observed in Monte Carlo simulations.
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Appendix A

Lie Algebra conventions

It is important to settle some conventions and notations for the Lie Algebra of this group.
This is a real vector space, denoted as su(N), of dimension N? — 1, spanned by the
generators T, which are hermitian in our convention. These generators are closed
under the operation of commutation, i.e.

T4, T = if 4T (A1)

where the real numbers f42¢ are known as the structure constants of the Lie Algebra.
It is possible to define an inner product in this vector space, the Killing product, defined
as

(X,Y)=Tr(Ad(X)Ad(Y)) ,X,Y € su(N) , (A.2)

where Ad() stands for the adjoint representation of the Lie Algebra. This representation
is induced by the adjoint representation of the Lie group ad,

ady(u) = gug™ , g,u, € G . (A.3)

This induces the definition of the Adjoint action of X on Y as Adx(Y) = [X,Y]. From
this, it is possible to show that Ad(T*4)|P¢ = —if42C. The normalization of the genera-
tors is chosen so as to assure that

(T4, TPy = 548 . (A.4)

We also define the expansion in components of the elements X and Y of the Lie Algebra
as X = XAT4,Y = YATA. Then, their Killing product is simply

(X,Y) = X7, (A.5)
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It is also possible to show the following useful properties, for X, Y, Z € su(N),

(X,)Y) =(Y, X), (A.6)
(X, [V, Z]) = (2, [X,Y]) = (Y, [Z,X]) . (A7)

The first one is obvious, as it is an inner product. The second follows from the cyclic
property and from the definition of the adjoint representation of the algebra.

A.0.1 Cartan decomposition of SU (V)

A convenient choice of basis for the generators of the Lie algebra of SU(N) is the Cartan
basis. The first step is to find a set of N — 1 elements satisfying

[T, T,) = 0. (A.8)

The elements of this maximally commuting subspace are said to belong to the Cartan
subalgebra. The remaining N? — N elements are known as the root vectors £, which
are eigenvectors of the adjoint action of the elements of the Cartan subalgebra

[Ty, Eo] = o|Ey - (A.9)

The N — 1 dimensional vectors « are known as the roots of su(/N). The following com-
mutation relations between root vectors hold

[Eo,E_o)=a,=a-T. (A.10)
Also, for a # —§,
[Ea, Eg] = NagEars (A.11)

where N,, 5 is zero if o + [ is not a root, and is equal to

1
Nop = — A12
a,p 2N ( )
otherwise. These numbers also satisfy
N,B@ = N_a7_/3 == —Noz,ﬁ s (A13)
and
Nop=Nyo=Ngs,, (A.14)
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if « + 3+ v = 0. In this basis, the root generators are not hermitian, as £l = E_,. Itis
possible to define an hermitian basis, where E,,, E_,, are replaced by T,,, T;. Explicitly,

E,+ E_
T, = Zet b (A.15)
V2
Ty = M . (A.16)
iv/?2
As is evident from their definitions, the hermitian generators satisfy
T ,=T,, (A.17)
T_@ == —Td . (A18)
Their commutation relations read
T, T, = ioTs [Ty, Ts] = —icg Ty [Ta, Ta) = ia, Ty ,
[Tav Tﬂ] = \/Llﬁ(Na,ﬂTa—T—ﬁ + Nav—ﬂTalﬁ) ’
15, T5] = —%(NWTQ;B — Na,—sT,=5) . (A.19)

From these algebraic properties, we see that the set o - T', T,, T, for each «, has the
same algebraic properties of the usual su(2) angular momentum algebra, and is thus
identified as an su(2) subalgebra of su(N).

A.0.2 Representations of SU(N)

The group G = SU(N) is defined as the set of Nz N unitary matrices with determinant
equal to 1. A representation of this group is obtained throughamap R : G — O(V),
O(V') being the set of linear operators that act on a d dimensional vector space, that
preserves the structure of the group. As the only structure of a group is its product, this
condition means that, for two elements g1, g, € G,

R(g192) = R(g1)R(g2) - (A.20)

The representation is said to be irreducible if the only subspace of V' that is left invariant
by the group action is its trivial element. Similarly, a representation of the Lie algebra
of Gisamap p: su(N) — O(V) which preserves the commutator:

p([X,Y]) = [p(X), p(Y)] , (A.21)

for X, Y € su(N).
The number of representations of SU(NV), for any N > 1, is infinite. An interesting
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fact is that the building blocks for any representation are the irreducible ones. Despite
there being an infinite number of them as well, they may be classified in a relatively
straightforward way through their weights. These are defined through the eigenvalues
of the simultaneous eigenvectors of R(7,), i.e.

R(T)v* = w?| p?, (A.22)

where there is no sum over A. The most important examples are the fundamental rep-
resentation, which has N weights w1, ..., wy. From those, it is possible to define the
fundamental weights \*, k = 1,..., N — 1 of SU(N) through the formula

k
A=y, (A.23)
j=1

Then, it is possible to show that the highest weight w" of any irreducible representation
may be written as

N-1
wh =" d;N (A.24)
j=1

where d; > 0 € N are known as the Dynkin numbers, which characterize an irrep
uniquely.
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