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CHAPTER 1

INTRODUCTION

In Physics, symmetries are playing a very crucial role. Especially in particle physics so-called
local gauge symmetries are fundamentally needed in order to predict interactions of bosons
and fermions. Using the techniques of non-abelian gauge field theory, also called Yang-Mills
theory, the standard model of particle physics was developed in the last century. One of the
major achievements was the unification of the electromagnetic and the weak interaction in one
theory, which is done by introducing a SU(2) x U(1) gauge theory. Via the Higgs mechanism
and the idea of spontaneous symmetry breaking the weak gauge bosons get endowed with a
mass. This is necessary since such masses were observed in particle accelerators. Since the
quarks are living in SU(3) multiplets, the full gauge group of the standard model turns out to
be SU(3) x SU(2) x U(1). So far almost all predicted particles of the standard model were
confirmed by experimental physicists. The only missing piece here is the observation of the
Higgs boson which is a scalar particle.

Even though great predictions are formulated by the standard model, there are still aspects
physicists are not satisfied with. One could for instance imagine that there might be a further
unification of the electroweak and the strong interaction, referred to as grand unified theory
(GUT). Most GUT's that have been considered so far are based on higher gauge groups containing
the original standard model gauge group, for instance SU(5), SO(10) or the exceptional group
Es. Furthermore, the standard model requires a large amount of parameters that has to be
taken from experiments and therefore cannot be deduced from the model. There are about
seventeen such parameters containing for instance the quark masses as well as the masses of the

leptons.

Some other problems arise by trying to include gravity to the theory. Due to renormalization
problems in such quantum field theories it is not possible to include gravity this way at all. But
if one supposes that in the classical theory, the elementary particles we see are rather short
strings than point particles, one arrives at a resulting theory that naturally comes along with
a spin 2 field which can be interpreted as the quantum particle of gravity, i.e. the graviton.

Having these hopes in mind, theoretical physicists investigated string theories since 1984 more
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intensive, even though the idea was born much earlier.

In the framework of string theory, it becomes necessary to consider the world we are living in
not to be a four dimensional Lorentzian space-time but rather being a space of higher dimension.
Since we do not observe these extra dimensions, we need to introduce these dimensions to our
theory in a way such that they are hidden which means for instance that they need to have a
very small size and furthermore have to be compact. This procedure is called compactification

and is required to yield dimensional reduction to four dimensional space-time.

In order to get a realistic physical theory, string theory has to be equipped with supersym-
metry which provides every bosonic particle with a fermionic superpartner and vice versa. In
most of the known consistent string theories this requirement of supersymmetry also restricts the
overall dimension of the space where the theory lives in to be ten. Some realizations of compact-
ifications providing A/ = 1 unbroken supersymmetry in the resulting low energy effective action
can be realized by assuming the internal six dimensional space to be a Calabi-Yau manifold,
i.e. having SU(3) holonomy [1]. This was firstly considered in the mid 1980’s as verypromising.
However, due to moduli appearance in the low-energy effective action and due to the fact that
the specific values of these moduli are not known, predictions about certain quantities such as
coupling constants are not possible. Two examples of such moduli are for instance the so-called
dilation, determining the string coupling and the radial modulus determining the size of the
internal manifold. This problem is usually referred to as the moduli stabilization or moduli
space problem. One possibility to solve the moduli stabilization problem is the so-called flux
compactification. In such theories certain tensor fields are considered to have non-vanishing
background values yielding fluxes that thread cycles of the internal manifold. Such fluxes can
be thought of as generalized electromagnetic fluxes that belong to some field strength. For
such compactifications, the condition on the internal manifold to be Calabi-Yau is no longer
necessary but weaker restrictions to the internal space apply. This yields manifolds referred to
as manifolds with an SU(3)-structure. The defining property for such manifolds is simply that
the structure group of the tangent bundle can be reduced to SU(3), which is a milder condition

than the requirement of SU(3)-holonomy for Calabi-Yau manifolds.

One way of performing a dimensional reduction of the compact internal manifold is by
considering this internal manifold to be a homogeneous coset space. This procedure, referred to
as coset space dimensional reduction (CSDR) (see e.g. [2]), is taking advantage of the fact that
homogeneous spaces admit isometries. One can then define a gauge theory on the full space
and require the fields to depend on the internal coordinates only up to gauge transformations.
Doing this the Higgs and the gauge sector are unified naturally which is another nice feature of

the theory. Being endowed with additional dimensions, also Yang-Mills theories on such higher
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dimensional spacetimes become important for certain superstring theories [3], e. g. for heterotic
or type IIA string theory [4] as well as for supergravity considerations [5], [6]. Also a subclass
of such, namely the so-called nearly Kéhler manifolds were investigatet in such frameworks [7],
[8], [9], [10], [11], [12], [13], [14]. In the case of six dimensions these nearly Kahler manifolds are

contained in a class of coset spaces referred to as non-symmetric coset spaces.

Therefore in this thesis we investigate the structure of U(k) Yang-Mills theories and the
corresponding equations of motion as well as their solutions on spaces of the form R x G/H,
where G/H stands for a (non-)symmetric reductive coset space and R for one of the four flat
dimensions we live in. This is a simplification, which could be generalized to four dimensional
Minkowski space for instance. All these ansitze are G-equivariant which implements the dimen-
sional reduction of the additional coset variables. The gauge potential of the theory is given by a
connection on an associated principal bundle. If we consider the U (k) gauge group to be broken
down to [[;*, U(k;), also the gauge potential on the bundle decomposes in such pieces and in
general for each block we get a number of Higgs fields that are responsible for the corresponding
breakdown [15]. A physical interpretation of this situation is given in the context of type ITA
string theory where we can think of these subbundles to be k; coincident D2-branes and the
Higgs fields being open string excitations between neighboring blocks of these D2-branes [16].
Specifically we will consider Yang-Mills theories with different gauge groups on different homo-
geneous spaces. Firstly we investigate the general ansatz of a Yang-Mills theory with gauge
group G over the base space R x G/H. In this case we are able to write down the ansatz gener-
ically without explicit knowledge about the coset. From the G-equivariant ansatz for the gauge
potential we derive the corresponding field strength as well as Yang-Mills equations. Then we
distinguish between the two cases of a symmetric or non-symmetric coset spaces which yields
two different equations for the Higgs field. We then analyze the equation of the symmetric
case, consider BPS as well as non-BPS type solutions yielding instanton configurations as well
as sphalerons respectively. The latter can be interpreted as a chain of instanton-anti-instanton

pairs.

We do the same considerations for the non-symmetric case which for the BPS-type equations
yield configurations that are modifications of bundles [17], [18]. Furthermore we perform a
transformation of the metric in order to get a Lorentzian signature and derive the solutions of
the corresponding equations of motion. These considerations on almost arbitrary coset spaces
are actually generalizations of specific case such as R x .S% and R x G that were already considered
in [19], [20], [21]. Finally, for this ansatz, we derive the Yang-Mills flow equations over the coset
space whose solution is a one-parameter family of gauge potentials. This one-parameter family

contains also solutions of the Yang-Mills equations at the critical points of the gauge potential,
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i.e. points satisfying % = 0. The solutions to these equations turn out to be bundle

‘Tcrit

modifications similar to those coming from Yang-Mills equations.

Next we will consider U(n) gauge theories for specific n on the symmetric space CP? =
% as well as on the non-symmetric space Q3 = % Such theories are equivalent
to quiver gauge theories and SU(3)-equivariant anséitze where derived in [22] explicitly. Here
symmetry breaking takes place and the resulting number of Higgs fields is depending on the
chosen representation of SU(3) which in our case is also determined by the gauge group. For
CP? we will take the ansitze for a U(6) and U(8) gauge theory which yields two and four Higgs
fields respectively and derive the equation of motion for these fields. For ()3 we will consider a
U (3) gauge theory which involves three Higgs fields and derive the Yang-Mills equations for these
using a connection with non-vanishing torsion. In order to obtain solvable equations we need to
choose a specific value for the torsion. Lastly we consider the slightly different product space
R x CP! x CP?, where we generalize and combine the equivariant ansiitze from [19] and [22] to a
U(3(m+1)) gauge theory, where 2m + 1 Higgs fields are involved. From the gauge potential we
derive the gauge field and furthermore the Yang-Mills equations which yield a system of 2m + 1

coupled cubic second order differential equations for the Higgs fields.

The outline of the thesis is as follows. In Chapter II we will introduce basic notions of
Riemannian differential geometry containing the notion of a metric, connection and curvature of
a manifold. In Chapter III we will have a look at the group structure of manifolds, specifically
on Lie groups and the properties of invariant tensor fields. In Chapter IV we take a look at the
subclass of differential manifolds, referred to as manifolds with an almost complex structure.
There we are going to introduce all notions, needed to define Kéahler as well as the more general
type of nearly Kéhler manifolds which are a subclass of manifolds with SU(3) structure. Chapter
V is dedicated to the specific type of manifold we are dealing with, namely the homogeneous
spaces. In order to formulate Yang-Mills theories properly we need to understand the notion
of a fibre bundle specifically a principal bundle as well as all the generalized notions from
Chapter II, i. e. connections and curvature on such bundles. This purely mathematical part of the
thesis does not follow one particular book but was motivated and influenced by a wide range of
literature, e.g. [23], [24], [25], [26], [27], [28] [29] [30] [31] [32], as well as by lectures on differential
geometry and K-theory given by Prof. K. Smoczyk, INSTITUTS FUR DIFFERENTIALGEOMETRIE
and Prof. E. Schrohe INSTITUT FUR ANALYSIS at GOTTFRIED WILHELM LEIBNIZ UNIVERSITAT,
Hannover. In Chapter VII we briefly introduce the idea of gauge field theory and then pull
together this idea with the geometry of associated principal bundles identifying the corresponding
notions following [23] and [33]. The Chapters VIII-XIV are finally dedicated to the explicit

calculations of Yang-Mills equations on certain spaces as well as the analysis of their solutions
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as described above. The results from Chapters VIII-X can be found in [34].
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Introduction




CHAPTER 11

DIFFERENTIAL GEOMETRY

II.1 TOPOLOGICAL PRELIMINARY

We want to start at the very bottom of the mathematics we are dealing with during the next few
chapters. To provide the background for everything that will follow, especially for the concepts
of a manifold, we need a quite weak but fundamental structure of sets, called topology. In this
section, we simply want to introduce this and a couple of other definitions and see how we can
think of continuous functions between topological spaces.

II.1.1 Topological spaces. A topological space (X,T), or briefly X, is defined by a set X
and a set of subsets T' = {U;,i € I} of X, wherein I is an arbitrary index set. The elements of

T, called the open sets, are required to satisfy the following conditions:

XeT, 0eT,

Uuvicr, vicr
JjeJ
n
(U; CT,vneN. (IL1)
j=1
Most common spaces are equipped with a topological structure. For instance it is known that
an inner product naturally induces a norm, and a norm naturally induces a metric. One can also
show that a metric naturally induces a topology, so all these spaces are topological spaces. The
reverse generically fails but it may be true for topological spaces satisfying additional constraints.
In the following we will see how these conditions arise.
Firstly, we define a topological space X to be compact if an arbitrary open cover {U;} of X

can be reduced to a finite cover, i. e.

in
XCLJUf?HﬁW”%EJ&tXXZLJw.
jedJ j=i1

We do not exactly know yet what a manifold is, but it should generalize common flat spaces like

the R™ and hence compactness should not be constraining the manifold. We are actually going
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to consider a weaker condition here, namely paracompactness. For such a space X if {U;,i € I'}

is an arbitrary open cover of X, then there is another open cover {V}, j € J} having the property
Vied, diel: V;CUs,
i.e. there is a refinement of the open cover satisfying
VeeX, IV, eV, zeVyand VNV #10

only for a finite number of j € J, i.e. the refinement is locally finite. So a topological space is
called paracompact if and only if every open cover has a locally finite refinement.

A last condition which is needed to define a manifold is that for every pair of points x1 # x2
in X there must be open sets Uy, Us in T, such that 21 € Uy, 22 € Uy and Uy NU; = 0.
Topological spaces, equipped with this property are called Hausdorff. This condition is needed
but most spaces in Physics we can think of naturally satisfy this condition anyway.
I1.1.2 Continuity. Let (X,Tx) and (Y,Ty) be topological spaces with given mapping ¢ :
X — Y. We define ¢ to be continuous if VV € Ty, =1 (V) € Tx. This is another way of saying
that the preimage of an arbitrary open set of Y has to be an open set of X. By definition, the
continuous maps preserve the topology and therefore topological spaces and continuous maps
together form a category and hence bijective continuous maps are called homeomorphisms.

As mentioned in the beginning, topological spaces generically do not carry a metric. However,
for paracompact Hausdorff spaces, one can always find a homeomorphism to a metric space. Such

spaces are called metrizable.

I1.2 SMOOTH MANIFOLDS

Now we have everything to define the central object of our mathematical considerations, namely
the manifold.
I1.2.1 Manifolds. A topological manifold M is a topological paracompact Hausdorff space,

endowed with a collection of homeomorphisms
{(pi : Ui — Rn} N

where U = {U;} is an open cover of M. These maps locally describe the underlying space and
are therefore called charts. For obvious reasons the set of all possible charts {(p;, U;)} is called
an atlas of M. Considering different elements of the atlas we define the transition functions t;;
by

tij + pi(Ui N U;) — ¢;(Ui N Uj)

tij = goz-_l °Y;j.
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In case that all transition functions in an atlas are smooth maps, the atlas is called smooth. A
smooth atlas that contains all possible charts satisfying this condition is called a differentiable
structure. A topological manifold equipped with a differentiable structure is called a differen-
tiable or smooth manifold. If all the charts in the smooth structure of M are mapping to the

same real space R", we call n the real dimension of M.

I1.3 (Co-)TANGENT SPACES AND BUNDLES

In the last section we have defined a smooth manifold. One can think of simple examples of
manifolds, e.g. curves embedded in R%. Due to the embedding, we can always imagine what is
meant by a tangent vector. For the curve, we just take the derivative of the parameterized posi-
tion vector and get something we can think of as a velocity vector that spans a one-dimensional
vector space, tangent to the corresponding point of the curve. For a 2-dimensional surface, the
procedure works similarly and is still intuitive. The only difference here is that we have two
curves the latter case, yielding two linearly independent tangent vectors, hence we get a two-
dimensional tangent space. These vector spaces are just subspaces of the embedding space of
the manifold, here for instance R3. In this section we want to find a notion of a tangent vector
as well as the notion of a tangent space that we can apply to an arbitrary manifold even without
any knowledge about a specific embedding. Hence we need something that allows the definition
of a vector space at each point of the manifold, satisfying the given requirements. There are
many equivalent ways to define it.
I1.3.1 Tangent space. Let M be a smooth manifold, x : U — R" be a chart on a neigh-
borhood of an element p € M. A map v: I — M, I € R, given by t — ~(t) is called smooth if
the composition x oy : I — R™ is a smooth map. Such a map is called a curve.

Now let v and ' be curves on M, such that v(0) = ~/(0) = p. We define an equivalence

relation y ~ 4/ for all such curves, by

. d . d

Ty e | P 00) =] 6. (1.2

An equivalence class with respect to this equivalence relation is called a tangent vector in p and
the set of equivalence classes is called the tangent space in p and denoted by T,,M. Although,
this definition of the tangent space is quite intuitive, it is not very convenient to work with.
Hence, we are going to state another definition, which is equivalent to the one above, but easier
to handle.

For this purpose we first need a few more definitions. A map f: U — R is called a smooth
function if the map f o (x71) is a smooth function in the usual sense. The set of all smooth

functions defined on U are denoted by F(U). Defining the sum and the multiplication by a
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scalar in the canonical way, we see that this set actually forms an R-algebra. We define F,(M)
to be the set of equivalence classes of smooth functions on a neighborhood of p, where two of

them are equivalent if they coincide on some neighborhood of p. Furthermore we define a map

0
w . ]:(M) — R,
by 0| () = Bura) (1L3)
Y Dun pl 2(p)’ '
where 0,, denotes the usual partial derivative in Euclidian space.
Let V : F,M — R be an R-linear map, satisfying
Vig-f)=7r-vlg)+g-v(f), VfgeFM. (11.4)

We call V' a tangent vector at p and the set of all possible tangent vectors forms a vector space,

=1, ...,n}, from (I1.3)
P

0
oxH

defined as the tangent space. One can show that the maps {

form a basis of the tangent space, called the coordinate basis.

I1.3.2 Cotangent space and tensor product. Starting with the definition of the tangent
space T, M of M in p, we can define the cotangent space as the dual space of T, M, the vector
space containing all linear maps from 7}, M to R. We denote the cotangent space in the usual way
by Ty M. Since T;,M is finite dimensional vector space, its dual space has the same dimension
and hence we can choose a specific basis of the cotangent space, dual to the coordinate basis

which is denoted by {dx“

=1, ,n} and satisfies
p

d 0
7 Azt = dgt — gh
D adzt = dx <8:L’”> o, . (IL.5)

The elements of T7 M are called covectors.

Since we are only dealing with finite-dimensional vector spaces, we can carry over notions
and concepts from linear algebra for those spaces, e.g. arbitrary tensor products of T),M and
Ty M:

LM =TyM @ T,MRITyM®--- T, M (I1.6)

r—times s—times
Elements of T},; M are called tensors and can be expanded with respect to the coordinate basis
covering some neighborhood of p. In order to distinguish indices of the tensor, those belonging
to a tangent space are written as upper, and those belonging to a cotangent space are written

as lower indices. An arbitrary tensor T' € T,,; M therefore decomposes as

0
®.0

T =T, oo
V1...Vs Oxh » Ot

® dz™t
p

®..@dx"| . (IL.7)
p p
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Finally, we want to consider a subspace of TPSM , namely all tensors carrying only lower
indices which are totally antisymmetric in addition, e.g. T,,15.., = —T1suy..,. They are de-
composed as

T="1T,. ,dz"" ) ®...®dz" » (I1.8)

and will play a crucial role later on.
It is convenient to write down these tensors in a slightly different way. For this purpose we

define the antisymmetric tensor product of covectors by
VIANWH =V W =W o V*. (I1.9)

Using this notation, equation (II.8) can be written as
T = %T,jlm,jsdx”1 Ao ANdxe| . (I1.10)
! p P

Since we can express such kind of tensors with the wedge product A, this space is denoted by
ATy M
I1.3.3 Vector bundles and sections. So far we have figured out how to attach certain
vector spaces to a point p € M. We now want to find a way in which we can deal not only with
the vector space at a certain point p but with all the spaces at all other points of the manifold
in a direct manner. Such a union of vector spaces is called a vector bundle, or a tensor bundle in
case when the vector space is actually a tensor product of vector spaces. Since we do not want
to loose the information that tells us which subspace of the bundle belongs to the point of the
manifold, we need a map, called the projection map, containing this information. Formally, we
define a vector bundle as follows:

Let M be a smooth manifold, also called the base space in this context. Let furthermore
F be a topological space, called the total space, and m : E — M be a smooth map, such that
7 (p) = E, is a vector space of dimension k for all p € M, called the fibre over p. The triple
(E,m, M) is called a vector bundle if

Vp € M 3 open U > p, such that 771 (U) ~ U x E, (IL.11)

where an isomorphism between vector bundles is simply the natural generalization of an isomor-
phism of vector spaces. Furthermore, a smooth map s: M — E, such that s(p) € E, is called a
section in E. The set of sections of a bundle E is denoted by I'(E).

I1.3.4 Tangent bundle, cotangent bundle and tensor bundle. Now we want to describe
some very important vector bundles of a manifold M as well as their sections. One can show
that the space

™ = | ) T,M (I1.12)
peEM
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defines a vector bundle over M with the natural projection, mapping tangent vectors of p onto p.
This vector bundle is called the tangent bundle. The set of sections I'(T'M) forms a vector space
and its elements are called vector fields. A basis of this space is given locally in the coordinates

{zt, n=1,...,n} by {%,u =1, ,n} Also the set of all cotangent spaces,

"M := | J T; M, (IL.13)
peEM
defines a vector bundle over M with the natural projection. It is called the cotangent bundle
and the space of sections, denoted by I'(T*M), contains elements called I-forms. A basis of
1-forms is locally given by {dz*,u=1,...,n}.

It is quite obvious these definitions can be generalized to an arbitrary tensor product. Hence

/M = | ] TsM (IL.14)
peEM

defines a vector bundle called the tensor bundle on M. The space of sections I'(T7 M) is locally

spanned by the tensor products of the basis vector fields and the basis 1-forms

0 0
{(%U”l Q- e KAz @ - @ dx™s , i, v = 1, ,n} . (I1.15)

The sections of the tensor bundle are called tensor fields. At last we consider the special case,

where the fibre is a wedge product of cotangent spaces, namely the bundle

Af(TM) = ] ATEM. (I1.16)
peEM
Sections of this bundle are called s-forms and the space they span is denoted by Qs(M) :=
I(As(TM)). A basis for the space of s-forms is locally given by the wedge product of basis
1-forms, namely

{dz"* A oAdat* 1 <pp < ... <ps<n}. (I1.17)

I1.3.5 Exterior derivative. As a next point, we want to introduce a differential operator
that acts on s-forms and maps them to s + 1 forms. Since the result of the derivative lies in a
different space than the s-form that we plugged in, it is called exterior derivative. It is denoted
by d and defined as follows

d: QM) — Qe (M),
w — dw,

10
dw = =Lmts qup g qemn A date (I1.18)
sl OxP
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Let a and w be an r-form and an s-form, respectively. The exterior derivative has the

following properties:

d(Aa) = AMd(a) VAER, (dis R-linear) (I1.19)
dlaAw) = daAhw+ (-1)"aAdw (11.20)
ddw = 0 (IL.21)

An s-form w satisfying dw = 0 is called closed. If there is an (s —1)-form 7 such that dn = w,

w is said to be ezact. According to (I1.21) it is obvious that every exact form is also closed.

I1.3.6 Holonomic and non-holonomic basis. Let us consider the basis of the tangent
space {8%, w=1 .. n} and the basis of the cotangent space {dz*,u = 1,...,n}, locally given
by the coordinates {z#,u = 1,...,n} once more. As already mentioned in paragraph 11.3.4 and

making use of the definition of the Lie bracket, we find

Oz y

%de” = da¥ <i> =0", and

[ o 0 ] ~0. (11.22)

0xy’ Oxy

Since the vector fields contained in this basis commute, we call it a holonomic basis. In general
it is not necessary that the vector fields forming an arbitrary basis do commute and therefore we
also consider the more general case, where they do not. Let {e,,a =1,...,n} and {e®,a =1,...,n}

be a different basis of vector fields and 1-forms satisfying the equations

eaae’ = eb(e,) = 6, and

[eaa eb] - fabcec . (11.23)
Here the elements of the basis do not commute and therefore form a so-called non-holonomic

basis. Since (II.22) and (II.23) are both bases of the same space, they have to be linearly

dependent in each fibre, namely

€q = e“ai , i = e’yeq (for vector fields),
Qt dxH (I1.24)
e = efydat, dzt = ef,e*  (for 1-forms).

Since the e, form a non-holonomic basis, it is obvious that the matrices e#,, e, cannot be
constant, otherwise the e, would commute. In order to see which basis we are using, we will
only take indices from the late Greek alphabet to denote components of tensors with respect
to the coordinate basis while using letters from the Latin alphabet to denote components with

respect to the non-holonomic basis.
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II.4 BUNDLE METRIC AND RIEMANNIAN MANIFOLDS

In the last section, we introduced the tangent space and the tangent bundle, by attaching vector
spaces to each point of the manifold. Now we can add some more structure to these spaces, i. e.
we want to find a way to equip every tangent space with an inner product, which is later be
used to define a metric on the manifold. An inner product for an arbitrary vector space V over

R is defined as a map (-,-) : V x V — C satisfying three conditions

(VVW)y=W,V), YV,W eV (symmetric),
It is R-linear in the first argument, (I1.25)
(V,V)>0and (V,V)=0, iff V=0 (positive definite) .

In the following we are going to introduce the notion of a metric on the manifold that reduces
to such an inner product on every tangent space.
I1.4.1 Riemannian metric and Riemannian manifolds. We start by simply defining an
object in a straightforward manner by requiring a so-called metric to satisfy the properties of an
inner product (I1.25) locally. We state these definitions first in a general way and then have a
closer look at the case where the vector space is the tangent space and the bundle is the tangent
bundle. The generalization of these results back to the general case of a tensor bundle is then
straightforward.

Let M be a smooth manifold, p an arbitrary point in M and (U, x) a chart such that p € U.
Furthermore, let (E, 7, M) be a vector bundle. We define a bundle metric g on E to be an
element of I'(E* ® E*) satisfying two conditions

gp(V,W) =g,(W,V) forall VIV € E,, (11.26)
gp(V,V)>0 and g,(V,V)=0,iff V=0. (I1.27)

Hence if £ =TM, g maps two tangent vectors to a real number. It is easy to see that one
can also consider g as a map of vector fields to smooth functions. Since it is a section, we can

express the metric in terms of local coordinates
g = gwdz" ®da". (I1.28)
The symmetry condition reads then

uv = Gup - (1129)

A bundle metric defined on the tangent bundle like above, is also called a Riemannian metric
and a smooth manifold endowed with a Riemannian metric is called a Riemannian manifold and
denoted by (M, g).
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I1.4.2 Theorem. FEvery smooth manifold M admits a Riemannian metric, which is induced
by the smooth structure.

Considered as a local statement, this theorem is straightforward to prove. For a neighborhood
U of p, we have a corresponding diffeomorphism that maps U to some open set in R". Since R"
is already endowed with an inner product, one can simply define the metric on the tangent space
to be the pullback of the Euclidian inner product. Since a smooth manifold is also paracompact,
one can use a partition of unity to define a metric globally on M. [J
I1.4.3 Induced metric. Another consequence which is also straightforward to see is that a
Riemannian metric on M induces a metric on the cotangent space and on arbitrary products of
the tangent space and the cotangent space. Therefore, a Riemannian manifold is also endowed
with a metric on the tensor bundle 77 M for arbitrary r and s. This will become important in
further sections, when we associate some sort of derivative on a bundle with the corresponding

bundle metric.

II.5 LIE DERIVATIVE

In this section we first want to introduce a notion of a derivative of tensor fields, namely the Lie
derivative. Later on we will also consider another kinds of derivatives. The idea of this one is
quite intuitive. The goal is to describe how a tensor field changes in different directions which
can be specified by a vector field. In addition, we need a mechanism that allows us to compare
tensors in different points of the manifold, which is not obvious, since the tensor field maps each
point of the manifold to a different space.

I1.5.1 Local flow and Lie transport. Let M be a manifold, v : [0,1] — M be a smooth
curve. Of course, we can take the derivative of this map and obtain a tangent vector for each

7 € I. These tangent vectors are lying in the corresponding tangent space of v(7),
d
E’y(r) €T, M. (I1.30)

Now we can imagine a vector field, mapping the image of the curve to its derivative. It can
be shown that for each vector field v and tangent vector v, € T, M, where p € M, there is locally

exactly one curve -y, satisfying

d
w(0) =p and d—'yv(()) =vp. (11.31)
T

This curve is completely specified by the vector field v and is called an integral curve of v. Hence
on a neighborhood U of p, we can define a map Fy : U — M by Fs(p) := (7). This map is

called a local flow. Due to its properties

FrpoFr, =Fryn, F,= (Ff)il (I1.32)
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it is also referred to as a one parameter group of transformations.
Since F’; is a smooth map from M to M, we can find a corresponding map from the tensor
bundle 77 (M) to itself, using its pullback F}:

F* T (M) —s TI(M). (11.33)

This map allows us to compare tensors in different spaces, e.g. a tensor in T},, M with a tensor
in T}, M, where p; and py are elements of the neighborhood U of p. It is called the Lie transport.
I1.5.2 Lie derivative. Now we have gathered the necessary basics to measure the rate of
changing of tensor fields in a given direction. Therefore, the definition of a derivative can be
stated in a reasonable way. We define the Lie derivative Lyt of a tensor field t € Ty (M) as the

derivative of the pullback of the local flow, evaluated at 7 = 0:

d
Lot i=— F*t. 11.34
v drlt=0 7 ( )

It is easy to show that the Lie derivative satisfies all the properties needed for a proper

derivative: It is R-linear and satisfies the Leibniz rule, i. e.
L,(t@t)=L,t)@t +t® L,(H). (I1.35)
There is one more property, telling us how the Lie derivative acts on a generic tensor fields,

Ly(t(v, .ty e, a5)) = (Lot)(v1, ey 1,y ey )
+ Ly, ey A1y ey ) +
+ t(v1, ey Lo, oy g) + o
+ t(vry 0, Lyas) (11.36)

where vy, ..., v, are are vector fields and asq, ..., s are 1-forms.
Using all these properties, we obtain the explicit formula for the Lie derivative of a tensor
field ¢ which reads in components

0 ov ovP

P
I e e R A et
ov#1 Ovkr
St L gl (IL.37)
8(D0 1...-Vs 8.’pr 1...Us

For the special cases, where t is a function, a vector field or a 1-form, (I1.37) is written in an

especially nice form:

Lof = f=u(f), V€ CX(M), (IL38)

Lyw = (v’)iw” - w”iv")i = [v,w], YweIl(TM) (I1.39)
P dzr  Ox° T ’

Lya = (vpiag + apivp)dx” =(wod+dow)a, VYael(T*M). (I1.40)

oxP
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Using the non-holonomic basis defined by equation (I1.23) as well as equations (I1.38)-(I1.40),
one can show that the Lie derivative of a tensor which is a tensor again, has the following

components in the non-holonomic basis

Lty ym =ec(ty! 7)) + fee™ by by o fee "y b,

_fcbletalmare...bs T e T fcbsetalmarblu.e . (1141)

I1.5.3 Killing vector fields. As we have stated above, every vector field v gives rise to a
local flow F; : M — M in a neighborhood of some point p € M. Now suppose that M is a
Riemannian manifold with the Riemannian metric g. Then it can be shown that there are vector
fields whose one-parameter group is an isometry, i.e. it preserves the metric. These vector fields
are called Killing vector fields. If we consider the Lie derivative of the metric with respect to a

Killing vector field we find that
0 0 0
Evgﬂy = UP%QW + (W’UP> Gpv + <axy7)p> Gup - (1142)
For an isometry this equation simply vanishes,
Lygu = 0. (I1.43)

Since this equation determines the Killing vector fields, it is called the Killing equation. Defining

Vs = ¥ gro and using the Leibniz rule for the partial derivative, we can rewrite (I11.42) as

L = v.g"" 9 9 9 +%+8x”
vJuv = g 61'/’9#” OV Gup O Gup v, 81}#
oxz*  Oxz”
—. — 217 w,, I1.44
.+ o0, T (11.44)
wherein
1 9 9] 9
T .= P P - F

Ful’ .— 29 (8;17” Gup + D Jvp axpguu> (11.45)

are called the Christoffel symbols. We will recognize them in a later section, when we will define
the so-called covariant derivative. Its construction will be done in terms of a so-called connection
of the tangent bundle which is quite different from the definition of the Lie derivative.
Another notable property of the Killing vector fields is that the Lie bracket of two Killing
vector fields again yields a Killing vector field, in other words, the set of Killing vector fields
closes under [-,-]. Due to the R-linearity of the Lie derivative, the linear combination of Killing
vector fields again results in a Killing vector field. Hence they form a subalgebra of the algebra
of vector fields on M which is always finite-dimensional. If it has dimension n(n + 1)/2, where

n denotes the dimension of M, then M is called a maximally symmetric space.
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I11.6 THE LEVI-CiviTA CONNECTION

In the previous sections, we were dealing with different kinds of bundles, e.g. with the vector
bundle. These bundles are defined by attaching vector spaces to each point of the manifold. But
since the manifold does not necessarily have to be flat, the attached spaces do not need to be
identical but may be twisted against each other for instance. So we do not have the information
in which way elements of different fibres can be compared. For instance, tangent vectors from
different tangent spaces cannot be compared straight away, since they are elements of different
vector spaces. We discussed a similar thing in section I1.5.2, where we used the pullback of the
Lie transport to compare tangent vectors with each other. We will therefore define an object
which can be used to connect fibres of some vector bundle at different points of the manifold.

Such an object is called a connection and is formally defined in the next paragraph.

I1.6.1 Connections and the covariant derivative. Let M be a smooth manifold, and E be
a vector bundle over M. Furthermore, let s, s1, so € I'(E) be sections of F and v, v1,ve € T'(T'M)

be vector fields. A connection on E is defined as a C'°°-linear map

V:[(E) > T(T"M & E) (1L.46)
s+—— Vs , (11.47)

which straightforwardly induces a second map, the covariant derivative on E, defined by

Vs : D(TM) — [(E), (IL.48)
v+ Vys. (I1.49)

It is furthermore required to be R-linear and to satisfy the following rule:
Vo(fs) =v(f) s+ [Vu(s). (I1.50)

This is a very generic notion, and in order to define the most canonical, but important Levi-
Civita connection, we need to introduce a couple of properties of a connection. From now on
we will constrain ourselves to connections on the tangent and cotangent bundle and their tensor
products. One can show that if we have a connection on the tangent bundle, this connection
induces a connection on the cotangent bundle and also on arbitrary tensor products of those
bundles. Therefore we only need to know how the connection acts on basis vectors of the tangent

and cotangent bundle.

I1.6.2 Connection coefficients. Let V be a connection on the tangent bundle. It is con-

venient to use the same symbol for the induced connections mentioned above. We define the
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connection coefficients to be the coefficients of the covariant derivative of one basis vector field

with respect to another basis vector fields, i.e.

0 0

Y. e Y _.Tc
Hogr = ' 5’ Vaer =: ' e, (I1.51)

where
V= Vaa#, Vo :=Ve,. (I1.52)

In this notation, the covariant derivative of the basis 1-forms with respect to the induced

connection can be expressed as follows:
Vuda¥ = -T% daf,  Vae’ = —T? e (I1.53)

If we plug the transformation rule (II.24) into the definition of the connection coefficients (I1.51),

we arrive at the following relations:

0
b = eua(wepb + e”bFfW)ecp (H_54)
Fftl/ = eau(_ea(epb) + epcréb)eby (H.55)

The relations (II.54) and (I1.55) show that the connection coefficients cannot be coefficients

of a tensor, due to an extra term in the transformation law which does not appear in tensor
transformations. Since we are free to change the name of silent indices, we can easily see that
the spurious piece, i. e. the first summand of the right hand side (I1.54) and (I1.55), is symmetric
in the two lower indices of the connection coefficients. Hence, this term disappears in an object
antisymmetric in the connection coefficients with respect to these two indices and we get a
proper transformation rule for an object constructed in such a way.
I1.6.3 Covariant derivative of tensor fields. In the last paragraph we have shown how to
take the covariant derivative of the basis vector fields and 1-forms, stated in equations (II.51)
and (I1.53). This can be easily generalized to arbitrary tensor fields. Let T' € T'(T7 M) be a
tensor field on M. Note that using either the holonomic or the non-holonomic basis does not
make a difference in our formulae. The difference only appears in the connection coefficients,
so we only state the result with respect to the non-holonomic basis. The components of T" are
defined by

T = T p€a, ®..0e, Qe ®...0e. (I1.56)
Therefore, by taking advantage of equations (I1.51), (I1.53) and (I1.50), we arrive at the following
formulae for the components of the covariant derivative of T":
VI by = eIy b,)
ATUTO 0y o+ TUTH
e qa.ar o _ FEbSTa"'arbl.--e' (I1.57)

- Cbl --Us
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I1.6.4 Connection 1-form. There is an equivalent way to express how the connection acts
on the basis vector fields and 1-forms. We define a matrix valued 1-form, namely the connection

1-form with respect to a non-holonomic basis and its connection coefficients:
O% =T e . (I1.58)

This formalism allows us to formulate many equations in a different and sometimes more trans-
parent manner.

I1.6.5 Metric compatibility, torsion and the Levi-Civita connection. As already men-
tioned in paragraph I1.6.2, we can construct tensors using the connection coefficients, even
though they are not tensors themselves. An example is the torsion tensor T : I'(TM @ TM) —

['(T'M), defined with respect to a given connection as
T(v,w) =Vyw+ Vyv —[v,w], v,wel(TM). (I1.59)
It has the components

T°, = I%, -Tf,, (I1.60)

in some holonomic basis, and the components
T% = Ty, —T% — foc"- (I1.61)

in some non-holonomic basis.
Using the components of the torsion tensor in a non-holonomic basis, we can define the
torsion 2-form:
T¢ = %T“bceb A €. (11.62)

There is a relation between the connection 1-form and the torsion 2-form, given by the following
equation
de® + 0% Aeb =T7. (I1.63)

We now want to restrict our generic connection by a two specific conditions. Firstly we say

a connection V on a Riemannian manifold (M, g) is compatible with the metric g if Yu,v,w €
(TM)

Vg=0 & Vu(g(v,w)) =0. (I1.64)

If we choose local coordinates as in (I1.22) and (I1.23), we get the following equations:

0
w (gup)

ea(ghe) = T% gde + Toe goa - (IL.66)

Iy 9op + 17, 9vo (I1.65)
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One can show that there is a unique connection which is compatible with the metric and has
vanishing torsion and it is called the Lewvi-Civita connection. In local coordinates, the second

condition of vanishing torsion is given by (I1I1.60) and (I1.61)

re,-To, = 0, (IL.67)
aw— Lo = fa'. (11.68)

By virtue of (II.63) the condition of vanishing torsion in terms of the connection 1-form reads
de® + wi Aeb =0. (I1.69)

In order to distinguish different connections, we will use the symbol w for the Levi-Civita connec-
tion one forms and © for arbitrary connections. The two defining properties of the Levi-Civita

connection, denoted by VC can be summarized to one defining equation:

9(Vi€ (v),w) = %{U(Q(vvw))Jrv(g(u,w))—w(g(uw))}

3 ol w]w) — ([ wl, ) — g, [o,0]))
(I1.70)

Now we can easily read off the connection coefficients from the Levi-Civita connection, by

plugging the basis vector fields into this equation and obtain:

1 0 0 0
FZV = igpo' {axl/gua + @gyo - ng,y} y (II71>
1
Zb = §ng {ea(gbd) + €b(gad) - ed(gab) + Ged fabe — Geb fade — Gea fbde}
1
ey = 596d {ea(gvd) + €v(gaa) — €a(gav) + fabd — fadb — foda} - (IL.72)

The connection coefficients of the Levi-Civita connection are called Christoffel symbols and they

match with definition (I1.45) from paragraph I1.5.2.

II.7 CURVATURE

In this section we are considering the curvature of a manifold. It also depends on how the
connection coefficients look like.

I1.7.1 Riemann tensor. In the last section, we combined the connection coefficients in such
a way that they form an object that transforms as a tensor, namely the torsion tensor. The
torsion tensor contained terms of first order in the connection coefficients, i.e. first covariant

derivatives. The tensor we introduce in this section will be a combination of second derivatives
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of vector fields and called the Riemann curvature tensor or just Riemann tensor. It is defined

by
R(u,v,w) := V,Vyw — V,Vyw — Vi, yw. (IL.73)

It tells us how a vector changes under an infinitesimal parallel transport induced by the con-
nection. Parallel transportation here roughly means the transport of a vector under some path
such that the vector only changes in the same way, the whole tangent space changes. Since the
connection tells us how the tangent space changes from one point of the manifold to another, it
also tells us how to perform a parallel transport of a vector. If we plug in the holonomic and
non-holonomic basis from equations (I1.22) and (II.23), and use equation (II.51) we see that the

components of the Riemann tensor in a local basis look like

0 0
— n n
R\ = EIT oy — B RN B RORESS B R (I1.74)
R = ec(lg) —eal'gy) + Teclay — Tala — fea™Te, - (I1.75)

It is obvious from the definition that the Riemann tensor is antisymmetric with respect to u
and v, i.e. in the last two indices.

Considering the Levi-Civita connection and pulling down the first index of the Riemann ten-
sor, using the corresponding metric, we obtain in total six identity equations for the components

of the Riemann tensor in the holonomic basis:

RH)\MV = _RH)\V/L y Rn)\;u/ = —R)\Huy, (1176)
RH)\MV = Ruumk 5 Rﬁum, = RR]/[{’LL . (1177)

along with the Bianchi identities:

First Bianchi identity: Ry + R yn+ R0, =0. (I1.78)
Second Bianchi identity: VKR5A“V + VngAm; + VZ,RSA,.W =0. (I1.79)

In the following, we contract the first with third index of the Riemann tensor. The resulting

tensor is called the Ricci tensor:

Ricu, == R ey (I1.80)

Contracting the remaining two indices with each other, we get a smooth function called the

Ricci scalar:

R := Ric¥, := g""Ric,, (I1.81)
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I1.7.2 Curvature 2-form. In the previous section we defined the vector-valued torsion 2-
form in equation (I1.62). Analogously, we can define the curvature 2-form with respect to the
last two components of the curvature tensor. Due to the antisymmetry in the last two indices of
the Riemann tensor, we are able to think of it as of the components of a matrix valued 2-form,

the curvature 2-form, where we consider the first two indices to be the matrix indices, i.e.
a 1 a c d
R% = §R bed € N €. (11.82)

By definition, the Riemann tensor depends on the connection. Therefore we can also derive a
relation between the curvature 2-form and the connection 1-form, similar to what we did for the
torsion 2-form in (11.63):

dO%, + 0% NO% = RY,. (I1.83)
The equations (I1.63) and (I1.83) together are called the Cartan structure equations. If we take
the exterior derivative of these equations, we obtain precisely the Bianchi identities, already

formulated in the holonomic basis in equations (I1.78) and (II.79). We get

dT® + W% AT = RY% A€, (I1.84)
dR* + w* AR — R*. ANw% = 0, (11.85)

respectively.
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CHAPTER II1

LiE GROUPS AND LIE ALGEBRAS

In this chapter we want to introduce the notion of Lie groups, Lie algebras and their relation to
each other. We also want to see how a group is able to act not only on a vector space, but also

on manifolds.

III.1 LiE GROUPS AND GROUP ACTION

II1.1.1 Lie groups. First in this paragraph we want to discuss the notion of a group. A

group G is defined to be a set, endowed with a map o : G x G — G which satisfies three

conditions
(grog2)ogz=g10o(g2093)  Vg1,92,93 € G, (I11.1)
Je such that: eog=g Vg € G, (I11.2)
Vg € G 3g~! € G such that: g log=e. (I11.3)

A map satisfying equation (III.1) is said to be associative. The element e is called the identity
element and g~! the inverse of the element g. We usually suppress the symbol o for the group
operation. A topological group is a group which is also a topological space such that the group

L are continuous.

operation and the map g —— g~
We can now define a Lie group as a topological group, which is also a smooth manifold. For

Lie groups, the group operation and the inverse map are required to be smooth maps.

IT1.1.2 Group action and representations. Let G be a group and M be a smooth man-

ifold. We define the action of G on M as a map © : M x G — M, fulfilling the following

properties:

O(,9): M — M issmooth, (I11.4)
©(©O(z,g9),h) = ©O(x,gh), Vg,he G, x € M. (I11.5)

Now let V' be an n-dimensional vector space. Every vector space naturally carries all the

structures, needed to define a manifold, and therefore it is sensible to talk about the group
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action on a vector space. So, let G be a group and © be an action of G on V. If the group
action is linear in the first argument, we define
p:G — GL(n,K),
g — O(,9). (I11.6)
The tuple (V) p) is called an n-dimensional representation of G.
Obviously, the group operation of a Lie group defines an action on itself via the given left or
right multiplication of a group element.
L():GxG— G, Lgh)=gh, (IIL.7)
R():GxG— G, Ry(h)=hg. (IT1.8)

Clearly, these are not the only ways to define an action of G on GG. For instance we can make

use of the inverse elements in order to define an action on G by
0:GxG— G, ©O(g,h)=ghg'. (I11.9)
This defines a map ad, : G — G in the following way:

adg = @(97 )
ady(h) := O(g,h) = ghg™* (II1.10)
One can show that this map is a homomorphism called the adjoint representation of G. By

definition we find that
adg(e) =e. (II1.11)

Since adg is a map from G to G we can define a map on the tangent space of G as follows

Ady : TG — T,G (ITL.12)
Ady = adg(e). (II1.13)

This map induces the map Ad: G x T.G — T.G, which we call the adjoint map of G. One can
show that this map is an action of G on T,G and it is also called the adjoint representation of
G.

I11.1.3 Left translation. We have shown above that the group defines two group actions
on itself in a very simple way. Like the adjoint representation, there are also maps G — G
corresponding to these actions (equations (II1.8) and (II1.7)). We are considering only the first

one, since all the results can be derived for the right action in an analogous manner.

Ly:G — G, ge€G, where
h — gh VheG (I11.14)
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This map is called the left translation and, as we defined in paragraph III.1.1, it is a smooth and
bijective map, i.e. a diffeomorphism. One can observe the following, using the differential which
is also called the push-forward: Every diffeomorphism between manifolds induces a homomor-
phism (i.e. a linear and bijective map) for the tangent bundle, which means a homomorphism of
the tangent space for every element of the base. This way the differential of the left translation
Ly, allows us to map a tangent vector from the tangent space in one point to the tangent space
of another point of the manifold. Since L, is smooth, we will be able to obtain a vector field
from each tangent vector of a given tangent space. In the following we display how one can

apply push-forward and pull-back maps to both vector fields and 1-forms. For vector fields, we

have:
Push-forward: Pull-back:
Ly : T(TG) = T(TQ), Ly :T(TG) - I(TG), L} := (L;")., (IT1.15)
Lyile : TG — T,G. Lyle : T,G — TG,

where we made use of the ordinary differential of a smooth map to define the push-forward and

defined the pull-back to be the push-forward of the inverse map. For 1-forms, we find:

Pull-back: Push-forward:
L; I(T'GQ) - T(T*@G), Ly :T(T*G) = T(T*G), Lgs == (Lg_l)* , (I11.16)
Lile : T;G = T;G. Loele : T;G — T,G,

where of course the pull-back is defined via the ordinary pull-back of 1-forms and the push-
forward to be the pull-back of the inverse map.

Having defined push-forward maps for vector fields and 1-forms, it is straightforward to
define push-forward maps for arbitrary tensor fields t € I'(7T7 G). Hence we can shift an arbitrary
tensor t, in the tensor product of tangent spaces and cotangent spaces of the identity element
T.G®.. T.GRT;G...9T;G =T, G to the corresponding tensor product of spaces Ty ,G at
an arbitrary point g € G. That means that we have a map, Lg«|. : 75 .G — I'(T{ G) mapping a
tensor t. € Ty .G to a tensor field on G.

t(g) = Lgx|cte - (I11.17)
As already mentioned in the beginning, any object defined via the left action in this section

works out in the same way for a right action as well.

II1.2 INVARIANCE OF TENSOR FIELDS

Having defined the group action and its application to arbitrary tensor fields, we are now able

to introduce the notion of left invariance for these fields.
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IT11.2.1 Left invariance. Let ¢t be a tensor field on a Lie group G, i.e. a smooth map of the

manifold to the tensor bundle t : M — TG, such that t(p) € Ty ,. We call ¢t left-invariant, if:
Lgt(h) =t(gh) VYhed. (I11.18)

This notion of left invariance allows us to define a basis of the tangent space which gives us a
basis of tensor fields in which all such tensor fields show up in a simple form. For this purpose
let {E,} be a basis of the tangent space of G at the identity element e. As we have seen in
II1.1.2, it is possible to define a unique left-invariant vector field from every tangent vector via
performing the push-forward of the left action on it. Therefore we get a set of vector fields {e,}
depending on the basis of T,G which forms a basis of all vector fields. The procedure works in
the same way for a basis { E°} of the cotangent space at the identity. Denoting the left-invariant

basis of 1-forms on G as {e’} we are able to express arbitrary tensor fields t € TG in this basis:
t=t""0 p€ay @ ... €0, @ ... ebs (I11.19)

As shown in [23], the left invariance condition (III.18) for a tensor is equivalent to the tensor

having only constant components with respect to the left-invariant basis,

t(ll Qo

by..by = const,Vai,...,ar, by, ..., bs. (I11.20)

Because the left-invariant vector field even form a subalgebra, one can decompose every left-

invariant vector field and 1-form in the left-invariant basis and we get that
t(v1, ey Upy Q1,4 ..y ag) = cONSY, (I11.21)

for all left-invariant vector fields v; and left-invariant 1-forms «; and hence their Lie derivatives
along left-invariant vector fields vanish. The fact that the coefficients are constant together with

equation (I1.41) yields the following condition on the coefficients of t:

‘Cectgll,._':g; = fcealtemarbl...bs + ...+ fceartalmebl...bs
_fcbletalmaTe...bs - fcbsetm...arblme =0. (111'22)
Note that the Lie bracket [-,-] : I'(TG) x I'(TG) — I'(T'G) of vector fields preserves the

left invariance. Plugging in two elements of the left-invariant basis, we obtain a different left-
invariant vector field, which is just a linear combination of the left-invariant basis vector fields

and has constant components according to equation (II1.20):

lea, en] = far‘ec. (I11.23)
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The Lie bracket satisfies the Jacobi identity
[[u, v] ,w] + [[w,u] ,v] + [[v,w],u] =0, VYu,v,w e T(TG) (I11.24)

and therefore the space of left-invariant vector fields forms a so-called finite dimensional Lie
algebra.
Additionally, the tangent space becomes a Lie algebra with a Lie bracket induced by the Lie
bracket for vector fields:
[Eq, Ep] = [eq, ep](€) = fapr Ee. (III.25)
The structure constants of these two Lie algebras are of course the same and therefore both are

called the Lie algebra of G and are denoted by G.

II11.3 THE KILLING FORM AND THE INVARIANT METRIC

As motivated above, the Lie algebra G of a Lie group G plays a crucial role for the structure
of the corresponding Lie group. We will see that one can get information about topological
properties such as connectedness and compactness of G by analyzing a special bilinear form on
G which we define in the following.

IT11.3.1 Killing form and adjoint representation. Let G be a Lie algebra with generators
{E,}. The Killing form K is defined as a mapping K : G x G — R given by

K = K(Ea, Eb) = tr(adEaadEb), (111.26)
where ad F, denotes the adjoint representation of the generator Fj:
adFE, : G — G, adE,(Ey) := [Eq, Ep) . (I11.27)

Since the trace is a linear map satisfying the cyclic condition wich allows cyclic permutations
of its arguments, e.g. tr(ABC) = tr(CAB), it is obvious that (II1.26) is a symmetric bilinear
form on G. Employing the commutation relation of the Lie algebra, we can write the Killing form
in terms of the structure constants. Using the definition of the adjoint representation (III.27)

and the commutation relation of the Lie algebra, we get

(adEqad Ey)(Ee) = [Ea, [Ey, Ecl] = [Ea, foc"Ea] = foc" faa’ Ey, (IT1.28)
where for every pair of generators E, and Ej, we obtain a matrix with components
(adE,adEy) = fad® fre?. (I11.29)

Taking the trace of this matrix, i.e. summing over all diagonal components e = ¢, obtain the
Killing form
Koy = tr(adE,adEy) = tr( fad® foe) = fad® foc - (II1.30)
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I11.3.2 Theorem. A Lie group G is compact, connected and has no conjugation invariant
subgroups beside the trivial ones, i. e. G is compact and simple, if and only if its Killing form is
negative definite.

From this theorem and from III.1.2 we can deduce that given a simple compact Lie group,
we can always define a metric g on G and therefore a metric g on all of G, which is invariant

under the group action:
gap(h) :== —Lpy|Kgp, h € T. (I11.31)

I11.4 MAURER-CARTAN FORM

In this section we want to introduce the Maurer-Cartan forms on a group manifold. We will
need the Maurer-Cartan forms as well as its properties later on, for instance in order to derive
the geometric structure of so-called coset spaces, which are given by the quotient of a Lie group
and some subgroup.

IT1.4.1 Maurer-Cartan form and equation. Let {E,} and {E®} be bases of the tangent
and cotangent space of the identity, respectively, and in addition, let {e,} and {e®} be the
left-invariant bases of I'(T'G) and I'(T*G) such that

eque? = 6,0 (I11.32)

Then it is easy to show that the left-invariant basis of I'(T*G) satisfies the Maurer-Cartan
equation
1
de® = fifbcaeb A €ec. (111.33)

One can define the canonical 1-form or Maurer-Cartan form on G as a Lie-algebra-valued 1-form,

w: TG — TG, (I11.34)
w(X) = (Lg) Y, X, X eT,G. (I11.35)

I11.4.2 Theorem. The Maurer-Cartan form satisfies the following equations:

w = e"®E,, (I11.36)
1
= dw+ i[w A w], (I1I1.37)

where we define |- A -] for arbitrary Lie algebra valued 1-forms by
[ A B] :=[Eq, Ey] @ a® A S°. (IT1.38)

Since it is quite obvious how to multiply such 1-forms we are going to suppress this notation in

the rest of this thesis and simply write the wedge product as usual.



CHAPTER IV

MANIFOLDS WITH ALMOST COMPLEX STRUCTURE

This chapter is dedicated to the classification of manifolds with almost complex structure. This
is needed later on when we will construct certain bundles over so-called Kéhler manifolds in

order to obtain a Yang-Mills theory on such spaces.

IV.1 CoMPLEX MANIFOLDS AND HOLOMORPHIC VECTOR BUNDLES

In this section we start by introducing manifolds that generalize the idea of a real manifold,
which locally looks like R™ (see definition 11.2.1). The generalization simply replaces R by C
and changes the requirement of the charts in a reasonable way. Then we will see how these

changes affect all other quantities and objects we defined for real manifolds in Chapter II.

IV.1.1 Complex manifolds. The definition of these objects is fairly intuitive, if we remind
ourself of the definition of smooth manifolds I1.2.1. Here, we used a topological space and an atlas
consisting of smooth charts. Analogously, we define a complex manifold M to be a paracompact
topological Hausdorff space, as usual. The only difference to the smooth manifold is that we
define the charts as maps ¢; : U; — C", where Y = {U;} is an open cover of M. Furthermore,
the transition functions are required to be holomorphic. As in (I1.2.1), we require the atlas to
contain all possible charts satisfying this condition and call this atlas a complex structure. So
a complex manifold is simply a topological manifold equipped with a complex structure. If all
charts of the given complex structure are mappings to the complex space C™ of fixed dimension
n, we call n the complex dimension of M. Since all holomorphic maps are smooth, it is obvious
that every complex manifold M of complex dimension n can also be considered as a smooth

manifold, with real dimension equals 2n.

IV.1.2 Tangent space of a complex manifold. Let M be a complex manifold of complex
dimension n. In Chapter 11, we defined the tangent space with respect to the local coordinates.
Analogously, the tangent space of a complex manifold M should be a complex vector space.
This is simply realized by a complexification of the (real) tangent space at a point p of M. It
is denoted by TI(,CM . Note that elements of the (real) tangent space are mappings from C*°(R)
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to R. Now the elements of the complexified tangent space are maps from the space of the

complexified smoth functions C*®(R)® to C, with
C®(R)® := {g +ih, g,h € C®(R)} . (IV.1)

Of course, the complexified tangent spaces are still given by the corresponding real tangent
spaces. Since M can be considered to be a manifold of real dimension 2n, local coordinates
{(z*,y*), p=1,...,n} can be used to define a basis of the tangent and the cotangent spaces of
M. The bases are denoted by

Since the complex coordinates are given by z* = z* + iy*, this gives rise to the choice of a
certain basis in the complexified tangent and cotangent spaces, yielding a basis for the sections

of the complexified tangent and cotangent bundle, namely vector fields and 1-forms:

% = 8% - i% (holomorphic vector fields),

% = % + i% (antiholomorphic vector fields) , (IV.4)
dz# :=dz* +idy*  (holomorphic 1-forms),

dz# ;= dz* —idy* (antiholomorphic 1-forms). (IV.5)

Here we denote the indices of the antiholomorphic vector fields and 1-forms by i = 1,...,n in
order to distinguish the corresponding components of arbitrary tensor filds. Let ¢t € I'(T7 M) be
an arbitrary tensor field. According to (IV.4) and (IV.5), there is the canonical decomposition
D(TM) =T(TTM) ® T(T~M) and hence we can write ¢ with respect to this basis’ as

T S T S
0 — 0 5
YV PP Vi O1eefbr SU;
S (Xl) S (Xl)dz ot (Xl) e @dz :
1= 1= 1= 1=

(IV.6)

wherein between the two summands there are terms of any combination of holomorphic and
antiholomorphic indices. There is a special case of a g-form w € Q?C (M), where a lot of coefficients

actually vanish and one can write:

1 _ _
w = ﬁwul,,.url—,l.“l,jgdz"l Ao AdzPT AdZE A LA dEYE, (IV.7)
r! sl

where r + s = gq. We call such a g-form to be of bidegree (r,s) or simply an (r,s)-form. The
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exterior derivative of an (r, s)-form is given by

0

5 iDL dzf Ad2" Ao AdetT AdZTY A LA dEYS

dw =
0 dz’ A dz dzfr A dE” dz"s
+ﬁwu1murﬂl..ﬁs ZENdZM AL ANAZTT AdZTE AL AdZTE
(IV.8)
We use this splitting of the exterior derivative in a holomorphic and an antiholomorphic part in

order to define the so-called Dolbeault operators @ and O by
d=0+90. (IV.9)

IV.1.3 Almost complex structure on a complex manifold. If we have a complex struc-
ture, we are always able to choose a holomorphic and antiholomorphic basis of the tangent space.
Hence we are able to define a map J : I'(M) — T'(M) as follows
J:zidz“@%—idz"@%. (IV.10)
The tensor J of type (1,1) is called an almost complex structure on M and in this case it
completely specifies the complex structure on M. Obviously it satisfies J?> = —id. Furthermore,

if v is a purely holomorphic vector field and w a purely antiholomorphic vector field, then

Jw)=1v and J(w)=—iw. (Iv.11)

IV.2 FroMm ALMOST COMPLEX TO KAHLER MANIFOLDS

In the last section we started with a complex manifold and ended up with an almost complex
structure, defined by the complex structure. In fact it is not necessary for a smooth manifold
of dimension 2n to be actually endowed with a complex structure in order to admit an almost
complex structure. In other words, there are manifolds with an almost complex structure that do
not admit a complex structure. At the very begining of this section we will see what conditions on
the almost complex structure are necessary in order to define a corresponding complex structure.
IV.2.1 Almost complex structures. An almost complex structure J on a 2n-dimensional
smooth manifold M is defined as an element of I'(T'M ® T M) such that the map J : TM — TM

satisfies the following condition:
J(J(v) = —v e J? = —id, (IV.12)

or in components:
J) I ==0,". (IV.13)

A smooth manifold endowed with an almost complex structure is called an almost complex

manifold.
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IV.2.2 Remark. As the definition already suggests, and as we have seen above, a complex
manifold is always a manifold endowed with an almost complex structure induced by the complex
structure. In general the reverse is not true. In order for an almost complex manifold to be
a complex manifold, one has to impose restrictions on the almost complex structure, which we
will state in the following.
IV.2.3 Integrability. Let (M, J) be a manifold with an almost complex structure. We call
J integrable if

N..” =0, (IV.14)

where the Nijenhuis torsion tensor N is defined by:
N’ = J.,° (Ve =V Jo") = 1,7 (Ve d,f =V, J6"P). (IV.15)

IV.2.4 Theorem. An almost complex structure induces a complex structure on a manifold,
if and only if it is integrable.

IV.2.5 Hermitian metric. In the following we are going to introduce a metric in the context
of almost complex manifolds. Let (M,g,.J) be an almost complex Riemannian manifold. We
call the Riemannian metric g hermitian, if it is compatible with the almost complex structure,
ie.

9pr "I = g - (IV.16)

An almost complex manifold, endowed with a hermitian metric is called an almost hermitian
manifold and if J is integrable, we call it a hermitian manifold. This notion of hermicity is quite
intuitive, since it generalizes the notion of a hermicity of a metric on a vector space.

IV.2.6 Theorem. Every almost complex manifold admits a hermitian metric.

IV.2.7 Geometry of an hermitian manifold. In the following we want to take a closer
look at hermitian manifolds and their corresponding geometry. Let {z#} be complex coordinate

on M. The condition of hermicity yields a couple of constrains for the components of the metric.
g =0 and gmr =0. (IV.17)

This follows from the fact that the almost complex structure J acts on the basis vector fields
according to (IV.11) and we get an i for each argument. The only non-vanishing components of

the hermitian metric are the ‘mixed’ components and g can locally be expressed as
9= gup 42" © dz" + gp, 2" @ d2". (IV.18)

Considering M as a smooth manifold, we can characterize a connection V by its connection
coefficients, introduced in section I1.6.2, and find:

v, 0 _pn 0 9 s 0

oor ~Tangem Vg =Tang.m (1v.19)
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where the indices A and B take the values of both holomorphic and anti-holomorphic indices.
If we suppose that the connection here is compatible with the almost complex structure, which

is a reasonable assumption, we would find

0 0 0 =~ 0
5 — TP _ g =1 V.2
v OzH YR Ozp’ v OzZH YR O zP (IV.20)
0 0
. -0, a— V.21
\V4 oy 0 \V4 PET 0 (IV.21)

If this is the case, i.e. all connection coefficients with mixed indices are zero, V is called a

hermitian connection. Straightforwardly we can deduce:

9
V,,dzu = _F'l,jpdzp, V,;d?“ = _Flfjﬁ@ . (IV22)

In the following, we want to state all the properties and tensors that we already derived in
I1.6 in this context. The condition of a hermitian connection to be compatible to the hermitian

metric, as stated in (I1.64), yields a simple shape of the connection coefficients:

Vg =Vigup =0 (IV.23)

& Dy = g‘?pa%gw—,, Fgl—, = g”ﬁa%gl—,o . (IV.24)

Using these properties, one can actually show that the covariant derivative of the almost
complex structure is zero with respect to the hermitian connection.
If we plug the connection coefficients of the hermitian connection into equation (I1.60) we

get the following non-vanishing components for the torsion tensor:

=0 =0 = ~ 0 _ 0
Tpp,y — go-p@gy& - go-p@gm—n TP[U‘, = gap@gpo— - gUpﬁgﬁg . (IV25)

If we plug the connection coefficients of the hermitian connection into equation (I1.74) we
get the Riemann tensor for the hermitian connection. Using equation (I1.76), we find that the

only independent components are

B o (. 8
szxi—p, = ﬁFZV = (g pgl/<7> )

0z™ OzH
~ 0 5 0 ~ 0
[ — L ap _
R TR — 827Fuu 927 <g azugug> . (IV26)

IV.2.8 Kaihler form and Kéahler manifold. We can now define a very important class of
almost hermitian manifolds. In order to do this, we need a certain 2-form, defined by a hermitian
metric. Let (M, J,g) be an almost hermitian manifold with g being the hermitian metric. We
define the Kdhler form ) as

1
Q= iQWd:L‘“ ANdz¥, Q= gupd’ . (IV.27)
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This definition is reasonable, because (2, is antisymmetric in y, v as one can easily see in the
following;:
Qm/ = gl/‘rJ,uT

= 9ol J:7J,7, since g is hermitian

= GpoJ"(—6,7), because of (IV.12)

= —gpud’

= —0, (IV.28)
A hermitian manifold is called a Kdhler manifold, if its Kahler form is closed, i.e.

A =0. (IV.29)

The hermitian metric g of a K&hler manifold is called the Kdhler metric. Since V is the Levi-

Civita connection with respect to the Kahler metric, and hence

dQ =VQ, (IV.30)
we obtain that the condition (IV.29) is equivalent to

Vu,’=0. (IV.31)

We can use the properties of J in order to find an equivalent but firstly weaker looking formu-

lation of (IV.31), namely the condition
Vul,m =V, J,7 =0. (IV.32)
This is proven in the following:
0 = V., =V, J,~

= 97" (VuShp = Vi + Villpy = Vil + Vo =V Q)

= 9" (VuShp + Vi + Vil + Vi + Vo + V)
9 (VS + Vo) + (VS + V) + (Vo + Vpduy))

97" (2(Vuup + Vi + Vi)
g’ (VVQPH)
= V7,
wherein we have used the fact that the Levi-Civita connection is compatible with the metric,

and the antisymmetry property of the components of the Kahler form.[]

Summarizing, we can say that a hermitian manifold is Kéahler if

=0 & V,L,'=0 & V,J, =0. (IV.33)
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IV.2.9 Geometry of a Kidhler manifold. In order to see how the Kahler metric is explicitly
restricted by the defining properties of the Kédhler manifold, we use equation (IV.30). As stated
in (IV.9), there is a decomposition of the exterior derivative, namely d = d + 9. So if we apply
this decomposition to the Kéhler form €, we get two independent equations from (IV.30) for

the metric
O9ur _ Ogxw Ogur _ 99,5
oz OzH ’ 0z ozv

Formally these equations are the integrability conditions for the metric. Since g satisfies these

(IV.34)

equations, we can locally find a potential Ky € C°°(M) for g, called the Kdahler potential,where
U is an open neighborhood that belongs to the corresponding chart. Therefore the hermitian

mertic is given by
o 0
In = o gz U

(IV.35)

These results can be used to show that the torsion for a connection defined by the Kéahler

metric vanishes. The Riemann tensor becomes

0 0
o — _ Y £
Ry = BED (9 Gzﬂg)‘g) (IV.36)
= R, (IV.37)
and we get the following additional properties:

Rf5., = RF 5, (IV.38)

R\ = R, (IV.39)

RF5,; =R, 5 (IV.40)

IV.2.10 Almost Kéahler and nearly Kéhler manifold. Suppose that all conditions for a
manifold to be Kéhler are satisfied besides the one that the almost complex structure induces
a complex structure, i.e. (M, J,g) is not necessarily a complex manifold. Then we call such
(M, J,g) an almost Kdhler manifold and the corresponding complex structure an almost complex
structure.

We now quickly want to introduce another class of almost hermitian manifolds, whose defin-
ing condition looks similar to the one of an almost Kahler manifold. Let (M, J, g) be an almost

hermitian manifold, with the hermitian metric g. We call (M, J) nearly Kdhler if J satisfies
Vo + YV, J,P =0, &V, =0. (IV.41)

Due to (IV.31) it is obvious that a K&hler manifold is always also a nearly K#hler manifold.

In summary, the three types of manifolds corresponding to their almost complex structure are
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related as follows:

T =0and Vi J,"=0 < (M,J,g)is Kihler, (IV.42)
Vi =0 <& (M,J,g) is almost Kéhler, (IV.43)
Vil =0 <& (M,J,g) is nearly Kéhler. (IV.44)



CHAPTER V

HOMOGENEOUS SPACES

The following chapter introduces the notion and properties of so-called homogeneous and sym-
metric spaces. Such spaces are needed for so-called coset space compactifications in string theory.
In later chapters we will consider such spaces and derive their corresponding Yang-Mills theories.

We are going to define these spaces in a formal and quite generic way in the first two sections
of this chapter. In the last two sections we are going to write down the consequences that follow
for such spaces explicitly and develop the geometry of such spaces. Namely we are going to
write down certain connections on the tangent bundle as well as the corresponding torsion and
curvature tensors. We end the chapter by stating the simple form of the covariant derivative of

left-invariant tensors, which was introduced in the context of Lie groups in (II1.20) for instance.

V.1 GRrRoUP AcCTION AND COSET SPACES

In this section we will start and introduce the concept of so-called homogeneous spaces, which
are smooth manifolds of special kind. They do not come alone but carry an additional manifold
which is a Lie group. This Lie group has a specific action on them which we will explain in
detail in the following.

V.1.1 Homogeneous space. Let G be an arbitrary group, acting on a smooth manifold M,

and © be the corresponding group action. We say that G acts on M transitively if:
Ve,ye M 3 g€ G:04(x)=y. (V.1)

In order to define an action, G only needs the structure of a group. In the case where G is even
a Lie group, we call M a homogeneous space of the Lie group G.

The stabilizer subgroup H, of GG is defined as the set of those group elements that leave z
invariant:

H, ={9g€G:04(x)=ua}. (V.2)

One can show that if G acts on M transitively, there exists an isomorphism between H, and
H, for arbitrary x,y € M. Hence all the stabilizer groups of M are isomorphic. Therefore we

denote the unique stabilizer group by H.
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One more thing needed in order to write down homogeneous spaces in a nice and convenient
way is the definition of so-called coset spaces. In order to define these, we need to know what
an equivalence relation means.

Let G be an arbitrary group and H some subgroup of G. One can define an equivalence

relation on G in the following way:

g1~ g, iff (g1) 'go € H. (V.3)
This is indeed an equivalence relation, since ~ has the following properties:
1. ~isreflexive: g~ g < g lg=cc H

2. ~ is symmetric: g1 ~ g2 < gy 'go=h € H
SHo3h "' =(g'0) ' =n'nen~n

3. ~ is transitive: g1 ~ g2 ~ g3 < gl_lgg = h1,92_193 = ho
= H 3 hihy = g7 9295 '93 = 97 '93 = g1 ~ g3

The first condition is clearly true, since H is a subgroup and therefore it needs to contain inverse
elements to its elements as well as the identity. An equivalence class [g] with respect to this
equivalence relation is given by {gh : h € H} = gH which is also denoted by [gH]. The set of
equivalence classes with respect to this equivalence relation is called the coset space G/H.

By definition, the right action O(z,-) =: ©, : G — M is a continuous map for arbitrary
x € M. Therefore the stabilizer group is the preimage of a closed set in M, i.e. H = H, =
O, 1(x), and due to continuity it is also a closed subgroup of G. It can be shown that in such
a case the coset space G/H is equipped with a differential structure and hence a submanifold
of G. Furthermore, there is a diffeomorphic map G/H — X, [gH,] — ©O(z,g) and therefore
X = G/H. This means that we can always consider a homogeneous space to be a coset space

with respect to its stabilizer group.

V.2 SYMMETRIC SPACES

As mentioned in the beginning there are less generic homogeneous spaces that are also of in-
terest in the context of coset space compactifications. These spaces are referred to as so-called
symmetric spaces and their formal definition along with some important properties are treated
in this section.

V.2.1 Symmetric space. Let X be a smooth simply connected Riemannian manifold and g

be its Riemannian metric. (X, g) is called a symmetric space, if

VR, wpe =0, (V.4)
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where V is an affine connection and Vg = 0, i.e. V is compatible with the metric. From this

equation we can deduce:

R = Rict,, = const, (V.5)
Ry peR*P7 = const. (V.6)

As mentioned in the beginning, symmetric spaces S are always homogeneous. The corre-

sponding group is the
isometry group :== {f : S — S such that f*g = g} , (V.7)

which is the group of the metric preserving maps. Usually this is only a local property, but since
we defined S to be connected, it is true globally as well.

In general we can distinguish between two types of symmetric spaces that do not cover all
symmetric spaces, but an important subclass of them, namely the semisimple spaces. Since
S is a Lie group, we can talk about all the notions introduced in the previous chapter. The
distinction is based on the properties of the Killing form and we define Type I and Type II

symmetric spaces in the following way:

e Type I : S is compact, which is equivalent to S being a closed subgroup of O(n) = the

Killing form is negative definite,
e Type II: S is not compact = the Killing form is indefinite.

Since we consider only semisimple Lie groups, the Killing form is non-degenerate. Therefore,
for type I we can use the push-forward of the left action to define a metric on all of S. One can

prove the following statements:

V.2.2 Theorem.

1. Let G be a simple Lie group and g be a bi-invariant metric on G. Then g is proportional

to the Killing metric.

2. The Ricci tensor of the Killing metric is proportional to the Killing metric.

V.3 ExpLICIT DESCRIPTION OF HOMOGENEOUS SPACES

In the following let G be a Lie group, H a closed subgroup and G/H the corresponding homo-
geneous space. We are now interested in the explicit shape of all the structure introduced in 11

and III, namely what the corresponding Lie algebra, connection, torsion and curvature becomes.
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V.3.1 Decomposition of the Lie algebra of G. Let T,G =: G, i.e. G is the Lie-algebra of
G and 'H := T H is the Lie algebra of H. Then we can find a vector space K such that

G=HaK. (V.8)

Let {E 4} be a basis of G. From this full set of generators of G we choose the elements of H and
K to be {E;} and {E,}, respectively. In the following we always use indices with capital letters
to run over the full range of the Lie algebra of G and the indices 1, j, k, [, m, n are running over
the range of the Lie algebra of H. The indices a,b, ¢, d, e are meant to run over the remaining

values of the Lie algebra G, which do not belong to H. Therefore

A, B,Ce{l,..,dim(G)}, (V.9)
i,5,k€{l,...,dim(H)}, a,b,ce{l,..,dim(G/H)} . (V.10)

Since H is an algebra, we stay in this algebra when we multiply elements since it is closed
under the group multiplication. Hence we define fij’“ to be the structure constants of H. We
cannot say anything else for the commutation relations of the other generators and therefore in

general we find the following expressions

[Ei,Ej] = fi*Ex,
[Ei, Ea] = fiabEb + fiakEk:a
[Eaa Eb] = fabcEc + fabkEk . (V'll)

In specific cases it is possible to choose a decomposition of the Lie-algebra of G, such that all the
components f;,* vanish, which means that the Lie-bracket of any element of G with an element
of H lies in H again. Then we call G/H reductive and (V.11) becomes

[Ei,Ej] = fi;"Ex,
(B, Ed) = fi’Ey
[Eas Ey) = fa'Ee+ fab"El. (V.12)

If G/H is not only homogeneous, but also symmetric, we find that the structure constants fu;¢
also vanish and hence the Lie-bracket of two elements of K lies in H. From now we are going to

consider the case, where G/H is a reductive homogeneous space.

V.3.2 The Levi-Civita connection on G/H. We are now interested in finding the Levi-
Civita connection on the homogeneous space, defined via a metric that is invariant under the

group action of G. This means that we are looking for a connection, defined in I1.6 by equations



V.3 Explicit Description of Homogeneous Spaces 51

(IL.64) and (IL69):
dgab - wcagcb - wcbgac =0, (V13)
de® + w Aeb = 0. (V.14)

The {e”} from these equations are in this context the left-invariant 1-forms of G/H. Since we
want g to be invariant under the group action, it needs to have constant coefficients in this basis
and hence dg,, = 0. Let {ei} be a set of one-forms which completes the set of left invariant
one-forms on G/H to a basis of one-forms on the full Lie group G. In this notation we can use

equation (II1.36) to write down the Maurer-Cartan 1-form of G,
O =e'@Es=¢"@FE,+e QFE;. (V.15)

In order to avoid confusions between the Levi-Civita connection 1-form, we used © instead of w

from I11.4.1. As stated in theorem II1.4.2, we get the equation
1
0=doe + 3 [© A O]
1
= d0 + ; ([Ea, Ea] @ e* N eP)
1
de" By + de* By, + 5 ([Ea, By © e A eb)
LB, E A E., Bl ®e Né'
+§([ i Ejl®e Nel) + ([Eqg, Bl @ e A e')
1
= de’E, + dekEk + §(fabCEc + fabkEk) Qe* A e’
1 . . .
t3 (fijkEk ® e A eJ) + (faibEb ®e? A e’)
1 ,
= (de® + ifabce“ A€l + faife® A e ® E,
1 1 . )
+ (deF + §fabke“ Aeb + §f1jk€’b Nel)® F . (V.16)

Linear independence of E. and FEj allows to compare their coeflicients and hence leads to the

following equations for the 1-forms e and e’:
a 1 a,c b a k b
de” + ifd) e“Ne’+ fupe"Ne’ =0, (V.17)
IR 70 IO I AP S
de +§fjkej/\e +§fbce ANef=0. (V.18)

In order to calculate the connection 1-form for the Levi-Civita connection, we use equation
(I1.72) to calculate the Christoffel symbols first. Note that we used small letters for the non-
holonomic basis there, which correspond to capital letters here. We can simplify the expression

for the connection coefficients by taking advantage of the fact that the components gy, of the
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metric are constant with respect to the left-invariant basis {e®}. Hence the terms proportional
to derivatives of the metric simply vanish and we arrive at
1

I'%s = QQCD {g9(lea,enl,ep) —g(lea,epl,en) — g(ea, [en,ep]} - (V.19)

In order to avoid confusions with respect to rising and lowering of indices, we chose the form,
where all the metric components are still in the equation. We are interested in the components
'Y, for which we need the Lie-brackets between the non-holonomic basis on G. These are

simply given by the corresponding commutators of the generators from equation (V.12):

leiej] = fijfer,
leiyea] = fialew,
[6(1, eb] = fabcec + fabkek . (V'20)

The following components of the Christoffel-symbols of G that are going to be relevant for G/H:

ab = %QCD {9([ea; ev], ep) — g([eas en]s €n) — glea, [en,en]} (V.21)
b = %QCD {g([ei, e],ep) — g([ei, enl, ep) — gles, [en, ep]} - (V.22)

Now if we assume that all components of the metric g4p where A = a and B = i, to be zero,
i.e. gai = 0 which is true for instance for the Killing metric, we obtain that ¢*?gg = 6% and

hence

c 1 cd(

ab = 59

1

1
= §fabc + §ng(fdaegbe + fav Yab)

L. . ¢ e

= ifab +9g dfd(a 9v)e
1

= ifabc + Kab07 (V23)

fab® 9ed — fad Gbe — fod Gea)

along with

Cc

d
=9 fiv 9de ,

which is equivalent to
i = fin (V.24)

where we used that g°* = 0. In (V.23) also we used the usual notation for the symmetric sum:

1
t(ab) = §(tab + tba) .
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To evaluate the I'j; we used not only the assumption that the metric gap is block diagonal but

also the G-invariance of gqp, which says that
fiac geb + fibc Jea = 0. (V25)

Obviously (V.23) shows a decomposition of the I'¢, into an antisymmetric and a symmetric
part in a, b, where K,,¢ denotes the symmetric part. So far we have derived the connection
coefficients of the full Lie group. It is straightforward to show that these results pretty much
hold for the coset space. The difference there is that the invariant 1-forms e® and e’ are no
longer linearly independent and therefore these connection coefficients (V.24) and (V.23) are
both contained in the new connection coefficients of the coset. How this looks like in terms of
the connection 1-form of the tangent bundle will be the content of the next paragraph.

V.3.3 Connection 1-form and curvature of homogeneous spaces. Due to (V.24) and

(V.23) the connection 1-form for the Levi-Civita connection on G/H is given by

Wy = T’ (V.26)
; 1
= fa'e + (G fw" + Ka®)e" (V.27)
; 1
= <fibceza + (§fabC + Kabc)> e. (V.28)

Here we used the decomposition of the left-invariant 1-forms e’ in the basis 1-forms e* on G/H.
Similar to this Levi-Civita connection we can consider a connection containing a non-
vanishing torsion. For this more general case, we get additional terms in the connection co-

efficients that are symmetric in the lower two indices. Formally we have
, 1
wcb = F%beA = (Tcib + fibc) €l + <Tcab + ifabc + Kabc> ea s (V29)
T =T% » T =T%

Following equation (I1.83), we can derive the curvature 2-form of this connection:

1
R = 5 (Tl — Tola. — fea"Tiy = feaTi)e A e (V.30)

Inserting the connection 1-form of G/H to equation (I1.83), we get the components of Rieman-

nian curvature tensor with respect to the invariant basis as

a a 1 e a 1 e a e a
R%a = —fed fro" — §fcd feo" + §fb[c Jae" + foi" Kape
— el " Kap© — fea"Kep” + Kap®Kee" — Kep Kae” - (V.31)

This is the most general result for the components of the curvature tensor for any homo-

geneous space in the invariant basis. We define the subset of homogeneous spaces, for which
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the K ¢ are equal to zero, as naturally reductive. For symmetric spaces, all f,;,¢ are zero and
therefore, symmetric spaces are naturally reductive spaces. For them, only the first term of
equation (V.31) survives.

Now we can calculate the remaining quantities related to the Riemann tensor, i.e. the Ricci
tensor and the Ricci scalar, defined in (I1.80) and (II.81). We arrive at

: C 1 e (& 1 e C e (&
Ricew = —fed"fin® — §fcd feo© + ifb[c Jaje© + foje Kae
~feie Kap® — fea" Kep® + Kap®Kee® — Koy Kae© (V.32)
1 1
R = —frlfd" - §fabcfbca - Zfabcfbac (V.33)

V.4 INVARIANT TENSORS AND COVARIANT DERIVATIVE

V.4.1 Covariant derivative. In the last section we have found the explicit form of the Levi-
Civita connection and the corresponding curvature. Now we are interested in the covariant
derivative with respect to this connection and how it is applied explicitly to arbitrary tensors
in the left-invariant basis. Let ¢ € I'(T7 (G/H) be a tensor field on G/H. We can write ¢ with

respect to left-invariant basis:
t =110 e ©... Qe RN @ ... @ e (V.34)

Using (I1.57) and the formulae for the connection coefficients of G from section V.3.2, we

can formulate the covariant derivative by

Vet oy b=+ TehtPry b Tt Py, e,
Lh % g = e = TEp t " B (V.35)

V.4.2 Invariant tensor fields. Let ¢t be an arbitrary tensor on G/H, as above, which is ad-
ditionally invariant under the G-action. As mentioned in III.1.1 we know that the Lie derivative

along left invariant vector fields vanishes. Therefore we use equation (II1.22) and get

0 = fie" "y b+ [t b,
— i e by — = fin St e (V.36)

Generically the covariant derivative of a left-invariant tensor was given in (V.35) but due to

(V.36) it becomes

Vet = 4 Ty e R TE

o 19y — = TG 10y (V.37)

cby
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Here we also used the fact that a left-invariant tensor has constant components with respect
to the invariant basis. If we remind ourselves in the explicit shape of the I'f. (V.23), we can
already see that if we are dealing with a symmetric space, i.e. f4;¢ = 0, all the I'(; also vanish
and therefore all left-invariant tensors are covariantly constant. Let me once again remark
that the these I';; are some of the connection coefficients of G which we used to formulate the
covariant derivative on G/H. In later chapters we might change this notation by using the I'¢,

as connection coefficients of the coset space itself.
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CHAPTER VI

FIBRE BUNDLES

VI.1 FIBRE BUNDLE, PRINCIPAL BUNDLE AND ASSOCIATED BUNDLE

In this section we are going to extend the notion of vector bundles which locally look like the
product of a manifolds with a vector space to a more general case. These so-called fibre bundles
are formally defined in a similar way than vector bundles were defined before. The difference is
that the fibre does not fulfill all conditions of a vector space, but those of a smooth manifold on
which a group, called the structure group, is acting from the left.

VI.1.1 Fibre bundle. Let F, M and F be smooth manifolds, called the total space, the base
and the fibre, respectively. In addition, let G be a Lie group, called the structure group, acting
on I, and 7 : F — M be a surjective smooth map, called the projection, satisfying the following

conditions:
e E,:=7"!(p) is diffeomorphic to F Vp € M .

e There is an open cover {U;} of M and diffeomorphisms ¢; : U; x F' — Ey, satisfying the
condition that Vp € U; : ¢;({(p, f) : f € F}) C Ep.

Such a collection of maps {¢;} is called a local trivialization.
e The map ¢;, := ¢;| : F' — E, has to be a diffeomorphisms as well.
P

e For mutually intersecting neighborhoods U;, U; of p, the transition function t;;(p) =
gb;l} °0@jp: ' — F is required to be an element of G and a smooth map mapping U; N U;
to G.

Then (E, 7, M, F,G) is called a fibre bundle. An important subclass of fibre bundles which
are mostly used in Physics is formed by those whose fibres F' are identical to the their structure
group G and they are called principal bundles or (principal) G-bundle, sometimes also denoted
by m: P — M. An important property of the principal bundle is that one can define a group
action of GG on the total space E. This follows from the fact that due to G=F, a right action of

G on F can be defined using the local trivialization.
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Since it is possible to define an action of G on F' from the right (since G=F this is obvious)
one can use the local trivialization to define an action of G on all of the total space E. This action
is constructed making use of the local trivialization but independent of this specific trivialization
anyway.

One can see that the action of G on F' is free, i.e. it has trivial stabilizers, and transitive.
Therefore following V.1 F' is a homogeneous space of G. An important example of such a bundle
is the following: Let G be a Lie group. If H is a closed subgroup of G, then we know that G/H
is a smooth manifold. For these it is easy to show that (G,7,G/H, H) is a principal bundle,
where G is the total space, G/H the base, H the fibre and 7 the natural projection mapping an

element of GG to its equivalence class in the coset space.

VI.1.2 Functions of type p and the associated bundle. Let 7 : P — M be a principal
G-bundle. Furthermore, let (V| p) be a representation of the Lie-group G. A function

®: P —V (VL.1)
is called equivariant on P, if it satisfies

doR, = pl(g)od
.

& D(ug) = Yg)®(u), YueP, Vgedq. (VL.2)

Let us now consider a point p € M and the corresponding fibre P, C P. We define a function
of type p to be an equivariant function that maps P, to V. One can show that functions of type
p are related to sections of another bundle over M.

We define the associated bundle 7' : E — M, which is a vector bundle on M endowed with a
right action G on F, as follows. The total space is Px,V := (PxV')/ ~, where for e1,ep € PxV
we have e ~ ey if e1 = (u,v), e2 = (ug, p(¢g~1)v), u € P, and v € V for some g € G. This means
that the total space is just the space of orbits with respect to the right action of G, acting on
the elements (u,v) by (ug, p(g)~!). On every fibre E, it is straightforward to define vector space

operations on the associated bundle by
[(u, 0)] + Al(u, w)] == [(u, v + Aw)].

It is obvious that each fibre of the associated principal bundle endowed with this vector space
structure is isomorphic to the vector space V itself by the isomorphism [(u,v)] — v. The
transition functions of the associated bundle turn out to be the transition functions of the original
principal bundle embedded in the representation (V, p), i.e. if U; and U; are neighborhoods of

p € M with transition functions ¢;; for P, then we get the transition functions p(t;;) for the
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associated bundle. One can show that the equivariant functions of type p defined above are now

simply given as sections in the associated bundle, namely

O M—Px,V. (VL3)

VI.2 CONNECTION ON PRINCIPAL BUNDLES

In this section, the notion of a connection on a principal bundle is introduced. This is important
in order to be able to perform parallel transports and define objects like the covariant derivative
and curvature of a principal bundle. In gauge theories the corresponding forms, i.e. the connec-
tion 1-form and the curvature 2-form, are important, since their pullbacks to the base manifold
describe the gauge potential and the field strength of the theory respectively.

V1.2.1 Horizontal and vertical subspaces. Let m : P — M be a principal bundle, G ~
F ~ P, for p € M be the fibre. In order to define a connection, we consider the tangent bundle
TP of the total space P and define a connection on a principal bundle to be a decomposition
of the tangent space into a vertical subspace, parallel to the fibre, and a horizontal subspace
respectively. This decomposition arises from the local trivialization of P, i.e. P = U; x G,
where Uj; is a neighborhood around some point p € M. Hence we have coordinates (z,g) and
therefore get a basis for the tangent space (%, €aq), here e, is a left invariant basis of T'G. The

decomposition of the bundle, can be written down as
Hor,P & Ver,P =T,P, u€cP. (VI.4)

This is possible since every tangent vector V' in T,, P decomposes in a unique way into a horizontal
and a vertical part,
V =verV + horV . (VL5)

One also requires vector fields on P to decompose in the same way, i. e.
I(TP) =T(HorP) ® T'(VerP). (VL6)

Obviously, we can already see that the vertical part is locally given by the e,. However the
horizontal part still needs to be specified. Another condition on the connection is that the
different horizontal subspaces of the same fibre, as well as the different fibres at the same

horizontal space, are obtained by applying the push-forward of the right action, i.e.
HoryyP = Ry Hor, P, Ver,,P = Ry Ver,P. (VL.7)
We also get that

HorR,.V = Rg.HorV', VerR,.V = Ry VerV . (VL)
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VI.2.2 Connection 1-form. An alternative way of thinking about a connection defined by
the decomposition that we introduced in VI.2 is possible by introducing the so-called connection
1-form which generalizes the connection 1-form for the tangent bundle to one of fibre bundles.
Let 7 : P — M be a fibre bundle as above and let R, be the right action of G on P, X € G. We

are considering the following curve on P:
gu(T) = RV(T)u, (VI.9)

where (7) is the one parameter subgroup, namely

y(r) =e™¥. (VL.10)
Then we define
. d d
Ex(u) = Tl == Ogu(T) (VL.11)

as the fundamental vector field, generated by X. Furthermore, this map can also be considered
as a map &, : G — Ver, P. One can show that this map is linear and bijective, therefore we are
able to define the corresponding inverse map &, ! : Ver, — G.

Now we have gathered everything that is needed in order to state the definition of the

connection 1-form w € G ® I'(T*P) defined by formulae

wy =& over : T,P — G, (VL.12)
vy — & (ver vy,), (VL.13)
va € T,P. (VL14)

Hence we can write the connection in terms of the generators of G, namely
w = B w? ,

where F4 denote the generators of G. It is clear that the connection 1-form maps all the
horizontal vectors to zero and since §, is a bijection, we even get that a vector is an element
of the horizontal space if and only if the connection 1-form maps it to zero. We get following

properties of w:

w(hor(v)) = 0, YveT,P, (VL.15)
wéx) = X, VXeg, (VI1.16)
Rw = Adgw, Vged. (VL.17)

Here Ad denotes the adjoint representation of the Lie group G as introduced in I11.1.2.
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One can show that it is always possible first to define the connection 1-form w € G I'(T*P)
satisfying conditions VI.12 and VI.14 and then obtain the connection from it. In order to do
that, one defines the horizontal part of T}, P to be the kernel of w and the vertical part to be the

complement of the horizontal subspace. Therefore both ways, i. e.
1. defining a connection as the decomposition of the tangent space of P or
2. as the connection 1-form,

turned out to be equivalent.

VI.3 COVARIANT DERIVATIVE AND CURVATURE 2-FORM

Since we have defined a connection, one can go on and wonder what curvature may be in this
context. We answer that question by defining the curvature of a fibre bundle via a Lie algebra
valued 2-form depending on the connection 1-form. This curvature 2-form is of course the

generalized curvature 2-form of a vector bundle.

VI.3.1 Covariant derivative. Let V' be a vector space and n be a V-valued r-form, i.e.

7 =v® o is an element of V ® Q"(P). We define the covariant derivative of n by formula
D7 := v ® hor(d(0)), (VL.18)

where d is just the exterior derivative of r-forms, mapping an r-form to an (r + 1)-form.
We can apply the covariant derivative for instance to a local section ® : U — P x, V of

the associated principal bundle, where U C M. We get
D® =d® + p/(w)®, (VI.19)

where (p/, V') is a representation of G.

We define the curvature 2-form to be the covariant derivative of the connection 1-form:
Q= Dw (VI.20)

Therefore ) is an element of G ® Q?(P). Finally one can show that it holds the same equation
for the curvature of a principal bundle as the one for the curvature of vector bundles, namely

the Cartan structure equation holds

Q=dw+twAw. (VL.21)
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Furthermore, the curvature 2-form satisfies the following equations:

hor(2) = Q (V1.22)
RyQ = Ady1Q (VI1.23)
DQ =DDw =0 (VL.24)

We may now also take the second derivative of a section in the associated bundle and get

DD® = (Q)®, . (V1.25)

V1.4 PARALLEL TRANSPORT AND HoLONOMY GROUP

We introduced the notion of curvature via the Riemannian curvature tensor in paragraph I1.7.1.
This tensor told us how a vector changes by the parallel transport. Also here we can find a
relation between the curvature form and the effect of parallel transport along closed paths on
vectors. In order to do that, we first have to define how a fibre is transported along a path on
the base in a parallel way. There is a theorem stating that the curvature form of the fibre bundle
is related to the Lie algebra of the group of transformations induced by the parallel transport

of elements of the fibre. So let us start with the parallel transport.

VI.4.1 Parallel transport. Let 7 : P — M be a principal bundle and + : [0,1] — M be a
smooth path on the base such that v(0) = p and v(1) = p’. We say that a path 5 : [0,1] — P

lies above -y if

7(3(t)) = 7(¢), Vt € [0,1]. (V1.26)

A path ¥ lying above ~ is called a horizontal lift if

Ft)=u = %ﬁ/(t) € Hor,(P). (VL.27)
If we imagine the simple case, where the base is just a curve and the fibre is a straight line in
each point, perpendicular to the tangent vector at the point, it is clear that there exist many
such horizontal lifts, i.e. all the curves parallel to the base curve. In general one can show that
a horizontal lift is unique if one fixes the starting point of 4 in P.

Let 7, : [0,1] — P be the unique lift of v such that %,(0) = u. We define the parallel
transport of the fibre 7=1(p) = P, from p to p’ via 7 to be the set

{u € P:u =%,(1), for some u € P,}. (VI.28)
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V1.4.2 Holonomy group. Having defined parallel transport of elements of the fibre, it is
clear that if we perform a parallel transport on such an element along a closed path, we have to
end up in the same fibre as we started. But the horizontal lift of a closed path does not necessarily
has to be a closed path on the bundle. Hence the transported element is obviously dependent
on the path transporting it, which means that the closed paths induce a transformation on the
fibre. Therefore we can introduce the notion of a holonomy group for fibre bundles as follows:

Let m : P — M be a principal G-bundle, u € P,, p € M. We define the holonomy group
Hol,, of P in u to be the following subgroup of G:

Hol, = {h € G : 3 closed loop 7 : [0,1] — M s.t. 3,(1) = uh}. (VI.29)
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CHAPTER VII

GAUGE FIELD THEORIES AND ASSOCIATED PRINCIPAL

BUNDLES

In this chapter we want to draw the connection to the field of theoretical particle physics that
makes use of the mathematical tools we introduced so far, identifying the physical terms “gauge
field” and “gauge potential” with the corresponding mathematical objects. We want to consider
gauge theories and the way how to describe them using the theory of fibre bundles. We start
with a quick introduction to gauge field strength theory .

VII.1 GAUGE INVARIANCE AND YANG-MILLS EQUATIONS

Let us consider the case, in which the so-called matter field ¢ is a vector of n real scalar fields
¢ = (¢, i = 1,...,n) on a manifold M equipped with some metric g on the cotangent space.

The corresponding Lagrangian may be given by
L=g(do",dp) —m*¢" o, (VIL1)

where we chose the way of writing amTa#qs = g(d¢',de) for a reason which will become clear
later on. We define a global gauge transformation to be a transformation of the fields which is
constant on the whole manifold M. As we can see, this Lagrangian is invariant under the global
gauge transformation of the field denoted as B, where BT B = id. Here the B are meant to be
an n-dimensional matrix representation of SO(n). One can easily see the invariance under such

transformations, since

¢ =B"'¢, ¢' =B¢', (VIL2)

and hence the transformation matrices compose to the identity in both terms in L.
Now we want to generalize the notion of global gauge transformations to such referred to as
local gauge transformations, i.e. transformations that depend on the position x € M explicitly.

For the SO(n) case these transformations still dissappears in the mass term which is no longer
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true for the kinetic term:

(dp"Y = d(¢"'B)=¢'d(B)+do B (VIL3)
(dp) = d(B™'¢)=d(B Ho+ B 'de. (VIL4)

From these two equations, it is easy to see that due to the terms containing derivatives of the
transformation matrices, the invariance of the Lagrangian is spoiled. Since we still require its
invariance, we have to find a way in order to restore this.

The canonical solution is to introduce a new field A, coupled to ¢ which transforms in such a
way that the unwanted terms, namely the first terms in equations (VII.3) and (VII.4) disappear.

According to this requirement, the so-called gauge field A has to transform as
A'=B'AB+ B 'dB (VIL5)

and has therefore to be a G-valued 1-form on M. Hence we obtain a gauge invariant Lagrangian
by performing the replacement
d—d+A=D.

D is then called the gauge covariant derivative. To see the invariance, let us see how D¢ changes

under local gauge transformations:

(Dg)’ = d¢f + A'¢
= d(B™'¢)+ (B'AB+ B 'dB)B !¢
= d(B Yo+ B ldp+ B tA¢+ B'd(B)B ¢
= B l'd¢+ B 'Ap+d(B ¢+ (A(B'B)B~' —(dB")BB ') ¢
= B 'd+A)¢p+dB e —-dB e
= B'Do. (VIL6)

Similarly we get the transformation rule for the transposed quantity
(Do) = BD¢ " . (VILT)

Using these transformation rules, it is trivial that (VIL.1) is invariant under local SO(n) gauge
transformations.

So far we have managed to preserve the gauge invariance by introducing the gauge potential.
However, this new field has a physical meaning, and can be interpreted as a new particle of
the corresponding theory. But so far, we only have interaction terms for A in our Lagrangian.
We would like to derive equations of motion for this new particle, either. Hence, we also need

to allow dynamical terms for the gauge potential to enter our Lagrangian, i.e. term containing
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derivatives of the gauge potential .A. These terms of course need to be gauge invariant under
the gauge group in order to preserve invariance for the whole Lagrangian.

In order to find such a term, we define the gauge field or field strength to be
F:=dA+ANA. (VILS)

Obviously this is a G-valued 2-form on M. We find the following gauge transformation for the
gauge field strength
F'=B7'FB, (VIL9)

which is obviously not an invariant term and not even a scalar. If we remind ourselves of some
linear algebra, we remember that traces of matrix products are cyclically invariant. So F would
be an invariant quantity, but we know that F is also so(n)-valued and hence traceless. One can
now find that *F, where * is the Hodge operator, transforms in the same way as F and hence
F A +F does. This term is not traceless and hence we get the gauge invariant dynamical term
for the gauge potential by

tr(F A=F), (VIIL.10)

and therefore the new full invariant Lagrangian is
L=g(Do", Do) —m?¢ ¢ + tr(F A*F). (VIL11)

To sum up, we started with a Lagrangian that was invariant under global gauge transforma-
tions. Then by the requirement for the Lagrangian to be also invariant under local transforma-
tions, we obtained interaction terms involving both gauge potential and matter fields, as well as
the dynamical term for the gauge potential. In these cases, we provided local gauge invariance
by replacing all the partial derivatives by gauge covariant derivatives. If all interacting terms
of matter fields and gauge bosons in a theory are obtained by such replacements we talk about

minimal coupling.

VII.2 GAUGE THEORY AND FIBRE BUNDLES

In the last chapter, we introduced the geometry of fibre bundles in a rather general framework.
In the following we want to describe a relation between the idea of gauge field theory and the
theory of fibre bundles. As already pointed out, certain objects and equations, we introduced in
the theory of gauge fields, look similar to corresponding objects and equations in the theory of
fibre bundles. For instance it is easy to see that the defining equation of the gauge field strength
(VIL.8) looks like the Cartan structure equation for the curvature form on a fibre bundle and,

indeed, these quantities turn out to be related.
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In order to see how this relation arises, consider m : P — M to be a principal G-bundle,
$,8 : U — P to be local sections on U C M, w € G @ I'(T*P) to be a connection 1-form on
P and Q = Dw the corresponding curvature 2-form on P. Moreover let ® : M — P x,V be
a section in the associated vector bundle and, for the Lie group G, wg be the Maurer-Cartan

form. Then the pull-backs under the local sections s and § are denoted by

A= s'w, A= 5w, (VIL.12)
F = s*Q, F:=35Q, (VIL13)
¢:=s"D, b:=50. (VIL14)

One can show that there is a unique way to transform s to §, namely
3(z) = Rpys(x), VreU, (VIL.15)

via the unique map T : U — . This map allows us to pull-back the Maurer-Cartan form wg

on G to the base manifold,

wg = S*wg .

Our goal is to see how the pulled back objects with respect to the sections s and § are related
to each other and how they change under the change of a local section. Therefore we consider
an arbitrary vector field v € I'(T'M) on the base by s and the push-forward of v by s, which is
related to the push-forward by § in the following way:

where u is given by u = 3(z) = Rp(,s(x) while £, () € vert(TP) is the fundamental vector field
generated by @ (v) € G as defined in (VI.11). Using (VII.16), we can derive how the change of

a section is performed on A, F, and ®:
Alw) = (8"(w) (v) = w(s:w)

= W (Rre(s40) + &)

= w(Rr«(s:)) + w (o6w))
(Rraw) (84v) + @g(v)
(Adp-14) (v) + (T"weg) (v) .
Here we made use of (VI.15) and (VI.16).

Fv,w) = (8°(9Q) (v,w) = Q(84v, $,w)

= Q(Rru(s4v), Rru(s:w)) + Q (Eo0)> Soe (w))
= (Adp-1F) (v,w)+0,
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where we made use of the fact that € is a horizontal 2-from and the fundamental vector field is

purely vertical.

p(x) = (5°0)(x) = 2(5(x))

Here we made use of the fact that a section in the associated bundle is nothing but a function

of type p and therefore satisfying (VI.2). Summing up all the results, we have

A = (Adp-1A4) (v) + (T*wg) (v) (VIL17)
F = (Adp—1F) (v,w) (VIL.18)
b= p(T7 ) ¢(). (VIL19)

The only thing which remains to be done is to consider the rules of changing sections in the
matrix representation (p, V') of the structure group G. For this purpose we define B mapping

points of the base manifold M to (n X n)-matrices, n = dim (V') by:
B:=poT. (VII.20)
Moreover let (p/, V') be a representation of the Lie algebra G in V' and

A:=/p'(4), (VIL.21)
F:=p(F), (VIL.22)
meaning that the Lie-algebra part of the Lie-algebra valued forms are for A and C'F' given in
the representation (p’, V).

If we plug (VII.21) and (VIL.22) into (VIL.17) and (VII.18) and use the matrix representation
for equation (VIL.19), we obtain

A = B7'AB+ BB, (VIL23)
F = B7'FB, (VIL.24)
b = B7lg. (VIL.25)

Since we are only dealing with pull-backs of forms on P, we can define a covariant derivative,

acting on such pull-backs by D o s* := s* o D, where D is the covariant derivative of the fibre
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bundle. Using this, as well as equations (V1.20), (VI.24), (VI.19), (VI.25) and definition (III.38),

we find

F = DA=dA+ANA, (VIL26)
DF = dF+[FAA, (VIL.27)
Do = do+ Ad, (VIL.28)

DDy = Fo. (VII.29)

Amazingly these are precisely the transformation rules under gauge transformations and
the defining properties we derived for the gauge potential, the field strength and the matter
fields in section VII.1. This means that the gauge potential is the pull-back of some connection
on a principal bundle, the gauge field strength is actually the pull-back of the curvature 2-
form of the same principal bundle and the matter fields are the pull-back of a section in the
associated principal bundle. What we defined to be a gauge transformation in section VII.1,
is a change of the local section in the principal bundle, i.e. s(z) — 3(z) = Rp(y)s(x). The
gauge transformations we called global, refer to a change of sections, wherein 7'(z) is constant
on U C M and the local gauge transformations refer to the change of sections, where the T'(x)

is indeed dependent on z € U.
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INSTANTONS ON SYMMETRIC COSET SPACES

VIII.1 FroM YANG-MILLS ON R x G/H TO THE KINK

In this section we want to derive Yang-Mills equations on the product space R x G/H, where
G is a semi-simple Lie group, H a closed subgroup and G/H a reductive homogeneous space.

VIIL.1.1 The geometry of R X G/H. We are going to use the notation and formulas of
section V.3. We use the Killing-Cartan metric, induced by the Killing form that we introduced

in (IT1.26). Therefore its components are given by

gap = fap fPes . (VIIL1)
One can choose the generators of the Lie-algebra in a way such that we have

gAB = 0AB (VIIL.2)

As in V.3, we are using A, B,C = 1,...,dim (G) to be the components of the Lie group,
a,b,c =1,...,dim (G/H) those of the coset space and i, j, k = 1,...dim (H) to be the components
of the subgroup H. Since we are dealing with reductive homogeneous space, (V.12) applies and

we obtain the following components of the Killing-Cartan metric

gi = il + fliakt; =65, gia=0, (VIIL3)
9ab = 2 adff + fCadf % = Oav- (VIIL4)

For the coset space we use the induced metric. We do not want to use the Levi-Civita
connection, but a connection with non-vanishing torsion on G/H. The torsion 2-form (I1.62)
is given by the torsion tensor (II.61). As stated in equation (II.63) the torsion two-form 7
satisfies

de® + Wi Ael =T7.
For our considerations we need the coefficients of the torsion to have the following form:

T“bc = K fabc. (VIH5)
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Using equation (V.29), the torsion-full connection 1-form on the coset space is given by

-1
W = fPape + 3 (k+1) fpe® = wl e, (VIIL.6)

which defines the components w%,. by

1
wap = flive'e + 5 (k1) [l (VIILT)

Considering the whole space Rx G/ H, we see that all the connection coefficients and therefore
all coefficients of the connection 1-form containing indices of R vanish due to the fact that we

use the flat metric for this part of the space, namely
ds® = d7? +dsgy (VIIL8)
where
S (VIIL9)

VIII.1.2 Yang-Mills equations. Now we collected everything we need to take the covariant
derivative of tensor fields on R x G/H. What we are actually looking for are the Yang-Mills field
strength and solutions to the Yang-Mills equations. As we learned in section VII.2, this means
we are considering a gauge theory which is given by a principal bundle with some structure
group and a connection. We choose the principal G-bundle P(R x G/H,G) over R x G/H.

Therefore a gauge potential for this bundle is locally written as
A= Ape® + Age?, (VIIL.10)

and we choose a gauge in which Ay = 0. The field strength, depending on the curvature of the
principal bundle with respect to the chosen connection, is given by the gauge covariant derivative

of the gauge potential (VII.26), namely

F = dA+ANA
1
= Foa’ A e+ Efabe“ A el (VIIL11)

In order to achieve dimensional reduction with respect to this coset space, we choose a

G-equivariant ansatz for the gauge potential and therefore obtain a real scalar field ¢(7), 7 € R:
A=¢eFE;i+¢e* By, Ay =¢'WE; + 6E, (VIIL12)

where E; and E, are the generators of H and G/H respectively as used in V.3. If we calculate
(VIL.26) with respect to the ansatz (VIII.12) we arrive at the following gauge field strength:

F=¢ AR, — % (1= ) o B+ (6 — 62 fooEa) ¢ N et (VITL13)
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where gi) = %. Hence we read off the corresponding components

Foa=¢ Eay, Foe=—{(1— ) fiEi+ (¢ — ¢*) fFu} | (VIIL14)

The Yang-Mills equations on R x G/H are given by the condition that the gauge covariant
derivative of the gauge field strength vanishes, namely
Do F = VIHFO 4 (A, F
= eq (F) + whFO + [Aq, F) = 0 (VIIL15)
DoFY + D F™ = e (F) + VE/HF 4 [y, )

= €o (fOb) +eq (f“b) + wh F 4+ Wb Fe 4 (A, FP = 0.
(VIIIL.16)
Here we denoted by VE¢/# the covariant derivative on G /H with respect to the torsion-full
connection from (VIIL.6). If we plug (VIII.14) in (VIIL.16), after pulling down all the indices,

which does not matter due to equation (VIIL.9), we arrive at the following differential equation
for ¢:

B Eu+ [(6— 5 (K1) — &) fuseave + & (1~ ) fu far) B = 0. (ViIL7

Here we also made use of the Jacobian identity for the structure constants. For further
simplifications we constrain ourselves to the case, where we have the following relations for the

structure constants:

1
facifbci = 5(1_04)5611) < facdfbcd = adab NeAS R, (V11118>

where « is some real parameter. This simplification still covers a fair amount of interesting

spaces (see for instance [35]). Taking this into account, we get

2¢ = (1+a) ¢* — a(k+3) ¢* — (1—a(k+2)) ¢
=—9(1-¢") + ad(1-9)2-9¢) + ard(l-9) (VIIL19)

K+2)a—1
= (Lra)o (o 1) (p - DD
If we consider the last line of equation (VIIL.19) to be the derivative of some potential V' (¢),
namely
V'(¢) = (1+a) ¢ (¢ —1) (¢ — %) , (VIIL.20)

on can recognize

¢ = %V’(@ (VIIL21)
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to be simply a static equation of motion of some ¢*-model.
In the following two sections we want to solve this equation for ¢ choosing certain values of «
and x and therefore obtain solutions A of the Yang-Mills equations. We are especially interested

in the asymptotic behavior of A(7) for 7 — +o0.

VIII.2 YANG-MILLS SOLUTIONS ON SYMMETRIC COSET SPACES

VIII.2.1 BPS kink equations for a« = 0. We start with the simplest case for our equation
(VIIL.19), where o = 0 and hence  arbitrary. This situation happens in case when G/H is a

symmetric space and therefore
f%=0,Ya,b,c=1,...,dim (G/H) . (VIIIL.22)

It follows that fuei foei = %5(11) and hence (VIII.19) becomes

¢ = —%qﬁ(l —¢)°. (VIIL.23)

Before focusing our attention to the solution of equation (VIIL.23) we want to see how the
action functional behaves in this situation. As we have learnt in section (VIIL.1), the most general

invariant term for our gauge field strength is given by (VIIL.10), namely
L =tr(FAxF), (VIIIL.24)

where * is the Hodge operator. Therefore we get the Yang-Mills action functional to be the

integrated Lagrangian with a factor:

S=-= / tr(F A *F). (VIIL25)
4 JrxG/H

Since we are dealing with compact G/H and F is depending on the coset variables only up to

gauge transformations we can easily compute this part of the action functional:
1 [t
S = / dT/ tr (F (1) A*xF (1))
4/ G/H
1 [t

- _= dr [ tr(F(r) A xF (1))
([ Zor(reonron [

+oo
= —%VOI(G/H) / dr tr (F(r) A +F (7))

dr (¢S2 +30- ¢2>2)

_. —%VOI(G/H) B, (VITL26)

“+00

1
= —Vol(G/H) /

—00
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Here FE is precisely the ¢* energy functional. It is easy to see that the energy functional and
therefore the Yang-Mills action functional has a lower bound, given by the topological charge of

the vacuum

1 [t
qg:=- / do. (VIIL.27)
2 — o0

In order to see that, we need to integrate (VIII.23) to a first order BPS equation, namely

1

o=+5(1-¢%. (VIIL28)

Let us use this to rearrange the energy functional a little bit:

E = /+OO dr (dﬂ + %(1 - ¢2)2)

_—tooo . 2 +oo
= /_ d7<¢$;(1—¢>2)> i/_ d¢ (1 —¢?)
> %\ql . (VIIL.29)

The vacua of the kink model are given by the asymptotical values of the scalar fields and
can therefore be identified with the topological charges q. They can take values in {1,0,—1}
since ¢(—o0) = £1 and ¢(+00) = +1. The corresponding solutions of (VIIL.28) and hence of
(VIIL.23) for either ¢ = +1 or ¢ = —1 are known as the ¢*-kink and the ¢*-antikink respectively.
The kink is simply given by the positive hyperbolic tangens with obvious asymptotical values

and topological charge
¢ = tanh(%), é(r) — £1,7 —s 00, q=+1. (VIIL30)

The antikink is then just given by the negative kink profile function and therefore has the

opposite asymptotical behavior and topological charge
¢ = —tanh(g), O(1) — +1,7 — Foo, q=—1. (VIIL31)

The inequality (VIIL.29) in this case becomes an equality and hence both solutions yield the
same energy F = %.
VIIL.2.2 Instantons on R X G/H. Because we have solved the equation (VIII.23), we also
have solved the Yang-Mills equations on R x G/H . So if we plug (VIIL.30) into the ansatz for
the gauge potential (VIII.12) and the gauge field strength (VIII.13), we get

A=¢'E; + tanh % E, (VIIL.32)

and

1 )
F=eosh 22 (DA e" By — flupe N e E) (VIIL33)
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If we take a look at the asymptotic behavior of the ¢ and hence of the A, one can see that

Ay = A(£o0) also defines a connection on
(G/H)y :=G/H U{£o0} , (VIIL.34)
respectively. If we consider the infinity limit of F from (VIII.33), we can see that
Fyi = F(£o0) =0. (VIIL.35)

Therefore both gauge potentials A4 describe vacuum configurations. Our gauge potentials can

now be written in terms of G-valued functions as
A_=hZtdh_, Ay =hi'dh,. (VIIL36)
Performing the gauge transformation
A:=h_AhZ' + h_dnZ?, (VIIL.37)
we find that the corresponding asymptotical connections become
A =0 A, =g g, withg:=h,h~':G/H —G. (VIIL38)

One can see that the degree of g is equal to the topological charge of the kink. So (VIII.32)
is actually an instanton configuration that acts as a transition function between the two vacua
given in (VIIIL.38).

VIII.2.3 Instanton-anti-instanton chains. The solution ¢ that we found for the differen-
tial equation (VIII.23) is actually not unique. The most general solution for this differential
equation is actually given by a Jacobi elliptic function. Such a function in general has the

following form

C(k) sn[b(k) 1; k] . (VIIL.39)

If we take k to be zero, this simply is a sinus. Changing k from zero to one, the sin deforms to
a hyperbolic tangens. Therefore for k = 1 this is the kink solution we found in (VIIL.30). In all
other cases, the Jacobi elliptic functions are periodic with period K(K) which is the complete

elliptic integral of the first kind with infinite sum expansion

00 o 2
K(k) = ;TZO (W) 2 (VIIL40)

So one can see that this expression becomes infinite in the limit & — 1 and hence spoils

periodicity. Therefore, if we require ¢(7) to be periodic in 7, namely

¢(r+ L) = ¢(7), (VIIL41)
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we can think of the solution to (VIIL.30) as of a function on the 1-sphere S with circumference

L. For our case this periodicity condition yields the following solution:

(13 k) = 2k b(k) sn[b(k)T; k], where (VIIL.42)
bk) = (242712, 0<k<1.

In the literature, such a solution is known as a sphaleron [36], which are non-BPS solutions
unlike the kink and antikink solutions from paragraph VIII.2.1. If we compare (VIIL.41) and
(VIIL.42), we find the following condition on k:

b(k) L =4K(k)n for neN. (VIIL.43)
It follows that as soon as we have a circumference L > 27v/2N , we get a solution
o(t;k(L,n)) VneN, n<N. (VIIL.44)

The topological charge defined in (VIII.29) equals zero due to the periodicity of the solution.
Comparing this periodic solution with the (anti)kink case, we can interpret each half of a full
period going from one minimum of ¢(7) to a maximum, as a kink and the other half of the
period going from a maximum to a minimum as an antikink. Therefore the sphaleron solution
describes a chain of kink-antikink pairs winding around the 1-sphere and the subscript n in ¢,
denotes the number of such pairs.

The value of the energy functional for the sphaleron solutions is given in terms of the complete

Jacobi integral of the first as well as of the second kind. The latter one is given by

T > on — DIN\? k2
E(k) = 5 {1 = <( (2n)”) > T 1} : (VIIL45)

n=1
We arrive at the following energy for the sphaleron

El¢,) = 32\7/% 8L+ K E(k) — (1—K*)(5+3K%) K (k)] . (VIIL46)

If one takes the circumference L of the circle to be infinity, the energy of the sphaleron config-
uration is simply given by the sum over the energies of all kinks and antikinks contained in it,
namely

4
Jim Elgn] =2n - 3. (VIIL47)

In paragraph VIII.2.1, we inserted the kink and antikink solution into the ansatz of the gauge
potential and the gauge field strength and arrived at an instanton or anti-instanton configuration.
Therefore, if we insert the sphaleron solution (VIII.42) into this ansatz (VIII.13) we obtain a

chain of instanton-anti-instanton pairs on the space Sﬁ x G/H which corresponds to a field
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configuration with finite action. The gauge potential (VIII.13) and the gauge field strength
(VIIIL.13) are given by

A e'E; + ¢p e Eq,
. 1 ,
F = ¢n e net Eq, — ) {(1 - Qsi)fbcin + (¢n - (b%)fbcaEa} e’ Aec.

(VIIL48)

Since integrating over the coset gives only a constant factor, these solutions yield a finite value

for the action.



CHAPTER IX

YANG-MILLS CONFIGURATIONS ON NON-SYMMETRIC

SPACES

IX.1 BPS KINK EQUATION FOR NON-VANISHING TORSION

Let us now consider the more generic case where G/H is a homogeneous, but not symmetric
space. This means that the structure constants f;.* do not all vanish and hence a non-zero «
may appear. So the geometric torsion can actually appear in the equations of motion. In the
following we are going to choose certain values for the torsion and the parameter « and see how

(VIIL.19) and the corresponding solutions will change. Let us use the ansatz

p=p+0, (IX.1)

where (3 is constant, and insert it into (VIIL.19) choosing the following relation between 8 and

K:

E+3  «
= — — I1X.2
P=73 Tha ™ (x.2)
1—
k=-3, 5_3(2aa) or nz%. (IX.3)

This relation makes sure that the coefficient of the ¢? term and the constant term in (VIIL.19)

vanish. Furthermore we perform the following rescaling

T ; é
= }
1+a <b_>1—i-o¢

(IX.4)

Now we are able to take explicit values for (3, ) in order to satisfy (IX.2). Taking the an-
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tiderivative of the corresponding V'(¢) we get

2 (8,m) = (0,-3) 2= e(1- )

s V= i(qs? —-1)%, (IX.5)
b (5 = (5, 25 2= 621G~ 621

s V= i([gb—%? - 3)2, (IX.6)
Q) (Bm)=(1,2) - 2h=—[p-1)(1 - [p-1P)

s V= i([sﬁ—l]? -1)%. (IX.7)

Similar to the symmetric case, we can again find the first order (BPS) equations and solutions
for these three second order equations. Formally this is done by taking the square root of the

potential. We get

a)  20==x(1-¢?) & ¢= itanh% (IX.8)
bl 1o I

b) 26 =%(; - [e—3) & == tanh (IX.9)

o) 26 =x(1—[¢p—1]) & $=1x tanhg . (IX.10)

These three solutions can now be written in terms of a new parameter v as
¢:ﬁi7tanhl27, (IX.11)

where we now recover the cases a), b), ¢) at the values (8,x) = (0,1), (3,3), (1,1). As in the
symmetric case these solutions interpolate between two vacua, namely between ¢(—o0) = fF
and ¢(400) = [ + v, where the upper sign represents the kink and the lower sign the antikink
solution. One can also see that ¢(0) = 3 since tanh(0) = 0. We denote these three points by b,
and they are actually the critical points of the potential V' since V'(¢) |-o0,0,00= 0.

Summarizing we have

case 8 v ¢(—00) #(0) B(+00)
-1

(1) (1X.12)
0 1 1
1

o
N—
= = O
L

IX.2 MODIFICATION OF BUNDLES

IX.2.1 Modifications of bundles over G/H. Since we have managed to solve the derived

equations for ¢, we get the corresponding solutions for the Yang-Mills equations on R x G/H
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by inserting (IX.11) to the gauge potential (VIII.12) and the gauge field strength (VIIL.13). For
the kink type solution we get

A= €'E; + (8 + ~ tanh g) e E,

2

1 .
f = % COSh_277T eo/\ ea Ea — §{h(7) fchl + m('r) fl?cEa} eb/\ ec 7

(IX.13)

with - T
h(r):=(1-p- 'ytanhl) (1+ 5+ 'ytanhl) ,
2 2 (IX.14)

m(7) := (1 — 8 — ytanh ,}12—7—) (8 + v tanh g) :

What we can see from this solution by considering the limit 7 — Zoo is that there always
survive constant terms in F in (IX.13). Therefore the integral over 7 in the Yang-Mills action
functional is not finite,

S:—/ tr(F A +F) = 0. (IX.15)
4 JrxG/H

Obviously this does not happen, if we do not perform the 7-integration, but keep 7 €

R U {£o00} fixed. Even though we allow 7 to be infinite, the integral

1
Sa/m =7 /G/H tr(F A «F) (IX.16)

is finite due to compactness of G/H.

The question of interest is, whether this gauge potential with some fixed 7 is actually a
solution of the Yang-Mills equations on G/H. The difference of these equations to the Yang-
Mills equations on R x G/H is just that the term eo(F%) appearing in (VIII.16) simply does
not appear any more. So for an arbitrary choice of 7 it cannot be true that we have a solution
for the Yang-Mills equations on G/H. One can easily see that the second derivative ¢ vanishes
for 7 = 0 and is asymptotically zero for 7 = +o0o. Therefore, also A vanishes for these choices
of 7 and hence we obtain one solution of the Yang-Mills equations on G/H for each such 7 in
all cases a), b), and c). Let b= O (Terit) where 7o € {—00, 0, +00} denotes the critical points

of V', as above. Then we define
Acrit = eiEi + éeaEaa

1 R o (IX.17)
Ferit 1= _5{(1 - Qb)(l + ¢) JoeEi + (]- - Qb) gbfabcEa} ePnec.

In order to introduce matter fields, we already mentioned in section (VII.2) that it is nec-
essary to define an associated bundle with respect to the principal bundle P(R x G/H), G over
R x G/H. So let (p, Vi) be a representation of G where Vi is a finite-dimensional vector
space. For the associated bundle we clearly have the base space R x G/H and the total space
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given by the fibred product P(R x G/H) xg Vg or if we use the notation of section VI.1, by
P(R x G/H) x, Vg. In the following, the associate vector bundle is denoted by

E=PRxG/H,G)xg Vo — RxG/H . (IX.18)

So far we have defined the associate bundle over R x G/H, where we have a connection 4. But
we can fix 7 in order to obtain an associate bundle &; : P(G/H,G) — G/H with corresponding
connection A(7). Certainly the topology depends on the connection and hence on the choice of
7. In the following table we list all possible values of the ¢ that we are interested in, namely
critical points 45, the corresponding functions h and m and corresponding topological properties
of the bundle.

value of ¢ -1 0 1/2 1 2
bundle Eqi¢ & Ecan &o Eat Ex
topology  irreducible reducible irreducible trivial irreducible . (IX.19)
h =1—¢? 0 1 3/4 0 -3
m = p—p? —2 0 1/4 0 —2

In these cases where we have an operation that allows to obtain new bundles over G/H out
of given ones, we talk about modifications of bundles. These modifications in our case are given

by the gauge potential (IX.13) and describe

a) E_ — Ean — Eat, (IXQO)
b) Eecan — &0 — Efat ) (IX21)
c) Ecan — Efat — E+. (IX.22)

Of course the corresponding gauge field strength and hence the curvature of bundles over G/H
are given in (IX.13) by inserting the corresponding values from (I1X.19).

The case from section (VIII.2), where we chose a to be zero and hence considered a sym-
metric space, can actually be described in the same way as we described the non-symmetric
counterparts. Of course, the corresponding (§ needs to vanish. We get the following set of

parameters and label this case as d)
cased)  B=0, y=1, 6(-00)=-1, ¢(0)=0, @(+o0)=1, (1X.23)
which yields the following values of A and m in the gauge field strength

h(r) = cosh_2%, m(r) =0. (IX.24)

As above, the corresponding gauge potential describes a modification of bundles:

Ehat — Ecan — Efat - (IX25)
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The constants 5 and v as well as the critical points are the same as for cases a) and d). The
only difference lies in the corresponding modification of bundles. In a) we had an interpolation
between something irreducible, topologically non-trivial bundle over an irreducible bundle ending
up with a trivial one. In d) we start with a trivial bundle, pass a reducible one and end up with
a trivial bundle again. This is of course due to the fact that in d) m(7) =0 V7 € R and in a)
we have a non-vanishing value for m at 7 = —oc.

IX.2.2 Chains of bundle modifications. We have previously seen in paragraph VIII.2.3
that there were periodic solutions to the corresponding differential equations for the symmetric
case (VIIL.23), namely sphaleron solutions. The same is true for the corresponding equations
on the nonsymmetric space treated in the last paragraph 1X.2.1. Therefore, if we require our

solutions to be periodic, we find the following non-BPS solutions for equations (IX.5)-(IX.7):
a) o(r; k) = 2k b(k) sn[b(k)T; k]

b) ¢(r;k) = =+  kb(k)sn[b(k)=; k] (IX.26)

N3

c) o(r; k)= 14 2kb(k) sn[b(k)T; k]

where b(k) = (2 + 2k%)71/2 and 0 < k < 1 as before.
If we insert these solutions into the ansatz of the gauge potential, we obtain a chain of bundle

modifications as follows:

a) o= & = Eean = Eat— Cean — E- — oo,
b) oo — Eean — E& —  Efat — & — Ean— -0,
C) g gcan — gﬁat - 8+ - gﬂat - gcan -

(IX.27)

IX.3 Dyons oN R x G/H

So far we have always considered the metric on R x G/H having Euclidean signature so that
T is considered to be some spatial variable. But this is not a necessary assumption and we can
also consider the R part of our manifold to play the role of time. The difference is that our
metric then has a Lorentzian signature. Formally, we can consider this to be the Wick rotation

of ¥ =dr
ti= —ir = e = dt = —idr, (IX.28)
and hence we get the following metric with Lorentzian signature

ds? = — (é0)2 + Oapeel. (IX.29)
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If we use the same G-equivariant ansatz (VIII.12) we arrive at the corresponding gauge field
strength that looks exactly the same as before with the only difference that the e’s are replaced
by é%’s:

d¢

F= T EONe'E, — %{(1 — ¢*) froeEi + (¢ — ¢2)fabcEa} e"nef . (IX.30)

By performing the Wick rotation (IX.28), we find the following transformation rule for the
real scalar field ¢:

d d?

d d?
o(7) — ¢(it), E(]ﬁ - —iaﬁéa @Qﬁ — —@d), (IX.31)

and hence the potential V' corresponding to the Lorentzian version of (VIII.19) transforms as
V—-V. (IX.32)

If we do the same rescaling of ¢ as we did for 7 in (IX.4), namely

3

¢ .
t—)\/m:d)—)l—{—a’ (IX.33)
where the dots now represent t-derivatives, we end up with the following set of differential
equations:
8 (B =00-3): 20=+0(1-¢%, (IX.34)
~ 1 3(1— . 1.1 1
S R C i R (e ]
(IX.35)
¢ (Bk)=(1, %) D20 = +[e—1)(1 — [p—1]%). (IX.36)
d)  (a.B,r)=(0,0,r): 26=+6(1-¢"). (IX.37)

The solutions of these equations can be summarized using the parameter ~ to take the values

1, %, 1,1 for a), b), ¢) and d) respectively, which are the same as in the Euclidean case:

o(t) = B+V2y cosh_l:;g . (IX.38)

This configuration is just the bounce in an inverted double-well potential —V .

We get the dyon-type configuration for the Yang-Mills theory, if we insert our solution for
the scalar field into the ansatz for the gauge potential (VIII.12) and the gauge field strength
(VIIL.13). For (5,v) = (0,1), this is

, t
A=¢FE; + ﬁcosh_lﬁ e'E,
(IX.39)

1 t t t .
F = —=cosh™2—— (2sinh — dtAe® E, + (sinh®?— — 1) f& E; e’Ae°) .
9 \/i( \/i a ( \ﬁ )fbc 7 )
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This solution represents the symmetric case where the f;.* vanish. The non-symmetric case
includes another term containing the fp.%.

Clearly, the energy functional defined in (VIII.26) given by
o —/ (6e(F A +F))
4 Ja/u

is a function of ¢ proportional to the volume of the coset space and hence finite for all t € R. It
is given by
E = —VOI(G/H) . tr(2 FoaFoa + fabfab) . (IX.40)

Due to the asymptotical behavior of F, the Yang-Mills action functional (VIII.26) becomes

infinite in the symmetric as well as in the non-symmetric case.
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CHAPTER X

Yanc-MiLLs FLows oN G/H

X.1 REDUCTION OF THE YANG-MILLS FLOW EQUATIONS

In this chapter we are going to find solutions to the Yang-Mills flow equations on a reductive
coset space G/H and compare them to those solutions obtained in Chapter IX from the second
order Yang-Mills equations.

The Yang-Mills flow equations are first order differential equations for the gauge potential.
Since the gauge potential depends on a parameter they are differential equations with respect to
this parameter and therefore represent a family of connections on the coset space. So generically
we have the Yang-Mills flow

A(r), T7€R, (X.1)

satisfying the Yang-Mills flow equations
fdA()——*D(*}") (X.2)
A = , :

where D denotes the gauge covariant derivative on the coset space. This differs from the gauge
covariant derivative on R x G/H only by a derivative in R-direction. We use the same G-

equivariant ansatz for the gauge potential as before (VIII.12), namely
A=¢E; +¢ e E,
with corresponding gauge field strength
F= g {0 B+ (6~ ) "B} & e (x3)

Since we are considering the Yang-Mills flow on G/H, there are no components of the gauge
field strength pointing in an R-direction as we had in (VIIL.13). The Yang-Mills flow equations
(X.2) can be written in terms of the left-invariant basis {e®,a = 1,...,dim (G/H)} of the coset

space as
d

— Ay, = -Dy Fup - (X.4)
dr
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Subsituting the gauge field strength and the gauge potential into the Yang-Mills flow equa-

tions, we get the following first order differential equation for ¢:

2¢ = (1+0a) ¢* — a(k+3) ¢* — (1—a(k+2)) ¢
= 6(1-¢%) + ad(1-0)2—0) + ard(l-9) (X.5)

= () (6 - 1) (6 DDy _ ).

Here the parameter x got involved via the covariant derivative on the coset space, as happend
before. These equations actually only differ from those obtained by Yang-Mills equations in the
order of the derivative. Before, we had a second order differential equation and now we have
a first order differential equation. The stable points of the Yang-Mills flow are now given at
those points, where the first derivative of ¢ vanishes. These points are the critical points of the

potential V' introduced in (X.5) as before. They are given by the following values qg of the field
¢:

6 = 0, (X.6)
b = 1, (X.7)
2 _ (H—;Q—’)_Oél—l = p. (XS)

If we substitute these critical values into (X.3), we get the following corresponding critical gauge

field strengths

flgcrit = *fbci E; = Fean
Fre' = 0= Fpa
Ft = —(1= ) o' it (p = 07) foe" Ea = Fiz(@, ) foc® Ea ) -

(X.9)

The third case provide a gauge field strength that depends on the values of the parameters «
and k. If we choose three values of k from (IX.2) as in the symmetric case, we get the following

critical gauge field strengths:

a) flggit(a7 _3) = - 2fabcE1t2 = F_
. 31—« 3 . . 1
b) fl?crlt(a7 (2)) = - Zfbc’LEi - szcaEa = fO
5 @ 3 (X.10)
C) fl(;zlt(a7 a) = ifchEi + fbcaEa = F—l—

d) flggit(ov R, fbca = O) =0 = fﬂat
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X.2 EXPLICIT SOLUTIONS

The choice of parameters k, @ we made in a) — d) corresponds to the p-values of —1, %, 2, —1
respectively. If we substitute these values into (X.5) and do a rescaling 7 — 7(1 + a)~!, we

arrive at the following equations and their solutions

a) p=-1 = 2=0-1D(0+1)=> ¢==1+expr)

1 - B 1 11 T\-1/2
) p=2 = 20=06(p-1)(p-2)=> bd=1+(1+expr) /?

d) p=-1 = 20=9¢@-1)(+1)= ¢==x1+ewp7)

We can now insert these solutions into our gauge potential and gauge field strength. Due to
their asymptotical behavior, the corresponding Yang-Mills flows describe bundle modifications
similar to those we found for the second order equations. The only difference is that these
solutions here only give one half of the interpolation we found in (IX.20) and (IX.25). For the

lower minus sign and the upper plus sign, we get

a) E- — Ean and Eat — Ecan 5
b) Eean — &o and Eat — &0,
(X.12)
C) gcan - gﬁat and 8+ - gﬂat ,
d) Eat — Ecan and Eat — Ecan 5

respectively.

X.3 FIRST ORDER FLOW EQUATIONS

In this section we finally want to find a first order flow equation meaning an equation which is
of lower order than equation (X.2). We have already done such a thing in Chapters VIII and
IX, where we took the Yang-Mills equation and integrated those to BPS type equations that
were first order differential equations in the scalar fields. Therefore, what we are going to do
now is finding a BPS analog for the Yang-Mills flow equations which should be an algebraic
equation in the field strength and hence a first order differential equations in the Higgs field ¢.
For the space R x G/H, where G/H is simply the three-sphere S such equations referred to as
Yang-Mills self-duality equations are already known and read

. 1
-Aa = _5 €abe fbc ’ (Xl?’)

where we sum over the coset indices. The e here denotes the structure constants of SU(2).

Some more equations of such kind, namely equations which induce the full Yang-Mills equations
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were discovered for different spaces already. In [21] for instance such an equation was found for
spaces of type R x G where GG is a semi-simple Lie group. Another generalization of the self
duality equations on R? that are analogue to the case of R x G was done in [37] and [38]. There
specifically in [38] also BPS-type equations where considered that do not necessarily solve the
full Yang-Mills equation, denoted by B,, and C),, in that paper. Here we want to state a similar
first order flow equation by

Ao = FA fave Foe - (X.14)

Here the f,;,¢ denote the structure constant that correspond the decomposition of the tangent
space of G an in Chapter VIII. Obviously the stable points of the Yang-Mills flow, i.e. A = 0

are here given by the algebraic condition
fabc fbc = 07 <X15)

which is obviously satisfied for the case that G/H is a symmetric coset space. If we insert
the components of the G-equivariant ansatz (VIII.12) for the gauge potential as well as the
corresponding components of the gauge field strength (VIIL.13) to the first order flow equation

(X.14) we arrive at the following first order differential equation

1

[o—51). (X.16)

¢ = A ( 5

1
4
This equation is precisely the equation we found as BPS type equation for a non-symmetric
space with a specific non-vanishing value for the torsion (IX.9). Hence its solution also stated

in (IX.9), which is a solution to the Yang-Mills equation for that specific case, is also a solution

of the first order flow equation (X.14).



CHAPTER XI

YANG-MILLS ON R x CP? In €29 QuIvER

REPRESENTATION

XI.1 QUIVERS AND HIGGS FIELDS

In the last chapter we considered a lot of homogeneous spaces at the same time, since we had
an ansatz (VIII.12) that was written in a nice generic way. So with a couple of assumptions
(VIII.18), we managed to write down the full Yang-Mills equations without any other knowledge
about the generators and therefore obtained fairly general results.

It is not so easy to turn to theories where a breakdown of the original gauge symmetry
takes place and therefore more scalar fields get involved. These scalar fields are interpreted as
Higgs fields that are responsible for the corresponding symmetry breaking. Specifically SU(3)-
equivariant ansatze that yield the corresponding dimensionally reduced Yang-Mills theory, are
equivalent to quiver gauge theories. Such ansdtze may become more complicated and hence
generic ways of writing them down, although they exist, are much harder to work with than
(VIII.12). The explicit shape also depends on the chosen representation in the following way.
One considers some highest weight representation C*! of SU(3). The corresponding represen-

tation for the subspace H from our homogeneous space G/H is reducible, say
m
i=1

The number of Higgs fields in our theory then depends on the so-called quiver diagram, containing
as many vertices as irreps of H exist, and is determined by the number of maps between these
irreps induced by the corresponding lowering operators of SU(3). Therefore a quiver diagram
is simply based on the weight diagram of the corresponding SU(3) representation. Hence, the
higher the quiver representation we choose, the more Higgs fields come into play.

For the product space R x G/H one can generically write the corresponding associated vector
bundle as

E=PE oV, (XL.2)
=1
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where EF is a bundle over R and V; a bundle over G/H having the same rank as the corre-

sponding irrep p; of H. The gauge group for such bundles is given by
m
[TU@:) < Uy, (XL3)
i=1

where k; corresponds to the rank of the bundle EZR over Mp = R and d; to the rank of the
bundle V; over G/H. A G-equivariant gauge potential on (XI.2) is then admitted and given by

a block-diagonal part and an off-diagonal one. The block diagonal part can be written as
. m .
Atiee = (B A7 (X1.4)
i=1

where the size of the blocks A* depend on the dimensions of the H-irreps as well as of the rank
of the bundle over R. In our case we considered the bundle EiR over R to be of rank k; = 1
and the connection A’ on R to be flat. Therefore, the part of the connection belonging to this

bundle vanishes and we find

Al = A'®14 + 1, @ B°
=A" = 0+1-B°, (XL5)

with B’ denoting the connection on the coset part of the product space. Therefore the A’ are
d; x d; matrices, where d; is the dimension of the irrep p;.

The off-diagonal part can be written by
AT = (1 6;5) @y, (XL6)

where (no summing over i, j) A°T ¥ is meant to be the (4, j)-th block of the gauge connection for
i # j and zero on the block diagonal part. The ®;; on the right hand side denotes the specific
map that connects the ith and the jth vertex of the quiver and is the tensor product of maps

between the corresponding bundles. This means
Qi = ¢ij ® Bij, (X1.7)

where (3;; are maps connecting the two H-irreps p; and p; that contain the left-invariant basis
on the coset space, and ¢;; are size k; x k; Higgs fields depending on the R-part in R x G/H.
For our consideration, these are just real valued scalar fields, one for each arrow of the quiver.
In order to catch up with the notation used in chapter VIII one can notice that we are consid-
ering a G-equivariant associated vector bundle over R x G/H with respect to the corresponding

representation of SU(3) chosen in (XI.1) by

e = PR x G/H,U(d;)) x,, V! — R x G/H, (X1.8)
=1
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where V' is a finite dimensional representation space for the representations p; of the subgroup
H. Fach term comes along with the structure group U(d;) and hence the overall structure group
is given by
m
U <Z dl-) : (X1.9)
i=1
obviously depending on the chosen representation of SU(3).
The explicit construction of the quivers, their representation and the underlying SU(3)-

equivariant gauge theories was done in [22]. It includes also the explicit formulae of the gauge

potential and the field strength for spaces of the form
Mp x G/H (XI.10)

where G/H is either CP? = ﬁ% or 3 = #% We are going to use these results
for the specific case Mp = R in order to derive the Yang-Mills equations for these quiver gauge

theories.

XI1.2 INVARIANT 1-FORMS ON CP?

Firstly, we want to summarize all the ingredients from [22] that we will need to write down
the G-equivariant ansatz. As we have seen in chapter VIII, it is quite convenient to do all
the calculations in the invariant basis of the corresponding space because we can choose our
metric to have constant coefficients in this basis. Hence the covariant derivative with respect to
this metric is only depends on the structure constants of the space (IL.72). CP? is a complex
manifold and therefore we can choose complex coordinates (y1,¥2, %1, J2) of C2. Using them one

can write down the invariant 1-forms as in [22], namely

_ BI _ 1 B gé _
= ith €= 2 dyf — —2 ¢ g XI.11
B 7 wi 6 ey oo LA ( )
51 1 y°© 7
= ith ¢=Z dyt — —F— gt dy?. XI1.12
6 5 wi 5 LW W ( )

Obviously, this basis contains two holomorphic and two anti-holomorphic one-forms. As usual,
we denote the coset indices by early Latin letters, namely a,b,c = 1,1, 2,2, and the components
with respect to the subgroup H by 4,5, k,l = 5,...,8. Furthermore, for convenience we choose
the indices d, e to take values only in {1,2}. As we have seen in chapter IV, the hermitian metric
with respect to this basis only has components with mixed holomorphic and anti-holomorphic
indices (IV.17) and therefore we get (IV.18)

O =55, BT @ B¢ + 64 B F° (XL.13)
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Pulling down indices with this particular metric we obtain that indices get complex conjugated
T =Ty 6. (XI1.14)
Our metric on the product space becomes
g=dr®dr+6; B'® B° + 64 B ® B°, (XL.15)
which allows us to pull down 7 indices without changing the coefficients:

T =Ty 6%, with 6°° =1. (XI.16)

XI1.3 THE SyMMETRIC C% QUIVER BUNDLE

Next we want to state the simplest case of a quiver theory for CP? in order to see how it works.
We will not use this specific ansatz to derive Yang-Mills equations, since considerations with
one scalar field were already done in chapter VIII and would lead to similar results here.

One can use the Yang tableaux in order to get the decomposition of the reducible represen-
tation of H with respect to the fundamental representation of SU(3) into irreducible represen-

tations of H. We have

1,0 B
CHgr@wom = (L1) & (0,-2), (XL.17)

where we can already see that there may be only one arrow between the irreps of H and hence we
are going to get one scalar field in our gauge potential. We can also see, using equation (XI.9),
that the structure group in this example equals U(3). The quiver diagram of this situation is
given as

R® Va1 (XI.18)
o6

R ® V(o,—2)
In the following we are going to write down the G-equivariant connection for the correspond-

ing vector bundle explicitly which requires the explicit form of the generators. For the funda-

mental 3-dimensional representation of SU(3) the generators corresponding to G/H = CP? are

given by
000 000
E = 001, Ex=10 0 0], (X1.19)
100 010
001 000
Er=10 0 0f, Es=10 0 1 (XI.20)
00 000
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And the generators of H = S(U(2) x U(1)) are given by

010 000
Es=10 0 0f, Es=1|1 0 , (XI.21)
0 00 00
1 00 10 0
Er = 10}, Eg = 1 o[- (XI1.22)
00 0 -2
If we use the notation of the matrix units for 3 x 3 matrices, defined by
(€ij) g = Gikdji (X1.23)
these generators can be identified as
Ey =e31, Ey = e39, Ei =ey3, E5 = eo3,
(XI1.24)
Es =e2, Eg=ea, Er=en—en, LEg=en+exn—2es;.

The Maurer-Cartan form in the fundamental 3-dimensional representation of SU(3) is a flat

connection on the trivial bundle CP? x C? over CP? and given by

B B
A = (XI.25)
BT —2a
where
1 _
B = —(-3dYTY) La+Y dVT+AdA), (X1.26)
Y
1 . L
“ = 1 (Ytdy —av'y), (X1.27)
along with
1
Y = <y1> , A= vy 1y — P yyt and v o= 1+YTY. (XIL.28)
Y2 v

The Maurer-Cartan equation (II1.4.1) is satisfied and reads
dAyg+ Ag AN Ag =0, (XI.29)

which yields
dB+BAB—-(BABT = 0
da — %/BT AB = 0
dB+BAB—-2B8ANa = 0,
AT +8"AB-2anB8T = 0

XI1.30
XI.31
X1.32
XI1.33

~—~ o~ N
~— ~— ~— ~—
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Using this one can extend the flat connection on the trivial bundle to a connection on the
bundle over R x G/H. It is given ((3.50) in [22]) by the following 3 x 3 matrix:

By + 3
A= ( “;ﬂT“ ¢§a> , (X1.34)
where we defined the su(2)-valued one-instanton field B,y on CP? by the 2 x 2 matrix
Bll B12
B(l) =B — a]lg = _W _BH . (X135)

The corresponding gauge field strength is easily calculated using (X1.30)-(X1.33) and takes the

form
2 2 T ] 2
f_<<1—<;>><ﬁw> $dr A ) (X1.36)
—pdr A BT —(1—=¢?) (BT AP)
with
3L A B Bl A 32 ~
(05 202 - e
(B'AB +BAB) = BAB (X1.38)

Using the explicit form of the generators of the fundamental representation of SU(3), we can

write the Maurer-Cartan form as

Ay = —B' B -p° Ey+ 3 Er+ 3 B
+B'? Es — B2 Eg + BY E; 4 a Eg (X1.39)

and (XI.34) is nothing but

A = ¢(-B'E1— BBy + BBy + BEy)

=’y E; eb
+ B2FEs — B2 Eg+ B E; +a Es (X1.40)
where
1 1 2 2 1 21 2 _ 72
e =p, e =0, e =p, e =p, and
T (XI.41)
€5y = BgQ’ €5y = _ng’ ey = Bbu’ i ——

We will need (XI.41) later on in order to differentiate the gauge field strength covariantly. From
(XI1.40) we can see that this ansatz would yield the same results we already deduced in chapter

VIII. Getting more scalar fields involved requires higher representations.
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XI.4 SyMMETRIC CZ9 QUIVER BUNDLE

For CP? we have seen so far how the quiver bundle looks like for the case of a fundamental
representation of SU(3). We now want to use the generalizations to the 6-dimensional quiver

(2,0)

representation C'**).  An important point is that (XI.39) actually holds for arbitrary quiver

representations by inserting the corresponding higher dimensional generators. Specifically for

C20) | we have the following generators:

By =V2(eq +ega) +esa,  Ep=V2(eu+eus) +es,
Ey=en+V2(ess+ees),  Fz=eau+ V2 (es5+ese), (XL42)
Es=V2(e12+e) +ess, Eg=V2(ea +es)+esa,

E7:2(61—€3)—|—€4—65, Eg:2(€1+62+63)—€4—65—466.

Using the formalism of Yang tableaux again, we find the following decomposition into irre-

ducible subspaces:
QQ’O}SU(z)XU(l) =(2,2) & (1,-1) ® (0,-4) (XI.43)

The corresponding quiver diagram is then given by

R ® V(2,9) (X1.44)

R® V-1

R®@Vo,-4)

As we can see one ends up with a G-equivariant connection containing two Higgs fields ¢1(7), ¢2(7)
which is a connection on the corresponding associated bundle (XI.8) with structure group U(6).
This gauge potential is in general given in (3.108) from [22] and in our case simplifies to the

6 x 6 matrix

By +2als ¢161 0
A= —¢1 3] Bay—a 1y ¢2f (XL.45)
0 ~oB) —4a

where the one-instanton connection B() in the 3-dimensional irreducible representation is de-

fined as
2311 \@Bu 0

Bpy = | —v2 B2 0 V2B2 | . (XI.46)
0 —V2 B2 2B



98 Yang-Mills on R x CP? in C29) Quiver Representation

The matrices 4, and (2 (not to be confused with the invariant one-forms B and ﬁi) are given
by

V2Bt -
b= @ At and  fa=V2 e (X1.47)
0 V2 ’

We also take the gauge field strength from [22], which is obtained from F = dA+ A A A
using the fact that the flat connection, namely the Maurer-Cartan form (XI.39), satisfies the

Maurer-Cartan equations. One arrives at the following gauge field strength:

(1—¢3%) B /\BI é1 dT A By 0
~ < (1=} BB ' _
F=| —didrngl L d XI.48
¢1 dT A ] (- ) B ¢2 AT A B2 ( )
0 —gydr ABL  (1—¢3) BL A B
where
281N B V2 B A B 0
BABl = |V2ZBAR BIAB +BAR VEZFAR| (XL.49)
0 NN 232N 32
4+ 281 A B+ B2 A B Bt A B
BiABL = — , (XI1.50)

62/\61 Bl/\ﬁl+252/\ﬁ2
21 1 21 2
BoaABl = 2 ”?AB ?Aﬁ , (XI1.51)
BApt BEAB?

BinBy = —2(B'AB + 3 A2 . (X1.52)
XI.5 YANG-MILLS EQUATIONS

Now we collected all the information needed to write down the Yang-Mills equations and are
prepared to derive the corresponding differential equations for the scalar fields ¢ and ¢o. Due
to (I1.72) and hence (V.26), we find the following connection 1-form for CP? with respect to the

invariant metric (XI.13):
W = filel = —frife’, el = elge? (XI.53)
with e, from (XI.41). We also used the fact that CP? is a symmetric space and hence

fuf =0 Va,bce{1,2,1,2} (XL54)
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which can easily be seen by computing the commutation relation of the generators (XI1.42)

explicitly. We find the following non-vanishing structure constants f;¢ of CP?:

fist= 1 fiet= -1 fost = 1 wl= -1
firt= 1 fiil= -1 fif= -1 firP= 1 (XL55)
fist= 3 fisl= -3 fos®= 3 sl = —3.

Again since we use the direct product metric on R x CP?, we have
o _ a _ , 0 __
Wop = Wop = Wep = 07 (XI56>

and the non-vanishing components are

Wiy = —fri€ €lq €. (XL.57)

So the Yang-Mills equations read
D FP =0, (X1.58)
DyF® + D, F? =0, (X1.59)

where Dy := & and Do F® = e, (FP®) + w2 F + wb Fo, cf. (VIIL15).
In order to simplify these equations, we use the splitting of the gauge potential in its block-
diagonal and off-diagonal parts:
A = Adiag - goff, (XL.60)
Inserting this splitting of the gauge potential as well as (XI.57) into (XI.59), we get

= 0, trivially

0 = —eo(fa® FO)+ [Aiiagjfao] + [Agff, f“o] : (XL.61)
0 — %]_-Ob — ey (fcia Fb g fb ]_—ac> n [Agiag’fab} i [Agff, fabj| '
(X1.62)

We find that equation (XI.61) is trivially satisfied and therefore yields no restrictions to the
fields. From equation (XI.62) we get

o (fui® F 4+ fo? 7o) = [ALE F0] (XL63)

and therefore (XI.62) becomes

0= Lpmw, [Agﬁ, J-'“b] : (X1.64)
dr
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which for every index b becomes a matrix equation containing two independent differential

equations:

1) ¢ = —¢1 (3— (567 —2¢3)) (X1.65)
2) b = —da (3 (6¢3—3¢7)) (X1.66)

Even though it is not so easy to find a solution to this equation, we can at least recognize that

for ¢1 = ¢2 = ¢ we obtain only one differential equation, similar to (VIII.23), namely

¢=-3¢ (1-¢%), (XL.67)
which is solved for instance by
¢(1) = tanh (?7‘) . (XI.68)
In case that we put one of the ¢; to zero we get either
b1 = —¢1 3-542), =0 (XL.69)

or

p1=0,  ¢a=—¢2 (3—6¢3). (X1.70)

These two equations are also solved by the Jacobi elliptic functions, for instance

o1(T) = \/étanh (?T) , $2=0 (XL.71)

[ 2 [1—Cy?
¢1 :O, ¢2 (7’) = 1 —012 sn \/501 T—i—Cg, T; y (XI.72)

respectively where C7 and Cy are constants. In the first case we chose the constants such that

and

one obtains a hyperbolic tangens. Since we need the second argument of the Jacobi elliptic
function sn (-, -) to be 1 in order to obtain such a hyperbolic tangens, this cannot be achieved

for the solution ¢2 in the case where ¢; vanishes.



CHAPTER XII

YANG-MILLS ON R x CP? in CMY QuUIVER

REPRESENTATION

In the last chapter we introduced the notion of a quiver bundle and wrote down the gauge
potential and gauge field strength as well as the equations of motion coming from Yang-Mills
equations for the C?*° representation. The next step here would be to consider a representation
that decomposes into more irreps in order to obtain more than two scalar fields. So in the
following we are going to quote the gauge connection and gauge field strength again from [22]
and use these to derive the corresponding Yang-Mills equations and hence the equations of

motion for the Higgs-fields.

XII.1 TuE SyMMETRIC CMY) QUIVER BUNDLE

We are choosing the C'! highest weight representation of SU(3) where we obtain the following

decomposition of the subgroup H in this representation:

Ql’l‘SU(g)XU(l) = (17 _3) ©® (270> ©® (070) D (173)7 (XIIl>
We have the following quiver diagramm:

R® V(13 (XII.2)

W D4®B4

R® V(Qo) R® V(ZQ)
$1®061 %
R® V(L,;g)

From this one can already see that there will appear four independent scalar fields in the
gauge connection. The generators of this eight-dimensional representation can be written in

terms of the matrix units again as

E1 = e12+ V2 (ess + es6) + ers, (XI1.3)
b1 =eo1 + V2 (654 + e5) + esr, (XH.4)
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3 1
Ey=en+ \/g (e23 + e3r) + \/;(625 + e57) + ees (XIL5)
2 1
E5 =eq + \/; (632 + 673) + \/;(652 + 675) + esg (XH.6)
3 3
Es = 5(613 — e3g) — 5(615 — es8) + (€47 — e26) , (XIL7)
2 2
E6 = \/;(631 — 683) — 5(651 - 685) + (674 - 662) ) (XII8)
E; = —(611 — 622) -+ 2(644 — @66) + (677 — 688) , (XH.9)
Es = 3(e11 + eaa — e77 — ess,, (XII.10)

where as before the generators with subscripts {1,2,1,2} correspond to the coset space and the

others with subscripts {5, 6, 7,8} denote the generators of the subgroup H.

We also see from the decomposition of the subgroup H that the associated vector bundle given

in (XI.9) comes with the structure group U(8) in this case. The corresponding G-equivariant

connection is then given (equation (3.125) in [22]) by

Bay+3aly ¢33 ¢4 0
_ At 0 0 2
A= #s %’ o (XIL11)
—4 B3 0 B $2 B2
0 —(;51 BI —¢2 ,B; B(l) — 3a 12
with By, B(g) from (XI.35), (X1.46) and
s 3 o (P a0 0
3 = a —5 | 4 = _= - )
2 \ 32 0 \/g 2 g
5 0 (XIL.12)
_ 3.5 o _ 7_ -
b= 2 @ -3, =B 30
0 3
We have the following field strength
F=dA+ANA
(1—¢3) B3 A Bs" ~ _ o
_ _ d - d E — N
(1) Ban Bt b3 A B3 ba A Ba (¢3d1 — Pag2) B3 A B
—des A Bs' (83— &) BLAB]  (sda — dr102) Br A BT do1 A B (XIL13)

(pagpo — p31) Bs' ABLT —depy A Bt —dga A BT

(1—¢3) Bat A Ba

1 _
+(1 = ¢3) B2 A B} 9212

—dos A B4’ (P12 — d3pa) Brl A B2

(1—¢1) BI A B
+(1—¢3) BI A Be
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The wedge products of the different ; matrices from (XII.12) are given by

B *T_§ Bi/\ﬁl Bi/\ﬁ2
Ps A B3t = 5 (ﬂ%ﬁl B g (XI1.14)
- LBUABL + B2 A 32 1B A B2
t_ 2 - I L , XIL15
54/\ﬁ4 ( _%ﬂQ/\ﬁl ﬁl/\ﬂl+%ﬁ2/\ﬁ2) ( )
Y T Yy :
Bl nBi= [ —\1 A LA +BAF) —\E2nG |
0 7\@51/\55 B A
(XIL16)
BBt =3 (B AB +B NG, (XIL17)
- __§ 52/\62 _BQ/\Bi
PIABL= 5 (—ﬁlAfﬂ g g (XII.18)
B A B! Vi AB 0
Ba A Bot = \/ggi/\ﬁl L(BAB + B2 A3 \/ggi/\y 7
0 \/g/éﬁ/\ﬂl B2 A B2
(XIL19)
RN BUAB+ 152 A B 1g2n Bt
T = 27 2 _ XII1.20
B2' A o ( L éﬁl/\,6’1+ﬂ2/\52) ( )

B3\ pr = %Bi NG 1o, (XII.21)
Bndt =3 (BBrst, —\/5 (B B + B AG), —B AG?) .
(XI1.22)

XII.2 YANG-MILLS EQUATIONS

In the last section we have collected all the necessary ingredients from [22] in order to derive the
equation of motion for the Higgs fields from the Yang-Mills equations for the gauge potential
and gauge field strength (XII.11) and (XII.13).

As in the previous chapters, the connection 1-form on the tangent bundle is given by the

following formula:

W = fa'e’ = —fu'e’, € =e'qe’ (X11.23)
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with e, from (XI.41). We still have
fa* =0 Va,b,ce€{1,2,1,2}. (XI1.24)

For the calculations we are going to use the structure constants given in (XI.55).

The form of the Yang-Mills equations does not change and is given by

D,FY = 0, (XI1.25)
DyF® + D, F® = 0, (XI1.26)

with the same notation as in section XI.5.

Again, we split the gauge potential into its block-diagonal and off-diagonal part as
A = Adi2s 4 poff (XIL.27)

If we insert the gauge potential and (XII.23) into (XII.25), we recognize again that the left hand
side vanishes and does not restrict our scalar fields.
The other set of equations (XII.26) with a free coset superscript becomes
d . .
0= = F® — o (fu F 4 fu 7o) 4 [l o0 | A4S 7o) (XI1.28)
By inserting (XII.11), (XIL.13) as well as (XI.55) and (XI.41) into (XII.28) and after a fair

amount of calculations, we find that
0= c'o (fui F 4 [ 7o) — | Adne b (X1.29)

which was a trivial condition for the case of two scalar fields (XI.63), is not trivial here, but

restricts our fields by the algebraic constraint

¢1 2 = ¢3 P4 (XI1.30)
The remaining part of (XII.28), yields
d

0= —F% 4 [Agﬂ”, f“”] , (XIL31)
dr

which for every index b becomes a matrix equation containing six differential equations for the

four scalar fields. For 8 =1, 1, four out of six equations turn out to be independent:

2
7dd7_2 ¢1 = 3 ¢ <3 ¢%1+1¢§>3¢2¢3¢4

2
%%:3@52 —1+ ¢4+ ¢2>_3¢1¢3¢4

(XI1.32)

d? _ 3 . 9
w¢3—3¢3<2¢— +¢4)—3¢1¢2¢4

& = 3 542 _1 3

a2 Pa = 3 ¢ <6¢4— + 3 ¢2+ ¢3> —3 ¢1 @2 P3.
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With free coset index 2 or 2, we get the following six independent equations

d? 3 1
24 = 3¢1<2¢%—1+6¢%)—2¢2¢3¢4
d? 5 1 2
@% = 3¢2<6¢§—1—2¢%+3¢i)
2
%% = 3¢>2(5 ¢§—1+1¢%+2¢i)—3¢1 ®3 P4
T 6 2 3
e ) ) (XI1.33)
12 ¢3 = 3¢3<2 ¢§—1+6¢i>—2¢1 b2 P4
d? 5 1 2
37 4 = 3¢4(6¢2—1—2¢§+3¢%>

5 1 2
@@1 = 3¢4<6¢i—1+2¢§+3¢%>—3¢1¢2¢3-

If we make use of the algebraic constraint (XII.30), the system (XII.32) as well as the six

equations (XII.33) reduce to the following four coupled differential equations:

d? 3 1

a2 p1 = 3¢ <2 ¢7—1— B ¢§> (XII.34)
d? 5 1 2

@qbz = 3¢ <6 ¢§—1—2¢%+3¢i> (XI1.35)
d? 3 1

129 = 33 (2 ¢3—1— 2@2;) (XI1.36)
d2 5 1 2

12 by = 3 ¢4 <6¢Z -1- §¢§ + 3 ¢§) ) (XI1.37)

These equations could be solved in principle and one could do the whole analysis we already

did for the case of one scalar field. But we do not want go any further here.



106 Yang-Mills on R x CP? in CY) Quiver Representation




CHAPTER XIII

YANG-MILLS ON R x Q3 IN (19 QuUIVER

REPRESENTATION

We are now considering the special case of the coset space G/H = Q3 given by

SU(3)

= iy xon)

(XIIL1)

which, in contrast to the case of CP?, is a homogeneous but not symmetric space.

XIII.1 INVARIANT 1-FORMS AND GENERATORS

As in (XI.2) we firstly want to write down the invariant 1-forms on Q3 and the G-invariant gauge
potential with respect to the fundamental representation of SU(3). These results are taken from
[22], and the explicit derivation can be looked up there.

()3 is a space with three complex dimensions and therefore we have six linearly independent
invariant 1-forms. The explicit form of these 1-forms is given in (3.39) from [22]. They are

denoted by

{el, e?, el e, 63} =: {'71, 7, 7 A 7 ’73} : (XIIL.2)
Since the subgroup H is a different than before, we get a different decomposition of the
reducible representation of H. This means that if we choose the fundamental representation for

SU(3) as the simplest case we get the following decomposition:

Cpywm = L) © (=1,1) @ (0,-2). (XII1.3)

As one can see here, we already have a decomposition into three irreps of H. The corresponding
quiver diagram shows that there will appear three independent scalar fields in the G-equivariant

gauge potential of the corresponding associated quiver bundle:

RV e RV - (XIIL4)
Q
R® Vi -2)
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Due to the fact that each term in (XIIL.3) corresponds to a 1-dimensional representation of H,
the corresponding structure group for the associated vector bundle is here U(3).

The generators corresponding to (J3 in this representation are then given by

Ey =es, Ey = e32, E3 = ea,
(XIIL.5)
Eq =es, E5 = eas, E5 = e1a,
along with the generators of H,
E7 =e11 — eao, Eg =e11 + e99 — 2e33. (XIH.G)
Hence, we have the following structure constants:
fap® fizh = +1 n=-1 far® = +1
fl =1 fait =+1 for® =—1
Jfai®: 57" = —2 far* =41 7 =1
fsr® = +2 for? = -1 firm =41
f383 =0 282 =-3 181 =-3
f3s® = fos® = +3 figh =+3. (XIIL7)

XIII.2 CONNECTION AND CURVATURE

Next we want to write down the flat connection on the trivial C3-bundle over Q3 what we also
firstly did for the CP? case in (XI.25). The flat connection on the trivial bundle over Q3 is given

in the invariant basis as

=i

ay v v
AO = _73 —a] — a2 f‘_}/é . (XIIIS)
- —? az

Here, the a1 and ay are u(1)-valued connection 1-forms given in equation (3.38) from [22]. The
remaining invariant 1-forms of G decompose as 1-forms on GG/H and can be written in terms of

the a1, as where we denote the 1-forms on H by e’, e®. They have the following components:

1 1
67b = (al + 2a2> €8b = _§(a2)b~ (XIIL9)
b

The flat connection satisfies the Maurer-Cartan equations

dAg+AgNAg =0 (XIH.lO)



XIII.3 Yang-Mills Equations 109

which yields the following equations for the invariant one forms and w(1)-valued connection

1-forms:
dai — ' AP =33 A3 = 0, (XIIL.11)
dag + ' Ay  +32 A% = 0, (XIIL.12)
dyt — (a1 —ag) Ay =42 A2 = 0, (XIII.13)
dy? + (a1 4+ 2a2) A2+ A5 = 0, (XII1.14)
dy3 — (201 +ax) AP =P AF2 = 0 (XIII.15)

The extension to the non-flat connection on the corresponding extended bundle, taken from
(3.50) in [22], reads

ap ¢3 73 ¢ !
A — _¢3 73 —a1 — as _¢2 ,—}/2 (XIII]_G)
—¢1 7t —go as

The corresponding gauge field 7 = d. A+ AN A is then easily calculated using Maurer-Cartan
equations (XIII.11)-(XIII.15):

— (¢3 — P12) Y' A F?

—dgr Ayt
— (¢1 — P3p2) Y2 NP

—dga A2

— (2 — 301) 7 A~

(1—o1)y _/\ dgs A 73 _ dgy Ay )
+ (1—¢3)7° A + (3 — d12) 7' AV + (¢1 — P3¢2) 2 NY°
—dog A’ dga N2

+ (p2 — d31) Y2 AT

—(1—¢%) 7' A7t
— (1—¢3) 72 A y?

v
v

(XIIL.17)

XIII.3 YANG-MILLS EQUATIONS

The Yang-Mills equations on @3 look a little different in this case, since we have another set of
non-vanishing structure constants, namely those with coset indices. We can therefore endow Q3

with a non-vanishing torsion tensor with non-holonomic components

T(fc =k facb- (XIII.18)
We end up with the following Yang-Mills equations:
1
VME — ij:Ob n (1+k) (facb}—ac n faca}—cb)
dr 2
el (o P+ fu F) + [Ag, F| = 0. (XIIL.19)
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If we insert (XIII.16) and (XIII.17) into equation (XIII.19), we find an independent differ-
ential equation for the scalar fields ¢1, ¢, ¢3 for each superscript b =1, 2, 3, 1, 2, 3. These
six equations actually differ via three algebraic conditions on the fields which come from the
term containing the coset structure constants in (XII1.19). We can separate the algebraic condi-
tions by adding and subtracting those equations that have conjugated indices from each other,
schematically

YM!+YMY,  YMZHYM?, YM® 4 YMS. (XIIL.20)

By doing that, we arrive at three independent differential equations

d? 1
2h = 20 <¢% —1+3 (¢%+¢>§)) — 262 3
d? _ 2 L9 2
@052 = 2¢ ¢2—1+§(¢1+¢3) —2¢1 ¢3
d? 2 L9 2
ﬁ% = 2¢3 ¢3—1+§ (¢1+¢2) —2¢1 ¢
(XIII.21)
along with the algebraic constraints
(k+1)- (1 —d203) = 0 (XIII.22)
(k+1)-(p2—¢1¢3) = 0 (XIIL.23)
(k+1)-(¢3—¢1 ¢2) = 0. (XII1.24)
In order to satisfy the algebraic constraints, we are forced to choose the value k = —1 for the

torsion. Otherwise these conditions would restrict us to constant fields with value 1, 0 or —1.
If we choose the specific value for the torsion, (XIII.21) is again solvable in principle. But as in
the case of CP? in the last chapter, we do not want to go further in the analysis here but simply
finish all our considerations with this result. The next thing one could do would be considering
higher representations such as C%° or C'! for SU(3) and would get further decompositions of
the subgroup H = U(1) x U(1) and hence of the gauge potential. Therefore more scalar fields

would arise, using the corresponding G-equivariant ansétze, derived and written down in [22].



CHAPTER XIV

YANG-MILLS ON R x CP! x CP?

In this chapter we want to consider the base space R x CP' x CP? and a vector bundle over it
endowed with the structure group U(3(m+1)). Therefore, in contrast to all the other examples,
we get a more general ansatz for the corresponding gauge potential on the corresponding asso-
ciated vector bundle which contains 2m + 1 scalar fields. Here we do not want to fix the specific

number of Higgs-fields, but try to derive the equation of motion for this ansatz in general.

XIV.1 GAUGE POTENTIAL AND GAUGE FIELD

XIV.1.1 The ansatz for the gauge potential. We are considering the following ansatz for
a u(3(m + 1))-valued gauge potential (in the temporal gauge A, = 0):

B 0 0 3
A = Ap®l3+1,1® + U, ® 2 P (XIV.1)
0 —2a 87 0

where
B = B(l) +a-1;. (XIV.2)

As in chapter XI the B(;) denotes the su(2)-valued one-instanton field on CP? and the 3, 3 are

row vectors of the invariant basis of 1-forms of CP?,

Uy, 1= diag(wla w27 SX3) T/Jm—H) ) (XIV?))
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were all the v; are considered to be real scalar fields on R. Furthermore, we have

1 1
Apm = b —P,,5 — =B ~, XIV .4
(m) T 5Pm7 = 5Pm7 ( )
by = Tmb, (XIV.5)
Y,, = diag(m,m—2,....—m+2,—m), (XIV.6)
1
b = —— (g dy—vy dy), XIV.7
2(R2+yg)(y y —y dy) ( )
V2R? V2R?
= 2 dy, §i= ——dj, XIV.8
¥ i 1T Y ( )
0 ¢ --- 0
0 T
O = | , (XIV.9)
0O -« --- 0

where also all the ¢; are required to be real scalar fields on R. Here the one form b is the gauge
potential on the Dirac one-monopole line bundle over CP! and the (1,0)-form v as well as the

(0,1)-form 7 are the invariant basis of 1-forms on CP!.

As one can easily see, the invariant 1-forms read

v = €y dy, (XIV.10)
¥y = €'y dy, (XIV.11)
where
_ V2R?

— ) — T — - XIV.12
Pr=Cy =0T pay uT ( )

The invariant metric ¢ on CP' x CP? is given by the non vanishing components
gaz = 5ab7 a, b & {17 2, 1, Q} 5 (XIV13)
gyy = p°, and hence g% = p~2. (XIV.14)

XIV.1.2 Maurer-Cartan equations and the field strength. We are dealing with invari-
ant 1-forms on symmetric spaces and therefore these 1-forms fulfil the Maurer-Cartan equations

(as we have seen in chapter XI), and are easy to calculate for the case of CP'. The resulting
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equations for all invariant 1-forms become

db—Q—;ny/\fy S (XIV.15)
dB+BAB—-BAB" = 0
da—%fﬁm = 0

dy—-2bAy = 0 (XIV.16)

dy+26A5 = 0 (XIV.17)
dB+BAB—-268ANa = 0
AT + T AB-2an3" = 0.

If we insert the ansatz (XIV.1) into the definition F = d A+ AA A and perform the calculations,
written down in the appendix A.1.2, we find the following field strength:

F o= <p2 (i [él,%} T %Tﬁ ® 13) dg A dy + ga@m At Adg — gatqﬁn dt A dy
P 02 dg A B P 4T 02 dy A B
g [ ] © (—dgj/\ﬁT 0 ) 2 [‘Dm’q’m} @ (-dy/\ﬁT 0 )
—BABT 0 0 dtAB
\1’2 —]lm a “I}'m ]
(¥ “)®< 0 BT/\ﬁ>+ ' )®<—dt/\BT 0 )
(XIV.18)
where
3L A B Bl A 32 -
? b @ ) BABT (XIV.19)
BEAB B2 A B
BAB +52A3Y = BTAB. (XIV.20)

XIV.2 YANG-MILLS EQUATIONS

The Yang-Mills equations on the space R x CP! x CP? look slightly different, since the dimension
is higher then in the previous cases. If we compare this to chapter XI for instance, we can see
that, since we consider a product of two projective spaces, we will get one more matrix equation

for each additional belonging to CP!. This means we have

DyFY =
DyFAe =

: 6 €1y, y}
, ae{l, 2, 1,2}
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which reads

OFY 4V F +[Aa,fa5] +V FD +[Ac,fc‘1 = 0
(XTV.21)
BFt 4y Fed 4 [Aa,fad} FVFd [Ac,fcd] — 0

Here the repeated Greek indices are summed over the components belonging to CP!, namely « €
{y, 7} and the Latin letters are summed over the CP? components. The covariant derivatives
of the gauge field strength for the projective spaces are given in the canonical way for product
spaces.

If we insert (XIV.1) and (VIL.8) into (XIV.21), which is written down in detail in appendix

A.2, we arrive at the following matrix equations:

1 1
- 92 _ = T —
0 = =7 | 20 || + T3P = [, [, W]
(XIV.22)
1
0 = ORUn—3 [cbjn, [, qzm]} 3 (U, — ). (XIV.23)

Inserting ®,, and W, into these matrix equations (XIV.22) and (XIV.23), we find the fol-

lowing independent differential equations for our scalar fields v; and ¢;:

1 1
0 = 0ii+ (971 — 207 + 67a1)di + 230 — (Vi — Wit +47) &

0 = O — % (67_1 (W5 — Yiz1) + &3 (Vi1 — 3)) + 3(eh; — ¥P) .
(XIV.24)

Solutions to similar equations were found in [20] and possibly also solutions for the equations

(XIV.24) do exist. Seeking for such solutions could therefore be a further task.



APPENDIX A

ExpriciT CALCULATIONS FOR R x CP! x CP?

A.1 GAUGE FIELD ON R x CP! x CP?

A.1.1 The ansatz for the gauge potential. We are now considering the R x CP! x CP?
together with the following Ansatz for a u(3(m + 1))-valued gauge potential (in temporal gauge
A =0):

B 0 0 3
0 —2a -7 0

where
B = B(l) +a-1y. (AQ)

As in chapter XI the B(;) denotes the su(2)-valued one-instanton field on CP? and the 3, (3 are

row vectors of the invariant basis of 1-forms of CP2. Furthermore, in (A.1)

U, = diag (v, Y2, .o, Ym1) 5 (A.3)

were all the ¢); are considered to be real scalar fields on R. We also have

1 1
Ay i=b —®,, 5 — B ~, A4
(m) T 5 0 9 m” ( )
by = Tonb, (A.5)
T, = diag(m,m — 2,....,—m + 2, —m), (A.6)
1
bi=——— (5 dy —y d7), AT
2(R2+yg)(y y —y dy) (A7)
V2R? _ V2R?
Y= ~dy, 7= o —dy (A.8)
R? +yy R* +yy
0 ¢ --- 0
0
- , (A.9)

bm
0 -+ --- 0
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where all the ¢; are required to be real scalar fields on R. Here the one-form b is the gauge
potential on the Dirac one-monopole line bundle over CP!, and the (1,0)-form « together with
the (0, 1)-form # are the invariant basis of 1-forms on CP?.

As one can easily see, the invariant 1-forms are proportional to the complex coordinates,

namely
7 o= €y dy, (A.10)
¥y = €y dy, where (A.11)
_ V2R2
p = 67y = €’Yg = m . <A12)

The invariant metric g on CP! x CP? is given by the non vanishing components

9ab = dabs a,b € {1,2,1,2} (A.13)
gy = p°, and hence g% = p=*. (A.14)

A.1.2 Maurer-Cartan equations and the field strength. We are dealing with invariant
1-forms on symmetric spaces and therefore these 1-forms fulfill the Maurer-Cartan equations
which are given in [22] for CP? and easy to calculate for the case of CP!. The resulting

equations for all invariant 1-forms become

1
_ 5 = Al

db 2R27/\7 0 (A.15)
dB4+BAB—-BAB" =0 (A.16)

1
da — 55* AB=0, (A.17)

along with

dy—2bAy=0 (A.18)
dy+20A5 =0 (A.19)
dB+BAB—-26ANa=0 (A.20)
A48T+ 8T AB—-2aABT =0. (A.21)

For convenience we split A into two pieces,
A =: A(m) ® 13+ Acpez,
then the field strength F = dA + A A A becomes

dA(m) ® 13+ dAcp2 + (A(m) ® 13+ Acp2) A (A(m) ® 13+ Acp2).
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We split the calculations into three big pieces, namely in
F = dA(m) ® 13+ A(m) ® I3 A A(m) ® 13
+ dA(CP2 + A(CP2 A A(CPQ
+ (Am) ® 13) A Acp2 + Acpz A (A @ 13)
= dA(m) ® 13+ A(m) A A(m) ® 13 (A.22)
+ dA(CP2 + A(CPQ /\ A(CP2 (A23)
(Am) @ 13) A Acp2 + Acpe A (Agn) @ 13) . (A.24)

In the following we are going to calculate the terms (A.22)-(A.24) in this order:
A.1.3 Piece A.22 of the field strength. First the differential of A,

ddgy = dbYy, ZQ@mA7+¢ 45 — ddT Ay — @Tdﬂ
1 1
= 3 Tm AT 4%5( m) dEAT = 0(®]) dt )
1 T
+§( ®,, 2b AT — @m26A7>
1 1
= @Tm AT -%5(@ ) At A — 9y (@ )thy)
1 T
5(@ WA+ B, 2bA7)

Now turn to the wedge product

1 _ 1 T
A(m)/\A(m) = iTm d,, b/\")/—iTm ®., bAYy

1 1
+§®me7Ab—Z¢m¢;?A7

1 1
—§®;Tm7A5—1¢;¢myA7

:;(wm@mwAy[nm@HbAy+;[@;¢47A7)

— 3, bAv+¢TbA7+4[@ @}VAV.

In the last step we used that [Y,,, ®,,] = 2, as well as [Tm, @;] = —2®,,, and in total we

have

17 - 1 i

+<@@%ﬁdaa7—84¢;wﬂAy).

(A.25)
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A.1.4 Piece A.23 of the gauge field strength. Using (A.16) and (A.17), we get

dA(CP2 —|— A(CP2 /\ A(CPQ —

dB+BAB 0
Ty ®
0 —2da

0 dtAp 0 0
O (T, — 9,(V
o )®<0 0 ) ! )®<dt/\ﬁT o)
N R P (R IO
0 0 0 0 0 0
T, ® 0 Nw, e © w0 © Y
"\ 20 A BT 0 "7 \dgT o "TA\BTAB 0
@m@m@W O)qjm\pmc 0 )
0 0 0 BT AR

BABT 0
]lm+1®< 0 —ﬁT/\ﬂ>

0 dtAg 0 0
(T, — 0T,
o )®<0 0 ) ! )®<dt/\ﬁT o)
0 0 0 BIAB

BABT 0

2 - T
+at(\11m)®< 0 dt/\ﬂ>+\pfn®< BAB 0 )

—dtABT 0 0 BIAB
-BABT 0 0 dt A B
v 1,, (U, .
( m +1)®< 0 ,BT/\B>+ t( )®<—dt/\,8T 0 )

(A.26)

In the last as step we have used equation (A.21) as well as equation (A.20).

A.1.5 Piece (A.24) of the gauge field strength.

B 0 0, 2
A24)= A . .
(A.24) (m)®13A<11 +1®<0 _2a>+\lf ®<_5T o))

B 0 0, f
+ [ 11 ® + 0, ® AAgy @1
( " (0 —2a> <—5T 0)) =
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fﬁT 0
B 1. _ 1+ 0 f3
= [Tmb + E(I’m’y — §(I)m’y, \I/m] N® (—IBT 0)
0 _
= % ([(I)W“ \Ijm] - |:(I);7rz7 \Ijm] '7) AN (_;T g) . (A27)

Here we used the commutativity [T, ¥,,] = 0. It is useful to change the basis for CP! from
the invariant one to the simple holomorphic complex basis {y,y} according to equation (A.8).
Putting (A.22)-(A.24) together and performing the already mentioned basis transformation, we

arrive at
F o= <p2 (i [@,T,L,cbm} T ﬁrﬂv ® 13) dg A dy + gatd)m dt Adg — ga@; dt A dy
P D,,, U, 02 dg A B _PlgT v, 02 dy A B
5 [P Vm] @ _agngT o 2[ m> }@ —agnd” o
—BABT 0 0 dt A B
U2 —1,, (U, )
(Vo +1)®< 0 ﬁmﬂ>+ i )®<—dmfﬂ . )
(A.28)
where
Btapt BtAB o AT
~ i = A.29
<62/\/81 ﬂ2/\/82> ﬁ/\ﬂ ’ ( )
(B AB+FAB) = BIAB. (A.30)

A.2  YANG-MILLs EQUATIONS FOR B € {y,y}

We are now going to write down the Yang-Mills equations and deduce the corresponding equa-
tions for the ®,,, ¥,, and hence for the ¢;, ; explicitly. The Yang-Mills equations are given
by

OF'B 4 VaFAB 4 [As, FAP] =0, A, B€{y,5,1,2,1,2}.

We are going to start with the case where B = § € {y,y}. We have

8tft5 + Vafaé + {Ao“faﬂ + vcfcé + [.AC,JTC(S:| — 07
ce{1,2,1,2}, ae{y,y} . (A.31)

We know that the ®,, contain only maps from R to R, so all other derivatives of these fields and

hence of the gauge field strength vanish (all but the derivative of components of F containing
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b). If we use
VaFY =T4oF + T4 FA,
then we get the remaining equation for (A.53):
0T + TG0 F + To0FC + T F + T2 FC = 0.
We notice, that the Christoffel symbols with mixed indices from CP' and CP? vanish, and

therefore we get the simplification

Do F + T9 FO 4 T8 Fo 4 [Aa,}“a‘s] - [Ad,fd6:| + [.Ag, fJ‘s] + TS F% =0.

We can see from (A.28) that the only non-vanishing components F*¢ are %Y and F¥Y. We also

know that the only non-vanishing Christoffel symbols are I'}j, and Fgg Hence, it remains
O5F % + T3 F 40+ [ A5, 7| + [ Ay, F2| + | Ag, F) + T o0,
Here, of course, we do not sum over §. It is either § = y or § = §. The index d is supposed to

take values in {1,2} and b € {1,2,3,4}.
The last ingredient, we need to calculate the Christoffel symbols on CP! and CP2. On

CP! we are using the complex basis {y,7} rather than the invariant basis. Since the only

non-vanishing components of the metric are g,y = g5y, we get
- _ _ 27 27
2 2 2 3
B = 9" Oy =p"" 0y 0" =07 (= 5p)0” == 5 ap
_ — 2y
¥ o_ TV _
Iy = Ty = —mp. (A.32)
Now we are going to express the Christoffel symbols in terms of the by, by:
y 1 2R? 1 g 1
by =2 ) V2R 1y p=—-TY (A.33)
2\R*+yy) V2R?2 2.2R? 4w
1 -
4 (A.34)

y 1 V2R 1y 1
R +yy) Vor: 2vere’ T 4w

by =—=
Yoo2
For CP? we are using the invariant basis and can therefore use the convenient shape of the

Christoffel symbols, making use of the structure constants:

e =—€'cfoi®,

where the e’ as well as the structure constants can be taken from section XI.3.
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It will again turn out to be useful to split the gauge potential into its block-diagonal and

off-diagonal parts as done before:

Adiag . bm) @ 13+ L1 ® (ﬁ _(;a) , (A.35)
A = L@, dg— @ dy) @ 13+ B ® ( 02 B) : (A.36)
2 6T 0
We get

0 = §F" (A.37)

+ O5F% (A.38)

+ T3 A, (A.39)

+ [ A (A.40)

n [A;liiag’]_—dé} n [Agiag’]_—cﬂﬁ} — el f it F P — el f e FD (A.41)

n [A?lﬂf’j_-dé: n [A%ff’ ]:&6} (A.42)

which we are going to calculate piecewise in the next few paragraphs.
A.2.1 Piece (A.38) from the Yang-Mills equations. We start evaluating term (A.38).
We have to take into account that the metric with respect to the complex basis {y,y} is not

constant and since d5p™" = \/%22 p~ "1 (A.38) becomes

(A.38) = b5 pt4p Fy. (A.43)

Here we made use of b5 = F p, where the upper sign stands for § = y and the lower one

)
2v2R?
for 6 = 7.

A.2.2 Piece (A.39) from the Yang-Mills equations. In order to calculate this piece of

the Yang-Mills equations, we express the Christoffel symbols in terms of bj:
5
Using this, (A.39) becomes

(A39) = Hdbsp* (Fp*Fp) ® 13+

1 1
—4 2 T

Yobs, o2 [ = [cb ,@m} — ) ©1s.
Fp [ 5/)(4 o @] + )]@93

Since the first two terms inside the second argument of the commutator are diagonal matrices,

they commute with Y,,. So the remaining part of (A.39) is

(A39) = —4p 2 bsFy, (A.44)
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A.2.3 Piece (A.40) from the Yang-Mills equations. We are now considering piece (A.40)
from the Yang-Mills equation:

(A.40) = ([Agﬁ,fagb = (p*‘l ['A%H?}—ééb e ([Agﬁ’ fyy])

(A" Py

_ —4<{[§p¢m®137 (r* G [®n @m]ﬂ}%ﬂm)]}@ﬂ?’)
=

4
[~ip @l @13+ (0 (3 [@), @n] + 5 Tm)]} @ 13

D, @ 13, + (P2 (i [(I);"I) } + 232 )}} ® ﬂ3>
+<I>T ® 13, (0 (7 [, ] + 572 )] } ® 13

e %q’TH + f (97, Tw] } © 1

(@ @n]] + fr(-2) - O} 0 1
@m,QT]]+2’)—22(+2) @T}®]13

1 ( (00 @] + i (B, Y} 91

1y ({3 [ [0, 80]] — frtnf @ 15

= —=p (A.45)
28 {4 (o, (o, o)) + o) o 1,

A.2.4 Piece (A.41) from the Yang-Mills equations. This piece of the Yang-Mills equa-

tions dissapears, due to the fact that

(Bd ! >,<O ﬁd)] — €' fai (O o d) = (A.46)
0 —2aq 0 0 0 0
B; 0 0 0 . 0 0

— o fyi —0. A.
(0 —2%)’(@ 0)] o (@I 0) 0 -

A.2.5 Piece (A.42) from the Yang-Mills equations.

and

(A.42) = Ab P Qf;,g} =p? [«4‘)&7 —fsﬂ

_ -\I/m@ 02 Bl_; : p_2§[q)ma\ljm] ® 0 Bl_;
I =B 0) (=p 25 [®p, U] —B, 0
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ot { + (Yo, [@s Ui } (—ﬁd 0 )
2= [T, [P W] 0 —Biba
o L_l - [\Ilmv [(I)mv \I]m]]
=5 {+ [\I/m, [@;,\Pm]]} ® 15. (A.48)

The upper (lower) row represents 6 =y (6 = §).
A.2.6 Putting all pieces from this part of Yang-Mills equations together. For B =y

we arrive therefore at the following two equations for the ®,,:

-1
= <p28t2q)m +p by (4 02 Fgy) + 07" by {4 p® Fyy}

L o s3(, 15 T P’

p—l
e [‘IJ’I’)’H [¢m7 l:[lm]] ® ]]-3

Pl o L T p~!
- <28t B 07" [0 [0 0] + zm‘l’m) @l
1

= ”7 (W, [P, U] ® L.

(A.49)
This is equivalent to
1 1
— 52 _ = T _ _
0= 070 — 7 [ @, [0, @] | + 250 — (Wi, (@1, W]
(A.50)
Hence we obtain the following equations for the ¢; and ;:
1 1
0= 07¢; + 7z + (611 — 267 + 621)0i — (V1 — 20 + 97) o
(A.51)

A.3  YANG-MILLS EQUATIONS FOR B € {1,2,1,2}

We will now derive the equations for the ®,, and ¢; for the case that the free index in the

Yang-Mills-equation is an index B = d € {1,2,1,2} of the coset space:

OF 4 VoFo 4 [ A, FoU] 4 Vo F 4 [ A, 7Y = 0
c e {1’ 2’ 172}7 « 6 {y7 g} (A'52)

which is equivalent to

0= OF + VoF o 4 [Ag, 7o) 4 VT 4 [, 7] (A.53)
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& 0= 0F" 1 9,7 4 T, FCd 4 1, FoC 4 [Aa, J-"O‘d] (A.54)
+ Fgchd + FZCJTCC + [Ac,]:cﬂ : (A.55)
Hence
=0 = gt (A.56)
0o F - 1Y, Fvd 4 TV FHd 4 [A‘?.}ag, F “d} (A.57)
+ [ AgT, o] (A.58)
e, F 4T Feb [ Adiag f‘Cd} (A.59)
+ [Agff, ch} . (A.60)

After some calculations, one can see that (A.59) vanishes. So in the following we calculate

the remaining pieces.

A.3.1 Second piece (A.57) from the Yang-Mills equations.

(A7) = On (072 Fad) + Ty 72 Fya+ Ty p72 Fogt p2 | A8, o]
= p_28afaj+ Faa Dap™? — 4b, p2 Fya + 4by p2 Fyd

0o B
25, T @ 13, 2 [®1, Uy
+p77 by T @ 13, 5 [P, Uin] ® o),

=07 by T © L, 5 [@], ¥ | @ (—0 B) ]
d

2t
=2 _ _ -1 -2 N _
=p aaf&d + +f6:d 7\/§R2p 4,0 (by f—d by F. d)
2y, .2 P 0 5
+p 2, -2 2[<1>m,x11m}®<_ﬁT 0)

) 0 B
P (_;’ [@,Il,\llm] ® (_5T o>d>

= 9 200 Fag+p 2 (4by Fyg —Aby Foq) —4p2 (by Fyq — by Fq)

97 (by [, W] + by 2], W) @ (—;T g)zi

(A.61)
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The last thing to do for this piece is to calculate the partial derivative from the first term of
(A.61),

p 206 F5q =
= p PO Fyqtp 0y Fyq

o1 0 1 0

o 1y 1y 0 B
2 T
- - A : q)ma ‘Ijm + - : (I)ma \Ilm X
P 2\@R2pp[ ] QﬂRQPp[ }) <_5T ol
S— —— d
=—b, =—by
0 3
= ! (—by [, U] — by [@L,\pmb ® ( . ﬁ) . (A.62)
-7 0/,
Therefore (A.61) vanishes and hence we have
(A.57) =0. (A.63)

A.3.2 Third piece (A.58) from the Yang-Mills equations.
(A.58) = | AT, o2y | + [ AT, 07274

1 - 1 0 fp
—ip(I)T®]l3,p 2'p'2[¢ma\pm]®< ]

* 2 2

o (A A C A | B
- % ([cp;, [q)m,\pm]D ® <_;T 5) . (A.64)
d

In the last step, we made use of the fact that [@;, [Py \I/m]] is a diagonal matrix.

1 1 0 g
p¢®13,p2-p-[¢;,ﬁ1m}®< o ]

A.3.3 Piece (A.60) from the Yang-Mills equations. There are only components of F

with one bar index and one without a bar. Since d € {1,2,1,2}, we get

(A.60) = [Agﬁ, f“’}
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\Pm®( 0 m) 02 <<—ﬂw>cd 0 )]
B 0 0 (BT A B)aq
02 Bc *(/B/\ﬂ—r)‘_ 0
qj’"@( 87 ) Hm*l@( 0 (ﬁTAﬁc>]
( 02 Be (_B/\/BT)(:J
—B) ’ 0 ﬁwﬂ
_ 3 75
= (- < Al 0)
-3 (U, — 3 2 . A.65
(W = W3) @ (_ o 0) (A.65)

A.3.4 Putting all pieces from this part of Yang-Mills equations together.

1
0 = 0P — o (@], (@, wal]) +3 (@, — 03). (A.66)
2
This yields the following equations for the ¢;, ;:

O — 5 (1 (s — Y1) + (Wit — ) +3(wi—vd) = 0,
Vi=1,..,m+1. (A.67)

Here as usual, ¢p,41 := 0 =: ¢p.

A.4 ArLL YANG-MILLS EQUATIONS
If we summarize everything, we have the following equations for the ®,,, V,,:
9 1 T 1
0 = =7 | [0 || + T3P = [, [, W]
1
0 = ORWn—3 [@In, [, xpm]} +3 (T, — T3).
which are equivalent to the component equations
1 1
0 = i+ (01— 207 + 001)i + T30 — (Vi — Wit +47) i,
1
0 = i — 5 ($E1 (i = Yimt) + 67 (Wir1 — 1)) +3(i = ¥}).
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