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Abstract

The present thesis introduces the formulation of lattice gauge theories as originated by K.G.
Wilson[28]. Gauge theories play a crucial role in the modern understanding of elementary
particles and their interactions, with a significant application in describing the strong interac-
tions between quarks, mediated by gluons. While Quantum Electrodynamics has achieved
remarkable success using perturbation theory via Feynman diagrams, the strong interaction
cannot be studied using the same approach across its entire spectrum due to the lack of a
consistently small coupling constant. The strong interaction exhibits asymptotic freedom at
small quark separations, where perturbation theory holds, but at large separations, quarks
appear confined, indicating that the coupling constant becomes too large for perturbative
expansion. Lattice gauge theory provides a method for studying gauge theories in their
non-perturbative regime and offers a formulation that can be simulated computationally. This
thesis presents a review of gauge fields on a lattice and a Python implementation of lattice
gauge theory simulations using Metropolis Monte Carlo technique, following the pioneering
work of M. Creutz and others, to measure important physical observables [7].
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Chapter 1

Introduction

The present thesis is divided in three main chapters, in order to introduce gauge theories, and
especially non-Abelian gauge theories and their formulation on a discrete spacetime lattice.
The first chapter constitutes of two distinct parts. The first part is dedicated to introducing
the basic notions of differential geometry needed and used in modern theories of theoretical
physics. This section was inspired by some lectures on General Relativity organised by Prof.
George Savvidy during the time this thesis was still in preparation. Despite the fact that
General Relativity and non-Abelian gauge theories do not have a complete analogy, the ideas
presented in the first section of Chapter 2 are applicable in Yang-Mills theory after some
appropriate modifications. Another reason the framework of General Relativity is introduced
is that in that way it is clearer which quantities are Lorentz invariant and can be used in the
rest of the thesis, without the urge to explain their invariance.

In the second part of Chapter 2 some basic ideas of Group Theory are introduced in a
mathematically rigour way. Groups are used to express transformation of physical systems
and therefore their potential symmetries under such transformation. More specifically gauge
theories, which is the subject of the present thesis, are in fact theories that remain invariant
under a transformation ¢ : R — G, where G is a Lie Group. In the context of Standard
Model, strong interactions are considered non-Abelian gauge theories with SU(3) as their
symmetry group. As a result, the purpose of this section is to describe the basic Lie Groups
used in Theoretical Physics and their connection to smooth manifolds and Lie Algebras.

Chapter 3 starts with an exploration of gauge invariance in Classical Electrodynamics. Maxwell’
s equations are naturally gauge and Lorentz invariant. This fact makes possible to formulate
a Lagrangian density in terms of the electromagnetic field strength tensor F,,. With this
formulation an analogy between the concepts of differential geometry introduced in Chapter
2 and electromagnetism can be established.

The introduction of the field strength tensor makes it possible to expand the classical theory
of Maxwell to a general theory that is invariant after general gauge transformations. These
theories are known as Yang-Mills theories [31] and are presented in the second part of Chapter
3. The covariant derivative and the field strength tensor are introduced in these theories
using the parallel transporting field W (z,y), which will is the main quantity used to define
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lattice gauge theory. This field makes possible to connect the values of a matter field in two
different spacetime points, but most importantly can be used to construct the gauge invariant
quantity called the "Wilson loop", that can be connected with the electromagnetic tensor and
therefore the action of the system. The Wilson loops can be an indicator of confinement in
the sense that it must behave following an area law when a meson is confined and a perimeter
law when the quarks are free inside a meson.

Chapter 4 is the main work of this thesis. In the first sections pure Yang-Mills theory is
formulated on the lattice as introduced by Wilson [28]. More specifically it is proved that
the quantity named "Wilson loop (W)", introduced in the previous Chapter, is a measure
of the term F),, F*” and therefore it can be used to construct the action of the theory. As a
result, the action on the lattice is expressed only as a sum over all the elementary plaquettes
of the discrete spacetime lattice. Observable can be calculated using the usual path integral
formulation, where now the integration is performed over W € G. To this end, a section on
integrating over Lie group manifold is embedded in Chapter 4. Integration over the group
limits the observables that can be measured on the lattice and makes the usual procedure of
gauge fixing useless.

After having defined some of the most important observables that can be measured with lattice
gauge theory, in Section 4.6 the method of Renromalization and extraction of physical-real
results on the lattice is presented. by this section it becomes clear that the lattice is another
renormalization scheme and not a tool for computer simulations. To complete lattice gauge
theory the Hilbert space of states is defined in Section 4.7. Having the Hilbert space, the
transfer matrix and the Hamiltonian of the system are defined as well, without, though,
extensive details. More details can be found in [22]. For the Hamiltonian formulation of
lattice gauge theory, there is a clear connection between these theories and quantum statistical
systems. In Section 4.8 there are some details on the methods that can be used to define and
calculate thermodynamic observables of lattice gauge theories.

Simulations appear as side effect and are really important to study non-perturbative effects of
Yang-Mills theory. To this end some, of the basic algorithms that are used in the literature are
presented. The basic idea of these algorithms is to produce a Markov Chain of configurations
by sweeping the links on the lattice and changing their values. It can be shown that such a
Markov Chain converges. The two most famous algorithms used to change the value of a link
variable is the Metropolis Algorithm [16], according which every link variable is changes at
random with a criterion towards the minimization of the action.

Another famous and fast algorithm is the heatbath algorithm, which was formulated by Creutz
for SU(2) gauge theories [5]. This algorithm picks a new value from the group manifold. As
a result, there is no unacceptable picking. It has though the serious disadvantage that one
must know a parametrization of the group measure, in order to apply this method. Tries
have been made to extend these algorithm to larger matrix groups [3], but still remains an
open question, whose answer will seriously improve lattice simulations. For the purposes of
the present thesis a code was developed in python programming language. The main aim of
the program is to reproduce Creutz’s results from [5, 2] and to explore larger gauge groups
as SU(10), SU(20). The code outputs the expectation values of Wilson loops whose size is
defined by the user. It uses the Metropolis algorithm for updating the link variable and it
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can handles SU(N) groups of maximum size N = 20. The results, obtained from this code
appear reliable for groups of low dimension when the output is the plaquette variable.






Chapter 2

Mathematical Background

2.1 Aspects of Differential Geometry

This section presents some general results of differential geometry, in a language that the
physicist is used to. There is no intention of mathematical rigour. The whole section is
presented in terms of the General Theory of Relativity, where the manifold is spacetime,
which is somehow easier to imagine and understand, because all vectors take values on the
tangent bundle. In Chapter 2 of the present thesis these results are converted to appropriate
quantities of Yang-Mills theory where the geometry is much more complicated, because of
the existence of the g-bundle, which is somekind of an internal space. It is emphasized that
the analogy between general relativity and Yang-Mills theory is presented naively and in an
intuitive manner.

2.1.1 Maps

A reason that set theory became quickly very important in mathematics is because one can
define a rule that takes elements from an input set M (often called domain) and match this
element to a value from another set N (often called target). If this rule satisfies the two
conditions given in the Definition 2.1.1 bellow then it is called a function or a map from the
domain set M to the target set N .

Definition 2.1.1 (Function/Map). A rule that assigns to each element of a domain set M
one and only one element of a target set N is called a function/map.
The notation:

f:M—N

means that f is a map that takes the elements of the domain set M and assigns to them one
value from the target set V.
The notation:

fim—n

means that the element m € M is mapped to the element n € N.
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According to Definition 2.1.1 it is possible for two different elements of the domain set to be
mapped to the same element of the target set. It is also possible that some elements of the
target remain unmatched, as there is no restriction for the elements of the target set. The
subset of the target set N that contains all the matched elements of N is often called the
range of the function and is denoted with f(M), where M denotes, as usual, the domanin set
of the function f.

A consequence of the above is that some maps could match every different element of the
domain set M to a different element of the target set N. These special cases of maps are
called injective or one-to-one (1 — 1) maps.

Definition 2.1.2 (Injective/One-to-one map). A map f : M — N is called injective or
one-to-one (1 — 1) if:

le,mg € MWlthml 7£ moy

f(ma) # f(ma)

The Definition 2.1.2 states that every element from the range of an injective map f(M) is
matched to exactly one element of the domain set M. This means that a map f~': f(M) —
M is well defined in the context of the Definition 2.1.1. This map is called the inverse! map of

f and, of course, it can only be defined if f is an injective map. An obvious identity between

the map f and its inverse f~1 is?:

Vme M : (f_lof>(m):m

VneN: (fOf_l)(n):n

A very usual proposition, which is practically the easiest and the most common way to
prove that a map is injective, follows directly from the Definition 2.1.2 when it is formulated
inversely. It is also commonly refered to as a Corollary of the Definition 2.1.2.

Corollary 2.1.1. A map f: M — N s called injective or one-to-one (1 — 1) if:
Vmy,me € M with f(my) = f(me) :

myip = Mo

As stated above, the Definition 2.1.1 does not contain any restrictions for the target set N, as
long as every element of the domain M is mapped to exactly one element of the target. The

IThat explains the use of the notation f~*
2The operator o is used, as usual, to denote map composition: (fog)(m) = f(g(m)),{m € Dylg(m) € Dy}

6
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result of this remark is that there could be elements of the target N that are not linked with
any elements of the domain M through a map f, that is why the range f(M) was defined
and used above in the definition of the inverse. The special case of a map f, that links all
elements of the target IV is the case of the surjective or onto map. An equivalent formulation
for the surjective map could be the condition f(M) = N.

Definition 2.1.3 (Surjective/onto map). A map f: M — N is called surjective or onto if:

Vne N3dmeM: f(m)=n

Definition 2.1.4 (Bijective map). A map f is called bijective if it is injective and surjective
simultaneously.

In this section there was no mention on the elements of the target set or the domain set. The
target and the domain can be chosen to be abstract and contain any possible mathematical
object that serves the desired application. In that way, maps are defined in a general way
preserving their applicability in many applications.

2.1.2 Vectors, Tensors and Invariants

The basic postulate of relativity is that physics should not be aware of the coordinate
system chosen to be described on. In other words, all laws of physics should hold in every
coordinate system. To formulate this postulate mathematically, let’ s state at first that
relativity give no distinction between space and time. Spacetime is described by 4 points in a
4 dimensional continuum forming a smooth manifold M of dimension dim {M} = 4. The
following discussion and results are adapted from [24].

Every open subset of the spacetime manifold is equipped with a coordinate system, which is
a homeomorphism z : M — R, Laws of physics must remain the same by changing the
coordinate system in use. Equations that describe physical laws will change when passing
from a coordinate system x to a different coordinate system z’, but they will keep their
structure. This property is known as covariance.

Formally, the change between the coordinate systems z and z’ is a diffeomorphism expressed
as:

x/O — :L‘/0<£L‘0,.T1,$2,.%‘3)
fEll — mll({BO,ZL‘l,I 71,3)
13/2 — I’2<$O,JI1,Z‘2,I‘3)
IL”B — :L‘/3<£L'0,IB1,$2,.’L'3)
or in a more compact way:
ot =a(a"), ue{0,1,2,3} (2.1)

7
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A common convention is that greek indices (u, v, p, o, etc.) take values in the set {1,2,3,4},
where 1 denotes the time dimension and {2,3,4} denote the three spatial dimensions. Latin
indices (i, j, k, etc.) run only in the three spatial dimensions.

Assume a theory that contains a scalar field ¢(z#). The exterior derivative of this field in a
new coordinate frame will be:

9¢'(z")

/ vy I

do'(z") = S dx

where Einstein’ s summation convention is implied. To avoid confusion, we can drop the
arguments of the scalar function ¢ and let ¢ denote the scalar field in the old frame, while ¢/

is the scalar field in the new frame.

/) aqb/ /
d(b = wdl‘“
. a¢’ ox'"
o' = ox'* dxv du
. d¢ 0x° oz
o' = Ox° 0x'* OxV
¢ 0x°
/ v
o' = O0x° Ox”
dP
/ o 14
do = 8x05”dx
0J0)
r_ Y¥Y 4 v
do = (9x”dx
d¢' = do (2.2)

Equation 2.2 shows that the 1-form d¢ remains the same under the transformation of the
coordinates. The quantities with this property are called invariants.

In the derivation of Equation 2.2 it was obvious by the chain rule that the scalar field
transformed as:

o¢ 0’ 0¢

= 2.3
ox'*  Ox'™ dxv (2:3)
The calculation of the exterior derivative dz'# gave a different transformation law:
ox'*
dz’* = ——dz” 2.4
o oxv v (2:4)

The quantities that transform according to the transformation law of equation of Equation 2.3
are called covariant vectors while the quantities that transform under the law of Equation 2.4
are called contravariant vectors. In order to distinguish the two different types of vectors,
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covariant vectors are often denoted with a lower index, while for contravariant vectors upper
indices are used.

oz’
I — v
am =S (2.5)
ox”
I
Bu - ax/uBlI (2.6)

It immediately follows that quantities of the form A*B,, = A, B* transform like the differential
d¢, which means that they remain invariant in any coordinate frame of choice and are known
as scalar or inner products. Of course, the fact that they remain invariant does not mean
that they do not appear changed as functions. They just produce the same values for a
specific point on the manifold, independently of the coordinates used to describe this point.

A product of the form A*B"C?...W,V, ... that contains covariant and contravariant com-
ponents is called a tensor and transforms kind of independently for each covariant and
contravariant component. For example, assume a tensor T)". According to the diffeomor-
phism of Equation 2.1 the components of this tensor transform as:

T oz’ 0x™ 0x7 .\
P Qxr Oz Oxlr

A tensor is a generalized version of vectors. If a tensor contains only components that
transforms covariantly (lower indices) then it is called a covariant tensor and respectively
the term contravariant is used when it contains only contravariant components (upper indices).
The total number of indices (upper and lower) appearing in a tensor characterizes its rank. A
common convention is to call a scalar quantity a tensor of zero rank. Vectors are just tensors
of rank 1.

Having introduced tensors in such a way?, it immediately follows that the product T}, T+*
constitutes an invariant. Of course, it is generalized to tensors of any rank. Lastly, there exist
some specific tensors with the property:

T,, = +T,, (2.7)

The meaning of such equation is that some tensors remain unchanged (or appear multiplied
by a minus sign) after interchanging two of their indices. If Equation 2.7 holds with the plus
sign then the tensor is called symmetric. The tensor, which satisfies the previous equation
with a minus sign is called antisymmetric or skew-symmetric. Of course, these property holds
for tensors of higher rank, but for them the symmetry might not hold for all the components-
indices. Then the symmetric or antisymmetric indices must be pointed out explicitly. For
example one can say that a tensor 7),,,, is antisymmetric in its first two covariant indices.

Then 1,0 = =T pp0-

3which is not the most mathematically rigour way to do so.
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2.1.3 Integration and Densities
By definition, invariant quantities produce the same value in every possible coordinate frame
that can be described by the diffeomorphism of Equation 2.1. As a result, they can be

integrated in any frame. Trying to do such an integration for an invariant quantity A in a
spacetime region one observes the following *

Jaar= [ a5

So, one needs to define a new object <, which transform as:

da* #/Adm

ox”

ox'+

-]

such that:

ox'#

/%,d ) /JZ{|@[L'/“ oxv

In
/d’d " /%|8x Ox

ox'* Oxv

/szf’dx”‘:/%dx

4

The quantities that preserve integration and by definition transform with the law of Equa-
tion 2.8 are called scalar densities. But as mentioned in the previous section, scalar fields
are just special kind of tensors. So, one can define in general tensor densities. Inspired by
Equation 2.8, tensor densities can be defined as tensors whose transformation law has an
extra term, which is the Jacobian of the diffeomorphism 2.1. For example, a third rank tensor
density transforms as:

0x¢
ax/(S

ox'" 0x'" O0x°
oxr Ox> Ox'p

v __
7, —‘

Densities do not appear only in integration. Consider an antisymmetric fourth rank tensor
Ty In this context antisymmetry means that a mutual exchange of any two of its indices
yields a minus sign upfront. Consequently, the only value of this tensor that is not zero is
T'234, because if a same index appears twice the value is zero by antisymmetry. For example,
Ti123 = —Th123 = Thi23 = 0. Moreover, again by antisymmetry, all the values of T),,,, can be
expressed in terms of T7934. For example, To314 = —T5134 = T1234. The transformation rule for

the element To34 is:

oz’

5o | 1s used for the Jacobian Determinant

4The notation

10
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oxt dx¥ OxP 0x°
oz} Oxly Oxy Ox "

/ —
T1234 -

Because of antisymmetry this calculation can be carried out, but it is quite long and cumber-
some that is why it is omitted. The result of this calculation is:

ox#

T34 = ‘aw,y T34 (2.9)

The essence of this result is that antisymmetric 4-rank tensors can be seen as one component
Ti234 = 7 behaving like a scalar density. The inverse of this result is also true. Assume a
quantity® ¥#r? such that:

A, even permutation of {1,2,3,4}
@ghvre = ¢ — A, odd permutation of {1,2,3,4} (2.10)

0, otherwise

where A is an invariant quantity. A correct way to express the invariant property of A is to
consider the following transformation rule for 4,,,,.

ox"
oz

m v Ip o
Ox' Ox™ 02'P 0 ;5.5

oz 0xP Ox7 Oxf

gmee | (2.11)

In the above equation the summation implied by repeated indices give the inverse determinant,
which cancels out with the other determinant upfront. So, Equation 2.11 is another way of
expressing that A is a diffeomorphism invariant, but also, according to what described above,
says that ¢#*r? is a contravariant completely antisymmetric tensor density of the fourth rank.
A special case, which is also very useful, is the case of ¢#*??, where A = 1. This is usually
referred to as the Levi-Civita tensor density.

1, even permutation of {1,2,3,4}
e"?? = ¢ —1, odd permutation of {1,2,3,4} (2.12)

0, otherwise

The Levi-Civita tensor is used to transform antisymmetric covariant tensors to antisymmetric
contravariant tensor densities. For example consider an antisymmetric tensor 7),,. Then,
using this tensor and the Levi-Civita tensor, two densities can be constructed.

5The calligraphic notation is used, because this quantity will later be identified as a density. For now it is
assumed as a random quite, meaning a quaintity without rejudice for its transformation rule.

11
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1
of = gEMVpUTNVTpU = T12T34 + T23T14 + T31T24 (213)
1
%,uz/ — 56,u,lzpojwpg — 6/1,1/12Tl2 + 6#V13T13 + 6“”12T14 + 6;LV12T23 + 6,u1/247v24 + 6,11,1/34T34 (214)

Equation 2.13 transforms as a scalar density, while Equation 2.14 transforms as a tensor
density of the second rank. The tensor density Z*¥ is also antisymmetrical, as one can see
by exchanging indices 1 and v. The following equations show that &/ and " do indeed
transform as scalar and tensor densities accordingly.

of = T,
K v o « 1)
o _ 1|0z Oz 0x'™ 0x'P Ox' (aBvs Ox® Oz » 0z Ox T,
8 [0x| x> OxP Ox7 Ox ox'+ Ox'v ox'r Ox'°
1|0z" | [0z Oz~ oz’ 0xP ox'? 0z oz’ Ox°
%/ —— aﬁ’y&Ta T
8 [ Ox* (81‘“ 8:1:”“) (81}6 61"”) (8:67 aw) (8955 895"’) ¢ pine
1|0z"®
_ afBvyé
ﬂ/ = g ax’A e TQBT,W;
11|0z"
o == 4
8 Oz
wy 1 Iuvpo il
% = 56 Tpo’
i 1| 0z"| 9z 02’ 02’ 0z 5. 5 07 Ox°
2192 Oz 9B dxy Oxd ¢ ox'e ox'o °
e 1| 0z"| o' O™ (02" 027\ [0z Ox° caByi
2192 Oz 928 \ Oz dale 0z Ox'° e
1{0z"| 0z’ Ox'"
%/MV —_ Oéﬂ’WST
2 02| Oz 8:)556 7
., 1|ox" Y
v = 2 |9z v

As illustrated with the above examples the Levi-Civita tensor density can be used to connect
antisymmetric contravariant densities with antisymmetric covariant tensors. This is a general
result. By multiplying a covariant antisymmetric tensor with the Levi-Civita tensor density
and doing the appropriate summations between the indices, the result is a contravariant
antisymmetric tensor density. Intuitively, we can think that by multiplying with e*?7 we
can raise the index of an antisymmetric tensor. By multiplying with appropriate factors®,
the densities will have the same components as the tensors, but they will appear in different
indices. Table 2.1 summarizes the connection described above.

6Like the factors % and % in Equation 2.13 and 2.14.
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Relation

Tensor Density
T wree
T, w e
T wr
Thvp wr

E,U,VpO'A — %uupa
eHvPeT = Gylwe
1 pvpo — Gy
56T = U

1 _uvpo _
EEH P Typo' —%'u

1 vpo —
Tope U Ty =U

Table 2.1: Relating antisymmetrical covariant tensors with antisymmetrical contravariant tensor
densities.

2.1.4 Differentiation

Integration of scalar quantities gave rise to the new definition of densities. It is rational, then,
to see what is happening when one tries to differentiate a scalar field ¢ over the transformed
frame 2’ up to the second order.

dp  0x" J¢
ox'm Ozt Ox
¢ 0 [0z 09
oxvoxt Ozl {8x’” 8x”}
o 0 {8x“}8¢+8m“ 0 {8¢}
oxox'v Oz | Ox'm | Ox* = Ox'F Ox™ | Ox*
¢ 9" 0o N oz~ 0%
ox™ox'*  Jx'Mox™ Oxr  Ox'M Oxr0x'v
0% _ Oa" Oa” 0% 9%zt 0¢ (2.15)
oxox'*  Ox'r Oz’ QxrdxP  Ox'MOx™ Ok '

It is obvious from the last equation that the second order derivative ruins the linear and
homogeneous characteristics endowed by the transformations 2.4 and 2.3. A similar result
can be obtained by differentiating Equation 2.3.

,  Ox”
A= gt
DA, orv 0A, P
dz's Oz dx't  Qamdz
0A!,  Oz" Oz° 0A foatind
l[l, _ 1%
oz’ Oz Ox'~ OxP E)x’“f)x’ﬁA (2.16)

From this equation it becomes clearer that the components of the derivative of a covariant
vector A,, do not behave like a tensor because of the second non-homogeneous term appearing
on the right-hand side of the last equation. One can now think of a correspondence of our new
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derivatives on the manifold with the classic definitions of derivatives of vector calculus. Be
careful, though, because when differentiating on a manifold with respect to some coordinate
system, we are actually differentiating on a small region of the manifold, where the manifold
can be thought as locally Euclidean and taking differences (even infinitesimal) of fields has a
definite meaning. That being said, let’ s see this correspondence with classical vector calculus.

The gradient” of a scalar field ¢ is:

ve— 20 (2.17)

oxt
This is a covariant vector that is why it is common to write it using index notation as:

Vo = 8,0 (2.18)

In Equation 2.15 we have calculated the derivative of this gradient, where one additional
non-homogeneous term has appeared. Because, the partial derivatives can commute the
following equation holds:

0,0,6 — 0,0, = 0 (2.19)

Inspired by the above equation one can try to evaluate a similar equation for a covariant
vector A, in order to see whether the non-homogeneous terms of Equation 2.16 cancel out.

A, 0A, _

or'm  Jxlm
[ O%aF oz OxP 0A, 0%k dx* dxr DA\
N (8:1:/”83:”’ wt Oz OV 8:#’) B (8&:”’83:’/* wt Oz’ D' 83:P> N

_ 0xF Jxr A, OxF Oxr DA,
T O Ox' dxp O™ Ox'm DxP
B oxk Oz 0A,  OxP Oz 0A,
T Qxm Ox™ dxp O Ox'm Oxt

In the last equality the dummy indices k, p of the second term can be mutually exchanged as
k <+ p. The final result is:

oA 5 9P
0A, DA, 0" oz (aAﬂ aA,,) (2.20)

oz Oz Ox'roxv \ Oxp  OxF

This resulting equation shows that the quantity 9,4, — d,A,, transforms as a second rank
tensor. This is the equivalent of the curl.

F,, =0,A, —0,A, (2.21)

If the curl of a vector happens to be zero then 9,4, — 9,4, = 0, which is true if, according
to Equation 2.19, the vector field shall be replaced by the gradient of a scalar field. This is a

“with 4 components, because we are working on a 4-dimensional manifold
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well known result from vector calculus and its retrieval with our new way of expressing curl
increases its validity.

Last but not least, by exchanging the indices p and v the tensor becomes:

F,=0A,-0,A,
Fvu == (8MAV - &,AH)
F,, =—F,

which shows that the tensor F),, is antisymmetrical. Now, having defined the tensorial

character of F,,, one could try to differentiate this new tensor.

, ox" Ox*

[ 72 ax’“ al’lV Kp (222)
oOF"’ 2 .K p K 2.0 K p A

w07t Ox oz" 0%z Oz" Oxf Oz* OF,, (2.23)

ox'c — Ox'edxm 9z " dxm Az o P Qx'm Oz dx'e Oa

As in the case of vectors, just by differentiating the antisymmetric tensor, the result is
not a tensor, which means that it does not transform homogeneously. More specifically,
the homogeneous part is the last term of Equation 2.23. So, the goal is to form a proper
differentiation procedure that will make the other two terms cancel, as it happened in the
case of vectors with Equation 2.20. As in the case of vectors, a good idea is to permute the
indices in Equation 2.23.

oF,, 0%~ Ox° ozt  O%xP Ox" dxf dz* OF,,
ozx'e  Ox'odzr oz P Qam Oxle Oz " Qat Oz Ox'e Ox
oF,,  &x" Oa’ oz Oxf dx™ OzP Ox* OF,,
oxv  Oxvox'e dxm” P dxre dxvrr P date dxr O D
OF! Ozt Oz oz~ O*xr ox" dzP dx* OF,,

- K + K
ox' — 9x'mox Ox'e” " Oxv dx'mogle " + ox'” Ox'e Ox' dx*

The terms appearing in the above equations are similar, except for the indices k, p. But,
taking advantage of the antisymmetric character of F},,, this can be fixed by doing the change
k <+ p in the second equation. So, the three of them now read:

or,, &z~ Oa’ N dz* Puaf N ox® Ozf dx* OF,,
ox'e — Oz'odz'r oz P Qxm Oxe Oz " Ot Oz Ox'e O
oF,, OPxP Oz" Oz O%*x" Oxf 9z dx* OF,,
oz’ Qxdx'e dx'r” P dx'e dxvOxr P dx'e D't D D
OF,, 0*x*  Oxr dzr  O*ar Ox" dxP Oz OF,,

ox'm ox'rox dx'e” " Qv Qx'moxle” P dxv dxle dx't Oz
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Adding them altogether, the first term of the second equation cancels with the second term
of the first, while its second term cancels with the first term of the third equation. At the
moment the terms containing the differentiated tensor all stay.

oF,, OF;,
833'/0 axllz

oF!, 0%z~ Oz oz O*xf

dx'n Do dxh D P * ox' 6:6’“895’"FW
ozt OxP Ox™ 0F,, Ox’ Ox" Oz oF,
ox't Oz Ox'e Az O'e Ot Dz Ox

ozt OxP Oz OF,
oz’ Ox'" dx'm Oz

The first two terms can easily mutually cancel by doing again the change x <> p and using
the antisymmetry Fy, = —F),, meaning that the only surviving terms are the ones containing
the derivative of F},,. The main goal of this calculation is to show that the the sum of these
derivatives transforms tensorially. So, in order to see whether the remaining three terms
reduce to one it is wise to rename the sum of partial derivatives to 7}, without prejudice to
its tensorial nature.

o 8F'uy aFo-” a}T‘l/O'
Hwr = Oxz°  Oxv  OxH (2.24)
OF’ OF' OF'
r pv op vo
Lo = ox's  dx  Oa't (2.25)
K p A K p A K p A
T Oz Ozf Oz OF,, Ox" Oxf Ox" OF,, Oz" Oxf Ox" OF,, (2.26)

HYa T Dt Qv Oxle D oz’ Ox'e Ox'* Oz

ox'e Ox'm Oz Oz

The goal is to show that 7},,,, defined in Equation 2.24, transforms as a third rank covariant
tensor. That would be the transformation described by Equations 2.27 and 2.28 bellow.

, dz" dxP dx
T/,Ll/O’ - o't OV @ KPA (227)
Ox* Oxf Ox* [OF, OF) OF,\
T, = 0 e 2.2
Hee Qx'r 9z’ Ox'° < oz oxP + ox* > (2.28)

To show that T}, does indeed transforms as such, Equation 2.26 can be rewritten by renaming
the dummy indices leading, at fist, to Equation 2.29 and lastly to Equation 2.30, which, in a
closer look, is the same with Equation 2.28 and that proves that the quantity of Equation 2.24,
where F),, is any covariant antisymmetric tensor® of rank 2, transforms as a third rank
covariant tensor.

, _ Ox" daf dx* OF,,

oxP Ox* Oz OF,,

Oxf Oz dx* OF,,

wo T Qal OV 9T D

ox'e dx'* Oz Oz
Oz Oz O0xP OF),

oz 0x'7 Ox'* Oz
OxP Ox* Ox* OF ),

T Ox" dzf dx* OF,,

Hra Qg O Ol Da

ox'e Oz’ O’V OxP

8Note that Equation 2.21 was not used in this proof.
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The object T}, is also fully antisymmetrical in its indices as it can be seen by exchanging
the indices p <+ v and v < 0.

T ox* OxP Oz 0F,, 0z" Ox* ox? 0F,., O0z" Oa” ox? O0F,,
vue T 5 9k D' Oz | Oz Oz Oz x> | Ox'h Oz’ Or Ox>
, Oxf Oz" ox? 0F,, Oz’ Ox" oz 0F,., 0Ox" Oxf oz 0F,,

ad oz Ox'* Ox' Ox>  Ox't Oz’ Ox'v Ox>  Ox'° Ox'” Ox'* Ox
jzua - IZVJ

oxr dxP Oz 0F,, 0x" Ox* ox? 0F,, 0x" Ox* ox? 0F,,
HoV T Dl 9o 9 x> | Oz Ox'M Or'T Or> | Ox'® dr dx'h Ox)
OxP Oz~ dz* OF,, Oz Ox" Oz OF,, OxP Oz" dz* OF,,

T = - .

wov = T 9w Gk Or' O Ox'h O 0 O 0% Ox Ot O
T  =-T

pov nvo

Now is the turn for tensors of the fourth rank A,,,,, formed as derivatives of third rank
antisymmetric covariant tensors. The derivative of the last transforms as follows:

i, — ax" Oar dx N oz~  9%xP  Ox?
ox'™  0xo0xm Oz Ox'e X Dak v O’ Oxe P
ozt Oxf 0%z 8m OxP Oz* Ox® T,

(2.31)

ox'* Ox'v dx'odx'm " E)x’“ oz 0z’ 0x'™ Oz

Following the same recipe as in tensors of the third rank, one can form the following derivatives
by permuting the indices of the previous equation.

or;,, 0z~ Oz Ozt oz®  9%*xf O
or'c  0x'o '™ Ozt Ox™ P da'm Ok’ Jxlv P
ozt dxP 0% Ox" dzP dx* Ox® T, »
g 9.32
ox'™ Ozt dgle dytv P + ox'™ Oz'* Oz Oz’ Ox™ (2.32)
or,,, 0%z*  Oxf Ot n oz"® 0%xf  Ox?
or'  Ox'edx Oz’ oz N dxre dxvox'm D A
oz OxP 0% Ox" dxP Oz Ox™ T, px
K 2.
o' Ox'™ dx'ndz PN + ox' Ox'™ Ox'* Oz Ox™ (2.33)
or,,, &z~ OJxr 92> ox*  Oxf Oz
or'm  9xvoxt Ox'e dx'm P dx Oxmdx'e dxim P
oxr OxP 0% 6x OxP Oz Ox® 0T (2.34)

ox ox'e Jx'rdx'™ " 8x’” ox'e 0x'™ Oz’ Oz
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But, because there are three derivatives before each tensor term in each equation, adding the
four equations altogether will not lead to cancelling all the non-homogeneous terms. Instead,
one can observe that, in order to cancel the first term of Equation 2.31 with the third term of
the fourth equation, the last must appear with a minus sign. The same is true for the third
term of Equation 2.31, which will cancel with the first term of the second equation, if the last
is multiplied with a minus sign. As for the second term of the first equation, this will cancel
by addition with the second term of the third equation. These observations do give the correct
formula for forming a derivative that will actually transform as a covariant four rank tensor.
The correct way to form this derivative, is to add all the possible permutations, but multiply
with a minus sign when the permutation is odd. So, the following derivative transforms as a
4-rank covariant tensor, where the symbol (—1) is used to encode the previous remark about
the sign.

0T, 0T, oT. oT, oT,
A o = 1 + pro wro Ty ot voT
K Z( ) ox™ ox™ ox° + oxv oxh

(2.35)

2.1.5 Connection and Covariant Derivatives

There are two famous ways to introduce the notion of covariant derivatives. The first one is
more suitable for algebraic thinkers and has its roots on Equation 2.16, where it is shown that
the derivative of a vector does not transform as a vector itself. In order to achieve such a
homogeneous transformation, the derivative® should absorb in some way the non-homogeneous
term.

At first, a very common convention in the literature is the following, concerning the derivative
of a covariant vector.

0A,
L, = 2.36
s 03:” ( )
Of course, this convention also works for covariant tensors, for example:
oT,
Tho = 12 2.37
H, 8{]30 ( )

Following the same notation, the new derivative that absorbs the non-homogeneous term
would be:

A

wy —

A — ATE, (2.38)

The term denoted by I' above is responsible for absorbing the non-homogeneous term that
appears in the derivative of a covariant vector. The demand for this derivative is to transform
homogeneously, meaning as a second rank tensor. Demanding this rule of transformation, the
transformation formula for the I'-term will arise naturally.

9We are actually looking for such a derivative.
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oz" Ox*
,/u;u - @@AH;)\ (239)
oz" Ox* o™ dx*
A,Iu,,l/ - A/PFZ)V — ax/u W ”)‘ - @ﬁ prz)\ (240)

Substituting the transformation of simple derivatives (Aj, ) from Equation 2.16 and the
transformation of the covariant vectors (A}) from Equation 2.6, Equation 2.40 becomes:

oz~ Oz N 0%z~ B 8x”A e _ oz~ Ozt  0z® 92}
oz 9z N T Qe T gale T T gyt g N T Gtk 9

K P A 2 .5
<8x e ozf 0™ . 0z )AK:O (2.42)

AP (2.41)

ox'e” M dale P PN xndx

For the last equation to be true for every covariant vector A, the first factor must be equal
to zero. After some displacements and a multiplication by the inverse Jacobian matrix, the
transformation law of the I'-term arises.

o | 0r'7 Ozt N ox'” dxr Ox
w9k Qamdx | Qs Ox'k Qv P

(2.43)

Equation 2.43 is really important because it shows how the I'- term should transform, in
order for the new derivative of Equation 2.38 to transform as a second rank tensor.

Equation 2.38 is known as the Covariant Derivative of a covariant vector. The second
way of introducing the covariant derivative might be more appropriate for a physical thinker,
because it requires to visualize how would a vector move if it were restricted to a curved
space.

The easiest way to visualize this is, as always, to consider the simplest case. In this situation,
the simplest curved background is a curved line. First, consider two points, A, B, linked with
a straight line. Then, consider a vector anchored at the point A. If one wants to transfer this
vector to the point B, but simultaneously the vector has to move through the straight line,
then it means that the angle of the vector with the line must remain the same, through all
the positions the vector shall take during this transfer.

On the other hand consider that the points A, B are lying on a (non-straight) curve. Then, to
transfer a vector from A to B the angle that needs to stay intact is that between the vector
at each point of the transfer and the tangent line of the curve at this point. Figure 2.1 might
help in visualization.

Therefore, in the case of the straight line, the vector remains unchanged when comparing the
original vector, attached to the point A, with the final vector in the point B. In contrast,
in the case of the curved line, the vector changes just by "following" the line. There is no
external force that changes the vector; only the geometry of its underline space is responsible
for its change.
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Figure 2.1: Visualization of Parallel Transport for a vector. The first case considers transporting
through a straight line, which corresponds to the Euclidean space, while in the second
case the vector is transfer through a curved line. In the second case, the vector points
in a different direction after being transfered.

The job of the derivative is to quantify the change of functions between two points. But, in
the case of curved backgrounds there will be two different kinds of changes. One coming
from external forces/effects and another one only because the function is defined on a curved
manifold.

It is a good idea, to define a new type of derivative that will absorb the change of the
underlying geometry of the manifold and consider only the changes accounted to external
parameters. This is important for physics where the physicist wants to distinguish the changes
causes by "forces" to describe physical laws. That is exactly the job of the covariant derivative
defined previously.

The difference between two vectors A*, A* 4+ dA* defined in two infinitesimally close points
xP, xP + dxP is:

0AH

dA* =
ox”

da” (2.44)

This difference contains the total change of the vector, in the sense that was discussed above.
In that change there exist the change due to geometry, for which the symbol d A* is used. In
other words, d A" is the change that is considered as no-change when transferring the vector
from one point to another. This new quantity can only depend on the original vector § A* and
the coordinates’ one-form dx”. The simplest and most compact way to write this dependence
is:

0AH = —T't A"dz” (2.45)
To prove that this I'-term used here is the same as the one introduced for the covariant

derivative, Equation 2.43 must be reproduced using the notion of parallel transport. As
mentioned above, the change  A* measures only the original change of the vector, without
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taking into account the properties of the underlying manifold. As a result, this change must
be the same if the local coordinate system changes, by the diffeomorphism 2.1.

SAM = (5AM)

oz’ ,
0| =—A"| = (-T*" A dx"
(Goa) = (raacar)

I 3

5 (275N av 4 05 qv — g
oxY oxv

0%z Ox' ox'™  Ox"

AYdx" — 'Y Afdz® = —T"F —— AP

oxvoxs v ozv "7 x W OxP T Ox°

/K v I 2 /1
(F’“ ox'™ Ox Ox v 0°x )Apdac" _0

dz’

W 0xe Oxc Oz P° Oxrdx°

The vector A” was chosen arbitrarily, meaning that the last equation must hold for every pos-
sible vector A?. After changing some dummy indices and doing a little algebraic manipulation
the resulting equation is the following.

o 027 OxP Oz Oxf Ox 0%

_ _ 2.46
W gk Qa' Qxv PN Ot D DxPOT ( )

Equation 2.46 only differs with Equation 2.43 in the non-homogeneous term, but as one can
see from the calculations following this paragraph there is no actual difference. Equation 2.46
is just another way of expressing Equation 2.43. It is obvious from this rule of transformation,
that the I'-term is not a tensor.

Oxf dz" 0%z’ Ox" OxP O (02"
ox'm Oz Qxrdxs Oz Ox't dxP | OxF

_O0z" 0 [0x"”

- Ozl Oxm { oxr }

0 [ O0x"0x"” ox'” 0 | oz~
~ Oan {81”” ox" } © Qar Qe {&B”’}

0 ox'” 0 {c%v"}

- ox'v {ov} - ozt Oz’ | Oz’
oxP Ox" 0%x'° 027 02"

ox'm Oz Qxrdxrs  Oxr Ox'hx!v

In conclusion, in order to compare a vector in two different points on a manifold, one needs
to calculate its covariant derivative, which only takes into consideration the "true" change
of the vector. The covariant derivative is given by Equation 2.38. In this relation, the term
labeled with the letter I' is responsible for compensating the inhomogeneous transformation of
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a simple derivative '° This term is often referred to as affine connection. The connection is
also used to allow the parallel transport of a vector from one point of the manifold to another.
This is done by using Equation 2.45, which is the original change of the vector.

AP 4 §AP = AP — " ARdz” (2.47)

Equation 2.47 shows the parallel transported vector A*, can be used to define the covariant
derivative as the following limit.

(A" 4+ dA*) — (A* 4 0 AM)

A¥ =
v deV
B dA* — § A
N dzv
B dA* + FﬁpA”dx’)
N dxv
dA#
= —— +T* A%oP
dxzv ke v
Afj, = A", +I'" A" (2.48)

Equation 2.48 is the covariant derivative of a contravariant vector, which differs from the
covariant derivative of a covariant vector only by the plus sign appearing in front of the
connection. This relation will be validated in the next section, where it will be derived only
by the covariant derivative of the covariant vector and some of its consequences.

Of course, the combinations defined as frame invariant in Section 2.1.4 are the covariant
derivatives of themselves. This is easily shown by just replacing the ordinary derivative with
a covariant one. As a matter of fact, one shall not forget that they were initially defined to
absorb the non-homogeneous term of the derivative.

2.1.6 Covariant Derivative of Tensors

First of all, Equation 2.38 was given the name derivative in a naive way. More specifically, to
characterize an operation with the name derivative, this operation must be linear in terms of
itself and of its input. It should also have a Leibniz rule for an input product. Therefore, the
appropriate first step, in order to generalize this new derivative, is to show that it is actually
a derivative. A derivative is linear with respect to the field of real numbers and also possess a
Leibniz rule for the product of two functions.

0gee the second term of Equation 2.16.
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Consider two covariant vectors A,, B, and two real numbers a, b.

(@A, + bBu);u = (aA, + bB,U),z/ — I, (@A, + bBy)
= aA,, +bB,, — al%, A, — I, B,
= (ad,, - T%,0A.) + (bB,, — T},bB,)

(aA, +bB,)., = aA,, +bB,,

N4

This proves the linear property of the derivative. As for the Leibniz rule, it will be imposed
as a first step and then it will be proved acceptable by its results. More specifically, it will be
used to calculate the covariant derivative of a contravariant vector. If this calculation matches
Equation 2.48 then the Leibniz rule is accepted as correct.

The proof starts from the fact that A,B" is a scalar, meaning that its covariant derivative
must be the same to its ordinary derivative.

(AuB"), = (A,B")
AuwBY+ A BE = A, ,B" + A,B"
Ay B" — A5, B" + A, Bl = A, B" + A,Bl,
Ax (B = T%,B" = BY) =0
Bf, = BY + 1'%, B

v

This last equation is exactly the same with Equation 2.48. This concludes the proof that the
covariant derivative does indeed posses a Leibniz rule.

A very important aspect of this new derivative that allows it to be defined for all the
objects introduced in section 2.1.2 is that if a covariant derivative is equal to zero in a
certain frame then it would remain zero for every possible choice of frame. Of course, the
tensorial /homogeneous kind of transformation appearing in Equation 2.39 is responsible for
this fact. So, to show that a quantity is invariant over a manifold, one shall just demand that
its covariant derivative is zero.

The previous procedure used to validate Leibniz rule can be generalized to define the covariant
derivative of every tensor. More specifically, an invariant product is constructed by multiplying
the tensor with the appropriate number of covariant and contravariant vectors and then the
derivative of this invariant must be equal to its covariant derivative. As an example the
derivative of a mixed tensor will be calculated.

(TyABY), = (T} AuBY)
P P

TV AB’ + TVA, B +TIA,BY, =TV, AB" +TIA B + TIA,BY,
TH ABY +TFA,BY — THT% A BY + TFA,BY + THAIY B =TF A,B" + VA, B” + TFA,BY,

AB? (T3, = TV, = T5TS, = T, ) = 0
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The last equation gives the covariant derivative of the mixed tensor T*.
., =T, + 1T, - Ty, (2.49)

2.1.7 Geodesics and the Metric Tensor

The purpose of this subsection is to investigate if there is a natural way to compare lengths
on a manifold, having only introduced the connection I'. That is without any reference to a
metric tensor.

To investigate this, assume a curve on the spacetime manifold v = v* € M, which is
described by a real parameter A € I C R. The derivative of this curve is the velocity at every
point on the curve, or more rigorously a vector that lies on the tangent plane at every point
on the curve. Of course, the curve lies entirely on the manifold, therefore to compare the
velocity vector the notion of parallel transport of section 2.1.5 is needed.

The idea is to assume that by transferring the velocity vector between two neighboring points
on the curve the vector will remain on the tangent plane. The same will happen if the vector
is parallel transported to the neighboring point. So, the parallel transported vector would be
parallel to the regular transported one. This is desrcibed by the following equation.

d~# d~# _dfy“ d~#
K[d)\ +d<d)\>] ~dA 5<dA

dyt | dyt o dy” dy" dy”
QLA NI S S O X
TR e xR
dyr Ay dy" dy”
1Y g gy e X
(1= FK)-53 EP VAR 2y W Y

Taking a look at this equation, the right hand side is an one-form with respect to the differential
d\, while the left hand side is just a derivative. To fix this inconsistency the term 1 — K must
be also an one-form, which generally can be written as 1 — K = ¢(\)d\. Substituting in the
last equation, the result is:

H 21
o)L ar = 2

dA dA? ax

dy" o dy” dy”
AN — (A)——d\? + T
A o A gy

First, by doing a first order approximation the middle term of the right hand side vanishes.
After that, the equation is just an equality between one-forms. The condition that must hold
is the following:

ﬂ _ d2,y,u T d,yli d,yu
dA dA? A dA

U Mathematically the correct expression is v# = x* o «y, where z* is the local coordinate system, near each
point of the curve.

P(A) (2.50)
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Equation 2.50 is the general form of the geodesics equation. A simpler and more intuitive
way of expressing the above equation is by changing the parametrization of the curve v* for
A to s(A). Using the chain rule the geodescis equation can be written as:

(N ks + PTG = (G5 0) = /() 105

By demanding for the new parametrization to fulfill the equation ¢s’ = s” the geodesics
equation takes the form:

d?,yu dfyf-c d,.)/l/
K =0 2.51
ds? " ds ds ( )

The deeper meaning of this equation is that it is derived only by using the connection I' and,
as any curve, can be used to measure distances by integrating the velocity. This remark
gives rise to the idea that the connection must have a relation with the metric tensor of the
manifold. Of course, this last sentence does not imply that every connection can be written
in terms of a metric tensor.

A very basic introduction of the metric tensor is given bellow. The reason that there are no
details on this subject, is that the purposes of this chapter is to give a basic introduction of
differential geometry, in order to relate its ideas to the Yang-Mills theory over the Minkowski
spacetime, where the metric tensor is only used in basic calculations.

As stated above, the idea arises from the need to measure the distance of two arbitrary points
on a manifold. The metric is introduced as:

ds® = g, dxtdz” (2.52)

This equation an be used to prove that the metric transforms as a second rank covariant
tensor. The distance of two arbitrary points on the manifold must remain the same under the
diffeomorphic transformation of Equation 2.1.

(ds')? = (ds)*
gnda"da™ = g, dxtdx”

ax/n a ZE/)‘

! o v o__ o v
[ D dx D dz” = g datd
. o' axl)\ B
(/5% axu axl, - g,LLI/
oxt Ox”

ozt O™ Guv = g//ﬂ/\ (2'53)

The last equation is exactly the rule of transformation a covariant second rank tensor should
follow, so it concludes the proof. Now that the tensorial character of the metric is established,
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an obvious result is that the product g,, A*B" is an invariant quantity. This result is often
used to convert a contravariant vector to a corresponding covariant one.

g APBY = A,B

The meaning of the above equation is that the contravariant vector A* can be replace by the
covariant vector g, A*.

Ay, = g A (2.54)

It can be proved that the inverse of the metric tensor exists and in any frame they are related
as:

g""gux = 0% (2.55)

The inverse metric g"* transforms as a contravariant second rank rank and using the same
arguments as before, it can be used to transform a covariant vector into a contravariant one.

AV = g™ A, (2.56)

Another important property of the metric tensor is its relation with the Jacobian defined by
the diffeomorphism 2.1. Starting from the transformation of the metric, implied by Equation
2.53 and the determinants g and ¢’ of the tensors g,, and g, respectively one gets the
following formula.

ozt |

81.%

9

g’=|

The middle term of this equation is the Jacobian determinant of the frame transformation,
which gives the final result, that relates the metric tensor between two frames with the
Jacobian.

/
J= z (2.57)

This result is really important for the subject of this thesis, because the Yang-Mills equations
are studied in a Minkowski spacetime background, where the determinant of the metric is
g = 1 and as a result the Jacobian is also J = 1. Consequently, in the background of special
relativity, the relation between tensors and tensor densities described in Section 2.1.3 is trivial,
meaning there is no distinction between tensor and densities.
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. 5

Figure 2.2: Enter Caption

2.1.8 Curvature and Torsion Tensors

In section 2.1.5 the notion of parallel transfer was introduced. An interesting conclusion is
that when parallel transporting a vector over a closed path the final vector does not coincides
with the initial vector, because of the underlying structure of the manifold.

The appropriate measure of this result is, of course, the covariant derivative. For this section,
a different and more famous notation for the covariant is used. Specifically, the covariant
derivative of a contravariant vector is denoted as'?:

V,AY = 9, A" 4 T A"

Going back to measuring the effect of the underlying geometry of the spacetime manifold
M, when parallel transporting a vector A* from a point A € M the same point using two
different closed paths, as shown in Figure 2.2. The difference between the initial vector at
A and the parallel transferred vector at A is measured by the commutator of the covariant
derivatives in the p and v directions.

12The symbol 0y is just shorthand notation for the usual derivative operator 8%
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[V,.,V,] A = V,(V,A) — V,(V,A)
— 0,(V,A?) — T3, (Vo A°) + T, (V, A%)—
— 0, (V,A?) =T}, (Vo A7) + T4, (V,A%)
— (9,1, — ,T4,)A" + (I, — T, )V, AP+
+ T2, (9, A% — V,,A%) + T2 (9,A" — ¥, A%)
[V, Vo] AP = (8,12, — 8, + T4, T% T, —T0, 17 VA 4 (I, — T, )V, A?

KUt op KU oVt Kl

From the last equation the two following two tensors can be defined:

R, =01%, —o,+T¢ 10 17, -0 7, (2.58
T, =1, -17, (2.59)

The tensor Rf , is called the Riemann curvature tensor or just curvature of the manifold.

The tensor 77, is the torsion tensor. The important fact is that even in flat manifolds
where all the components of the curvature are equal to zero, covariant derivatives may not
commute, meaning that there is an urge for a connection. In classical general relativity the
spacetime manifold is considered torsion-free, which is achieved by assuming symmetric affine
connections. This kind of connections are often called Christoffel symbols.

2.2 Group Theory

2.2.1 General Definitions

Group theory is the mathematical theory that studies sets equipped with some special
properties. The first important thing to do is to define what are these properties a set must
have to be promoted into a group.

Definition 2.2.1 (Group). A group is a set G = {g} equipped with a binary operation ©®,
which is actually a map:

®: GxG—G

(91,92) > 91 © g2

The binary operation must fulfill the following properties:

(i) Closure: V1,92 € G, g1 © g € G

28



Chapter 2. Mathematical Background

(ii) Associativity: Vg1, 92,935 € G, 91 © (92 © g3) = (91 © g2) © g3
(iii) Identity: Jde € G'suchthat :Vg € G, e©®g=gGe=g
(iv) Inverse: 3g7' € GVg € Gsuchthat : g7 ' ©g=gog'l=c¢
If the set G equipped with the operation ® form a group the notation (G, ®) is widely used.

The term binary operation in the above Definition 2.2.1 is used as a fancy term to describe
a map that takes two elements of a group G and maps them to another element of the
group. The exact form of the operation should be chosen according to the properties of
Definition 2.2.1 and, of course, it depends on the elements of the group. For example, the
set of integer numbers Z = {...,—2,—1,0,1,2,...} equipped with addition forms a group,
because:

(i) The sum of two integers is an integer.
(ii) Addition is associative.
(iii) The number 0 € Z is the identity element of the addition 0 +a=a+0=aVa € Z
)

(iv) The inverse element is just the opposite number, which belongs in the group: Va € Z :
J(—a) € Zsuchthata + (—a) = —a+a =0

The above example is very illustrative, because it practically emphasizes the fact that when
defining a group two things must be defined: the set and the operation. If multiplication were
chosen as the binary operation instead of the addition, then the combination (Z,-) would not
form a group, because the inverse of an integer number is not an integer itself. Moreover, the
combination (N, +) do not form a group, because the opposite number of a natural number
(that would be the inverse in terms of group theory) is not a natural number.

Two important properties of a group (G, ®) are the uniqueness of the identity element e € G
and the uniqueness of the inverse g~ € G of every element g € G.

Uniqueness of the identity. Suppose that in a group (G,®) exist two different identity
elements e, e € G, e # es.
From the identity property defined in Definition 2.2.1 Vg € G:

cLOg=g0e =g
e20g=9g0er=g
Because the above equations are true Vg € GG, then for g = es the first equation gives:

e1®ey = e
and the second equation for g = e; gives:
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e1®ex=¢

Combining the last two results:

€1 = €9

which is a contradiction according to the original hypothesis e; # e;, which means that
e1 = ey. This procedure can be followed in a similar manner to prove that e; = ey = ... = e,
which means that the identity element of a group is unique.

]

Uniqueness of the inverse. Suppose that in a group (G, ®) exist two different inverse elements
a,b € G, a # b for each element of the group g € G.
From the inverse property defined by the Definition 2.2.1:

a®Og=gOa=c¢

bog=gob=ce

So, using the identity element e € G and the associativity of the group’ s binary operation:

a=a@e=a0bGa)=(a®b)Ga=e0b=">

The last, statement is a contradiction, because in the original hypothesis it was a # b. This
shall prove that the inverse ¢g~! € G is unique for each g € G. H

Definition 2.2.2 (Subgroup). Let (G,®) and (H,®) be groups equipped with the same
binary operation ® and underlying sets G = {¢}, H = {h}. If H C G then (H,®) is called a
subgroup of (G, ®).

Note that by the uniqueness of the identity proven above, the identity element e € G should
also be an element of the set H, in order for the set H to be considered a group. This means,
that if H is a subgroup of G then, these two groups have the same identity element e.

Definition 2.2.3 (Abelian Group). Let (G, ®) be a group. The group G is called Abelian if:

V1,92 € G, 1O ga =920 ¢

In other words, if a group’ s binary operation is commutative then the group is called Abelian.
For example, the set of integers equipped with addition form an Abelian group. Of course,
even if g1 ® go # go ® g1 for two specific g1, go € G then the group is called non-Abelian.
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At this point, it should not be forgotten that groups are sets with some special properties,
which means that maps can be defined with groups playing the role of the domain and the
target set. Some special cases of such maps are given by the definitions bellow.

Definition 2.2.4 (Homomorphism). Given two groups (G,®) and (H,e), a group homomor-
phism is a map ¢ : G — H such that Vgy, go € G:

?(91 © g2) = ¢(g1) ® H(g2)

Definition 2.2.5 (Isomorphism). Let ¢ : G — H be a group homomorphism. If the map ¢
is a bijective map then the map ¢ is called isomorphism and the groups (G, ®), (H,e) are
called isomorphic groups if such map exists. The notations (G,®) = (H,e) and G = H are
equivalently used.

The isomorphism map is really important, because it is what a mathematician would call the
"structure preserving map".

2.2.2 Matrix Groups

From the era of classical physics it has been known that matrices play a very important role
in transformations and, as a result, in symmetries of a system. To be exact, every matrix
express a linear transformation. '* For this reason, the most important matrix sets are defined
in this section. It has to be clear that the following definitions define the matrices as sets and
not groups. Although, each definition is accompanied with a proof that shows it also forms a
group with binary operation the matrix multiplication. So, the term matrix set or matrix
group is used equivalently when referring to one of the following definitions.

Definition 2.2.6 (General Linear Group). The General Linear Group over R is the set of
all invertible square n x n matrices of real values (MR, ), with binary operation the matrix
multiplication.

GL(n,R) ={Ac MR | det(A)#0}

Proof. (i) Closure: Assume two matrices A, .., Buxn € GL(n,R). It is known from linear
algebra that the result of the multiplication of two square n X n matrices is an n x n
square matrix.'*

Anxn : ann = Unxn (260)

So, for Cyx, to belong in the set GL(n,R), it needs to have det(C') # 0.

Again from linear algebra:!®

13The inverse of this statement is not true.

1The symbol "' denotes ordinary matrix multiplication

15The subscript n x n denoting the dimensions of each matrix is omitted, because all matrices mentioned in
the present section are n X n square matrices
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det(A - B) = det(A) det(B) (2.61)

The result of these two equations is:

det(C') = det(A) det(B)

Because, A, B € GL(n,R), det(A) # 0 and det(B) # 0. What follows from the last
equations is that det(C') # 0. As a consequence, VA, B € GL(n,R), A-B = C €
GL(n,R).

(ii) Associativity: From basic linear algebra it is known that matrix multiplication between
square matrices of the same dimensionality is an associative operation. VA, B,C €
GL(n,R), (A-B)-C=A-(B-C).

(iii) Identity: The identity element is the identity n x n square matrix (1,x, = 1), because
VAe GL(n,R), A-1=1-A=A. Of course, det(1) # 0, so 1 € Gl(n,R).

(iv) Inverse: Every square matrix A € GL(n,R) is an invertible matrix, because det(A) # 0,
which means that 34!, A='. A= A. A1 = 1. The inverse matrix A~! must be an
element of GL(n,R). Again, from basic linear algebra:

det(A- A7) = det(A) det(A™")
but A- A~ =1, det(1) = 1 and det(A) # 0, so:

1
~ det(A)

det(A7) £0 (2.62)
The last equation proves that A=t € GL(n,R)

U

Definition 2.2.7 (Special Linear Group). The Special Linear Group over R is the set of all

square n X n matrices with real values and determinant equal to one, with binary operation
the matrix multiplication.

SL(n,R) ={A € GL(n,R)| det(A) =1}
Consequently, according to the Definition 2.2.2, SL(n,R) C GL(n,R)

Proof. One can prove that the Special Linear Group is indeed a group by following the same
steps presented above, where it was shown that the General Linear Group is indeed a group.

(i) Closure: VA, B € SL(n,R) and C defined as C' = A- B, one should prove that C' belongs
in the set SL(n,R). So, it should be proven that C' is a square matrix with det(C) = 1.
As implied in the previous proof (see Equation 2.60) C'is a square n X n matrix. As for
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the determinant: det(A) = 1, det(B) = 1 and using Equation 2.61 det(C') = 1, which
means that C' € SL(n,R).

(ii) Associativity: Multiplication of square matrices is an associative operation

(iii) Identity: It must be proven that the identity matrix 1 belongs in SL(n,R), which is
true because every identity matrix has det(1) = 1.

(iv) Inverse: It can be proven, following the same steps presented in the same section of
the previous proof, that the inverse matrix A™! exists VA € SL(n,R). Last but not
least, using Equation 2.62 and substituting the det(A) = 1, the result is det(A™!) =1,
which proves that every inverse A~! of every element A € SL(n,R) belongs in the set
SL(n,R).

O
Sets of Definition 2.2.6 and Definition 2.2.7 are defined as sets of matrices, whose elements are
real numbers. They can be extended to the groups GL(n,C) and SL(n,C) respectively, so

that matrices can contain complex numbers as well. These expansions do not change anything
in the proofs provided above.

Definition 2.2.8 (Orthogonal Group). The set of the Orthogonal Group is:
O(n) ={A € GL(n,R)|ATA = AAT =1,,,}

where the condition:

ATA=AAT =1 (2.63)

is known as the orthogonality condition.

Directly by the definition, it should be clear that O(n) C GL(n,R).

Proof. (i) Closure: According to the Equation 2.60, if a matrix C' is defined as A- B = C,
with A, B € O(n), then C is a square matrix. Moreover, it must be proven that
C-CT =7 .C = 1. Using the property:

(M- N)T =NT. M" (2.64)
and the associativity of matrix multiplication between square matrices of the same
dimension:

C.-C"=(A-B)-(A-B =(A-B)-(B"-A")=A-(B-B").- A" (2.65)

Now, knowing that A, B € O(n) means that the orthogonality condition 2.63 holds for
the matrices A, B and Equation 2.65 gives:
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C-CT=A.1-AT=A.-AT=1

Following exactly the same steps one can prove that C? - ' = 1. This means that

C € O(n).

(ii) Associativity: As mentioned before matrix multiplication between square matrices of
the same dimensions is associative.

(iii) Identity: the identity element is the identity matrix 1. For this to be true, the identity
matrix must be an element of the group O(n). This is true, because 17 = 1 and
consequently 1-17 = 1.

(iv) Inverse: Because O(n) C GL(n,R), the inverse A™! of every element A € O(n) exists
and is A~! € GL(n,R), but this inverse element should also be an element of the group
O(n). So, the following Equation 2.66 must be proven.

At (A = (aat =t (2.66)

To prove this equation Property 2.64 combined with the following Property 2.67 will be
useful.

(M-N)y'=N"1. M (2.67)

Starting from the equation A - AT = 1, which is true YA € O(n) and substituting
A= A", the equation (A~!)" - A=' = 171 = 1 is obtained. The last equation concludes
the proof that VA € O(n)3A~! € O(n)

]

The significance of orthogonal matrices is already known from linear algebra. Two matrices
are called orthogonal if their rows and columns are orthonormal vectors.'® Mathematically
this is expressed with the orthogonality condition 2.63. Column matrices of n values can
represent a vector in an n-dimensional vector space. When an orthogonal matrix O,,,, acts on
a column matrix A, .1, which represents an n-component vector, a new n-component vector
is produced which is rotated in the basis formed by the orthonormal vectors, appearing as
the rows and columns of the orthogonal matrix O. As a general statement it can be said that
rotations of real vectors are represented by orthogonal matrices.

Another important property of orthogonal matrices can be proved after having established
that they form a group. The fact that the inverse element of a group is unique means that
the inverse O~! of an orthogonal matrix O is unique. In a more mathematical language
this translates as: '"There exists exactly one matrix O~! € O(n), that satisfies the equations
O-071 =071 =1." Combining the previous statement with the orthogonality condition of
Equation 2.63, it can be concluded that for every orthognal matrix:

16That is why orthogonal matrices are also referred to as orthonormal matrices
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O *t=0" (2.68)

An important property that should be taken into consideration is that for every matrix A,
the following equation holds.

det(A”) = det(A) (2.69)

So, for two orthogonal matrices, taking the determinant on both sides of the Equation 2.63
results in:

det(0 - 0") = det(0) det(0") = det(0)* = det(1) = 1

which is:

det(0)? =1 = det(0) = £1 (2.70)

This result is very important, because it restricts the determinant of an orthogonal matrix to
the values +1. The special case of det(O) = 1 is the case of the Special Orthogonal Group
described in Definition 2.2.9 right bellow.

Definition 2.2.9 (Special Orthogonal Group). Following the same pattern as in Defini-
tion 2.2.7, the set of the Special Orthogonal Group is defined as:

SO(n) ={A € O(n)| det(A) =1}
Of course, SO(n) C O(n)

Proof. The proof that the Special Orthogonal Group does indeed form a group is trivial
combining the proofs provided for the Orthogonal Group and the Special Linear Group. [

Notice that when defining the Orthogonal and the Special Orthogonal groups there is no
parameter R inside O(n) and SO(n), as there was in GL(n,R) and in SL(n,R). This is
happening, because we need orthogonal matrices to represent rotations, which are expressed
by the condition 2.63, only in real vector spaces R”. The analogue in complex vector spaces is
expressed by the unitary matrices defined bellow.

Definition 2.2.10 (Unitary Group). The Unitary Group is a matrix group with set:!”

Un)={AcGL(n,C)|A-AT=A"-A=1,,,}

The condition:

17 At is used to denote the Hermitian conjugate of the matrix A, which is AT = (AT)* = (A*)T
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A-AT=AT.A=1 (2.71)

is known as the unitarity condition

Proof. The proof is actually very similar to that provided for the group O(n), but there are
some differences arising from the use of the Hermitian conjugate.

(1)

(i)
(iii)

(iv)

Closure: Let’ s define again the matrix C = A - B, with A, B € C. As described many
times above, C' is a square matrix with the same dimensions as the matrices A, B. As a
second step to prove closure, the unitarity condition 2.71 must be proven. This goes as
follows:

C-C'=(A-B)-(A-B)f (2.72)

Now using the property:

(M- N) = NTMT (2.73)

and the associativity of matrix multiplication the equation 2.72 is continued as:

C’-OT:A-(B~BT)-AT

Now, remembering that A, B € U(n), A, B fulfill the unitarity condition 2.71. Using
this condition the last equation becomes:

C.-CfT=A.1-AT=A4.-At=1
One can start from the side CT - C, follow the exact same steps and finally prove the
closure property of the group.
Associativity: Matrix multiplication is an associative operation

Identity: The Hermitian conjugate of the unitary matrix is the unitary matrix itself
1'=1=1€eU(n).

Inverse: Again, U(n) € GL(n,C), so VA € U(n), det(A) # 0 = FJA' A1 A =
A - A1 = 1. This inverse matrix should be an element of the group U(n), meaning
that it must have the property (A=1)"- A4=1 = A=1. (4~1)" = 1. To prove this, linear
algebra is needed again. Starting from the term A - A" and using the fact that if two

invertible matrices are equal then their inverse matrices must be equal combined with
the properties 2.73, 2.67 and 17! = 1, the equation takes the form:

(A-af) = (a7 a7t = () At =1
By this last equation the proof that the set U(n) does indeed form a group is finished.
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[]

Unitary matrices have a similar property to that of orthogonal matrices concerning their
determinant. In fact, taking into consideration the property:

det(U") = det(U)" (2.74)

and then taking the determinant of UT - U = 1:

det(UT-U) = det(U") det(U) = det(U)" det(U) = |det(U)[* = 1

The last equation means that the determinant of a unitary matrix has the the form:

det(U) = €', a € [0,27) (2.75)

Definition 2.2.11 (Special Unitary Group). The Special Unitary Group is a subgroup of the
group U(n) defined in Definition 2.2.10, with set:

SU(n) ={Ae€U(n)| det(A) =1}

Proof. Proof is again trivial if one combines the techniques used for proving that U(n) and
SL(n,R) form groups. O

2.2.3 Free Parameters of Matrix Groups

An important feature of the matrix groups defined in Section 2.2.2 is the free parameters
of each group. This term refers to the number of matrix elements in each matrix of a
matrix group, that are not fixed by any condition. First of all, it should be noted that
SL(n,R),0(n), SO(n) are subgroups of the GL(n,R) group, while U(n), SU(n) are subgroups
of GL(n,C). As a result, each subgroup will have less free parameters than GL(n,R) and
GL(n,C) respectively.

The group GL(n,R) contains all invertible n x n square matrices, so its free parameters are
the n? elements contained in each matrix. The condition det(A) # 0 does not fix a parameter,
it just rejects specific simultaneous values of the free parameters. In that sense, each matrix
of GL(n,R) can describe a point in a vector space R™, but every point of R could not be
described as a matrix of GL(n,R), because R” also contains the points (a, b, ¢, d) that lie on
the surface ac — bd = 1. These points correspond to non-invertible n x n square matrices.®

To calculate the number of free parameters needed to fully define each matrix of the SL(n,R)
group, one should start from the n? free parameters of a matrix of the GL(n,R) group. The

18This is a first try to connect the idea of matrix groups and the idea of surfaces of R
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condition for the determinant is one equation. As a result, it fixes only one parameter, so the
number of free parameters of SL(n,R) is n? — 1.

The same procedure can be followed to define the number of free parameters for the groups
O(n) and SO(n). Although, the conditions of these groups are a little more complicated,
it should be helpful to see explicitly what is happening for the matrices O € O(n) and
SO € SO(n). One can start from 2 x 2 and 3 x 3 matrices and then generalize the result for
arbitrary n X n square matrices.

The orthogonality condition 2.63 then gives:

0.07 — a4+ b ac+bd _ (10

ac+bd c*+d? 01
Notice that the off-diagonal elements of this last equation give only one equation for the free
parameters. In the case of 2 x 2 matrices the free parameters started from 22 = 4 and reduced

to 1, by the orthogonality condition. To generalize this result, let’ s see what happens in 3 x 3
matrices.

a b ¢ a e h
O=|e f g| O"=1|b f i
h i j c g J

Applying the orthogonality condition:

a4+ +c ae+bf +cg ah+bi+cj 100
O-0F=|ae+bf+cg e+ f>+¢*> eh+fi+gj|=]0 1 0
ah+bi+cj eh+ fi+gj &+ g*+ 52 001

By increasing the dimension of the matrix it becomes clear that the orthogonality condition
gives one symmetric matrix, which must be equal to the identity matrix. For an arbitrary
n X n matrix n equations arise from the diagonal. The off-diagonal elements of an n x n
square matrix count n(n — 1). But, because the matrix is symmetrical, only half of those
elements give different equations. In total the different equations are:

nin—1) n(n+1)
L

The free parameters were n? at first, so after fixing they are:

2_n(n—|—1) _n(n—1)

T Ty T T
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Now, according to the Equation 2.70 the determinant of an orthogonal matrix has two possible
values: +1. If an orthogonal matrix has its determinant equal to 1 then it is called special
orthogonal matrix and it is an element of SO(n). That being said, the condition det(A) = 1
in the Definition 2.2.9 does not fix any free parameters, because there are infinite sets of free
parameters that satisfy this condition. As a result, the number of free parameters of SO(n)
is also 7"("2_1).

As mentioned above all the elements of a unitary matrix U € U(n) are complex num-
bers, because U(n) is a subgroup of GL(n,C). A matrix of GL(n,C) has n? free com-
plex parameters. Fach complex number is composed by two real numbers, meaning that
each matrix of GL(n,C) consists of 2n? free real parameters. Again, one can think of
each matrix of GL(n,C) as a point in C". The vector space C"* without all the points
r = (CLH, a12,...,QA1p,A21,A922,...,A2p,...0np1, Ap2, ... ,ann) S CnQ, A11,A12y 5 App € C, that
satisfy the condition det(A) # 1, A = [a;], 4,7 =1,2,...,n.?

At first, let’ s calculate the free parameters of the unitary 2 x 2 square matrix. A general
complex 2 x 2 square matrix and its hermitian conjugate can be seen bellow:

_ (a, +1ia; by +1ib; + o (ar—a; ¢ —ic

Now, using the condition, which appeared in Definition 2.2.10:

U.U = a2+ a? + b2 +b? (arcr + aic; + bed, + bid;) +i(aic, — apc; + bid, —bedi)\ _ (10
- (GTCT + a;c; + der + bldl) — i(aicr — ayC; + bidT - brdl) C,2. + (‘? + d72 + d? - 01

From the last equation it is quite obvious that the resulting matrix is not symmetrical. The
off-diagonal elements are complex conjugate numbers. Because of this relation between
the off-diagonal elements the last equation gives four separate equations between the free
parameters of the unitary matrix. Two of them originate from the diagonal, while the other
two come from the real and the imaginary part of the off-diagonal elements, that must be
both equal to zero.

For a general n x n unitary matrix the equation U - UT = 1,,,, gives n equations from the
diagonal elements and two equations from half of the off-diagonal elements. The equations
that arise in total are:

nn—1
n+ 2g =n?

2
Initially, the real parameters were 2n?. Subtracting the n? fixed parameters, the result is n?

and this is the final number for the free real parameters for a unitary matrix of the group
U(n).

a1 oo Q1n
9The notation A = [a;;] is used to denote the square matrix: A =
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Group | No of Free Parameters
GL(n,R) n?
GL(n,C) 2n?
SL(n,R) n?—1
SL(n,C) 2n? —1

O(n) s

SO(n) g

U(n) n?

SU(n) n?—1

Table 2.2: The number of free real parameters for each matrix group, that was mentioned in
Section 2.2.2.

Here, the special case of the group SU(n) is different than the special case SO(n). According
to the Equation 2.75 the determinant of a unitary matrix can be any complex number of
norm equal to 1, and that exactly is the difference with the orthogonal matrices, where the
determinant can only take two values. That being said, the condition det(U) =1, U € SU(n),
actually fixes a free parameter. As a result, the number of free parameters of the group SU(n)
is n? — 1, where n? are the free real parameters of U(n) calculated above and 1 parameter is
fixed from the determinant condition. The same is true for the group SL(n,C), where the
free parameters where 2n? at first and after the determinant condition they are 2n? — 1.

All the above calculations of the free parameters of each matrix group are summarized in
Table 2.2.

2.2.4 Lie Groups, Lie Algebras and Representations

Lie groups are a special type of groups that connect the idea of a smooth manifold with group
theory.

Definition 2.2.12 (Lie Group). A group (G, ®) is a Lie Group if the underlying set G is a
smooth manifold and the maps:

®: GxG—G

(91,92) = 91 © g2

1:G— G

gr— g "
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are smooth maps.

Of course, by the definition of manifolds the set must be continuous, meaning that a group
has to be continuous in order to be a Lie Group. The term continuous when used for a set is
a little controversial and is strictly defined in Topology. Intuitively a continuous set? can
be thought as a set, where it is possible to "travel" from one element of the set to another
without leaving the set.

Using more simple words, for a group G to be characterized as a Lie Group, two conditions
must be fulfilled. First, each one of its elements g; € G must be described with some map
g: R" — G, such that (64,0s,...,0,) — g; € G. The dimension n is the number equal to
the number of free real parameters of each group presented in Table 2.2.

All matrix groups studied in Section 2.2.2 are proven to be Lie Groups. As an example
consider the group SL(2,R). Every matrix A € SL(2,R) has 4 entries, say (a,b,c,d). These
entries can be thought as a point in R*. Now, according to Definition 2.2.7 the entries must
satisfy the equation ad — bc = 1, which according to the implicit function theorem describe a
surface of R*. So, a manifold is associated with the elements of the group SL(2,R). The rest
of the groups can be also associated with manifolds following the same thinking procedure.
Of course, the groups of complex entries can be thought as complex manifolds as well.

Definition 2.2.13 (Dimension of a Lie Group). The dimension of a Lie Group is the dimension
of the manifold.

It can be proven that the dimension of all matrix Lie Groups is the number of the free real
parameters of each group given in Table 2.2. For example, SU(n) is a n? — 1 Lie Group. A
very useful property of Lie Groups is that they can be associated with a corresponding Lie
Algebra, which is nothing but a vector space equipped with a special map defined bellow.

Definition 2.2.14 (Lie Algebra). A Lie Algebra g?! is a vector space over some field F?2
equipped with a map:

[J:axg—9
which possesses the following properties:

(i) Bilinearity: Vgi, g2,983 € g and Va,b € F:

lagy + bg2, 93] = alg1, g2 + b[g2, 93] (2.76)

(ii) Antisymmetry: Vg, gs € ¢:

(91, 2] = —[g2, 0] (2.77)

20When referring to the continuity of a group we are actually referring to the continuity of its underlying
set.

2\When referring to a Lie Algebra the "mathfrak" notation will be used

22The term field here is used with its mathematical meaning. For our purposes of studying the matrix
groups of Section 2.2 the field will be either C or R
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(iii) Jacobi Identity: Vg1, g2, 93 € g

1, [92, @3]] + (g3, (91, 92]] + [92.[93,01]] = O (2.78)

The map of Definition 2.2.14 is called Lie Bracket and by definition it closes the algebra,
meaning that every element of the target set of this map belongs to the Lie Algebra itself.
The dimension of the Lie Algebra is equal to the dimension of the underlying vector space.
Note that in Mathematics the term "algebra" is used to describe a vector space which is
equipped with a map that closes the algebra. The difference between an algebra and a group
is that groups do not have the structure of a vector space, they are just sets, that are equipped
with the properties of Definition 2.2.1. Closure is included in those properties but it is not
the only one. The importance and elegance of Lie Groups and Lie Algebras comes from the
fact that they are connected in a way that is going to be described bellow, achieving in this
way a connection between two different mathematical concepts.

As every vector space a Lie Algebra can be spanned by a basis. Also, the target set of the Lie
Bracket is the Lie Algebra itself, meaning that the result of every Lie Bracket can be expanded
in a basis of the Lie Algebra. Suppose a basis T = {T,} = {T1, Tz, ..., Tqa},a=1,2,...,d of
a Lie Algebra g of dimension dim (g) = d. The Lie Bracket between two elements of the basis
is [T,,Ty] = go, where g, € g. Therefore, g, can be expanded as g, = fT.%3. This remark
encouraged the following definition for the structure constants of a Lie Algebra, which proved
to be very useful for the connection between a Lie Algebra with a Lie Group and vice versa.

Definition 2.2.15 (Structure Constants). Assume a Lie Algebra g of dimension dim (g) = d
and a basis T' = {T,},a = 1,2,...,d of this algebra. The structure constants of the Lie
Algebra are defined via the Lie Bracket as:

d
[Taa Tb] = Z fab A = f;ch (279)
c=1

where a,b,c € {1,2,...,d}

It should be noted that structure constants are the coefficients of an orthonormal expansion on
the basis T' = {7, }, meaning that they are just complex numbers?*. Applying the properties of
the Lie Bracket from Definition 2.2.14 on the structure constants one can derive the properties
that the structure constants must fulfill themselves. Firstly, from the antisymmetry property
of the Lie Bracket follows:

23Einstein’ s summation convention is implied

24Complex numbers are the most general case for the purposes of this thesis. The indices a, b are there to
remind that the structure constants do relate to the elements T,, T} appearing in the Lie Brackets. Generally,
the structure constants are elements of the field F appearing in Definition 2.2.14
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[Taa Tb] = _[Tb7 Ta]
ngc - _flfaTC
o = —Jra (2.80)

where the last line follows from the fact that 7= {T.}, so for two expansions on the same
basis to equal, the coefficients of every respective elements T, must be equal. Equation 2.80
shows that the structure constants of every Lie Algebra are totally antisymmetric in their
two bottom indices.

From the Jacobi identity of the Lie Bracket follows a kind of Jacobi identity for the structure
constants. Applying the Jacobi identity on the basis T"= {7,} and working term by term:

[Taa [Tb7TCH = [Taa flﬁich} = fl;ic [Ta?Td] = fl;ic ;dTe
T2, [To, Th)] = [TC’ ngd} - f:zjb [Te, Ta] = fdb edle

a

(T3, [T, Ta) = | Ty, 4 Ta] = £2, (T, T = St fiTe

[TCL7 [Tb7 TC]] + [TC7 [Tm Tb“ + [Tlh [T07 Ta]] =0
feloale + fanJeaTe + [& foaTe = 0

[Fifoa+ 1o+ fAfe] T =0 (2.81)
Because T' = {T.} is a basis of the Lie Algebra, all elements of the basis are linearly
independent:
d
SANL=0= N=0Vie{l,2,...,dim(g)} (2.82)

i=1

As a result, the only solution for Equation 2.79 is the following Equation 2.83, which is usually
referring to as a Jacobi identity for the structure constants of a Lie Algebra.

fofe+ fofa+ fafa=0 (2.83)

At this point, having defined Lie Groups and Lie Algebras it should be wise to understand the
connection between them, implied by their common name. In terms of Differential Geometry
a Lie Group G has a corresponding Lie Algebra g, which is the tangent space T,(G) to the
identity element of the group e € G. It is a mathematical result that the exponential map is
"responsible" for this connection. In fact, the exponential map is defined as exp: g — G,
via the Taylor expansion:
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X2 X3
The exponential map connects every g; = g;(61,02,...,60,) € G with an element X € g in the
following way:

0°T,)? 0°T,)3
%:%wh%w”ﬁ@:em@mn}:1+ww;+ﬂ(22 +f(y)—h” (2.85)
A very important remark on the above equation is that the real parameters (61,60, ...,6,)

that describe (smoothly) a group element are the coefficients of the orthonormal expansion
X = 0°T, describing the corresponding element X € g of the group element g; € G. Another
important remark is that the identity element 1 appearing in the right hand side of Equation
2.85 could not in the general case be the identity element of the group, because in the general
mathematical concept of an algebra there is no obligation for an identity to exist. Being more
specific, if 1 is the identity element of the group how could it be possible to add this element
with the polynomials that follow, which contain only elements of the Lie Algebra?

In fact, the Taylor expansion of Equation 2.85 only makes sense when one refers to a matrix
representation of a Group. It can be mathematically proven that every compact group can be
represented with elements in a matrix group. Every Lie Group is compact and the connection
between a Lie Algebra and a Lie Group requires that every Lie Algebra has a representation
on a matrix group.

Last but not least, according to Equation 2.85 if one knows a basis T' = {T,} of the Lie
Algebra (s)he can generate every element g; = ¢;(01,0s,...,0,) € G. That is why the elements
T, are usually referred to as generators of the group.

A very important property of Lie Groups is that they can be represented as set of n x n square
matrices. Knowing how to do this representation is really important for physics, because all
Lie Groups that express symmetries of the physical systems can be thought as appropriate
subsets square matrices. But first we need to define mathematically what a representation is.

Definition 2.2.16 (Representation). A representation R of a group G is a map:
R: G+—— GL(n,C)

25 For which group axioms require the following properties:
e if g € G— M; € GL(n,C) then g; ' € G+ M; "' € GL(n,C)
e ceGr— 1,4, € GL(n,C)
e g1 ® go = g3 —> M1 My = M;3 where g1, 92,93 € G and M;, My, M35 € GL(n,C)

The bullet points in the above definition are the conditions needed to show that a map
R : G +—— GL(n,C) is a representation of the group G. Note, also, that by definition the
map R is not necessarily invertible. Two arbitrary group elements can be represented by the

Zor GL(n,R)
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same matrix element of GL(n,C). If the map R is injective then the representation is called
faithful.

Another important aspect of representations is that for a specific group G there exist an
infinite number of representations R. More particularly, consider a representation R of a
group G. We shall prove that the representation R = SRS~ where S is a constant invertible
matrix, is also a representation.The representations R and R are often called equivalent
representations. Moreover, if S happens to be a unitary matrix the term unitarily equivalent
is used to describe the representations R and R.

Proof. Because R is a representation of a group GG, Definition 2.2.16 requires:
(i) Rle) =1

(i) R(gi ") =R (g:), Vg € G

(iii) if g5 = g1 © g2, then R(gs) = R(g1)R(g2)

To prove that R = SRS~ is also a representation of G, one has to prove that it holds similar
properties with the representation R.

(i) R(e) = SR(e)S~' =S515-1=1
(i) R(g:) = SR (g:)S™" = RY(g:)

(ili) R(gs) = SR(g3)S™" = SR(g1)S7'SR(g2)5~" = R(g1)R(g2)
]

The above proposition leads to the result that every group can have infinitely many represen-
tations, which brings on the obvious question regarding which representation contains all the
information needed by a physicist to study a physical system.

Definition 2.2.17 (Completely Reducible Representation). A representation R of a group G
is called completely reducible if it is equivalent to the form:

SR(g:)S~! = (A(Ogi) B&)) Vg €G (2.86)

Opposing to the above definition a representation is called irreducible (irrep) if the matrices
representing each g; € G cannot be simultaneously written in the block-diagonal form of
Equation 2.86.

All the above are basic definitions for representations of groups. To study a physical system,
physicists are concerned with two main issues. Fist of all, they need to find which group
expresses the symmetry of the system. After that, all the irreps of the group must be found.
Thus, finding irreps is an aspect of great interest in physics. As a consequence, there are some
representations that play a much greater role in representation theory than others.

Definition 2.2.18 (Trivial Representation). Let G be a Lie Group. The trivial representation
is just the mapping:
R(gi) =1, Vg€ G (2.87)
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Definition 2.2.19 (Fundamental Representation). The fundamental representation of a

matrix Lie Group is the map:
R(9:) = gi;, Vi € G (2.88)

It is more practical, from a physical point of view, to define these representations via their
act on vector spaces. For example, consider a scalar field ¢ = ¢(z,) = (¢1(x,), ... dn(2,))
living in an N-dimensional vector space. This field can be transformed only by N x N
matrices, because that is what is allowed by matrix multiplication. So, if we need to transform
it by a specific group we must choose a representation of dimension N. The fundamental
representation of the group SU(N) is an accepted choice, because in matrix notation an
element U € SU(N) acts on the scalar vector field ¢ as:

<Z5/1 Uy ... UWIN ol

ﬁblN Un1 UNN ¢N

This notation is time and space consuming, so the index notation ¢ = U;gb] is always
preferred.

The idea of representations also applies to Lie Algebras, as expected from Equation 2.85.
Because, a Lie Algebra is a vector space, it is sufficient to define a representation for its basis,
the generators. The fundamental representation of a Lie Algebra is the set of N x N matrices
that fulfill the conditions presented in Table 2.3 discussed in the next Section.

There is one more very important irreducible representation, which is really important for
physics. It is easier to define this representation for a Lie Algebra and then translate the
results for the corresponding Lie Group.

Definition 2.2.20 (Adjoint Representation). The adjoint representation of a Lie Algebra g
with generators T'= {T"}, a = 1,...,dim(g) is the map:
be
R(T") = (Tgy) = —if™, vI"eT (2.89)

adj
where f%¢ are the structure constants of the Lie Algebra.

The indices a, b, ¢ in the above definition run in the set {1,2,...,dim(g)}, where dim(g) is the
dimension of the group manifold (see Table 2.2), meaning that this representation makes it
possible for the group and the algebra to act on fields "living" on vector spaces with dimension
equal to dim(g).

Last but not least, when transforming a vector v under a Lie Group G the following transfor-
mation law is implied:
vt = Uv’
where the element U of the group G is represented in the appropriate representation of the
group that can act on v. The above equation can be also expressed in terms of Lie Algebra
with the substitution U = exp{i0#*T,}.
= () 1 2.0

J
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Using a Taylor expansion U = 1 + i0*T* + O(#?), which in index notation is U;; = d;; +
i0°(T*);; + O(6?), the above expression can be written in an infinitesimal form:

V't = (5” +’i9a(Ta)ij); Uj, ‘ga’ << 1 (2.91)

where 7,7 € {1,...,dim(R)} % and a € {1,...,dim(g)}.

So, when physicists say that a field transform in the fundamental representation what
they mean is that the generators (T%)¥ appearing in Equation 2.91 are in the fundamental
representation. Of course, if the (T)% are in the adjoint then the filed transforms in the
adjoint.

2.2.5 Lie Algebras of Matrix Groups

In the previous Section, the main points of the connection between a Lie Algebra and a Lie
Group were presented. The aim of this section is to collocate what is exactly the connection
between the Matrix Lie Groups presented in Section 2.2.2 and their corresponding Lie Algebras.
Actually, by knowing what the corresponding Lie Algebra of a Lie Group is, studying Lie
Groups becomes a lot more easier because, all the elements of the group can be studied only
by a finite set T' = {T,} of generators.

First of all, in the previous section, two main properties for the structure constants of a
Lie Algebra were proven only by using the definitive properties of the Lie Bracket included
in Definition 2.2.14. More explicitly, Equation 2.80 shows that structure constants have
to be antisymmetric and Equation 2.83 is a kind of Jacobi identity. The use of the word
"antisymmetric" is kind of confusing, because structure constants fg, are just numbers, not
matrices. The antisymmetry here refers to their to lower indices as Equation 2.80 implies. A
spot that is left unanswered till this section is understanding and connecting to an actual
operation between matrices the Lie Bracket.

So, to find what operation the Lie Bracket is in terms of matrices one should start by
writing two different group elements ¢y, go € G as exponentials of elements of a Lie Algebra
g1 =q1(01,...,0,) =exp{i0®T,} and g2 = g1 (w1, ..., w,) = exp{iwab}. Then, by demanding

closure of the group, the element g3 = g;go = exp{i0°T,} exp{iwab} should be in the group.
From this last statement follows that the element g3 € G should also be expressed as an
exponential g3 = exp{i\“T.}, where the parameters \° will be expressed as functions of the
parameters 0% and w®. The key to connect these three exponentials is the following proposition,
broadly known as the Baker-Campbell-Hausdorff (BCH) formula.

Proposition 2.2.1 (Baker-Campbell-Hausdorff (BCH) Formula). For any square n X n
matrices A, B the following equation holds:

eAeB — oATB+5[ABl+15[A[A Bl 5(B,[A,B] +.. (2.92)

26dim(R) is the dimension of the chosen representation for the Lie Group G or the Lie Algebra g.
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where the notation [A, B is the commutator between the matrices A, B defined as:

[A,B] = AB — BA (2.93)

The omitted terms in Equation 2.92 are higher order commutators, that can always be expressed
as function of the commutator [A, B]

As mentioned several times above, the interest of this thesis restricts to matrix Lie Groups
and their corresponding matrix Lie Algebras. Using the BCH formula for the group elements
91,092,993 € G one getS:

-na - b - na b ﬁ a, b
629 Taezw T, _ 61(0 Totw’Ty)+%5 0w’ [Ta, T} (294)

The right hand side of the above equation must be a group element because of closure, which
leads to the conclusion that the commutator [T,,T,] = T,T, — T,T, must be the Lie Bracket
of the Lie Algebra.

In conclusion, every Lie Group has a corresponding Lie Algebra. The difference between the
corresponding Lie Algebras of different Lie Groups, should originate from the definition of
every Lie Group. The main purpose of this section is to analyze how the definitive conditions
of every Matrix Lie Group presented in Section 2.2.2 are "translated" in conditions for the
generators of the corresponding Lie Algebras.

The method for this "translation" begins by expressing arbitrary elements g; of every group in
terms of the corresponding Lie Algebra via the exponential map of Equation 2.85 and then
imposing the definitive condition of the Lie Group.

We will start from the GL(n,R). Consider an element A = A(6,,...,60,2) € GL(n,R), where
by Definition 2.2.6 det(A) # 0. Now, according to Equation 2.94, the element A can be
written as A = exp{if*T,}, where T, are the generators of the corresponding Lie Algebra
gl(n,R). The condition for the determinant is:

det(A) = det (ewaTa) #0

A very useful property of linear algebra states that for every n x n (real or complex) square
matrix the following equation holds:

det () = ™, VA € M,y (2.95)
This property is the key identity to finish the calculation for det(A):

det(A) = eT00Te) = " TlTe) £ (2.96)

Of course, Equation 2.96 holds for every T, € M, «,, leading to the very interesting result that
the corresponding Lie Algebra gl(n,R) of the Lie Group GL(n,R) is the set of n x n square

48



Chapter 2. Mathematical Background

matrices. This set also possesses a vector space structure as is required from the definition of
an algebra.

In the case of an element A = A(6y,...,0,2_1) € SL(n,R) the condition of Definition 2.2.7
can be expressed as:

det(A) = pTr(i0°Ta) _ ,i6° Te(Ta) _ q

The last equality is fulfilled only if:

0" Te(T,) =i (91 Tr(Tl) +otOp2y Tr(Tn2_1)) =0

The last equation must be true for every (61,...,0,2_1) € R”Q_l, because every element
A € SL(n,R) must be described by the Lie Algebra. This means that the generators of the
algebra sl(n,R) are traceless matrices: Tr(T") =0Vie 1,2,...,n% — 1.

Considering, now, the orthogonal group O(n). According to Definition 2.2.8 an element
A € O(n) always fulfills the orthogonal condition AAT = AT A = 1. Rewriting this property
using the fact that AT = A~ and then applying the BCH formula (Equation 2.94) one gets:

AAT

10T e(iGbTb)T

=1
=1

i b T
619 Taeze T, -1
(O Tat 0T ) =5 [0°Tu 0T | _
=1

eiea(Ta—&-TJ )= 5 [09T0. 08T, |

(2.97)
In order for Equation 2.97 to hold for every value the parameters 6 = {0,}, a = 1,2,..., "(”2*1)
can take, the generators can be chosen to be be antisymmetric:
-1
T, =T, Vae{1,2,...,”("2>} (2.98)

With that choice Equation 2.97 is written:

e% [QaTa,BbTb] -1

By writing explicitly the sums of the above equation it can be easily seen that the equation
holds for all antisymmetric matrices 7T},.

49



Karydis Evangelos

0°T%, 0°Th| = 0Ty + 0Ty + - - + 0T, 0'Ty + 0Ty + - - + 0T}

0°T,,0°Ty| = [0"T%, 0Ty | + |07y, 07Ty + [0' Ty, 0°T5] + -+ + [0' T4, 0° T3 | +
+ [0°T2, 0'T1] + (07T, 0T + [0°T, 0° T3] + -+ + [T, 0F T3] + -+
+ |08, 0'Th] + [0F T, 0T + [08T%, 0°T5) + - - + |07, 07T

The cross terms [0"T;, 07T;] i # j cancel out, because of the antisymmetry of the Lie Bracket:
[0°T3, 0T;) = —[0°T},0°T}] i # j, meaning that [0°T,,0°T}| = (6%)* [T,, T.] = O, which is
true for every set of parameters 6 = {0,}, a =1,2,..., "("271), because [T,,T,] = 0. This last
equation validates that the generators of o(n) algebra must be antisymmetric n x n square
matrices.

The Lie Algebra o(n) serves also as the corresponding Lie Algebra of the group SO(n),
because the condition det(A) =1, VA € SO(n) of Definition 2.2.9 translates to the condition
Tr(T;) = 0V i € 1,2,...,n% — 1 for the generators, according to Equation 2.95. But,
antisymmetric matrices are already traceless, meaning that no extra condition is introduced
for the generators.

The condition referring to the generators of the algebras u(n) and su(n) are calculated following
the same recipe. Using the equation of Definition 2.2.10 for an arbitrary element U € U(n):

AAt =1

0i0°Ta o =i0"T _ 1

0 (Ta=Td)+3[0°T0°T]] _ q (2.99)

From Equation 2.99 follows that the generators of the Lie Algebra u(n) are Hermitian matrices
T, = T. Same as before, u(n) coincides with the Lie Algebra su(n). The conditions for the
elements of each Lie Algebra presented above is summarized in Table 2.3.
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Lie Group

Lie Algebra

Condition for T;

GL(n,R)
SL(n,R)
O(n)
SO(n)
U(n)
SU(n)

gl(n,R)
sl(n,R)

su(n)

T; € Muxn
Te(7;) =0
T, =-T;
T=-T;

T,=T]
T,=T]

Table 2.3: The corresponding Lie Algebras of the Lie Groups defined in Section 2.2.2. T; refers to

the elements of the algebra.
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Chapter 3

Gauge Theories

3.1 Abelian Gauge Theory

3.1.1 Gauge Invariance in Classical Electrodynamics

Gauge theories started from a simple property of Maxwell’s equations for classical electrody-
namics. In this section, we are going to illustrate this property and construct the first gauge

theory, which possesses the famous U(1) symmetry. The followung discussion is adapted from
[13].

First of all, Maxwell’s equations in natural units (h = c¢ = 1) are:

V-B=0 (3.1)

. 0B

E+— 2
V X +8t =0 (3.2)

V-E=p (3.3)

. JE -

B—-——3 4
V x il (3.4)

Equation 3.1 allows to write the magnetic field B as a function of a vector potential A.

B=VxA (3.5)

Substituting this new way of expressing the magnetic field in Equation 3.2 one gets the
following result.

VX<E+85):O (3.6)
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Now, we have found a quantity with zero curl. According to basic vector caclulus this quantity
can be expressed as a function of a scalar potential.

= 5’A

E+ =-VV 3.7
Of course, the negative sign is just a common convention in classical electrodynamics. At
this point the electric field E and the magnetic field B are both expressed as functions of the
vector and scalar potential Aand V. Substituting the electric field in Equation 3.3, we get

an equation for the potentials V, A.

VAV + —(V-A)=—p (3.8)

Rewriting Equation 3.4 according to the potentials of Equations 3.5 and 3.7 we obtain another
equation for the potentials:

-
vw-)—VM+v<m)+aA=f

ot ot?
o? oV -

The resulting Equations 3.8 and 3.9 form a system of partial differential equations with
four degrees of freedom. The three coming from the components of the vector potential
A= (A1, As, A3) and the fourth is just the scalar potential V. As a matter of fact, these two
equations contain all the information of the full Maxwell’ s equations, and simultaneously
the number of degrees of freedom is reduced from six to four. So, a rational question should
be "where did these extra two degrees of freedom go?". The answer to this question is the
beginning of gauge theories.

The system of Equations 3.8 and 3.9 does not uniquely specify the potentials A and V as
they have four degrees of freedom specified only by two equations. So, let’ s assume that we
can substitute the potentials as:

/T’:/Tjtc}
V,:V—i-CV
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where ¢j = ¢i(t,Z) and ¢y = ¢y (¢, 7). In our assumption the new potentials should give the
same electromagnetic field, meaning that:

B'=B
VxA=VxA
foﬂ—ch}:Vx/T
Vxcy=0

Again from basic vector calculus ¢4 can be written as:
cy=VA
At this point the four degrees of freedom (¢, ¢y) in our initial assumption have been reduced

to two (A, ¢y). Demanding now, that the new potential must also give the same electric field
and using Equation 3.7

E=E
YV’+8£ —Vv+aa’z
VV+VCV+%3+;(VA):VV+%?
V<CV+?3;\> =0

The last equation means that the function cv+%§‘ must be independent of the space coordinates:

OA(t
cy + 855) = c(t)
O\
Cy = C(t) — a

It is more delicate to define a new function )\, such that %’ = ¢y, which according to the
last equation is:

87)\/ — C(t) _ @
ot ot
t
N = / c(t)dt — A
0

Of course, we can at last just do a renaming A’ +— A. Finally, the new potentials A ,V can be
written as:
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A=A+ VA (3.10)
o\
V=V 4+ = 3.11

This is exactly what is referred to as gauge symmetry. Maxwell” s equations remain invariant
by the change instructed by Equations 3.10 and 3.11. So, the two degrees of freedom that
disappeared are appearing again as the derivatives of the scalar function A\. By choosing
appropriately this function A we can make Equations 3.8 and 3.9 easier to solve. The function
A is called gauge and the process of choosing such a function is called gauge fixing. Of course,
the solutions after gauge fixing are still valid in the general case because, as mentioned above,
Maxwell” s equations are gauge invariant.

3.1.2 Lorentz Invariance of Classical Electrodynamics

Classical electrodynamics is the ancestor of modern gauge theories. As every physical theory
it should be Lorentz invariant, or more generally frame invariant. So, it must be formulated
using the notions of Section 2.1. Maxwell’ s equations consist of two pairs of equations.
Equations 3.3 and 3.4, which are inhomogeneous and the homogeneous pair 3.1, 3.2.

The purpose of this section is to rewrite Maxwell equations using a field that will transform
homogeneously when passing from one frame to another. The first, critical observation is
that the charge of a particle remains invariant when the frame of reference transforms or in
plain words a moving particle will have the same charge as it would have whether considered
stationary.

Secondly, Maxwell equations contain the continuity equation of charge. More specifically, the
continuity equation appears by taking the divergence of Equation 3.4 and then substituting
the charge density from Equation 3.3.

V-(VXB)—a{V-E}:V-j
3@ -
90 g.7— 12
8t+v‘7 0 (3.12)

The physical meaning of this equation is that the electric charge cannot be lost. As a result,
any change of the electrical charge in a specific volume of space should be compensated by
currents leaving or entering the volume. A more intuitive way to understand this physical
interpretation is the integral form of Equation 3.12. The easiest way to obtain this form is by
integrating the continuity equation over a 3-volume V' and then applying Gauss’ theorem in
the term containing the divergence of the current j
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do -
—d3/ cide® =
/\/atx+vvjx 0

0 -
5 /V odz® + /avj - fgdr? =0 (3.13)

The physical interpretation of continuity equation, in combination with its integral form,
which contains the integral of charge density, is a very strong argument to assume that the
tuple (Q,f) should be considered as a vector density in terms of tensor calculus of Section
2.1.3. If considered so, then the continuity equation can easily be derived by the divergence of
this vector density, which, as proved in Section 2.1.4, is an invariant density. So, the first clue
to rewrite Maxwell equations in terms of tensors is to consider the contrvariant vector density
IH = (Q,j). This fact oblige someone to look upon the inhomogeneous pair of Maxwell

equations 3.4 and 3.3 as equations between vector densities.

The right hand side of Equations 3.4 and 3.3 contains the derivatives of the fields E and J,
but as mentioned, these derivatives should behave like a vector density as is _##. As proved in
Section 2.1.4 the divergence of a contravariant scalar tensor density of rank-2, transforms as a
scalar vector density. As a result, a logical assumption should be that the two inhomogeneous
Maxwell equations can be written in the following form:

T =S (3.14)

Equation 3.14 contains one free index, which means that it is a system of 4 equations. By
expanding this equation one gets the following 4 equations!.

OFN  0F? 9FN  9FM

1
ot - Ox dy i 0z ¢ (3:15)
OFN  9F2  9FB  9FH
= NI
ot oz oy o o (3.16)
OFN  0FR  9FB  9FH
_ 1
o " ox "oy Tas T (3.17)
OF N oFv  oFB  gFH
= 1
o or oy o (3.18)

Appropriate components of the tensor density .##” must be chosen, in order for the above
equations to produce the following 4 equations, which are the inhomogeneous Maxwell’s
equations expanded.

!Greek indices run in {1,2,3,4}, where 1 corresponds to the times component ¢, and therefore 2,3,4
correspond to the spatial components x,y, 2.
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et ot =0 (3.19)
OE, 0B, 0B,

ot oy o (3:20)
0E, 0B, 0B.

B aty + 9z or (3:21)

(3.22)

By demanding, one to one correspondence between the previous equations, one can identify
the components of .#*”. A more convenient way to see these components is to represent this
tensor on the group GL(n,R). The matrix form also makes it easier to observe that .#" is
an antisymmetrical tensor density. Last but not least, as stated at the end of the previous
chapter, in Minkowski spacetime there is no difference between tensor and tensor densities.
So, from now on, there will be given no distinction between those two quantities and the
symbol F* replaces the old .F#H”.

0 E. E, E,
~E, 0 B. -B,
B, -B. 0 B,
~E. B, -B, 0

(3.23)

Of course, the job is not finished, because Equation 3.14 combined with 3.23 only produces
one pair of Maxwell equations. The homogeneous pair must be derived too and, of course, it
cannot be derived by F*”. So, we need a new tensorial quantity to derive this other pair. An
easy guess is to use Equation 2.14 introduced in Section 2.1.3. According to this equation, a
covariant tensor can be constructed from a tensor density, which in the present case is the

same as the tensor F'*”. The newly constructed tensor is F},,, which in matrix representation
is the following.

0 B, B, B
-1 . |-B, 0o -E E

-B. -E, E, 0

The new tensor can be extracted by the old one by replacing B — —F and E — B.
Mathematically speaking there is a great amount of details left. The new tensor is actually
the hodge star dual of the first one. In terms of differential geometry the electromagnetic field
tensor F'* is a 2-form, and so is the new dual tensor FW, but these details far outrun the
purposes of this thesis. There are some nice references for them in the Bibliography section

([19], [1)).

Differentiating the dual tensor FW the homogeneous pair of Maxwell” s equations appears.
Moreover, the construction of these tensors, serves another really important cause. According
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to Section 2.1.2 the products F),, F'*", F, Wﬁ M are invariant quantities under frame transfor-
mations of the underlying spacetime manifold. As a result, the previous products are Lorentz
invariant products, a remark that will be quite useful for the next section of this chapter.

According to all the above, the full set of Maxwell” s equations are equivalent to Equations
3.25 and 3.26.

uv
fg;# _ (3.25)
oFw
=0 (3.26)

Last but not least, a very important comment about this section concerns why the mathemat-
ical object of the tensor was chosen to describe the electromagnetic field. The electromagnetic
tensor I contains all the information about the electromagnetic field, which is a measurable
quantity. According to the principle of covariance every measurable quantity in physics should
transform covariantly under the frame transformation, in order to avoid any ambiguity when
measuring its numerical values.

Finally, closing this section, it should be mentioned that in Section 2.1.4 a way to construct a
second rank tensor F},, was presented. This can be achieved by taking a certain combination
of derivatives of a covariant vector A, as shown in the following equation.

F,, = 0,A, —0,A, (3.27)

3.1.3 The Lagrangian of Classical Electrodynamics

According to the Lagrangian Formalism of Classical Mechanics, the equations of motion for a
field theory should arise by minimizing the action S of the theory.

S = / &'zl (3.28)

where £ = L(q;, G;, V¢;) is a function depending only on the fields and their (time and spatial)
derivatives, called the Lagrangian Density. The notation ¢; is used for the physical degrees of
freedom. For a field theory ¢;s are fields, which depend only on spacetime ¢; = ¢;(z,). That is
why the integration of the Lagrangian density is performed in spacetime (d*z) and not only
in the time component dt as in classical mechanics.

According to subsection 3.1.1, the physical fields of electrodynamics are the potentials V, A.
It is convenient to define a 4-potential:

Al = (AT A% A3 AY) = (V, A) (3.29)
or converting this contravariant vector to its dual covariant, using the Minkowski metric:
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A,u = nmxAy = (Ah A27 A37A4> = (_Ala A27 A37A4> (330)

Therefore the Lagrangian density £, must be a function £ = £(A*, A*, V A*) or in short-hand
notation £ = L(A*, An, 0, A"). As mentioned, the purpose of this subsection is to define
the proper action S that will produce the equations of motion for classical electrodynamics.
Taking the variation of the action and demanding it to go to zero one gets®:

55 =0
5 [ dzL(Ar,9,A") =0
| dzciaro,40)

/ d'zdL(A", 9, AM) = 0
Q

/ dz [McSA“ oL 5(@/1“)]:0

0A+ (0, Ar)
oL oL
4 I 4 By —
/d T 1 —0A +/d VAM)&,(éA)—O

Integrating by parts the second integral of the last equation:

/d4 6A“+/d4 {a( 5A”} /d%& { )}5A“:O

The middle term according to the generalized Stokes” Theorem is the integral over the
boundary 02, where one can assume that this boundary is the time and spatial infinity where
the fields go to zero.

/Qd4x [gfu — 9, {(%gy%}] JAR =0 (3.31)

The last term must be independent of the way the fields A, are varied, which can be achieved
if the following equation holds.

oL oL
oar ~ % {8(8,,AH) } =0 332)

Equation 3.32 is actually a set of equations (one for each value of © = 0,1,2,3) known as
Euler-Lagrange equations for classical electrodynamics. Note that the derivatives in these

2Einstein’s summation convention is applied
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equations are functional derivatives, where the functions A* and d, A" are considered the
independent variables of the theory.

As stated many times above Euler-Lagrange should produce the Equations of Motion of the
classical theory of electromagnetism for every spacetime manifold, or limiting to the purposes
of this thesis, the Lagrangian must be Lorentz invariant. The easiest way to achieve this is by
using the invariant products £, F'*", F, WF # presented in Section 3.1.2.

In Minkowski spacetime structure, described by the metric 7,,, the tensors ['#v and Fm can
be transformed to covariant tensors, using the procedure bellow, where one can think of as
each index transforms separately.

F;UJ = nuanunFUH

The previous conversion only changes the following components of the electromagnetic tensor.

Fy = —F12 Fiy = —F13 Fiy = —F
F21 — _F21 F31 — _F31 F41 — _F41

Because this transformation does not make any difference whether the tensors are used with
lower or upper indices, it is usual to give no interest in the distinction between covariant and
contravariant quantities when referring to Minksowski spacetime. This remark makes the
calculations a lot simpler, and of course much more complicated if one wants to formulate the
theory over curved spacetime manifolds.

At first let’ s make the ansatz that the Lagrangian is:

L=F,F" = (0,A, — 0,A,)(0"A" — 0 A") = 2(9,A,0" A" — 0, A,0" A)

or making no distinctions between covariant and contravariant vectors according to the above
remark the Lagrangian density takes the following simpler form:

L =2[(0,4,)* - 9,4,0,A,)] (3.33)

then the terms appearing in the Fuler-Lagrange equations 3.32 give:
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oL
o4, ~ Y
oc 20,40 DDA D(hA)]
0.4y~ 1Moo, " ae.4,) P MNa@,4,)] =
— 2 [2(0,A0)80% — (hANOLT — (0, A)5%%] =
= 2[20,4,, — A, — 0,A,) =
=4F,,
oL
90,4, —A

where the antisymmetric property of the electromagnetic tensor was used in the last line.

The resulting Equations of Motion are:

or or
gar % {8(8VAM)} =0
O, {4} =0

This is exactly the derivative introduced in the right hand side of Equation 3.25. So, the
invariant product F),, F'*¥ is correct but except for a factor —4 appearing upfront, which can
easily be eliminated by reforming the Lagrangian as £ = —iF w ™. This term is known as
the kinetic term of Maxwell’s Lagrangian. Now, in order to produce the full Equation 3.25,
an additional term must added to the Lagrangian, that will derive the term J* of the right
hand side. The easiest way of adding this term is with the invariant product A, J"

0
py — g
5 M{AMJ }=J

9 By
8(8,,AM){A“J }=0

Combining these two terms to correctly produce the inhomogeneous pair of Maxwell’ s
equations, represented by Equation 3.25, one gets the Lagrangian:

1
L= FuF"™ — A" (3.34)

Last but not least, the homogeneous pair of Maxwell” s equation should be derived from
the Lagrangian, but a really extraordinary result is that the electromagnetic tensor already
contains the homogeneous equations, hidden in its antisymmetric properties. One can from
Equation 3.26 substitute the definition of the dual tensor F* = %EWP"F o This results in a
nice Bianchi identity.
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O Fyp+ 0,Fy + 0,F,, = 0 (3.35)

As a result the Lagrangian 3.34 is the full Lagrangian needed to derive the Equations of
Motion for the classical theory of Electromagnetism, which, as it should, is a Lorentz invariant
quantity, because of the invariant products.

The gauge invariance of this theory demands that the electromagnetic potential 4-vector A,
transforms in shorthand covariant notation as:

Ay = Ay + 9, (3.36)

where the function X is a smooth function of the spacetime coordinates.

3.1.4 Gauge Theories

Gauge theory originate from the classical theory of electrodynamics as shown in Section
3.1.1, but its great significance is observed when the electromagnetic theory is coupled with
a spinor field. The physical meaning of this coupling is the description of the motion of a
charged fermion (as is the electron) in an electromagnetic field. This is the Lagrangian of
Quantum Electrodynamics constructed using the kinetic term of Maxwell’s theory with a
Dirac Lagrangian for a spin-1/2 particle, which takes the place of the electromagnetic current.

1 . _
L= _ZF’WFW + iy 0,0 — myp (3.37)

The terms 1,7 are Dirac’ s spinor fields, of in more mathematical terminology they are
Grassman fields, describing the relativistic behaviour of the fermion, through spacetime. The
term ~* represent the Dirac’ s matrices, which obey the Clifford’ s algebra and transform as
a 4-vector.

The previous equation, does not contain any interaction between the electromagnetic field
and the fermionic component, meaning there is no term containing simultaneously 1 and A,,.
This interaction, which is a physical demand for the system, will arise naturally from the
gauge invariance of the system.

To introduce this gauge invariance a general result from Quantum Mechanics can be used. If
one wants to use this Lagrangian to describe quantum mechanical effects of a fermion inside
an electromagnetic field, the fermion should obey the quantum mechanical laws. This is
implied by saying that it is represented by a Dirac’ s spinor, because Dirac’ s equation is the
relativistic analogue of Schrodinger’ s equation.

That being said, in quantum mechanics the complex phase appearing in front of a wave
function of particle is insignificant. Meaning, that for an arbitrary real parameter 6 € R, the
spinor field v transforms as:
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Y — €% (3.38)

and the dual field ¢ = ¢T7°, where ' is the Hermitian conjugate of ¢, must transform as:

1 — e (3.39)

These transformations leave the Lagrangian 3.37 untouched, which is a nice property but it
does not serve the initial physical demand to provide the coupling between electromagnetism
and fermions. The parameter ¢ is just a real number. Its physical significance will become
clear at the end of this Section.

It is another quantum mechanical result, that the parameter # shall not be restricted to be a
global parameter, where the term global parameter is being used to describe a real number
independent of the point of spacetime the fermion field is evaluated. The above transformation
rules must hold and keep the Lagrangian invariant even if the parameter theta is a smooth
real function 6 = 6(x) = 0(z*), Yz € R'33. In bibliography, the use of the function g(x) is
often called a local transformation.

What is implied in the above paragraph is that the transformation of the field v, that should
leave the Lagrangian 3.37 is given by a function g(z) = exp{igf(x)}. Observing this function,
is can be seen that is a special case of the exponential map, described in Section 2.2.4, that
connects each element of a Lie Group with an element of a corresponding Lie Algebra. In
this specific case the function g maps an arbitrary point of spacetime with an element of the
group U(1). Therefore it is:

g:RY — U(1) (3.40)
g(x) = "W (3.41)

It is obvious that the mass term of the Lagrangian 3.37 remains the same after the local
transformation. The kinetic term, though, transforms explicitly as:

WY = ipe D, (D)
_ izzefqu(r)q,uau(equ(w))w + iz/;e*iqa(x)’y“eiqe(x)(ﬁuw)
= —qpe WP y1g (0())1 + iy,
WO = iy O — quy 8,(0(x))Y

The transformation implied gave an extra term in the Lagrangian that has to be eliminated.
The easiest way to eliminate this term is by adding the extra term ¢yy*9,,(6(x))y to the

3The notation R? is used for a Minkowksi spacetime manifold with metric (—, +, +, +).
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Lagrangian. But, of course, this term is not physical. The big idea is tha this term can be
introduced naturally by the transformation implied in equations 3.40, 3.41.

The idea lies on the gauge invariance of classical electrodynamics. Specifically, the kinetic
term of Maxwell’ s Lagrangian remains intact if the derivative of a real valued function 6(z),
is added to the potential A,. This is exactly what is written in Equation 3.36 of the previous
section.

Thus, the Lagrangian need to be modified, in order to contain a term that will be linear in
the potential A,. Of course, the extra term must remain Lorentz invariant, which implies the
obligatory use of the invariant product v*A,,.

The necessary term is:

Vint = qy" At (3.42)

This term, has the physical meaning of the interaction* between the fermion and the electro-
magnetic field, which was one of the basic requirements of the theory.

If, under the transformation g the potential A, transforms as:

A, = A, +0,0() (3.43)

then the transformation of the extra term Vj,; reads:

I C]@Ze_iqe(x)Wu[Au + aug(x)]eiw(x)¢

int

= qy" A + qpy"0,0(z)y
i = Vi + qy"(9,0(x) )

This concludes that the following Lagrangian, which is the Lagrangian of Quantum Electrody-
namics (QED) is invariant under the transformation implied by the map ¢g and also Lorentz
invariant. The extra term not only serves mathematical purposes, but also physical, because
it models the interaction between the two fields, implying that physical fields are the gauge
invariant ones.

1 — 4 -
Lopp = = FuF™ +ipy" (0 — igAu)Y — mipy (3.44)

In the above Lagrangian the use of the parentheses to group the kinetic term for the fermion
with Vj,,; is not by chance. There is a very deep geometrical meaning here. The field ¢ = ¥ (z)
is a function defined on Minkowski spacetime R'3, which takes values on C*. After the
transformation dictated by the function g the field ¥ takes the new value gy € C*.

4That explains the index "int" in Equation 3.42.
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This reminds the concepts of differential geometry introduced in Chapter 2, with the use of
diffeomorphisms ' : R® — R!3. In the present case the transformation is still a diffeormor-
phism but between different manifolds as one can see in Equation 3.40. So, if one considers
the field 1 as a vector then the derivative of this field 9,1 does not transform the same way
as the vector. This was the reason the initial Lagrangian 3.37, did not remain invariant after
the transformation g. This is a very rational result, the map g takes a different value for every
point in spacetime. As a result the transformed field gy changes by a different factor. So, the
ordinary derivative is not enough to compare the real change of the field .

In more mathematical thinking the ordinary derivative of the field transforms inhomogeneously
and this, as explained in Chapter 2 is not a correct behaviour for a derivative. The essence of
the previous sentence is that when a derivative of a field is zero, the field is constant. But with
the presence of the inhomogeneous term the derivative can go to zero with a non-constant field.
With the addition of the new term V;,; in the Lagrangian, the functional remains invariant
after the transformation, because the term appearing in the parentheses of 3.44 transforms
homogeneously with the transformation g, hence the term in the parentheses is the definition
for the covariant derivative. In more formal notation the covariant derivative is defined as:

V,=0,—1iqA, (3.45)

and when acting on a fermionic field 1, it transforms homogeneously under the gauge
transformation g as shown bellow. According to Chapter 2.1.4 and especially Equation 2.6
the electromagnetic potential A, plays the role of connection and because it is the connection
of gauge transformation it is commonly referred to as gauge field. The physical meaning of
seeing the 4-vector potential as a connection is that when a fermion moves through spacetime
with the presence of electromagnetic field, it interacts differently in every point. Of course, the
parameter ¢ that appears in front of the connection in Equation 3.45 and on the exponential of
the gauge transformation dictates how strongly the fermion interacts with the electromagnetic
field. Therefore, g is the electric charge.

Vi =V, (g)
= (0, — iqAl,) (" ™)y)
= 0u(e"" ) —iq(A, + 0,0(x)) ("))
= "W (9,1)) + ige”)(9,0(x) ) ¥ — iqA,e "y — ige' @) (9,0(x))
= P00, — iqA,np)
VLW =gV

Following the geometrical point of view and having defined the covariant derivative, it is
straightforward to define the curvature as the commutator of the covariant derivatives. As
shown bellow, the curvature is proportionate to the electromagnetic field tensor F),,.
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[Vm VVW} = Vu(vu@/}) - Vu(vlﬂb)
= 0,(V, ) —iqA NV ) — 0,(V ) +igA,V b
= 0,(0,% — iqAY) —iqAL (O —iqALP)—
- au(aud) - iun@/}) + iun(au@Z) - iquﬂvb)
= —iq(0, A1) — iqALO +iq(0,A) +iqA,0
= _iQ(auAV)w + iQ(auAu)w
[V, Vo = —iqF 0 (3.46)

The previous discussion refers to the U(1) gauge theory, which is the symmetry behind QED.
QED is a really important, elegant and successful theory of modern physics. Its success made
it a model theory, that inspired a lot of new modifications. A very simple one is to change
the target of the transformation g, to be an arbitrary Lie Group and not specifically U(1).
This change is the beginning of Yang-Mills theory and it truly contains a lot of deep physical
and mathematical results [31].

3.2 Classical Yang-Mills Theory

3.2.1 The Covariant Derivative and the Connection of Yang-Mills
Theory

Yang-Mills theory stands on the modification of the U(1) theory. The change Yang and
Mills investigated is altering the gauge transformation g, by changing the target set to be
an arbitrary Lie Group G, with Lie Algebra g. The map U(z) takes each point x € R and
match it with an element g € GG, which as explained in Chapter 2.2.4, can be written as an
exponential map of its Lie Algebra with generators T;,. The coefficients ,(x) are responsible
for mapping the different points x € R'? to different elements of the group U € G.

U:R"Y — @G (3.47)
U(z) = ¢'90(®)1° (3.48)

More concretely, in Yang-Mills theory the group G can be an arbitrary Lie Group, which
in the general case can be a non-Abelian group. The group G is often called the structure
or the gauge group of the theory. The appropriate mathematical theory that studies Yang-
Mills equations is the theory of principal bundles. The following results are not extremely
mathematically rigour, but they do remain correct.

Following the same reasoning as in Chapter 2.1.4, the covariant derivative of Yang-Mills
theory can be established in two ways. Firstly, the effect of the local gauge transformation U
on a field ¢ is:
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) — Uyp = 9T (3.49)

This transformation is not as simple as it was for the Abelian U(1) case. As established,
the exponential is equal to a different group element in every spacetime point and of course
this cannot in general "multiply" the map . For example, if the group G is chosen to be
the group SU(3), how these 3x3 would act on the map 1 that creates values that live on
C*. The answer is that the group and the map 1) are represented on a representation of the
same dimension. The representation is realised from the generators T, of the Lie Algebra, so
what should actually be written Equation 3.49 is R(7*), but this is always omitted in the
bibliography.

The transformation 3.49 can also be written in its infinitesimal version, using the Taylor
expansion around infinitesimal functions 6%(x) with ||0| — 0.

U = exp{igh*(z)T,} = 1 +1ig0"T, + O(g*, 0% (3.50)
Y= U = +igd* T (3.51)

The covariant derivative V,, must transform in the same way when it acts on a field ),
meaning that it has to absorb the extra terms arising from ordinary differentiation. As
described in Chapter 2.1.4 the covariant derivative has to contain an extra field that does not
transform homogeneously®, and its role is to absorb the non-homogeneous terms appearing in
the ordinary derivative.

Let A, be the field that will compensate the non-homogeneous terms. Then the covariant
derivative can be defined analogously to the Abelian gauge theory as:

V, =0, —igA, (3.52)

The covariant derivative of Equation 3.52 will act on the field v, which as explained above is
represented in an appropriate representation, such that each group element U can act on. As
a result, the field A, must be represented in this representation, and because the generators
T, are a basis of this representation, the compensating field A, can be expanded on that basis
as A, =A,-T= AZ‘T“.6 Rigorously speaking, the field A, is a map from Minkowski space
RY3 to the Lie Algebra of the underlying group. The covariant derivative can be written as:

V, = 8,1 —igA°T, (3.53)

Again, the correct notation is R(A,) instead of just A,, where the representation depends
on the object that the derivative acts on. The coefficient g, which has taken the place of
the electric charge ¢, is often referred to as the coupling constant. It is just a real number

5This result will be reproduced for the covariant derivative of Yang-Mills theory.
5The repeated index a implies summation.
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that describes how strong is the interaction of the field ) with the compensating field A,,.
This last remark will be clear by the end of the present section. Using this definition the
transformed covariant derivative acting on the transformed field is:

Vi = UV,
(O — igA;)lp/ =UV,
(GMU@Z’) - igALUzﬂ = Uvuw
(0,U) + Ud1p —igAL UG = Udyih — igU Ayt (3.54)

After some simple algebra and demanding that the last equation should hold independently
of the chosen field ¢ the result is Equation 3.55.

AU =UA, - ;@uU

AU =UAU - ;(aMU)U—l
i

A =UAU" - p

(8, 0) U (3.55)

The last equation, shows how the field A, should transform in order for the covariant derivative,
acting on a field v, to transform as the field v itself. Using the Taylor expansion around the
identity element 1 € GG, one can find how the components Aj transform.

Taking the first order approximation exp{igf*(z)T,} = 1+ ig0°T, + O(g?%, 6%) with ||0]] — 0T
Equation 3.55 becomes:

a :na a - na i : na : na
AL T, = (1 +ig0"T,) ATTL(1 — ig0*T,) — gau(l +1i90°T,)(1 —igf*T,)
= (ANT, 4 igh" T, A0 T,) (1 — igh"T,) + (9,0°T.) (1 — igh"T,)
= AT, —igAST0T, + ig" T, AT, + g°0° T, AL T,0°T, +

7 a

0(6%)
+ 0,0°T, — ig(9,0°T,)0"T,,
0(6?)
= 0,0°T, +ig[0"T,, AT,] + AST,
= 0,0°T, +ig0*[T,, T, A, + AT,
AT, = 0,0°T, — g0 AL f°T. + AT, (3.56)

In the last equation the formula [T,,Ty] = if®°T, was used, which differs from Equation
2.79 presented in Chapter 2.2.5 only by the i factor extracted upfront, which is common in
theoretical physics.
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Another important form of the infinitesimal transformation of the connection can be formed
from Equation 3.56. The advantage of the following equation is its independence on the
generators 1.

JAL = AY — A% = 0,0° — g0° A} f™ (3.57)

3.2.2 The Curvature of Yang-Mills Theory

The next step to formulate properly the non-Abelian theory, is to compute the commutator
of the covariant derivatives, which according to Equation 3.46 is proportional to the field
strength tensor of the theory.

[Vm Vo = (au - igAu)(auw —igA) — (0, — igA,,)(@,ﬂﬂ - igAuw)
= 0,0, — i9(0, A) — igA 0 — g A Ap—
— 0,0, + ig(0,Au) + ig A0 Y + gP A ALY
= —@9(3MAVW - ZgAz/auw - ZgAu&/w - QQAuAﬂﬂ‘i‘
+ig(0, A0 +ig A0, +ig A0 + g* A ALY
= {~i9(0,4, = 0, A) - ¢*[A AL} ¥
= —ig {((%AV - aVAu) - ig[Auv Al
[v,uu VVW = _ingu¢ (358)

As expected from the comparison with the Abelian gauge theory the term inside the curly
brackets, named F),,, is just a function of the connection A, and not an operator as was
the covariant derivative at first. This is the curvature or the field strength tensor of the
non-Abelian gauge theory. Again the coupling constant g appears in front of F),,, which
shows that the curvature of the field is dependent on this constant. If this constant takes
bigger values then the covariant derivatives fail even more to commute, which results in bigger
curvature.

F,, = 0,A, — 0,A, —ig[A,, A)] (3.59)

An easily seen fact for the curvature in the view of relativity is that the first two terms
constitute the covariant curl of a four vector, which, as stated many times, is Lorentz covariant.
The commutator of the connection with itself is just a product of two covariant 4-vectors,
meaning that transforms as a covariant tensor of the second rank. As a wholesome the tensor
F,,, is indeed a covariant 2-tensor.

Yet, in the point of view of gauge theories the transformation law of the curvature must be
investigated under the gauge transformation. For this investigation the rule of transformation
for the covariant derivatie will be used as V|, = UV,U -1
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Fy = ;[va ] (3.60)
! Z / ! ! /
uv ;(V v vyvu)
= LUV, U VU - UV, UV,
9 1 1
;U(VMV,, — VY,V U
Fl, = ;U[VM,VV]U_l —UF, U™} (3.61)

The last equation shows that the curvature transforms homogeneously under the gauge
transformation. In fact, the transformation dictated by Equation 3.61 is the analogue of the
homogeneous transformation for the second rank mixed tensor of general relativity.

The tensor F),, depends on the connection A,, which is Lie Algebra valued, therefore the
tensor takes values on the Lie Algebra as well and has its own components F};, for expansion
on the basis T*. The transformation formula for these components can be obtained by
Equation 3.61. First the components can be calculated as follows.

F% T, = 8,AT, — 0,A%T, — iglAT,, A°T;]
= 9, AT, — 8,AT, — igA® A [T, Ty)
= 9, AT, — 9,AT, + g A A® fT,
Fo = 0,A% — 9,A% + g™ AL AC (3.62)

The infinitesimal rule of transformation can be obtained as before using a Taylor’ s expansion
around some small parameters §°(z). Using Equation 3.61:

Fl, = (1+4ig0"T,) F, (1 — igt"T,)
= (F#V + igeaTany)(l - debTb)
= Fu = igFu0°Ty +ig0° Ty F + g°0° T Fu 0T,
—_——

0(6?)
= F, +ig(0"T,F., T, — F3,T,0"T,)
= F,, +ig(F. 0" T,T, — F.0°T,T,)
FoT, = Fo, T, —igFy0° (T, T))
FioT, = Fi, T, + gFe0" f*T,
Flb =Fg, — gt f*F, (3.63)
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Equation 3.63 shows a really important result for the curvature tensor F),,. To make this result
visible one should rewrite Equation 3.51 for a general field ¢/ in an arbitrary representation
using all the indices.

(V)i = ()i + 190" (T0)i; (V) (3.64)

This equation can coincide with the transformation rule for the curvature appearing in
Equation 3.63 if the generators are given by (73);; = —i(f*)s. or in the usual notation

T, = —if®¢, which is exactly the definition of the adjoint representation presented in Chapter
2.2.4.

In conclusion, the really important result from the transformation rule of the curvature is that
its rule of transformation was instructed by the transformation of the connection A, and it
naturally became clear that the curvature behaves like a field that transforms (and therefore
represented) in the adjoint representation of the group. Therefore, whenever an operator (as
the covariant derivative) has to act on the curvature, the adjoint representation in implied.

3.2.3 Lagrangian and Equations Of Motion

The next expected step to properly formalize Yang-Mills theory is to build the action functional,
from which the equations of motion can be derived. The action is the spacetime integral of
the Lagrangian density, as described in section 3.1.

The action should be Lorentz invariant as well as gauge invariant. The Lorentz invariant
product is the analogously to the Abelian theory F),, F*¥, where in the present case the field
strength tensor takes values on the Lie Algebra of the group. Under gauge transformation
the Lorentz invariant product transforms homogeneously, as one can see from the following
equation.

F F" =UF, U 'UF"U ' =UF,, F*"U"!
Of course, homogeneous transformations are a good result, but as mentioned the action should
be a gauge invariant scalar quantity. The only possible way to make this product invariant is

to use its trace Tr{F),, F""}. There is another more elegant form of this trace, in terms of the
components of the tensor F,.

Te{F,, F*"} = To{ Fp, T*F** T} = Fo, ™ Te{T°T"}
In theoretical physics the generators are normalized as:

Te{T°T"} = ;5‘”’ (3.65)

Meaning that the invariant trace can be used as the Lagrangian density of the theory in the
following form:
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1
£=Tr{F,F"} = JFi,F"

(3.66)

The action is the spacetime integral of this product and taking the variation of this action

equal to zero the Equations Of Motion should arise naturally.

o [diaL = [dtwor
- / d'd F“ yals
— 4 a a pv
2 / d'22F" 5 F
— / A Fe,5(0,A% — 0,A% + g™ Ab AC)
— / A F2 [0,0A% — 9,0A% + g f(Ab(6AS) + (5AY) AS)]

— / d*z[FL,0,0A% — Fi,0,6A% + g(Fo, f* AV (AS) + Fi, f*(8AY) AS)]

The first two terms can be integrated my parts. The index b, appearing bellow, stands for

boundary. The antisymmetric property Fjj, = —F7 is also used.

/ d*eFe,0,0 A% = Fo,5A1|

/d4 (0, F°)5 A"

[aterzo.0a: = Froay — [ dw(@,F)0A;

= FodAL

/d4 (0uF5 )5 A

= — Fp, 043

+/d4 (0,F2 )5 A°

[ dars0.04; = [ daFg,0.04,

Changing the indices in the second part of the remaining term one has:

F;LzyfabcAZ((SAc)+Fa fabc((SAb)A Fe fabcAb(5Ac) ,‘f,,fabc((SAf,)A,i
_Fa fabCAb((SAc) SnyCb(éAfz)AZ
— Fa fabcAb (5Ac) + F;Vfabc(éAi)AZ
_ 2Fa fabcAb (6Ac)
—oF AL (AT
— —2F, AL (0A2)
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These changes make it easier to calculate the variation of the action.

0S5 =0

2 F4,0AY —2 / d'(0,F0, + gFe, fe AL)S AL = 0

The boundary terms cancel out, because a common convention is that fields tend to go to
zero in spatial and time infinity. For the last equation to be true independently of the chosen
connection, the equation of motion are:

OuF, + gFe, [ A) =0 (3.67)

One can rewrite these equations without the components. The first step is to multiply by a
generator of the Lie algebra T* from the left.

O, F5,T" + gFy, [T A}, = 0

The term f%¢T* after some index manipulation and using the antisymmetric property of the
structure constants f¢ can be rewritten as:

fabcTa — fcbaTc — fachc — _fabcTc — _Z'[Ta’ Tb]

The equations of motion are:

0, F5,T" + gFy, [T A}, = 0
O F5, T + gFy, [T A} = 0
O F, T +igFe [T T AL = 0
O F, T +ig[Fo,T* AT = 0
OuFw — ig[Auv F/w] =0 (3.68)
V.F., =0 (3.69)

Note that Equation 3.68 is exactly how the covariant should act on the curvature F),,, because
as explained in the previous section the curvature transforms in the adjoint representation,
therefore the gauge field A, should be in the adjoint representation as well. This means that
the term A, F*” that appears in covariant differentiation of F},, implies the map ad4[F]| =
[Ay, F#].

The equations of motion for the Yang-Mills connection field A, are given compactly in
Equation 3.69. As a result the Lagrangian density used to define these equations is correct
and usually it is written with an extra factor of —1/4, in order to absorb the extra factors
appearing when varying the action. The final lagrangian density is:
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Lyy = —; Te{F,, F"} = —leFlfVFa“” (3.70)
Finally, it should be mentioned that these equations are homogeneous, because in the
Lagrangian density there is no matter fields (fermions). The purpose of this thesis is to study
pure Yang-Mills action, the only remark stated here is that if one needs to add matter to this
action the ordinary derivative has to be replaced with the gauge covariant derivative in the
Dirac’s Lagrangian density.

3.2.4 Wilson Lines

Another way of introducing the covariant derivative is through the notion of parallel transfer.
The field ¢ acquires a different phase when moving through the spacetime manifold, making
it impossible to compare concretely two different values of the field. For example, think of
the difference 1 (y) — ¢(x). After the gauge transformation this difference will be U(y)u(y) —
U(x)y(z), which has a dependence on both phases on points x,y € RS,

What is needed is some kind of field that will make possible to transfer the field ¢(x) to ¥ (y)
and then the comparison will be valid. More precisely, the above difference should transform
covariantly under the gauge transformation U. In other words the new field should make the
difference transform as the field ¢(z) This condition is:

U(y) — o) = U@)[W (2, y)P(y) — (z)] (3.71)

This can be achieved by demanding that the new field W (x,y), follow the transformation
rule:

W(z,y) = U)W (z,y)U" (y) (3.72)

The field W (x,y) is actually the parallel transporter of the theory, and can be used to define
the covariant derivative, because the derivative itself is a difference between two infinitesimally
neighboring points.

V() = lim W@ T A0 +dn) - $()

dzh 50 dxH

(3.73)

Equation 3.72 meas that the covariant derivative transforms as V, ¢ (z) — U(z)V 2 (z),
which was the basic requirement of the previous section. The field W (z,y) depends on two
points and it acts on the field ¥ and produces another new field of the same nature with .
This is true because this new field W (z,y)1(y) is then subtracted from ¢ (z). Therefore, it
acts on the field the same way as the group element U(y), meaning that W (z,y), takes values
on the Lie Group.

A very important property is that the parallel transporter should not have any effect when
there is no parallel transfer.
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W(x,z) =1 (3.74)

This equation may seem quite simple, but the true underlying meaning is that the neutral
element of the group 1 € G is a value of W(x,y). As a result the values of the field W (z,y)
form a new group, which is a subgroup of GG, according to Definition 2.2.2. An expansion
around the identity element can be performed. In the following expansion the field A, is just
an arbitrary field.

W(z,r +dr) =1 —igA,dz" + O(dz?) (3.75)

As mentioned, the field W (x,y) takes values on the Lie Group. In order for this to happen
in Equation 3.75 the field A, must take values on the Lie Algebra, in order for this Taylor
expansion around the identity element to map to the Lie Group. The real number g has been
extracted from the above product, in order to reproduce the same formulas for the covariant
derivative as in Section 3.2.

Substituting the Taylor expansion of Equation 3.75 in the limit 3.73 and derive Equation 3.52
introduced in Section 3.2.

(1 —igA,dat)Y(x + dx) — ()

Vi(z) = dglciulgo dxr
o YD) )
S g A dm et )

V() = (9 — igAu)(z)

The last equation is the same as that of the previous Section, concluding that the field A,
is the gauge connection. Having defined the covariant derivative, a field i) can be parallel
transferred from a point x € R to a point y € R along a curve v : A € R — z#(\) € RS,
The equation of this parallel transfer is analogous to the directional derivative of a scalar
function.

da#

o Vit (@) =0 (3.76)

The solution of the above equation can be decomposed on a product of the following form.

Y(x) = Wiz, y)¥(y) (3.77)

The meaning of this decomposition is that having defined the field at a initial point ¥, one is
looking for a way to transfer this field along any point x on the curve 7, such that Equation
3.76. The field W (x,y) is the propagator and of course it depends on the form of the chosen
curve 7.
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Substituting Equation 3.77 into the differential equation 3.76 the result is:

dz*
dA
dy(z) . da* B

dW (z,y)¥(y) da*

P(x) =0

D — 19 AW (@, y)u(y) =0
AW (z, Cdgh
0D ) — ig AW ) l) =0
aw ™
é;”’y) —ig d”; AW (2, y) =0 (3.78)

The last equation is really important, because it shows that the W (z,y), which in this context
is named the parallel propagator satisfies the same differential equation with the field ¥ (x).

The solution of this equation is known and the program to solve it consists of two main steps.
The first step to solve this differential equation is to integrate both sides in terms of the
parameter \. The integral of the right-hand side would still contain the unknown propagator
W (z,y). The next step, is to plug the resulting integral in W (x,y) of the right-hand side.
This will lead to an infinite series of integrals, which after manipulation they can be written
in a closed form using the path-ordering operator P. This procedure is actually the same
with the one usually performed to obtain the Dyson’ s formula in Quantum Field Theories.

W(z,y) =P {— exp {ig /xy Audz“] } (3.79)

This field can be found in the bibliography with a lot of different names. The most famous
ones are parallel transporting field and Wilson line. Its role is to parallel transfer any field
Y (y) it acts from the point y to the point z, making the difference Wz, y)¢(y) — ¥ (z) to
transform covariantly under the gauge transformation.

Because it acts on the fields in the same manner as the gauge transformation itself, the field
must take group values, meaning that it can also be expanded on the Lie Algebra of the
group, because as seen from Equation 3.74 the neutral element of the group is mapped to
with the Wilson Line.

Last but not least, a really important property that is actually the beginning of Lattice Gauge
theory is the parallel transport of a field to itself through a closed path. For such a loop,
Equation 3.79 gives the following contour integral, which can be expressed in terms of the
field strength tensor using the generalized Stokes’ Theorem, which is no trivial result. .

Wioop = P {— exp {ig]{A“dz“} } (3.80)

In the next Chapter, the connection between the tensor Fj,, and the Wilson loop will be
derived using lattice gauge theory. For now, the important remark is that the Wilson loop
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transforms homogeneously, because the starting point of the loop has no relevant effect on its
transformation.

Wiop = UWigopU ™ (3.81)

Finally, taking the trace of the previous equation ” and using its cyclic property, one can see
that the trace of the Wilson loop is a gauge invariant quantity, therefore it can be used to
construct the action of the theory.

Te{Wiop } = Te{UWieopU ™" } = Tr{U ™ UWigop } = Tr{Wioep} (3.82)

3.3 Quark Confinement

At the time being, non-Abelian gauge theories are believed to be behind the gauge interaction
of the strong nuclear force between quarks and antiquarks. In the Standard Model the gauge
group that describes these strong interactions is SU(3). Quarks and antiquarks are realised
as constituents of hadrons and mesons. They are massive electrically charged fermions that
also carry the color charge. This new charge takes three different values, often referred to
as red, green and blue, and, of course, for every value, the anticharge exists as well (antire,
antigreen, antiblue). Every quark can be understood as the source of a chromomagnetic field,
which, as the electromagnetic field, can be visualize as a set of field lines. Chromoelectric
field lines emerge from quarks and end up in antiquarks.

There is commonly acceptable experimental evidence that quarks are the contituents of
hadrons and mesons, with the first consisting of three quarks or antiquarks and the second
consinsting of just a quark-antiquark pair. The experimental evidence does not consist of
direct observations of free quarks in nature. The quarks are held together by strong nuclear
forces inside the mesons and hadrons and are theoretically are understood only as bound
states of such particles. The name of the phenomenon commonly accepted as the cause is
quark confinement and it is believed that it is based on the non-Abelian nature of gauge
theories. Although, still today there is no theoretical proof of confinement, making it an open
problem for theoretical physics.

Moreover, a really important property of quarks in large energy scales, meaning in short
distances is that they behave as free particles with no interaction in-between. Mathematically
speaking the coupling constant, which encodes how strong is the interaction of quarks by the
intermediate vector gluon field A, goes to zero in short distances, meaning when quarks are
bound inside hadrons or mesons. This phenomenon is proved analytically and is known as
asymptotical freedom [14, 21].

A consequence of confinement is that static quark-antiquark pairs are bound together by a
string of constant chromoelectric flux, formed by their chromoelectric field lines, as visualized

"Remember that the Wilson line integrals take values on the Lie Group. As such, the trace value have a
meaning on the chosen representation.
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Figure 3.1: A quark-antiquark pair with the corresponding chromoelectric field lines, which con-
centrate in a string/tube of fixed chromoelectric flux [8].

in Figure 3.1. The energy of this string grows linearly with the separation of the pair. After
a certain point it is cheaper in energy for a quark-antiquark pair to be created from the
vacuum, than to extend more the string. This picture can be seen clearly by caclulating the
quark-antiquark potential. This potential turns out to be linear in the separation r of the
quarks [27, 22, 7]:

V(r)=Kr (3.83)

The coefficient K is known as the string tension and in terms of dimensions it has to be
[K] = [Agep]?. This potential, as every potential in a quantum mechanical theory, can be
interpreted as the ground state energy.

As mentioned this potential is expected only in non-Abelian theories, while in Abelian theories
(as QED), the potential must be the Coulomb’ s law. Therefore, a quantity that measures the
existence of this linear potential is needed. Using path integral arguments for Abelian and
non-Abelian theories it can be proven that an appropriate measure of the confinement effect
is the expectation value of a Wilson loop. For non-confining theories this expectation value
should obey a perimeter law, while for theories, where confinement exists, the expectation
value should obey what is known as an area law.

More specifically in a theory, where charges confine, the Wilson loop will follow the area law
presented bellow. A is the area enclosed by the loop and K is the string tension [27].

(0[Wiop 0) ~ ™4 (3.84)

For a theory containing unconfined charges the expectation value of the Wilson loop depends
only on the perimeter of the loop. The constant C is parameter depending on the loop
shape, the details of regularization used to cutoff the divergences of the path integral and the
coupling constant g [27].
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(01 Wiopl0) ~ ¢~ (3.85)

The above results were calculated for pure Abelian and non-Abelian theories. In theories
containing matter, where the effect of charge screening is there, the Wilson loop depends on
the area as well as the perimeter with a weighting towards one, depending on the size of the
loop.
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Chapter 4

Pure Yang-Mills Theory on the Lattice

4.1 Lattice Formulation of Pure Yang-Mills Theory

The purpose of this section is to formulate gauge theories on a discrete spacetime lattice. The
term discrete spacetime is used to describe the approximation of the Minkowski spacetime
manifold R with discrete points. This can be achieved by defining n sites in each one of the
four dimensions, meaning n* sites in total, and demanding periodic boundary conditions on
the last site in each dimension. A periodic 2-dimensional lattice can be seen in Figure 4.1.

The idea is that by assuming spacing a between each site the continuum can be derived by
taking the limit a — 0. So, according to renormalization (see Section 4.6), every quantity H
defined on the lattice should have an appropriate dependency on the spacing a, such that
when taking the limit @ — 0T H has to approach its real physical value.

The basic quantity in theoretical physics and mathematics is the functional that gives the
equations of motion, or in simpler terms the action S. For the lattice, the action was first
pioneered by Wilson and the idea is that when defining a field on the n? sites the Wilson line

1 2 3 4 5 6 1

7 - 7
g

8 z e 8

9 : 9

1 2 3 4 ) 6 1

Figure 4.1: A 6 x 3 (2-dimensional) lattice with periodic boundary conditions.
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is the appropriate field to use in order to compare these values gauge invariantly.

According to Equation 3.72 of the previous Chapter, the Wilson line must transform as
U(z)W (z,y)U ' (y). With the discretization imposed the group elements U can only be
defined on the sites of the lattice and the most elementary Wilson line of this model can be
thought as field that "lives" on the link between two neighboring sites. Therefore, on the
lattice the field transforms as:

W, () = U)W ()U ™ (n + p) (4.1)

where n denotes a lattice site and n + u the next lattice site in the p direction. A more formal
notation could be W(n,n + p) instead of W,,(v), but it is not a common notation, so it will
not be used.

The field W, (v) can be thought of as taking the value of a field at a lattice site n and
transferring this value on the site n + u. So, to compare the values of a field between two
points on the lattice, the only requirement is a discrete path connecting neighboring sites and
the field W on this path that is actually a product of elementary fields W, (v) between all the
sites of the lattice.

As stated in the previous chapter the Wilson line takes values on the group manifold. As a
result the inverse field W 1(v) exists on every link and intuitively what it does on the lattice
is to connect field values in the opposite way, meaning from a site n to its neighbor n — y in
the p direction or in the notation used so far W' (n) = W_,(n)

To construct the action the trace of a Wilson loop must be used, because it is a gauge invariant
quantity. The simpler loop on the lattice consists of two neighboring sites n,n + u. The loop
on this link would be:

Wioop = Wu(V)W;fl(V) =1
The simplest path gives the identity element of the group, so it there is no information that
can be extracted from this path. The next simplest loop is a square lying on a two dimensional
plane. This loop form an elementary square on the lattice and in Lattice QCD is referred to
as "plaquette". The Wilson loop on an arbitrary plaquette laying on the pr plane connects
four lattice sites as shown in Figure 4.2:

Wo = Wa(2)W, (x + p) W, (@ + v)W, " ()

According to Equation 3.79 of the previous Chapter the parallel transporter W can be
expressed in terms of the gauge field A, as path order exponential of a contour integral.
Considering a link on the lattice the aforementioned exponential takes the following form:

W, (x) = Pexp{—ig/ Aud"z} = 7190 Au(®)
c
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X+V X+ U+ Vv

X X+

Figure 4.2: Elementary plaquette lying on the pr plane on the lattice.

The essence of the lattice is that lattice spacing a is a small parameter, meaning that the
gauge field A, can be expanded around this parameter as:

Az +v) = Ay +ad, A, + O(a?) (4.2)
Ay(a +p) = A, +ad, A, + O(a?) (4.3)

The product presented above can be written as:
WI:I — e—igaAM(:E)e—iga(Al,(x)-&-aauA,,(J:))eiga(Au(a:)—&—a@VAM(w))eigaA,, (z)

Using BCH formula the above equation takes the following form:

Wo(z) = e~ 00(An@HAu (@) +ad,ds (@)~ 42 (4 (@), A )] +0(a)

eiga(AM(x)—i-AV(x)—ﬁ—a&,AH(x)—i—igT“ [Au(@), Ay (2)])+0(a?)

Finally, using one more time the BCH formula the product can be written as:

Wy = 67iga2FHy(:1:)+O(a4) (44)

Therefore, a Wilson loop around a plaquette is a sort of measure for the curvature of the
theory, which is intuitively expected, because on the lattice the elementary squares are used to
measure the curl and the curvature is defined as a generalised curl. Moreover, the curvature is
Lie algebra valued, which makes possible for W to be expanded around the identity element.

2.4
Wa(z) = 1 — iga®F,,(z) — %FMVFW +0(a®)

The gauge invariant quantity is the trace of the above expression.
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92 a4

Tr{Wa(z)} = Tr{1} —iga® Tr{F,.(z)} Tr{F,.(x)F,.(x)} (4.5)
The trace of the identity matrix depends, of course, on the representation chosen for the
gauge group G. In the Standard Model, the symmetry used for QCD is SU(3). In the present
thesis, the general group SU(N), will be used. For SU(N) the trace of the identity matrix
is the dimension N of the group matrices. Moreover, the curvature £, can be expanded as
Fg, T, but the generators of SU(N) are Hermitian, therefore traceless matrices.

Taking into consideration the above remarks the Wilson loop on an elementary plaquette !
becomes proportional to the trace Tr{F),, F), }, which is exactly the term that appeared in
the action of the Yang-Mills theory.

2.4

Wisop(x) = N = Lo Te{ () Fp ()} (4.6)

After some rescaling the action can be written as in Equation 4.7. The rescaling involves
taking a = 1, which is equivalent to say, that on the lattice the dimenions are measured in
lattice units, where the fundamental dimension is [a] = [L].

Szﬁ%Xﬁ—éRdﬁﬂ%H):B%Xﬁ—ilﬂWb+me (4.7)

where the constant 5 contains the number /N, which is useful when calculating and comparing
differences between different gauge groups of the Yang-Mills theory. Of course, the action can
be formulated for any representation of the gauge group, but in theories without fermions as
considered in the present thesis, the fundamental representation is an easy choice.

f=— (4.8)

Now, with the help of the path integral formulation the partition function can be calculated.
The formulation used in the context of this thesis is different with the one introduced by
Feynman [11], only by the use of the imaginary time 7 = —it. With this "rotation" from
Minkowski to Fuclidean space the action transforms as Sg — ¢S, where the index E stands
for Euclidean, and for notation simplicity it will not be used from now on. One can question
whether the use of Euclidean spacetime over Minkowski can cause a problem with the
predictions of such a theory. The naive answer is that on the lattice the system can be studied
in the confined region in low velocities, where Minkowski and Euclidean metric give the same
results.

Z:/DWJWW

IThat is what the value = denotes in the above calculation according to Figure 4.2
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The measure of the path integral is in terms of the parallel transporters W, between neighboring
sites of the lattice, because that is the dependence of the action defined in Equation 4.7.
Meaning that this integral is d-dimensional, where d is the number of links. These parallel
transporters are elements of the Lie Group GG, which means that some extra attention must be
given to the integration measure DWW, because the partition function must be gauge invariant,
resulting in the obligatory use of an invariant measure as well. This will be discussed in the
next section.

Last but not least, the expectation value of an arbitrary operator H = H (W) can be calculated
as usual from the path integral. The important fact here is that the operator has to be
described as a gauge invariant function of W.

_ [ DWH(W)e 5]
[ DWeSIW]

(H)

4.2 Dimensional Analysis

Throughout the present thesis natural units (h = ¢ = 1) were implied. It is important though
to know what implications this use has in the physical dimensions of the quantities involved
in the field theory and moreover what happens with the dimensions of these quantities on the
lattice, when the lattice spacing a does not appear explicitly in the action.

Starting from Einstein’ s famous formula £ = mc? and setting the speed of light equal to 1,
this formula reduces to E = m. Therefore, mass dimensions also describe energy [E] = [M].
The next step is to use Planck’ s law E = Af. Setting A = 1, energy dimension become also
equal to the inverse time [E] = [T]™'. Obviously, then, [T] = [M]~!. Considering, the relation
between a wavelength and its frequency A\ = cf~!, then the length dimension in natural units
is [L] = [T] = [M]~'. As a result, every physical quantity has mass or equivalently length
dimension in an appropriate power, when the natural units system is in use.

As one can see from Equation 4.9 the action appears in a exponent, which means that it must
be a dimensionless quantity. The action is given as an integral of the Lagrangian density.

The Lagrangian density of a pure Yang-Mills theory is:

L= —1Fo pow —

1
4w _Z(aqu - aVAZ + gfabcAZAz)Q

A dimensional analysis on the first term gives:
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[g°[A]* = [M]!
[g)?[M]* = [M]*
gl =1

This is a very important result for Yang-Mills theory. The only external parameter of the
theory is the coupling constant g, which is dimensionless. In terms of renormalization this
means that the theory is exactly renormalizable.

On the lattice the position vector z# is discrete. It can only take values on the lattice sites,
so it can be written as x* = na, where a is the lattice spacing and 7n is a 4-tuple of integers
f = (n1,ne, ng,ny), that encodes how many lattice spacings in each of the four dimensions a
particle must hop to arrive at a lattice site. Therefore, the physical dimensions are hidden on
the lattice spacing, which is [a] = [L] = [M]~!.

As one can see form Equation 4.7 the lattice spacing does not appear explicitly in the action.
The action is calculated only by summing the values of elementary plaquettes W4, which are
group elements, therefore dimensionless quantities. When measuring observables H on the
lattice, they appear as dimensionless quantities. As a result, to extract a physical value for
these quantities their physical dimensionality must be fixed as:

H=Ha™" (4.10)

where d is the exponent of the mass dimension (in natural units) of the observable and His
the dimensionless quantity measured from the lattice.

4.3 Group Integration

According to the transformation rule for the parallel transporter W, presented in Equation
3.72, in order to define a gauge invariant path integral, the integration measure DW must
invariant under the left and right action of the group elements U € G.
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The purpose of this section is to define an integration measure over the group manifold that
is invariant under gauge transformations. Only compact Lie Groups will be considered. As
an ordinary integral, this should also be bilinear and positive definite. Rigorously, consider
two functions f,h : G — G and two complex numbers a,b € C. The basic properties of the
integral over the Lie Group G are:

[ dg(ar(g) +bh(9)) = a [ dgflg)+b [ dgh(g), Vg€ G

/dgf(g) >0, if f(g) >0 Vge G

An additional property corresponds to the shift invariance of an one dimensional real integral
[dxf(x+a)= [dxf(x), Ya €R. In the group this shift will be ¢’ ® g, where as usual, ” ® ”
denotes the binary operation between the group elements. The group element ¢’ is just an
arbitrary but fixed element of the group G and, of course ¢’ ® g # g ® ¢’ for a general group.

So, as an analogue to the shift of regular integrals one can take the invariant measure to be
left or right invariant under the action of the arbitrary element ¢’. Here, left invariance will
be imposed as a condition and but it can be proven that for compact groups the measure is
also right-invariant.

/ dgf(g) = / dgf(g' © g) (4.11)

The integral over the group is actually a volume over the group manifold, which in our case
is a compact group. This means that this integral can be finite. Therefore, the following
condition for the normalization of the measure has a reasoning.

/ dg =1 (4.12)

The first task is to find an expression for the measure dg. The manifold of the Lie Group can
be parametrized as surface of RY, where N is the dimension of the group manifold?

G ={g(a)la € I CRY}

The volume [ in the above equation is the largest possible volume that can be chosen such
that when the parameter a runs once over the volume the group elements g(a) are produced
one time. This measure exists and is known as the Haar measure. The way to transform the
integration from the group manifold to the set I C RY is known from the Chapter 2.1.3.

[ daf(g) = [ da™\Jaet{ar}f(g(a) (113)

where M denotes the metric on the group manifold given by the following formula for a general
compact Lie Group.

2see Table 2.3 for the dimensions of common Lie Groups used in theoretical physics.
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M

(4.14)

B dg(a
_Tr{ dai Oas

N~—
)
SS)
L
~
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By differentiating over a the relation gg=! = 1 a different form of Equation 4.14 can be
derived. Note that the identity element 1 can be obtained from the parametrization function
g(a) for a specific value of a.

g(a)g™(a) =1
9g(a) 99"

) (@) + ()2~ =0
W) 102 1)

Using the cyclic property of the trace operator the metric tensor M;; can be written as:

M, = Tr{—g_l(a)agi?)g_l(a)agi?)} (4.15)

The existence of the Haar measure has a very important result on gauge theories. That is
the integral over the group of every gauge dependent element will always be zero. Therefore,
for an observable H(g) all its gauge dependent parts vanish. An intuitive example is the
integral of f(g) = g. By appropriate elements U, U’ € G this function can transformed to
—f(g) = —g. Then by left and right invariance the integral equals to zero.

/dggz/ dgUgU’
G G
/dggz/ dg(—g)
G G

/ dgg = —/ dgg
G G

/dgg:o
G

The Haar measure has a really important consequence for gauge theories, which is known
as Elitzur’ s theorem. The theorem states that only gauge invariant functions can have a
non-vanishing expectation value. This can be seen from Equation 4.9, where the path integral
measure is actually a product of Haar measures on the group manifold DW = [TdW. More
specifically, an observable acquires a non zero value only if every variable W;; is multiplied by
its inverse I/VZ;1 So, in order to measure an observable on the lattice one needs to construct a
gauge invariant operator (in the continuum) and then the exponential of the action will make
this operator also gauge invariant on the lattice.

Last but not least, some important integrals, that will be used on the lattice are presented
bellow. The notation W;; means that W is a Wilson line (parallel transporter) from point ¢
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to point j, or from site 7 to site j, for a spacetime lattice. It is mentioned once more that W
takes values on the group.

/ dWWy; =0 (4.16)
G

-~ 1
/GdWM/ijWkll = N(Sikfsjl (4.17)

4.4 Order Parameters and Phase Transitions

Phase transitions are a quite known subject from statistical mechanics. A famous phase
transition occurs in ferromagnetic materials. Considering the Ising model where spins are
considered as a scalar quantity on the sites of a lattice and can only take a value from the
group Zy = {+1, —1}. Spin-up is a spin that has the value +1, and correspondingly spin-down
is the spin with the value —1. The basic postulate of the Ising model is that a particular spin
can only interact with its nearest neighboring spins and no other.

Above a specific temperature, which is called critical temperature T, the spins are arranged
randomly on the lattice, which results in (o) = 0. Bellow the critical temperature spins can
be aligned in a certain direction causing (o) = 1 or (o) = —1. This is phenomenon is known
as spontaneous symmetry breaking.

The importance of this preliminary from statistical mechanics is that (o) can be used to
determine whether a system is in the ferromagnetic state or not. That is the definition of
an order parameter. An order parameter is a number that becomes trivial in one phase and
remains always non-trivial for the other phase of the system.

Pursuing this analogy, one should look for different phases in a lattice gauge theory, where
the interaction are not between spins, but between the link variables W, (n). The parameter
B plays the role of the Boltzmann factor. Therefore, when one talks about phase transitions
in lattice gauge theories, what it means is that a certain number vanishes beyond (or bellow)
a critical value . and remains non-zero in the other region of j..

This behaviour was expected in a theory that pursues confinement. More specifically, in a
confined phase the coupling constant ¢ is large, while in the unconfined phase of the theory g
vanishes asymptotically. In terms of 5, which relates to g via Equation 4.8, the confined phase
appears in small 3, while the asymptotically free/unconfined phase makes its appearance in
large values of 3.

Having established that a phase transition between confined and unconfined phases might
appear in lattice gauge theories, an order parameter must be found, in order to distinguish
these two phases. In analogy with the Ising model of ferromagnets, one can think that the
expectation value W;; is an appropriate parameter. This expectation value is calculated
analytically using the path integral formulation as follows:

(W) = o [ DWW, (e =
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where the measure of the integration is DW = [T W,(n). As explained in the previous section
all integrals on a compact group manifold are zero, when integrating gauge non-invariant
quantities as W,(n) (see Equation 4.16). As a result this expectation is always (W, (n)) =0
and cannot serve as an order parameter.

The previous result is also really important because it encodes the fact that no gauge fixing
is needed in lattice gauge theory. When the measure of the path integral is over the gauge
fields, then integration is carried out through all the functions A, including those that do not
respect gauge symmetry. That is why gauge fixing is needed. On the lattice, the integration
measure is the Haar measure as stated in the previous section, that sends to zero all the non
gauge invariant functions.

The simplest non-trivial gauge invariant operator that can be constructed from the links W;;
is the plaquette W used to define the action, or more specifically the trace of this function
Tr{Wg}. On the lattice a plaquette connecting the sites ¢jkl transforms as follows:

Tr{Wh} = Te{ W)W Wi Wi |

= T{9:Wis0; " 9 Wik oW o oW ;7' |
= TI‘{WD}

As a result, the first parameter that can be measured on the lattice, without giving a non-zero
expectation value, is the average plaquette, which represents the internal energy of the system.

P < 1 > _ x /DWW Te{Waje "] (4.18)

N Tr{Wr} [ DWe SIW]

The average plaquette does not have the vanishing properties of magnetization, but as one
can see from simulations it can exhibit singularities when plotted as a function of 3, in the
region where the phase transition is expected. In the case of the groups SU(2) and SU(3),
Monte Carlo results are presented in Figures 4.3, 4.4. The average plaquette seems to change
behavior when 3 is in the interval (2,2.5) for SU(2) and (5,6) for SU(3), which correspond
to g € (1,2). This change of behavior is not singular, therefore no phase transition can be
seen in non-Abelian SU(2) and SU(3) gauge theories. The system continuously pass from
the unconfined phase to the confined one. The fitted curves appearing in these figures will be
explained in the next section. Briefly, they correspond to the theoretically predicted curves
expected in the weak and the strong coupling regimes.

The next order parameter that is usually measured on the lattice is the expectation value of
the Wilson loop. As mentioned in Section 3.3 the Wilson loop is expected to follow an area
law in the strong coupling regime and a perimeter law for weak couplings. It does not have
the vanishing properties, but it does behave differently. The expectation value for a Wilson
loop around a path C' is:
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Figure 4.3: Monte Carlo results for the average plaquette P as a function of the parameter 5 for
the gauge group SU(2) on a 8* lattice [5].
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Figure 4.4: Monte Carlo results for the average plaquette P as a function of the parameter 3 for
the gauge group SU(3) on a 8% lattice [2].
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Figure 4.5: A timelike rectangular Wilson loop on the lattice.

S DW Tr{ T jjec Wis eI
[ DWe—SW]

(Tr{Wioop}) = (4.19)

In order to give some physical intuition for the Wilson loop one can take a timelike rectangular
loop on the lattice, as the one presented in Figure 4.5. According to Wilson’ s string model
for confinement this loop can be interpreted as a test pair ¢ (meson) that is created on the
lattice separated by distance R. The pair is steadily displaced for time 7', when it annihilates.
3 For large times the Wilson loop must give the energy of separation of the pair.

(W(R,T)) 722 e BOOT (4.20)

If the confinement picture the energy of the pair is considered linear when the pair is largely
separated:

E(R) =% KR (4.21)

So, for a large enough Wilson loop on the lattice an expectation value that respects the above
physical arguments is expected. The following area law will be confirmed on the lattice with
the strong coupling expansion in the next section.

(W(R,T)) 122 ¢~ KAT — (~KA©) (4.22)

R—o0

Gluons carry color charge. This property make possible for gluons to self-interact. This
self-interaction can lead to producing massive colorless particles constituting only from gluons.
These particles are called glueballs. The lowest possible mass of such a particle is referred to
as mass gap.? The lattice has provided proof that this mass gap exist for non-Abelian gauge
theories.

3According to Feynman-Stuckelberg interpretation antiparticles travel backwards in time.
4The theoretical proof of the existence of the aforementioned mass gap is a Millenium Prize Problem.
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Figure 4.6: Two separated plaquettes (red) on the lattice.

It is not in the purposes of the present thesis to measure the mass gap on the lattice with
Monte Carlo simulations, that is why the following discussion appears only for completeness
purposes.

The mass gap is the best order parameter, because it is the only one so far that does indeed
vanish in the weak coupling regime and takes a specific value in the confined phase. On
the lattice the mass gap can be extracted by studying the correlation function between two
spatially separated plaquettes. This function decays with a decay rate depending on the mass
gap when separated by distance R.

(Te{Wp,} Te{W,, }) = Cemmo" (4.23)

4.5 Strong Coupling Expansion

When the coupling constant g is small enough the action can be expanded around it. But,
that is what is known already from perturbation theory with Feynman’ s diagrams. One
of the main purposes of using the lattice though, is to produce results in a region, where
perturbation theory cannot be applied, meaning in large separations (confined phase), where
the coupling constant takes large values.

In the confined region g is large, but the parameter § appearing in the Wilson action is
proportional to g—2, which makes it rather small. An expansion around /3 is known as the
strong coupling expansion.

This expansion is needed in order to predict the behavior of physical values in the strong
coupling limit. The physical quantities are expressed as gauge invariant functionals of W;;.
For example, the expectation value of a Wilson loop is given by Equation 4.19. Expanding
the action 4.7 around /3 one gets:
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Figure 4.7: A Wilson loop on the lattice tiled with plaquettes.

e P =14 5% (1 — ;Tr{Re(WD)}> + (’)(52> (4.24)

As a result, when S — 01, the Wilson loop will "decrease' to an infinite integration with
integrals of the form 4.16, which are zero. The simplest way for the Wilson loop to give a
non-vanishing integral is by multiplying every W;; with its inverse ng Then the integral
4.17 can be used. The inverse link variables for each link in the functional will be provided by
the action.

The simplest way to achieve a non-vanishing expectation value of the Wilson loop in the
strong coupling expansion is to tile the loop with plaquettes. The plaquettes must provide the
inverse link variable for every link variable of the Wilson loop and of course, the appropriate
link variable for the other plaquettes. The method can be seen visually in Figure 4.7. Of
course, the appropriate link variables can be provided to the loop and to the other plaquettes
by a lot different ways, for example by using plaquettes belonging to another plane. These
are higher order expansions.

For a rectangular Wilson loop with dimensions R,7T', as the one shown in Figure 4.8, the
expectation value using the expanded action is:

11 mj] (4.25)

i<jeC

W) =21 /DW [1 + 5; (1 — jlvTr{Re(Wg)}ﬂ jlvTr

After the loop is tiled with plaquettes the order of this expectation value can be calulated as
follows.

o A factor 8/(2N) will come from each plaquette.
o A factor 1/N will come from each link that is integrated according to the integral 4.17.

o A factor of N will come for each site of the lattice, because of the § matrices of the
integral 4.17.

The final result is:
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Figure 4.8: A rectangular Wilson loop tiled with plaquettes. These are the Wilson loops calculated
from the Monte Carlo simulations.
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This result already reproduces the area law that is expected for the Wilson loop in the strong
coupling limit. The same procedure can be performed for the mass gap, where the "tube" that
connects the plaquettes (see Figure 4.6 must be tiled with elementary plaquettes on every
plane.

4.6 Renormalization Using the Lattice

The term renormalization is used in quantum field theories to describe the process, in which
divergent integrals describing physical quantities are turned into finite integrals. The program
to renormalize such a theory consists of two steps.

The first step is to introduce an external parameter in the theory, such that all the divergent
integrations are carried out in a finite domain. The results of the integrals become dependent
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on this external parameter, that is why is known in the bibliography as a cutoff. There
are many available regularization procedures, such as the Pauli-Villars regularization or
the dimensional regularization. Imposing a lattice structure on spacetime is just another
regularization scheme. Note that the physical results should be independent of the chosen
regularization scheme.

After the cutoff is introduced the observable, in which the divergent integrals appeared,
has acquired a dependency on the cutoff. The next step is to absorb this dependency by
some of the free parameters of the theory. At this point, it should be stated that, as far as
quantum filed theories concern, masses, charges and coupling constants of particles are free
parameters. Stated differently, every Lagrangian describing a quantum field theory contains
masses, charges and coupling constants that are not predicted by the theory itself. This
makes them the perfect candidates to absorb the dependence on the cutoff and rescale to a
new value without altering the form of the Lagrangian. This step is the renormalization. A
theory where this program can run succefully is called renormalizable.

As mentioned the lattice spacing a plays the role of the cutoff. Real physics must appear
in the continuum limit @ — 0. In section 4.1, Wilson’ s action was introduced and it was
mentioned that when a — 0 then this action reduces to the classical Yang-Mills action®.
This is not enough when one considers the quantum theory. Independently of this succession,
the Wilson’ s action must be able to reproduce quantum amplitudes, where divergences are
present. Hence, when removing the cutoff a, this divergences must disappear and give their
place to finite quantities.

Consider a general observable H. The first step is to define the dependencies of this function.
As stated, the only free parameter of the theory is the coupling constant gy. The general
idea of renormalization is to make the observables acquire an explicit dependency on the free
parameters in a certain scale. The index 0 on g is used to emphasize that g depends on the
scale. As explained in Section 4.2 every observable has dimensions [H] = [M]?, where the
dimensions in lattice units are understood as dependency on the lattice spacing a. As a result,
H depends on gy and a and can be decomposed as:

H(a, go) = (i)dﬁ(go) (4.27)

In the continuum limit, the observable H must remain finite in order to describe real physics.

lim H(a,go) = Hpnys € R (4.28)

a—07t

But, the factor including the a diverges:

lim (1)d = 00 (4.29)

a—0tT \a

5This can be seen from the Taylor expansion of Equation 4.5 around the lattice spacing a
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These equations imply that the function H , whose values is what are actually measured from
the lattice must diverge. If one takes the observable to be a mass m, then:

1
m(a, go) = M
&(g0) = (ma)™! (4.30)

where £ is known from statistical mechanics as the correlation length. According to all the
above £ must diverge. In the language of statistical mechanics this is the definition of a second
order phase transition. In statistical mechanics phase transitions appear bellow a critical
temperature. The role of temperature is taken by the free parameter (3, so one expects a that
there exists a certain critical value of 8. Bellow this value the system must behave differently,
or in the language of the strong interaction, the system confines.

Using the general idea of renormalization the free parameter gy must obtain a dependency on
the cutoff a. Therefore, in all the above equations gy = go(a). The important result comes
from Equation 4.28. According to this limit, in order for H(go(a)) € R when a — 0% this can
happen only if gy acquires a specific value g., at this limit.

lim go(a) = ger

An important remark is that this value g, must be chosen in a way that all observables lose
their divergences simultaneously and in the continuum limit they acquire their physical value.

Therefore the first question that arises is to calculate this critical value of gg. This can be
calculated from the renormalization group equation for the pure Yang-Mills theory if one
identifies the lattice spacing a as a cutoff. The beta function is® [17]:

dgo(a
(g0) = a 52 ) ogh + gl + O(g) (4.31)

where the coefficients v, v; are independent of the renormalization scheme and for a theory
without fermions as considered here are:

11N 17N?

= B2 L Ty (4.32)

Yo

Equation 4.31 is a simple first order differential equation that can be solved by separating the
variables and partial fractions decomposition. For gg # 0

2
1 1 11
n ++<%> 90

Y98 + 71198 %9 g \/) 7+

5The letter  is preferred for the beta function in order to avoid any confusion with the parameter 3 that
appears in the action.
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The solution of the differential equation can be expressed after integration as:

ga! 11T m
In(Aa) = oz In(go) — 0 + 32 ln(vlgg + Vo)

where A is the integration constant. In physical terms A is there to preserve the non-existence
of dimensions in the second part. Therefore [A] = [L]™! = [M]. The A term can be interpreted
as the scale of the theory where gy takes a specific value, always near gy — 0, because these
are perturbative results.

With some simple algebra the solution can be expressed as:

Y1
1 \22 1
WRANERL S
(90) Yog? 27092

where the leading term near go — 07 is 1/g3:

71
1 \2 1
a(go) = A" () exp{—
Y093 27093
The last function has a singular point as go — 07. This is the desired divergence of the lattice
spacing in order for the limit of 4.28 to be finite. So, the perturbative arguments above lead

to the conclusion that gy = 0 is a possible critical point in order for observables to acquire a
physical value in the continuum limit.

} = A () (4.33)

The important remark comes from Equation 4.27. In order for the continuum limit of this
observable to exist and be finite the dimensionless function H must diverge as H o< f(g)?. As
a result the observable will acquire a physical value in the continuum.

H(a, go) = a”Cf%(g) = CA® (4.34)

The importance of the scale A can be clearly seen. Every observable in the continuum limit can
be expressed as a power of this scale. This is named dimensional transmutation, because after
renormalization every observable depends on the parameter A, which has mass dimensions,
rather than the dimensionless parameter go.

The really important result here stands on the remark that in order to take the continuum
limit of a lattice gauge theory to describe real physics, perturbative results are needed. If
the results from a simulation validate the divergence of the form f?(g) in the weak coupling
regime then results in the strong-coupling regime can be reliable. More details on how the
renormalization is performed using results from the lattice will be given in Section 4.10.

4.7 Transfer Matrix and Hamiltonian

Having defined the Wilson action on the discrete spacetime lattice it is time to retrieve the
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transfer matrix formalism known from the path integral formulation of Quantum Mechanics
[11, 9]. According, to Wilson’ s idea, spacetime is Euclidean and constitutes of N* sites.
There are N in each of the 4 dimensions. One of them can be chosen arbitrarily to be the
time dimension, because the spacetime is considered Euclidean, therefore there is no sign
difference in the diagonal matrix elements of the metric tensor.

In Wilson’ s lattice formalism the parallel transporters W;; between two neighboring sites ¢j
can be thought of as group elements that "lie" on the link that connects the sites. In path
integral formulation the partition function of a quantum mechanical system can be expressed
in terms of its transfer matrix operator as:

Z = / Dla(t)e = To{TV} (4.35)
where the operator T is the transfer matrix operator, acting on the Hilbert space of states.

(@ |Tz) = Ty o (4.36)

and N is the number of timelike lattice sites. The states |z), (z'| refer to two different time
at time t and ¢’ respectively with ¢’ > ¢.

The purpose of this section is to define the transfer matrix operator in Yang-Mills theory and
to retrieve a similar result for the partition function. Specifically, the form of the transfer
matrix will be defined such that the following equation holds.

Z = / [T dWa,es™ = Te{7N} (4.37)
T,

where the product is performed in each lattice site x, in all the four dimensions p € {1, 2, 3,4}.

The first step is to define the Hilbert space of states. The action is defined as a functional of
the group variables W, which means that these variables should be "promoted" to operators
that act on a Hilbert space. In the Schrodinger picture the states are time dependent, which
means that on the lattice the states must only depend on the spacelike links and their time
evolution is expressed by spacelike links on the next time-layer.

From every site of the lattice 4 links (therefore 4 links variables W) emerge.” Three of them are
spacelike and one is timelike. The three spacelike link variables at every site W,,,,m € 2,3,4
take the role of the coordinate space of quantum mechanics. As a result, they form a basis
for the Hilbert space with the following properties:

(W) (W) = (W) [W) (4.38)

where the indices a, b are the explicit matrix indices of every group element W,,,. So, the
basis |W) is the set of eigenvectors of the operators (W,,,)®. The basis is orthonormal and

7Of course, there are other 4 links in the opprosite direction.
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complete.

(W'|W) = H S(W. (4.39)

xm7 )

1= / T AW |[W) (W] (4.40)

The first step is to rewrite the r.h.s of Equation 4.37, starting from the definition of the trace
for an operator.

/ H dmeN me| T | me / H dmeN < :cmN| T T T |Wa:mN>

The next step is to insert the completeness relation of Equation 4.40 between each pair of
T - T, which results in the following formula.

b= [T T W W T17,) (4.41)

n=1 x,m

The number n in the above equation is the number of time slice. Therefore the integration
measure is not the same with the one appearing in the partition function. In Equation 4.41
the link variables are integrated over a whole time slice. The timelike link variables that
connect one time slice with its next do not appear in the measure. So, this integration must
occur from the matrix elements of the operator T.

Because the transfer matrix is in principle a Green’s function that propagates the system
from a Hilbert space to the another Hilbert space in the next time slice, the action on the
lattice must be re-expressed in a form where time and space are separated.

To re-express the action one can start from Equation 4.6 and separate the term to the spacelike
and timelike plaquettes. Timelike are considered the plaquettes that have two links in the
time direction and two links on a space direction. In contrary, spacelike plaquettes have all
four links lying on space directions.

For timelike plaquettes denoted by [J;: 8

2at

Tr{We,} = N — 92“22“?T (P2l =N- Vg o TelF2)

and for spacelike plaquettes denoted by [l;:

2.4 2aS

Te{Wn,} = N — %Tr{ng} N-vZla S Te{ )

8N in the following formula is the dimension of gauge matrices, not the number of sites.
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as is the lattice spacing between two sites lying on a space direction, and accordingly a; is the
lattice spacing in the temporal direction. V, = a2a, is the volume of an elementary hypercube
of the lattice. The action on this anisotropic lattice shifted by N is:

25 = —B, S Te{Wo,} — B TH{IW ) (1.42)

C

The timelike and spacelike terms in the above action are multiplied by a different coupling
constant defined as follows with the aid of the anistropy parameter &.

Qs _2N1 B y
§ = @ Bs = e B = e § (4.43)

Therefore, the matrix elements (W, 1] T |IW,) appearing in Equation 4.41, must reproduce
the exponential of the action. As mentioned before, an integration over the time like is missing
from this formula in order to agree with the partition function. This integration must come
from the matrix elements of the timelike plaquettes.’

<Wn+1| T |Wn> = eXp{Bs Z TI{WDS}} H /dWLT exp{ﬁt Z Tr{meWx+ﬁL1WT/rL_gc1W1_gcl}}
’ (4.44)

The final result is that the transfer matrix can be written as an exponential of the operator
which is equivalent to the system’ s Hamiltonian.

A

T =Ke o (4.45)
Z = Te{KeNeell} (4.46)

This result can one more time be seen as an equivalence between statistical quantum system
and lattice gauge theories. H is the systems Hamiltonian and Na,; can be seen as the inverse
temperature of the system.

4.8 Thermodynamics on the Lattice

In Section 4.7 a formula that connects the partition function of gauge theories with the
transfer matrix was presented. According to this formula the Euclidean path integral can be
interpreted as a quantum statistical system in three space dimensions and finite temperature
T'. The time dimension becomes the temperature of the statistical system.

9The number 1 denotes the time direction and W’ is the link variables in the next time slice.
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In order to study the properties of pure Yang-Mills theory the expectation values of statistical
variables must be defined. The energy density given in Equation 4.47 is such a variable. As
mentioned in section 4.3 this expectation value must be expressed as a functional of gauge
invariant quantities in order to achieve a non-zero expectation value.

_ 1 o(In(2))v,

() = V. o(/T) (4.47)

where V = n3a? is the spatial volume of the lattice. The temperature depends on the time

direction of the lattice, as mentioned in section 4.7, with T' = (n,a,) . Because the above
relation demands the spatial volume to be held fixed, then to perform the differentiation the
action on an anisotropic lattice is needed, in order to be able to change as and a; independently.
This action is given in Equation 4.42 with its parameter from Equation 4.43. The temperature
can be then expressed as a function of the anisotropy parameter &.

- ntlat - Nfa (4.48)
1 Nta/s
d (T) = e (4.49)

The partition function as well as the temperature are expressed as functions of £&. Therefore,
the differentiation to obtain the energy density can be expressed as:

1 ,dz

‘= N,N,a2a2~ d¢

(4.50)

The dependence of the partition function on the anisotropy parameter £ comes from the
coefficients 3, and (3; of Equation 4.42.

s

€ X Z1 /HVVU [_(ii%ZTr{WDS} - dé_TI'{WDt}] e—S _ _dﬁs
v s

dg

ds,
e

(Wa,) (Wo,)

where the derivatives are:

d g, d [ 1
=
d§ dg | &y

d

dbe oy 4 ]S

d¢ g | g2
The coupling constant g depends on the anisotropy parameter, because according to the idea
of renormalization it must depend on the lattice spacing. As a result its dependence can be

expressed as follows.
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Pand) ~ gilay T 4oy
Fard) ™ g+ O (452
(@) = g0 1) = gla, 1) (1.5
The derivatives become:
= e e ) o
Clét = 2N (—921(1) + Cy(&) + §C§§> (4.55)

The isotropic lattice can be reestablished by taking & = 1 after any differentiation. The
above formulas allow the calculation of the energy density of a system put in a heatbath of
finite temperature. A similar procedure can be followed to measure different thermodynamic
observables.

4.9 Simulation Algorithms

Observables on the lattice are calculated by Equation 4.9. The path integral measure is
a multi-dimensional group integral over all link variables. Therefore the dimension of this
integral is the number of links contained in the 4-dimensional lattice used. Computers offer
a much more affordable method to calculate those integrals via methods using the idea of
important sampling. The idea is the same with statistical physics, where one does not need
the data for all molecules contained in a glass of water to study its microscopical properties.

The multidimensional integral of Equation 4.9 can be interpreted in terms of probability
theory as the mean value of the functional H[W] with probability distribution exp{—S[W]}.
The basic idea of the Monte Carlo method is to find all the sets {IV,,}, which from now on
will be called configurations C', that contribute more in the averaging of the functional H[W].
To be more specific, every link contains a link variable W,,, the set {W,,}, which contains all
the link variables is a configuration of the lattice system. Even one different value for a link
variable cahnges the configuration.

After finding the important configurations, the integral can be approximated according to the
following formula, where it was assumed that the number of the important configurations is n:

(H) = H(G;) (4.56)

1

1 n
ni:
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4.9.1 Markov Chains

One of the most famous methods to generate the important configurations is the Markov
Process or Markov Chain. According to this method, configurations are generated randomly.
The probability to generate a new configuration C” depends only on the previous configuration.
More specifically, every configuration C' can have access to every other configuration C’ with
probability P(C,C"). This can be thought of as matrix, where every element P,; denotes the
probability for the system to pass from the configuration C; to the configuration C; with
probability P,;. The function P(C,C") is called "transition probability" for obvious reasons.

Every element of P;; are probabilities, meaning that the usual two conditions must hold:

0<P(C,C") <1, YC,C (4.57)
S P(C,C) = (4.58)
C/

On the lattice the idea is that with subsequent changes of configurations new configurations
with higher values of the Boltzmann factor exp{—S[W]} will be produced. Beyond a configu-
ration the system will not be able to produce a configuration with higher Boltzmann factor.
At this point the system has achieved its equilibrium configuration C,,. It can be mathe-
matically proven that Markov Chains can always converge to an equilibrium configuration
Ceq, independently of the starting configuration when the probability matrix obeys certain
conditions. When simulating lattice gauge systems the conditions are obeyed. For further
details see [22].

Let V™ (C) denote the so called state/configuration vector of the Markov Chain. This can
be thought of as a column matrix, whose entries are the probability for the system to be in
the each configuration C' after n steps. As soon as the system has reached its equilibrium
state it must remain in that state. This condition is expressed as:

Vo) = 3 P(C,CVEI(C) (4.59)
.

Therefore the state vector of the equilibrium state must be an eigenvector of the transition
probability. For lattice gauge theories Markov Chains must be able to sample the probability
exp{—S[W]}. A condition that gives this distribution and simultaneously satisfies 4.59 is the
detailed balance condition:

e SOp(C,C") = e 5P, C) (4.60)

The detailed balance condition is enough for the system to converge to the equilibrium
configuration. Although Markov Chains give a condition for convergence they do not specify
the transition probabilities P(C, C"), for each step in order to achieve the equilibrium. These
probabilities are specified by the chosen algorithm.
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/
0
/

Figure 4.9: Four of the six plaquettes containing the link 75.The remaining two utilize the fourth
dimension.[7]

4.9.2 Metropolis Algorithm

The Metropolis algorithm describes a method to advance a system from a configuration C' to
a new configuration C’, that will have less distance from the equilibrium configuration.

The first step is to choose an initial configuration for the system. There are two such
configurations that are commonly used. The first is referred to as cold or ordered start. All
the variables W,,, are chosen equal to the identity element of the group, which makes the
Wilson’ s action minimal, that is why is called cold start. The second commonly used initial
configuration is the opposite. The action must be maximal, which can be achieved by giving
to the link variables W,,, completely random values.

The next step is to alter the configuration. As mentioned, a configuration C' consists of all
the link variables of the lattice. This configuration is changed when even one link variable is
changed. That is how the Metropolis algorithm changes the configuration. A candidate W;;
is chosen and is altered by being multiplied by an appropriate random matrix 7' € SU(N)
which has a weight towards the identity element 1 € SU(N).

The change of a single link variable W;; is then accepted or rejected. First, it has to be
mentioned that the change of W;; alters the action of the system, therefore the Boltzmann
factor and the purpose of the algorithm is to minimize the action. The action is the sum of
all elementary plaquettes. As a result, in a 4D lattice the change of one single link will affect
only 6 plaquettes. A 3D sketch of this fact is given in Figure 4.9.

Considering the above the change of the action when only a single link is altered can be
computed only by changing the link variable and multiplying it with its 6 surrounding
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staples.!®

AS = BTr{Re{AWijzﬁ:V;}} (4.61)

=1

where AW;; = V[/l’] — W;; and V; is the product of link variables for the six surrounding staples.

After calculating AS the change of the link variable W;; is accepted if AS < 0. Otherwise,
a random number r € [0, 1] is generated and the change is accepted only if r < exp{—AS}.
This step gives the chance for new configurations with higher action to be accepted. This is
desirable, because in that way the algorithm can escape for loops of metastable states.

The whole idea behind the Metropolis algorithm is to maximize the rate of accept for changes
that minimize the action. In order to further maximize this rate one can repeat the change
of a particular link several times, or as commonly said "hits". Physically, this correspond to
submerging every link in a heatbath.

After the change of a single link is accepted or rejected another link variable is chosen. The
choice of the new link can be made randomly or systematically. The change of a single variable
is often called Monte Carlo step. After all the link variables of the lattice are changed ! a
Monte Carlo step is finished and the whole procedure is repeated.

When the configurations of several Monte Carlo steps do not appear to change significantly
the system is considered to be in equilibrium state. The expectation value of an observable
can be calculated by retrieving from the computer memory several configurations, after the
equilibrium is reached, and applying Equation 4.56.

4.9.3 Heatbath Algorithm

The heatbath algorithm is another method to choose the new candidate for every link variable
W;j. In the case of Metropolis the new value I/Vl’j is calculated by multiplication with an
arbitrarily /empirically chosen matrix. This can lead to W/. which does not belong in the

1.
desired Boltzmann distribution.

The heatbath algorithm considers new candidates VVZ’] that are selected among all possible

values the follow the desired probability distribution e S5 As a result, this algorithm
makes no selection that will be rejected. In term of the variable W;; that is about to be
changed in each step the probability distribution is:?

P(W) = e SW) _ 6—% Tr{Re{WV}}
AP(W) x e~ ¥ TriRe(WV} gy

10Gtaple is the term used in the bibliography for a plaquette without one link.
HIndependently of whether the change was accepted or rejected.
12The indices 45 of the sites are omitted for simplicity
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where V' is the sum over the staples containing the link 75 and dW is the Haar measure. In
order to generate group elements W that follow the above probability distribution an explicit
formula for the Haar measure must be known. This is the most serious disadvantage of this
algorithm. In order to have a formula for the Haar measure a parametrization for the group
manifold must be known, which is really difficult for complex manifolds. For example, a
parametrization is known for SU(2) but not for SU(3), which is the group of interest for the
Standard Model.

The following calculation is for the group SU(2). The manifold of this group can be parametrize
as a surface of a 4D of unit radius.

SU(2) = {ag +id - 7la} + a*> = 1}, a = (ay,d) € R* (4.62)
As a result the Haar measure of SU(2) can be expressed as:

1
dW = —6(a* — 1)d*a (4.63)

~ o

The factor (272)~! comes from the normalization condition 4.12 after taking into consideration
that the surface area of a 4D sphere of unit radius is 272.

SU(2) has another important property. The sum of any two of its elements is proportional to
another element of the group. Therefore, the sum over the 6 staples can be written as:

6
V=Y V,=kU, UeSU?2) (4.64)

k= ;/det{V} (4.65)

For SU(2) (N = 2) and the trace of SU(2) matrices is a real number. The probability
distribution is:

dP(W) x e~z ™{WU} qpy

The measure is right invariant, so one can redefine is through a matrix X = WU.

dP(X) oc e = XX} gy

After substituting the Haar measure for the matrix X from Equation 4.63 the probability
distribution becomes:

1

dP(X —

e o5 (a? — 1)d'a
The measure on the 4D sphere can be expressed with the 3D solid angle as:

107



Karydis Evangelos

d*a = ||a||?dQd||al|dag = ||a|)” sin(@)dOdd||al|day, 6 € [0,27), ¢ € [0, ) (4.66)

The § function has the following useful property:

Sa* 1) = 8(lall* = (L= a) = 6 (llall = 1= a3) + (Jlall + Y1 —a3)  (a.67)

Substituting these equations to the probability distribution and using the delta function to
"kill" the measure d||z|| one gets:

1
dP(X) o 2—7#\/1 — a2e ™0 sin(0)dOdpdag (4.68)
In the above distribution the variables factorize, therefore the distributions can be generated
independently. First one generates random variables that follow the Gaussian distribution

exp{—kfzo} and accept or reject with probability /1 —a3. The variables 6, ¢ show the
direction of the vector @ and can be chosen at arbitrarily.

After generating the matrix X through the vector a following the precedent procedure, the
matrix W' is calculated by X = WU.

Although this algorithm has an elegant formulation for the group SU(2) there are no known
extensions for groups of bigger matrices. The reason is that parametrizations of the group
manifold are not as elegant as in the case of SU(2). A way to generalize this algorithm for
SU(3) using its SU(2) subgroups can be seen in [3].

4.10 Results from Simulations and Discussion

For the purposes of this thesis a Monte Carlo code was developed. The code is written
in python and is based on open source code developed by Michael Creutz.'®> The code
uses an isotropic lattice of N* sites and updates the link variables using the Metropolis
algorithm described in Section 4.9.2 with 5 hits per link. Moreover the code can handle
SU(N) matrices up to N = 20. These matrices are saved using the parameters and the
fundamental representation of the Lie Algebra. The purpose of the code is to measure Wilson
loops in order to determine the parameter A introduced in Section 4.6.

The plot of Figure presents the plaquette mean value as a function of 3 for the group SU(2).
It is clear that the developed code is in well agreement with Creutz’ s results in Figure 4.10.
The agreement holds also for the groups SU(3) (Figures 4.13 and 4.12), but for higher groups
the results do not seem reliable as it is obvious from plots in Figures 4.14 and 4.15.

The last part of this thesis was to measure rectangular Wilson loops of higher dimensions on
the lattice in order to calculate the A parameter. To this end, the procedure introduced from

13The code can be downloaded for free from the official website https://latticeguy.net of Michael
Creutz.
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Figure 4.14: SU(10) simulation of the mean pla-Figure 4.15: SU(10) simulation of the mean pla-
quette as a function of 8 from the quette as a function of 3 from the
code developed for this thesis. code developed for this thesis.

Creutz in [5] was followed. Creutz emphasized that the Wilson loop will always possess a
perimeter and a Coulomb behavior. So, in order to minimize the error coming from these
terms, he proposed the alternative observable (I, J) presented bellow, which is often called
Creutz’ s ratio. The advantage of this observable is that it is directly proportional to the
string tension in physical units y o< a?K.

(4.69)

WI.J) = —1n <W(I, JW(I —1,J — 1))

W(I,J - )W —1,J)

According to Section 4.6 x(I,J) must behave as a? K, which in the weak coupling regime its
behavior must follow that of Equation 4.33.

71
1 21
X xa’K = KA™? <2> R (4.70)
7090

Creutz plot this observable in a logarithmic scale as one can see in Figure 4.17. As mentioned
in Section 4.2 every observable on the lattice is measured in dimensionless lattice units. Then
to calculate real physical observables the dimensions are fixed by Equation 4.34. As a result,
Creutz calculates the ratio KA~2. After that, he ignores the asymptotic behavior of the
curves and plots a band of straight lines to predict the interval where the observable y would
become zero. The parameter A can be determined as the slope of the tangent lines. The
plotted curves converge to a behavior in the strong coupling regime. As far as they agree
with the expected weak coupling behavior and agree with each other for strong couplings, the
strong coupling results are reliable.

Tries were made to reproduce this procedure with the code developed in python. The results
are plotted in Figure 4.17. The result seems in good agreement with that of Figure 77 and
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Figure 4.16: Calculation of the string tension K from Creutz’s ratios x(I,J) [? ].

the string tension K is determined from the slope of the tangent straight line appearing in
the plot. The determined value is A ~ 0.004VK.
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Figure 4.17: Data from simulating Creutz’s ration. The behavior seems reliable for the plaquette
but for bigger Wilson loops the behavior is not correct for weak couplings.
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