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Introduction

The core idea behind gauge theory was first stumbled upon in the context of classical electro-
magnetism. Given an electric potential V(x,t) : R x R — R, and a vector potential A(x,t) :
R3 x R — TR3, the physical fields E, and B corresponding to these potentials are given by the
following relations:
0A
E=-VV 5
B=VXxXA

Playing around with these relations, one finds that given any smooth function X : R* — R, the
new potentials:
V’:V—@ and A=A +VA
ot

correspond to the same physical fields E and B. In electromagnetism, this invariance under such
a transformation (V,A) — (V’; A’), is called gauge freedom, or gauge invariance. The idea of
objects in physics being invariant under a certain group of transformations was further expanded
on, and generalized by the physicist’s Yang and Mills in their 1954 paper Conservation of Isotopic
Spin and Isotopic Gauge Invariance. Nowadays, the best model of the universe that physics has
to offer is a gauge theory, namely the Standard Model, which has held up remarkably well under
experimental verification. All of this then begs the question, what exactly is a gauge theory?

Physically, a gauge theory is a field theory with a symmetry that can be attributed to a sym-
metry group acting on fields, while leaving the Lagrangian invariant; in classical electromagnetism
this symmetry group is the Lie group U(1), while in the original Yang-Mills theory, as presented
in their 1954 paper, it is the Lie group SU(2), and finally in the Standard Model it is the product
Lie Group U(1) x SU(2) x SU(3) . Mathematically, these types of field theories are intimately
related to Cartan’s study of principal bundles, and connections on said bundles. Indeed, with a
proper background in Cartan’s geometry, one could read Yang and Mills paper and come away with
the conclusion that they must have been aware of the underlying geometry in their work, though
this was certainly not the case. Furthermore, the mathematical study of gauge theory, has proved
incredibly fruitful in producing deep geometric and topological results, such as the existence of
multiple distinct smooth structures on R%.

The goal of this paper is to understand classical gauge theories from a geometric perspective,
and is split into three main parts, each consisting of two chapters. The first part gives a brief primer
on differential topology and Lie theory. Specifically, chapter 1.1 includes a brief introduction to
smooth manifolds, and the various objects one encounters on them such as vector fields, differential
forms, and (pseudo)-Riemannian metrics. In chapter 1.2, we introduce Lie groups, Lie algebras,
group actions on manifolds, and the representation theory of Lie group and Lie algebras.

The second part is focused on mathematical gauge theory and spinors. Chapter 2.1 introduces
the main objects of study: the principal bundles, and connections characteristic of Cartan’s geom-
etry. We then go on to discuss associated vector bundles, gauge transformations, curvature, and
covariant derivatives. In chapter 2.2, we develop Clifford algebras, and the Spin group, with the
goal of studying a very special type of associated vector bundle: the spinor bundle.

The final part is dedicated to Yang-Mills theory and applications to physics. In chapter 3.1,
we will introduce the necessary geometric constructions to define the Yang-Mill’s Lagrangian, and
then derive the Yang-Mills equation. The rest of the chapter will be focused on demonstrating
how this equation, and the Bianchi identity, relate to classical electromagnetism, and how to
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then modify the Yang-Mills Lagrangian to incorporate various types of sources into our theory
of electromagnetism. In particular, we will the give classical descriptions of two quantum field
theories: Scalar Electrodynamics, and Quantum Electrodynamics, the latter of which incorporates
fermionic sources.
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1.1 Smooth Manifolds

Smooth manifolds are generalizations of smooth curves and surfaces in R? to higher dimensions.
There are two main ingredients baked into the definition of a smooth manifold, namely a specific
topology that allows us to locally identify the manifold with R™, and a smooth structure, which
allows us to perform calculus on the space. Once these two ingredients are well understood, we
are in a position two study these objects in depth with a wide variety of tools from analysis
and algebra. In this chapter, we give a brief overview of the definitions, objects, and operations
necessary for building up gauge theory. We closely follow the treatment found in the text Lee’s
Smooth Manifolds.

1.1.1 Topological Manifolds and Smooth Structures

As mentioned before, a (topological) manifold is a set, endowed with a topology that allows us
locally identity it with R™. In order to make this precise we employ the following definition:

Definition 1.1.1. A topological space M is a topological manifold of dimension n if the fol-
lowing conditions hold:

o M is Hausdorff, i.e. for every points p,q € M there exist disjoint open sets U,, U, C M, such
that p € U, and q € U,.

e M is second countable, i.e. M has a countable basis for it’s topology.

e M is locally Euclidean of dimension n, i.e. for every point p € M there exists and open
neighborhood U, of p, such that U, is homeomorphic to some open subset of R".

It is easy to see that in the third condition, we could equivalently require U, to be homeomorphic
to an open ball in R”, as given a homeomorphism ¢ : U, — U C R", we can find an open ball
Bypy C U centered at ¢(p). The restriction of ¢ to the inverse image ¢_1(B¢(p)) then maps
homeomorphicly to an open ball in R™. Consequently, as open balls in R™ are homeomorphic in
R", we could equivalently require U,, to homeomorphic to R" itself.

Furthermore, the third condition allows us to obtain the notion of a coordinate chart:
Definition 1.1.2. A coordinate chart on a topological manifold M, is a pair (U, ¢), where
U C M is open, and ¢ : U — ¢(U) C R™ is a homeomorphism.

Clearly, every point p € M is contained in some coordinate chart, and we say ¢ is centered at p
if ¢(p) = 0. We call the component functions ¢(p) = (x'(p),...,2"(p)) local coordinates on U.
Though cumbersome, at times it is quite useful to define the component of functions of ¢ for some
Up, and ‘work in coordinates’ Trivially any space homeomorphic to R" is a topological manifold;
let us now look at a non trivial example of a topological manifold:

Example 1.1.1. The 2-sphere, denoted S? defined as the set:
S?={z R |z|| =1}

where ||z|| denotes the standard Euclidean norm on R3, is a topological manifold. Endowed with
the subspace topology from R?3, S? is clearly second countable and Hausdorff. We then must show
it is locally Euclidean; consider the following parameterization of S?:

1 2u 2v w4+ 02 —1
IZ) (u,v): 2 27 2 27 2 2
1+uw4+ve 14+u*+v2 14+ur+wv

It easy to convince oneself that this is a parametrization for S? by checking that ||~ (u,v)|| = 1
for any w,v. Furthermore have that for a point p = (z,vy, 2) € S?, 1 is given by:

v = (1 1)

1 is then a homeomorphism from S2 \ (0,0,1) — R?, i.e. every point p € S? is contained in the
defined by . Consider now the following parameterization instead:

(Z)_l(u,v):( 2u 20 1—u2—v2>

14+u2 402" 14+u2+02" 1402+ 02
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with inverse:

oo = (1 1)

¢ is then a homeomorphism from S? \ (0,0, —1) — R2. The coordinate charts (S? \ (0,0, —1), ®)
and (S? \ (0,0,1),9) cover S?, and thus every point in S? is contained in an open set U that is
homeomorphic to an open set in R2, or rather R? itself. We have therefore shown that S? is locally
Euclidean, hence a topological manifold of dimension 2.'

We now turn to defining a notion of ‘smoothness’ on a topological manifold M. Recall that given
open sets U C R™, V € R™, a function F' : U — V is smooth if each of the component functions
are smooth, i.e. every component function has continuous partial derivatives of all orders. Further,
if m = n, and F is a bijection with smooth inverse, we call F' a diffeomorphism from U to V.
Consequently, if F' is a diffeomorphism, it is also a homeomorphism. Given two charts (U, ¢) and
(V,4) for a topological manifold M, such that U NV # @, we say they are smoothly compatible if
the transition function:

oy L p(UNV) = p(UNV)

is a diffeomorphism. A collection of smoothly compatible charts A which cover M is called a
smooth atlas for M, and is said to be maximal if A4 is not contained in any other smooth atlas. A
smooth structure on M is a maximal smooth atlas A.

Definition 1.1.3. A smooth manifold M is a pair (M, A), where M is a topological manifold
and A is a smooth structure.

A topological manifold M has many distinct smooth structures, however these distinct smooth
structures are usually only unique up to diffeomorphism, though counter examples do exist such as
R*, and S7. Furthermore, some topological manifolds do not admit any smooth structure. Going
forward, we assume all manifolds we work with are smooth. Let us now examine the following
examples:

Example 1.1.2. The Euclidean space R™ for all n € N is a smooth manifold. The standard
smooth structure on R™ is determined by the atlas consisting of the chart (R™,1d,,). Including all
such charts that are smoothly compatible with Id,, (i.e. smooth local coordinate transformations)
we obtain a maximal smooth atlas for R™. In this paper, when working in R™ we always assume
the standard smooth structure.

Example 1.1.3. Let V be a finite dimensional vector space over R of dimension n. A norm on V'
induces a topology such that scalar multiplication VX R — V', and vector addition V XV — V are
both continuous functions, where V' X V and V' X R have the product topology. Furthermore, this
topology is independent of the choice of norm. It then follows that any isomorphism 7 : W — W
is also a homeomorphism as T is a continuous bijection with continuous inverse. In particular, a
choice of basis {e;} for V' admits the following vector space isomorphism 7" : R™ — V:

T(x) = z'e;

where we have employed the Einstein summation notation. Thus we can view V as a topological
manifold since it is homeomorphic to R™, with chart (V,7~!). Given any other basis {f;} of V,
with with chart (V,S™!) there exists an invertible linear transformation A, such that:

ei = Alf;
The transition function for the two charts is then given by:
S~loT(x) = S (ale;) = STHa'Al f;) = Alat

Hence the transition function is an invertible linear map, and thus a diffeomorphism. The collection
of all such charts determines a smooth structure, and thus every finite dimensional vector space is
a smooth manifold.

IThis example can be generalized to a sphere of n dimensions, defined as the set S = {x € R**+! : ||z|| = 1}
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Example 1.1.4. Continuing from Example 1.1.1, we calculate the transition function of the
charts (S~ (0,0,—1),¢) and (S~ (0,0,1),%):

1 U v
goy (u2+v2’u2+v2)

which is a diffeomorphism R? \ (0,0) — R? \ (0,0), hence the aforementioned charts determine a
smooth structure, and thus the two sphere is a smooth manifold.

Example 1.1.5. Given a smooth manifold n dimensional manifold M, any open subset U C M
is also a smooth manifold, namely it is an open submanifold. Any open set U C M inherits the
subspace topology from M, making it into a topological manifold of dimension of n. We can then
define a smooth structure on U by removing the charts (V,¢) from Aj; such that VN U = (), and
restricting the rest to V N U. This atlas, Ay, then covers U, and determines a smooth structure
on U.

Example 1.1.6. Given n smooth manifolds M, ..., M,, the product space M; X --- M, is a
smooth manifold of dimension of dim(Mj) 4 - -- 4+ dim(M,,). As a topological space, the product
is Hausdorff and second countable, so we need only check that the locally Euclidean property,
and then determine a smooth structure. Given point (p1,...,pn) € My X --- X M, we choose a
coordinate (U, ¢;) around each p; € U;. The product map:

G1 X o X Uy X ... Uy — RIMOL) L Rim(Mn)
(P1,--0n) > (D1(P1), - -, On(pn))

is then a homeomorphism onto it’s image, which is a product open subset of R (M1) x ... Rdim(Mn)
hence M; X - -- X M, is a topological manifold. Take each smooth atlas A; and select charts which
cover each M;, then construct product charts from these charts as above; each product chart
is clearly smoothly compatible with one another, and the set of all such smoothly compatible
product charts covers M; X --- X M,, thus these charts determine a smooth structure on the
product manifold, therefore My X --- X M, is a smooth manifold.

1.1.2  Smooth Maps, Tangent Vectors, and Vector Fields

We now wish to develop of a notion of smoothness for maps between two manifolds M and N. To
do so, we employ the following definition:

Definition 1.1.4. Given m and n dimensional manifolds M and N, amap F : M — N is a
smooth map if for all p € M there exist smooth charts (Up,, ¢) containing p, and smooth charts
(Up(p),¥) containing F(p) such that the composition 3 o F' o o 1:o(U) — Y(Up(p)) is smooth.

Furthermore, we define the following:

Definition 1.1.5. A diffeomorphism is a smooth map F' : M — N, such that F is bijective,
with smooth inverse.

In particular, the coordinate charts (U, ¢) for an n-manifold, and their inverses, are diffeomor-
phisms from open sets in M to open sets in R™, and vice versa. Given this notion of smoothness
on a manifold, we now motivate ‘derivatives’ on a manifold by first considering tangent vectors.

Consider the real vector space R™; given a point € R™ we denote the tangent space to R™ at
the point z as T, R™ = {z} X R". Clearly, the tangent space is itself a vector space isomorphic to R,
and can geometrically be pictured as arrows starting at the point x and pointing in the direction
of some vector v. This also allows us to write the directional derivative of a smooth function
f:R™ = R at the point z; let v, € T, R, then the directional derivative, D, f : C*°(R") — R, at
the point z in the direction v, is given by:

of
pp (x) (1.1.1)

where the last equality operates under the assumption that in the standard basis for R", v,, € T, R™
is given by v, = v'e;. By the properties of the derivative, this map is R-linear and satisfies the
Leibniz rule, i.e. for f,g € C*°(R"™), and a,b € R, the following hold:
D, (af +bg)(v) =aD,f(v) + bD,g(v)
D, (f9)(®) =f Dag(v) + gD, F ()

_d i
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With the motivation of (1.1.1), we identify the standard basis vectors {e;} for R™ with the partial
derivative operators:

0
ozt

x

vy € T,R" =v'e;]|, =0

where v* € R. Thus we obtain the following notational conveniences:
=' 8f.
ox?

Therefore, the object v, € T,R™ is a map C*°(R"™) — R that is R-linear, and satisfies the Leibniz
rule; we call such and object a derivation at a point. Additionally, T,,R™ with this identification is
clearly a vector space under the following operations:

(v +we)(f) =v2(f) + we(f) € T,R"
(cvz)(f) =c-vs(f)

v (f)

() = Do f(v)

where ¢ € R.
We can now adequately define tangent vectors on manifolds in the following way:

Definition 1.1.6. Given an n dimensional smooth manifold M, the tangent space, T, M, is
the R-linear vector space of all derivations at the point p € M, v, : C*(M) — R, ie. for
f,g € C®(M), a,b e R, and v, € T, M we have:

vp(fg) =f(P)vp(9) + 9(p)vp(f)
Up(af + bg) :‘wp(f) + bvp(g)

and, for vy, w, € T,M, c € R:

(UP +w.)(f) =v2(f) +we(f) € T,M
(cva)(f) =c v (f) € TpM

We call v, € T,M a tangent vector.

In the same way that we visualized the tangent vectors in T,R" as arrows tangent to R",
originating at the point x, we visual tangent vectors in T}, M, as arrows tangent to M, starting at
the point p. As a consequence of the preceding definition, we obtain the following lemma:

Lemma 1.1.1. Suppose M is a smooth manifold, p € M, v, € T,M, and f,g € C°(M). The
following properties hold:

o if f is a constant function, then v,(f) = 0.
« if f(p) =g(p) =0, then v(fg) =0
Proof. For all p € M, let f(p) = c for some ¢ € R. Then we have:
0l ) = 20 (p)p(F) = cHp(1) = 2620,(1) = v, (1) = 0

Since v, (f) = cvp(1) it follows that if f is constant on M, then v,(f) = 0, thus the first property
holds. Furthermore if f(p), g(p) = 0 then we have:

up(f - 9) = f(P)vp(f) + 9(p)vp(f) =0
thus the second property holds. O

Recall that given a smooth map F' : R™ — R™, the differential of F' is given by the Jacobian:

o O (x) - 2 (x)
(Do F)j = 55 (2) = : . :
OF (x) -+ 9L (x)
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which is an m X n matrix, and hence a linear map R™ — R™. The Jacobian is often interpreted
as the best linear approximation to the map F' at the point z, hence, we can view the Jacobian as
a linear map over tangent spaces, i.e. D, F : T,R" — Tr)R™. Since there is no reason for two
manifolds M and N to be vector spaces, we opt for the latter view , that is, given a smooth map
F: M — N, we view the differential of F' at the point p to be the linear map:

D,F : T,M — TN
Given a smooth map F : M — N, some v, € T,M, and some f € C*>(N), we define:

DpF(vp)(f) = vp(f o F) (1.1.2)

where f o F belongs to C*°(M). It is not difficult to see that D,F(v,) is a derivation belonging to
Trpy; DpF(vp) is linear by (1.1.2), and given f,g € C°°(N) we have:

Dy f(vp)(fg) =vp((fo F) - (go F))
=fo F(p)vp(foF)+goF(p)uy(goF)
=f(F(p))DpF(v)(g) + g(F(p))DpF (vp)(9)

hence D, F(v,) € T,N. Furthermore the map D, F is a linear map from 7, M to Tr@pyN, as given
vp,wp € T,M, a,b € R, and f € C°(N) we have that:

D, F(av, + bwp) f =(avp + bwp)(f o F)
=(avy)(f o F) + (bwp)(f o F)
=a-vp(foF)+b-wy(foF)

We now prove three important propositions:

Proposition 1.1.1. Given manifolds M, N, and P, and smooth maps F: M — N, G: N — P,
the differential D,(G o F) : TyM — Tpogp)M at a point p € M is given by:

Drp)Go Dyl
This is the chain rule for smooth maps between manifolds.
Proof. Let f € C*(P), and v, € T, M, we then have that:

Dy(G o F)(vp)(f) =vp(f oG o F)
=vp((foG)oF)
=DpF(vp)(f 0 G)

Let DpF(vy) = wp(p for some wp(,y € Tp) N, then:

Dy (G o F)(vp)(f) =wpp)(f o G)
=Dpp)G(wrp)(f)
=Dpp)G(DpF (vp))(f)
:DF(p)G o DpF(vp)(f)

as desired. O

For the next proposition we require this lemma;:

Lemma 1.1.2. Let M be a smooth manifold, and Id be the identity map M — M, then D,Id is
the identity map T,M — T, M.

Proof. Let v, € T,M, and f € C°°(M), then:

Dpld(vy)(f) =vp(f o 1d)
=vp(f)

thus Dpld takes any element v, to itself, and is thus the identity map. O
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Proposition 1.1.2. Given smooth manifolds M and N, and a diffeomorphism F : M — N, the
differential of F' at a point p € M, is an isomorphism of vector spaces DpF : TyM — Tp(,)N.
Conversely, if F' is a smooth bijection, such that D, F' is an isomorphism for all p € M, then F is
a diffeomorphism.

Proof. First let v, € T,M and f € C°(N). As F is a diffeomorphism, it has a smooth inverse,
namely F~! such that F~!' o F = Id. By the chain rule we then see that:

Dpld(v,)(f) :DpF_l o F(vp)(f)
=Dp ) F ' o D,F(v,)(f) (1.1.3)

By Lemma (1.1.1), we know that (1.1.3) must be the identity, it follows that D, F is an invertible
linear map with inverse Dp,) F ~! and thus an isomorphism of vector spaces T, M — Trp)N.

Now suppose that F' is a smooth bijection, and that D, F is an isomorphism for all p € M. Since
F is a bijection, it follows that there exists a unique inverse map F~!, we want to show that this map
is smooth. Let p € M and (U, ¢), (V, ) be charts around p and F(p) respectively. Since D, F is an
isomorphism it follows that dim 7, M = dim Tp(,) N, and further that dim T} ,) M = dim Ty p(p))
as ¢ and 1 are local diffeomorphisms. Suppose that dim Ty,)M = n, then ¢(U) and (V') are
subsets of R™. It follows that:

YpoFop ':¢p(U) CR" — (V) CR"

Since D, F is an isomorphism, we have that D) (¢ o F' o ¢~1) is an isomorphism by the chain
rule. By the inverse function theorem, we then have there exists an inverse function theorem, there
exists open neighborhoods U’ and V"’ of ¢(p) and ¢(F(p)) respectively, such that 1o Fo$~! has a
smooth inverse. By the uniqueness of inverse maps, it follows that this inverse must be given on V'
by ¢po F~1ot~! where the coordinate charts ¢, and 1 are now restricted to ¢~1(U’) and (V).
This shows that in an open neighborhood of F(p), F~! is smooth. Since for all p € M D,F is an
isomorphism, and since F is a bijection, we have that for all F(p) € N, there exist smooth charts
(p=Y(V"),%) and (¢~1(U"), ¢) around F(p) and p such that ¢ o F~1 o4p~! is smooth, so F~!is a
smooth map, implying the claim. O

Corollary 1.1.1. Let M be a smooth manifold of dimension n, then for all p € M, the tangent
space T, M is isomorphic to R™.

Clearly, from Corollary 1.1.1 , we see that dim M = dim 7, M for all p € M, implying that
diffeomorphisms preserve the dimension of smooth manifolds. Furthermore, a basis for T, M can
be constructed in the following way; let (U, ¢) be a chart for M, and let:

be the coordinate functions on M. In these coordinates we have that a basis for Ty, ¢(U) is given
by the set:
¢(p)}

As D,¢ is an isomorphism, with inverse given by D¢(p)¢_1, we see that a basis for T, M, is given

by the set:
¢(p)) }

9 9
ozt lop)’ " Oz

_ 0 _ 0
{D¢(p)¢ ! ((91‘1 ¢(p)> gese 7D¢(p)¢ ! (8%"

¢>(p))

For brevity we write:

0
ozt

1o}
_ —1
» = Dyp)9 <3xi

We turn to an example:
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Example 1.1.7. Let M = S?, it stands to reason that from the definition of S? that the tangent
space at any point p would be the set of vectors orthogonal to p € S?, let us see this in a chart.
We use the following parameterization of the sphere:

(0, ) = (sin 6 cos ¢, sin O sin ¢, cos 0)

where ¥(U) = (0, ¢) € (0,7) x (0,2r) C R2. Here our coordinates for S? are 6, ¢, hence our basis
vectors in T(g 4)1(U) are represented by:

0 0
{89‘(9@)’ &b‘(w)}

We now calculate D(g’qg)w_l as a matrix of partial derivatives:

cosfcos¢p —sinfsing
D(97¢)w_1 = | cosfsing sinfcos¢
—sinf 0

thus we obtain:

cosfcos¢p —sinfsing 1
D(97¢)1/1*1(39) = | cosfsing sinfcos ¢ <0)
—sinf 0

cos @ cos ¢
= | cosfsin¢
—sinf

and similarly that:

—sinfsin ¢
D sy¢" " (0y) = | sinbcos¢
0

Via a brief computation one sees that:
(710, 0), Do, st~ (D)) = (¥ (8, ), Do,gp™ () = 0

where (-,-) is the Euclidean inner product on R?. Since Dg 41~ "(0p) and Dy 4)1p~'(0g) form a
basis for T(,4)S?, we see that T, »S? is the set of vectors in R? orthogonal to ¢)~1(6, ¢).

Now let us work more generally. Let F' be a smooth map from M — N, and (U, ¢), (V,4) be
coordinate charts for M and N, where ¢ = (z!,...,2") and ¢ = (y',...,y™). The coordinate
representation for F, denoted F¢, is given by:

F¢=49oFog¢!
We now see that:
0

0
D,F|—| | =D,F (D i
P (81’1 ‘p) P ( ¢(p)¢ ox? (b(p))

=Dy(rpn¥ " 0 Dpgyt o DpF o Dy (

0
ozt

¢(p)>

¢(p)) (1.1.4)

Since F¢ is a map from R” — R™, we can compute its differential as a Jacobian matrix with
entries:

- e
=Dreoen¥™ () © Do) F (ami

O(F*)!
)
thus via matrix multiplication we see that:
0 o(Fe) 0
D FC - - n e
() <3$’ d>(p)> Ox! (¢(p))ay3 ¥(p)
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hence (1.1.4) becomes:

0 |\ _owFey (90
DyF (W p) =5 (8() - Dyrropn¥ (ayj w(F(p))>
A(Fe)I 9
S oo, (1.15)

At times we refer to DpF as the pushforward of F', and denote it by F. to avoid notational
clutter.

Let us look at how the basis vectors transform under a change coordinates. Let M be a
manifold, and let ¢ = (z!,...,2"), ¥ = (y*,...,y™), be the coordinate functions for two charts
(U, 9), (V,4) which overlap. We see that for y € (U NV):

gpov(y) = (' (y),...,2"(y))
is a map from R™ — R™, hence has Jacobian:

Dy (@0 o (¥ (p)) (1.1.6)

=0y
w@))

introducing the identity map Dw(p)(czﬁ’l o ¢), we by chain rule that:

w@))

Let v € TV, then:

0 ) 0
— gt : — 7.D —1 i
V=0 5 b V' Dy ¥ ( By

v =0"Dy(p)¢~" 0 Dy(py(¢p 09" (ayi

i _y (027 0
' Dayo™ (G w5, )

;027 0
@(W?)) i

p

Thus if v is a vector in T,,V, and w is the corresponding vector in T,,U, we see that their components
are related by:
;017

Oy’

(v(p)) (1.1.7)

w! =wv

We now define three classes of smooth maps based on properties of their differentials, and then
state two theorems without proof.

Definition 1.1.7. Let M and N be smooth manifolds, and F': M — N a smooth map, then:

o If D,F is injective at all points p € M we call F' a smooth immersion.

o If D, F is surjective at all points p € M we call F' a smooth submersion.

o If D,F is injective at all points p € M, and F' is a homeomorphism on to its image in
the subspace topology, we call F' an embedding. In particular we call the image of F' an
embedded submanifold of N.

« A point p € M is a regular point of F' if D, F' is a surjection onto Tp(,) V.

e A point ¢ € N is a regular value of F if each point p in the preimage of F~1(q) C M is a
regular point.

Theorem 1.1.1 (Regular Value Theorem). Let M and N be smooth manifolds, and let ¢ € N be a
regular value of the smooth map F : M — N. Then, L = F~'(q) C M is an embedded submanifold
of M of dimension:

dim L = dim M — dim N



1.1.  SMOOTH MANIFOLDS 15

Theorem 1.1.2 (Regular Point Theorem). Let p be regular point of the map F. Then there exist
smooth charts (U, $) of M around p, and (V,v) around f(p) satisfying:

¢(p)=0 and  Y(f(p))=0 and  f(U)CV
Furthermore, the map ¥ o f o ¢~ ' satisfies:
vofodp Har,. . Tugr) = (T1,...20)

where dim M =n + k, and dim N = n. In other words, f ‘locally looks like’ a projection.

Example 1.1.8. The n-sphere is an embedded submanifold of R™*! by the Regular Value Theo-
rem. Indeed, let F : R**! — R be the map:

F(z) = ||z]* = (') + - + (@")?

Letting p = (z1,...,2"), we see that:

22!
DyF =
2z"
which is surjective everywhere but p = (0,...,0), hence we have that 1 is a regular value of F,

therefore F~1(1) is an embedded submanifold of R"*! of dimension n + 1 — 1 = n. Note that:
Fl1)={zeR" |z =1} =8"

thus, S™ is an embedded submanifold of dimension R™.

Now that we have sufficiently built up tangent vectors and tangent spaces, we wish to turn our
attention to smoothly assigning a v € T, M for each p € M; i.e. smooth vector fields. To do this
though, we must first examine the space of all tangent vectors to M.

Definition 1.1.8. The tangent bundle, denoted T'M is the set constructed by the disjoint union
of T,M for each p € M, that is:

™ =[] T,M
peEM

This set comes equipped with a natural projection map 7 : TM — M. For some p € M and
v € TpM, we refer to elements of TM as an ordered pair (p,v), where w(p,v) = p
For the special case M = R™ we see that via our early identification of T, R™ with {z} x R™:

TR" = [ T.R" = [] {2} x R" =R" x R"
zER™ zER™

however this is, in general, not true for any M. For a smooth manifold M, if it has tangent bundle
TM = M x R", we call TM trivial. In the following proposition, we see that the tangent bundle
can be thought of as a smooth manifold in a natural way:

Proposition 1.1.3. For any n-manifold M, the tangent bundle TM has a natural topology and
smooth structure that make it into a smooth manifold of dimension 2n. The projection map m™ with
respect to this smooth structure is smooth.

Proof. First note that for any smooth chart (U, ¢), we have that 7=1(U) C TM is the set of all
tangent vectors to M at all points p € U, i.e.,

= U) =[] M
peU

As M is second countable, there exists a countable basis for it’s topology {U;}ien. Likewise we
define a basis for "M by noting that:

aNU;) = U x R™
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since we can choose a basis for M such that every U; is diffeomorphic to R™, hence the tangent
bundle restricted to U; is trivial. We then define a basis for TM by taking the countable basis of
open balls for R™ and crossing it with each U;. This is then a countable basis for TM, hence T M
is second countable.

Furthermore, since T, M is a real vector space isomorphic to R", it follows that for points in
the same fibre of TM, (p,v) and (p,w), there exist disjoint open sets V,,V,, C T,M, such that
(p,v) € V,, and (p,w) € V,,. Finally, note that for two points p,q € M, there exist disjoint open
sets Up, U, such that p € U, and g € U,, thus for points which lie in different fibres TM, (p,v)
and (g, w), the disjoint open sets 7=1(U,) and 7~ (U,) contain (p,v) and (g, w) respectively, hence
T M is Hausdorfl.

Finally, we define coordinates charts on TM in order to a) show that T'M is locally Euclidean,
and b) determine a smooth structure on TM. Let (U, ¢) be a chart for M, with coordinate functions
¢ = (z!,...,2"), we define a chart ¢rps : 71 (U) — R?" by:

0
ozt

%

orm | v

with inverse given by:

0
ozt

1 i —
quM(xl,...,m",vl7...,v7l) =0v'Dyop ! (

-0
_ 3
) - ozt
x ¢1(x)

thus ¢rps is a smooth bijection onto its image, ¢(U) x R™. Given two charts (U, ¢) and (V,1)),
we have corresponding charts (7=1(U), ¢rar) and (7= 1(V),47ra), which map open set 7=1(U) N
7 1(V) to R?" in the following way:

orar(r (U) N A~ (V) = ¢(UNV) X R
Yru(r N U) N7 (V) =9(UNV) X R"
which are both open in R?". Let ¢ = (z!,...,2") and ¢ = (y!,...,y"), then the transition map
b7 © w;}vj can be explicitly computed by making use of (1.1.4):
_ n n . Ozl oz
bdrar oV, (yty .yt ot o) = (2t ,a—ijj,...,a—ijj)

which is smooth. Therefore, TM is locally Euclidean, and thus a topological manifold of dimen-
sion 2n; it has a smooth structure determined by the smooth atlas {7 ~1(U;), drar, }ien, Where
{(Ui, ¢:) }ien covers M, and is thus a smooth manifold of dimension 2n, as desired. Furthermore,
note that with the charts (U, ¢) for M, and (7=*(U), ¢rar) for TM, the coordinate representation
of 7 is given by:

hence 7 is smooth. O

Now that we have shown that the tangent bundle is a smooth manifold, we introduce the
following definition:

Definition 1.1.9. Let F : M — N be a smooth map, the global differential of F' is then the
map DF : TM — TN who’s restriction to each tangent space is DpF : TpM — T,N.

As the next proposition shows this map is smooth.
Proposition 1.1.4. Let F : M — N be smooth, then the global differential of F' is smooth.

Proof. In some local chart, let M have coordinates (z*,...,2"), and let dim(N) = m. Then, by
(1.1.5) we see that:

DFe(zt,... 2™t .. ") = ((Fc)l(x),...,(Fc)m(x), 8(;;;) v 3(5’;2"1@2-)

which is smooth since F' is. O
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Furthermore, from Lemma 1.1.2, Proposition 1.1.1 and Proposition 1.1.2 we obtain the
following corollary:

Corollary 1.1.2. Let F : M — N, and G : N — P be smooth maps. Then the following
statements hold:

a) D(GoF)=DGo DF
b) Dldy = Idrar

¢) If F is a diffeomorphism then DF : TM — TN s also a diffeomorphism with inverse
(DF)~' = D(F~1).

We can now properly define vector fields:

Definition 1.1.10. A vector field on a smooth manifold M is a smooth section of the map
w:TM — M, or rather a smooth map:

X:M—-TM
p— X,

such that:
moX =1Idy

We denote the set of all vector fields over M by X(M)

Choosing coordinates, we can locally write that:

0
ox?

P

X, = Xz(p)

where each X¢ € C°°(M). At times we don’t specify the point p and simply write:

-0
X =X"—
oxt

where it is understood that the X° are still smooth functions on M, and that the 9/9x%’s are
coordinate vector fields on M. Furthermore, we see that X(M) is a module over the ring C*° (M),
as given two vector fields X,Y € X(M), and two smooth functions f,g € C*°(M) we have:

(fX+ gy)p = f(p)Xp + 9(p>Yp € X(M)

Since a zero section of TM always exists as there is as distinguished 0 element in each fibre” we
also have that 0 € X(M). Allowing f, g to be constant functions shows that X(M) is also a R-linear
vector space under pointwise addition and scalar multiplication.

Example 1.1.9. In the vector calculus formulation of electromagnetism, it is often common to
employ spherical coordinates (r, 0, ¢) on R? \ {0} given by:

x =rsinfcos¢,y =rsinfsin ¢,z = rcosb
The coordinate vector fields are then the set:
R
or’ 90’ 0¢

The electric field due to a static point charge ¢ is then given by:
q 0

72 Or

E(r,0,¢) =

(r,0,9)

Definition 1.1.11. Let M be a smooth manifold of dimension n, a global frame is a set of vector
fields {X;, ..., X'} which span the tangent space T, M at each point p € M.

20ne can easily glue together local zero sections with a partition of unity and the transition functions defined in
Proposition 1.1.3, to obtain a global zero section which is well defined and smooth.
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Definition 1.1.12. Let M be a smooth manifold of dimension n, and U C M, a local frame is
a set of vector fields {X;, ceey X}’,‘} which span the tangent space 1, M at each point p € U.

It is in general easy to find local frames, indeed take any coordinate chart (U, ¢) for M, as
Dp(,zb’1 is an isomorphism at each point p € M, the coordinate vector fields form a local frame on U.
However, the existence of a global frame is not guaranteed, as given a global frame {X;, ey X;’},
this would allow us to construct a diffeomorphism M X R™ — T M, by:

(p,zt,...,z") — (p,rlX;,...,x"X;)

which, as we mentioned earlier, is not guaranteed.

Vector fields are also derivations at every point p € M in the following way:

(X)) = Xp(f) (1.1.8)

Since for all p € M, X,, is a derivation at the point p, we see that a vector field X can be viewed
as a map C®(M) — C°°(M), that is R-linear, and satisfies the Leibniz rule, we call such a map a
derivation, which brings us to the following proposition:

Proposition 1.1.5. Let M be a smooth manifold, a map D : C*(M) — C*(M) is a derivation
if and only if it is of the form Df = X f for some smooth vector field X € X(M).

Proof. From (1.1.7) it is clear that any vector field X can be thought of as a derivation, so all that
is left is to show the converse. Suppose D : C*°(M) — C*°(M) is a derivation, then at a point
p € M and some f € C°°(M) we have that:

(Df)(p) = vp(f) (1.1.9)

for some v, € T, M. Since (Df) € C*°(M) we see that there exists a v, in every T, M such that
the (1.1.8) is true. Now let X be a map from M — TM such that at each point p, X, is the
vp € T, M such that (1.1.8) holds. It then follows that:

Xf=Df

Finally, since Df is smooth, it follows that v, must vary smoothly, and hence X € X(M) as
desired. O

Definition 1.1.13. Suppose F' : M — N is a smooth map, and suppose there exists a vector field
Y € X(N) such that Vp € M, D,F(X,) = Yp(,), then we say X and Y are F related.

Proposition 1.1.6. Suppose M and N is a smooth manifold, and F a diffeomorphism between
them. Then for every X € X(M) there is a unique Y € X(N) such that X and Y are F related..

Proof. Note that if X and Y are F related we necessitate for all p € M:
DypF(Xp) = Yp(p)

Since D, F' is an isomorphism of vector spaces at each point p, we simply define the vector field YV’
at each point ¢ € N as:

Yo = Dp-1() F(Xp-1(g))
Which is indeed smooth as Y is the composition of the smooth maps:

F1 X DF
Y:N M T™M TN

We often denote Y by F, X, which can be explicitly computed point-wise via:
(FiX)g = Dp-1(gF(Xp-1(9)

It is important to note that F, X is only well defined when F is a diffeomorphism, as Proposition
1.1.6 explicitly depended on the existence of F~!. We would also like to see how vector fields
which are F' related act on smooth functions, motivating the next proposition.
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Proposition 1.1.7. Suppose F' : M — N is a smooth map between manifolds, and X € X(M)
andY € X(N). Then X and Y are F related if and only if for every f € C°(N):

X(foF)=YfoF
Proof. For any p € M, and any f € C*°(N):
Xp(foF) = DpF(Xp)(f)

while:

(Yf)o F(p) =Yr@)(f)
Since both hold for all p € M, we have that:

X(foF)=(Yf)oF
holds for all f € C°°(N) if and only if X and Y are F related. O

Combining the two proceeding propositions gives us the following the statement:
(FX)f)o F'=X(foF)

where X € X(M), f € C*°(N), and F: M — N is a diffeomorphism. Furthermore, Proposition
1.1.5 allows us to define the following bracket operation on X(M):

X, Y)(f) = X oY(f) =Y o X(f) (1.1.10)
As Y (f) and X(f) are both in C*(M), [X,Y] is a map C*®(M) — C>°(M). We would like this
map to also be a derivation, and hence a vector field, motivating our following definition:

Definition 1.1.14. A Lie algebra is any vector space V with a bracket operation [-,-] : VXV —
V, called the Lie bracket, that satisfies the following properties:

a) [,] is bilinear:
[aX +bY, Z] =a[X, Z] + b]Y, Z]
[X,aY + bZ] =a[X,Y] + b[X, Z]

b) [-,] is anticommutative:

[X, Y] = —[Y, X]

¢) [-,-] satisfies the Jacobi Identity:
[Xv [Ya Z“ + [K [Za X“ + [Zv [X7YH =0

Proposition 1.1.8. Equipped with the bracket operation defined in (1.1.10), X(M) is a Lie algebra
over R.

Proof. We first show that for X,Y € X(M), [X,Y] is also in X(M), by showing that is also a
derivation. Linearity comes from the fact that for a,b € R, and f,g € C*(M):

(X, Y)(af +bg) =X oY (af +bg) — Y o X(af + bg)
=X(aYp(f) +bY (9)) = Y(X(f) + 6X(9))
=aX oY (f)+bXoY(9) —aY o X(f) —bY o X(g)
=a[X, Y](f) +0[X, Y](g)

Furthermore, [X, Y] satisfies the Leibniz rule by:

(X, Y](fg) =X oY (fg) =Y o X(f9g)
=Xp(fY(9) +9Y(f) —Y(fX(9) +9X(f))
=f(XoY(9) +g(XoY(f))+X(f) Y(9)+X(g9) Y(g)
—f(XoY(g9) —g(YoX(f)-Y(f) X(g9)—Y(g9)  X(f)
=f1X,Y](g) + 9[X, Y](f)
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thus [X,Y] € X(M). Condition a) follows from the fact that for f € C*°(M), a,b € R, and
X,Y,Z € X(M):

[aX + Y, Z|(f) =(aX +bY) o Z(f) — Z o (aX + bY)(f)
—aX o Z(f) + Y 0 Z(f) — Z o (aX(f) + DV (F))
=aXoZ(f)+bY o Z(f)—aZo X(f)—bZoY(f)
=a[X, Z] + blY, Z]

[X,aY +bZ)(f) =X o (aY +0Z)(f) — (aY +bZ) 0 X(f)
=X o (aY(f) +bZ(f)) —aY o X(f) —bZ o X(f)
=aXoY(f)+bXoZ(f)—aY o X(f) —bZ o X(f)
=a[X, Y]+ b[X, Z]

Condition b) follows from:

[(X,Y](f) =X oY (f) =Y o X(f)
==Y oX(f) - XoY(f))
=—[¥, X](/)

Finally condition ¢) follows from an involved calculation. We begin by taking:

V. (2, X])(f) =Y, Zo X = X 0 Z]
—[Y.Zo X](f) — [Y. X o Z)() (L.1.11)
21X, Y)(f) =[Z, X o Y)(f) — [Z,Y o X](f) (11.12)

where we are employing a mild abuse of notation, as the composition X oY is not a vector field.
Adding (1.1.11) and (1.1.11) gives:

Y12, XN() + 2, [ X YN(f) =Y 0 Zo X(f) = Zo X oY (f) =Y oXoZ(f) + XoZoY(f)
+ZoXoY(f)—XoYoZ(f)—ZoYoX(f)+YoXoZ(f)
=YoZoX(f)+XoZoY(f)—XoYoZ(f)—ZoY oX(f)

=[Y o Z X|(f) - [Z2 oY, X](f)
=[lY; 2], X]
=-[X [V, 7]
hence condition (c) holds. O

The following example details how the Lie bracket works in local coordinates:

Example 1.1.10. Let M be a smooth manifold of dimension n, and (U, ¢) be a chart for M where
¢ = (x',...,2™), the coordinate vector fields on U then form a local frame for U. Let X and Y
be smooth vector fields on U such that:

) .
X =X'— = X"0,
a 7
0
Yy =Y/ — —YJZ?

OxJ

where X, Y € C°°(M). We calculate the Lie bracket as follows, let f € C°°(M):

[X,Y](f) =X oY (f) =Y o X(f)
=X'0;(Y?9;(f)) = Y?9;(X"0; f)
=X"0,(Y0;(f) + X'Y19;0;(f) — Y70, X'0;(f) — YI X' 0;0,(f)
=X"'0;(Y")9;(f) = Y?8;(X*)0i(f) (1.1.13)

Equation (1.1.12) is then the formula for the Lie bracket of two vector fields in coordinates.

Before we move on, we prove the following proposition, which will be vital when we discuss the
Lie algebra of a Lie group.
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Proposition 1.1.9. Suppose F': M — N is a smooth map between manifolds, and let X1, Xo €
X(M) and Y1,Y2 € X(N) be vector fields such that X; is F related to Y;. Then [X1,X5] is F
related to [Y1,Ya]. In particular, if F is a diffeomorphism we have that:

F.[ X1, X5] = [Fu X1, Fu X5]
Proof. Since X; is F related to Y;, by Proposition 1.1.7 we have that for f € C*°(N):
XX (f o F) = Xi((Y;f) o F) = (V¥ f) o F
Therefore:

(X1, Xo](fo F) =X1Xa(f o F) — X2 X1(f o F)
=(M1Yaf)o F — (YaYif) o F
=(V1,Y2]f) o F

So [X1, X5] is F related to [Y1, Y2]. Suppose now that F' is a diffeomorphism, then, by Proposition
]_.]_.67 Yl = F*Xl, }/2 = F*XQ, and:

F.[X1, Xo) = [V1,Ys] = [F. X1, F. X3

1.1.3 Differential Forms and Integration

Before we discuss differential forms, we must first define covectors and the exterior algebra of a
finite dimensional vector space V.

Definition 1.1.15. Given a finite dimensional real vector space V, a covector on V is a real-
valued linear function on V| i.e.; a linear map A : V' — R. The space of all covectors on V is itself
a real vector space under pointwise addition and scalar multiplication. We denote V*, and and
call it the dual space of V.

Proposition 1.1.10. For any basis for V, {e;,...,e,}, we can a obtain dual basis for V* {\!, ... A"}
defined via the relation:

X(ej) = 4
Proof. Let w € V*, and v € V then as w is linear we have:
w(v) = viw(e;)
Let w(e;) = b; for some b; € R, then we have that:
w(v) = v'b;
Which clearly implies that w can be written as the sum b;\ as:
w(v) = vibj)\j(ei) = vibjég =0’
thus the set {\,... A"} spans V*. To see that these are linearly independent, let:
w=bA =0eV*
then we have that for all j € {1,...,n}:
w(ej) =b; =0
thus each b; must be zero, therefore {\',..., A"} form a basis for V*. O

From the preceding proposition we obtain the following corollary:

Corollary 1.1.3. Let V be a finite dimensional real vector space, and V* it’s dual space. Then,
the double dual space (V*)* = V.
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Proof. For all v € V we define the linear map 7, : V* — R by:
(W) = w(v)
Now consider the map:

F:V — (V9"
V> T,

We see that this map is linear as for all a,b € R, v,w € V, and w € V*:
Tavt+bw (W) = w(av + bw) = aw(v) + bw(w) = a7, (w) + b1y (W)
Furthermore, if for some v € V:
To(w) =w(v) =0

for all w € V*, then v = 0 as the only element v € V which maps to zero under every linear
function on V is 0, implying that F' is injective. Since Proposition 1.1.10 implies that the dual
of any finite dimensional vector space V has the same dimension as V', we see that by rank nullity
F' is an isomorphism, as desired. O

We refer to covectors as one forms on V. Using one forms, and vectors we can build a wide
variety of multilinear maps called tensors.

Definition 1.1.16. A tensor of type (I, k) is a multilinear map:
WX, .. xV*xVix...x V=R

We can construct tensors using the tensor product, denoted ®. For vy,...,v,wy,...,wx € V,
and wy,...,wWg, A1,..., N\ € V* we construct a tensor of type (I, k) via the defining relation:

VMR QUOW ® + Qwk(Ay ..., Ay wi,y ..., wi) =A1(vy) - N(vg) - wr(wy) -+ wi (wg)

The space of all tensors of the type (I, k), for a vector space V, which we denote by T“*(V),
is itself a vector space of dimension n!T*. For reasons that will become apparent later, the types
of multilinear maps we are interested in are ones that are antisymmetric on V', bringing us to our
next definition.

Definition 1.1.17. A (0, k) tensor, i.e. a linear map:
VixX...xVe—=R
is called a k-form on V, if it is also totally antisymmetric. That is for A € T%*(V), we have:
Aoy Vi, U, ) = =AUy, Uy )

We denote the space of all such tensors as A*(V*).

It is clear from the preceding definition that for any vector space V' of dimension n, the highest
order k form that can exist on V is one with £ = n, as if K = n + 1 then at least two of the
vectors must linearly depend on one another; we call these types of forms top forms, and the set of
top forms on V' is a one dimensional vector space. The following definition defines an associative
multiplicative structure on the set of all forms:

Definition 1.1.18. Let A be a k-form and w be an I-form, then the wedge product of the two,
denoted A Aw, is a k + [ form defined by:

AAw)(v1, ..o, Vkg) = — Z Sgn(a)/\(vg(l), . 7va(k)) 'w(’l}o-(k_;’_l), ceey Ua(k—i—l))

where Siy; denotes the set of permutations of {1,2,...,k +1}.
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In particular, one can use the definition above to find that:
AMw= (=1 A A
and that if [ is odd:

wAw=0
Proposition 1.1.11. Let {w'} be a set of k covector’s on V. Then:

wl VANEERWAN wk = Z Sgn(o-)wa(l) ® e ® wa(k)
o€Sk

Proof. We proceed by induction, the k = 1 case is trivial, so assuming the k£ — 1th case, we wish

to prove the kth case. Let vy,--- ,vx € V, then, by Definition 1.1.18 we have that:
("‘)1 /\"'/\wk71 /\wk(vla"' 7’Uk ' Z Sgn wkil(va(l)w"vva(k—l)) 'wk(vo(k))
o€Sk

Denote the left hand side of the above equation by 2 for brevity, then applying the inductive step
we see that:

_1| Yo D seu(msgn(@)w™ (vp) WD () - 0 (0o r)

0ESK TESK-1

For each o € Sy, there are (k—1)! factorial 6’s, which satisfy o(k) = 6(k), including 0. We can then
split Sy into k subsets of Si, each consisting of the permutations which satisfy the aforementioned
property. Denote each set by A;, where each o € A; satisfies (k) = 4, then we can rewrite our
sum as:

|ZZ > sen(m)sgn(o)w™™M (Vo)) - W (o) - w0 (02)

i=10€A; TESK_1

Fix an 4, then:

Z Z sgn(T)sgn(J)wT(l)(vg(l)) . ~wT(k*1)(vU(k_1)) . wk(va(k))

oc€A; TESK_1

=w"(v;) Z Z sgn(T)sgn(U)wT(l)(vg(l)) .- -wT(k_l)(Ui)

o€A; TESK_1

Fix 7,7 € Sip_1, we claim that:

Z sgn(7)sgn(0)w™ ™ (v,1)) -+ wF T (v, 1y)

o€eA;

= Z sgn(%)sgn(a)w%(l)(va(l)) o 'w%(k_l)(va(k—l))
oEA;

We proceed by cases, let sgn(7) = sgn(7), then 7 and 7 differ by an even about of swaps. For any
o € A;, there then exists a unique & € A; satisfying:

W 0y im1)) = "W (051)) - T (05.-1))

which must also differ by an even number swaps, thus sgn(c) = sgn(d), and, consequently
sgn(7)sgn(o) = sgn(7)sgn(d). Therefore, we see that for any term in the left sum, the same
term appears in the right sum, and since the order of summation doesn’t matter the two sums
are equal. If instead sgn(t) = —sgn(7), then 7 and 7 differ by an odd amount of swaps. The
same argument then shows that for every o € A;, there exists a unique & € A; satisfying the same
relation, such that sgn(o) = —sgn(&). Thus sgn(7)sgn(o) = sgn(7)sgn(d), and for any term in the

wT(l)(va(l)) o



1.1.  SMOOTH MANIFOLDS 24

left sum, the same term appears in the right sum, so the sums are the same. Since for every 7, the
sum over A; is equal, we obtain:

Z Z sgn(7)sgn(c )T(l)( (1))"'WT(’€71)(%(1¢—1))

oC€A; TESK_1
=(k=1)! Y sen(@)w! (v(1) -+ (Woe-1)
og€A;
Therefore:
k—1
Q=3 > sen(o)w! (vom) W (vow-n) W (1)
i=1 o0€A;
= sgn(o)w' @ wF T @ W (Ve)s 5 Vo))
oESk

Since computationally it doesn’t matter whether we permute the vectors, or the covectors, we can
write:

Q=Y sgn(o)w W @ @w D @ W ® (v, - vy)

o€Sk

Finally, since the set of vectors was chosen arbitrarily , we see that:

WA AWk = Z sgn(o)w’M @ - @ wo®)
€Sk

as desired. O
The set:
{ei1 Ao Aet 1<y <-- < i, <k}

forms a basis for A¥(V*). Tt is easy to show that this set spans A% (V*), and one shows that is
linearly dependent by supposing that:

W= Z Qiyoig€® N N =0
i< <lip
and then noting that by Proposition 1.1.11:
eR N NeF (e, eq) =1

so since w must be the zero alternating multilinear map V* — R, we obtain that each a;,...;, = 0.
Note that this implies that dim A*(V*) = n choose k. Furthermore, an element of A*(V) is said
to decomposable if it can be written as in Proposition 1.1.11; clearly if w € A is decomposable
then:

wAw=0

Definition 1.1.19. The vector space of all forms on V is given by the direct sum:

- éAi(v*
=0

where A°(V*) is the field of scalars over V. Equipped with the wedge product, it is an associative,
graded, algebra with unit element 1 € R. We call this space the exterior algebra, and it has
dimension:

sy ()

k=0
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Definition 1.1.20. Let V be a finite dimensional vector space, and w a k-form on V. Given a
linear map A : W — V', we can obtain a k-form on W via the pullback of w by A, denoted A*w,
in the following way:

A*w(”lv e ,’Uk> = w(A(’Ul), e ,A(Uk))

This definition demonstrates a fundamental difference between covectors (one forms) and vec-
tors; that is vectors can be pushed forward by linear maps, and covectors, as well as higher order
forms, are pulled back by linear maps.

Definition 1.1.21. Let V be a finite dimensional vector space, v € V, and w a k-form on V.
We define the contraction, or interior product of w, denoted t,w, or vow, as a map from

ARF(V*) — AF~L(v) via:
Lpw (V1 « oy Vp—1) = W(V, V1, .., V1)

For simple k-form’s contraction yields the following (k — 1) form:

k
Lo(€ A Ne) = Z(—l)jﬂeij (V)eT A ANET N Nelk
j=1
where é¢ denotes deletion of the ith component. We turn to an example:

Example 1.1.11. Let V = R3, the standard basis vectors eq, es and es admit a dual basis e!, e?,

and e3. Define a two form w on R? by:
w:el/\62+62/\e3+61/\63
For vectors v = a’e;, and w = b'e; we have the following:

LoyW =qle? — a261 + a’ed — a?e? + ated — alel

tw(tow) =a'b? — a®b' 4 a?b® — a*b? + a'b® — a®bt = w(v, w)
We can also construct a three form on R? given by wedging w with e3:
wAed=et AP ned+ e A nedfel AP ned
=el A2 ne?
For another vector u = c‘e; we have that:

us(wa(vaw A €?)) =us(wa(a'e? A e —a?el Aed 4 ael Ae?))
=us(a'(b?e® — bPe?) — a®(b'e® — b3e') + a®(b'e? — b?eh))
:al(b203 o b302) o a2(blc3 o b301) + a3(b102 o bQCl)

=det (v, w, u)

We see that this aligns with Definition 1.1.18, as with v; = v, v = w and vz = w:

1
w A 63(”1,”02,’03) :i Z SgH(U)W(%(l)»Ua(Q))eg(Ua(s))
oc€Ss

=w(v1,v2)e3(v3) + w(va, v3)ed (v1) + w(vs, v1)ed (v2)
:(ale _ a2b1)03 + (blcQ _ bQCl)a3 + (cla2 _ cQal)bS
= det(vl, Va2, ’Ug)
Finally, this aligns with our form of the wedge product for simple k forms as:
et Ne? Aed(vy,vg,v3) = Z sgn(o)e? D (v1)e” @ (v9)e”®) (v3)
o€S3
=a'b’c +b'c?a® + ta®b — bla® — alc?h — cthPad

=det(v1, v, v3)
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We will further discuss the exterior algebra and the wedge product when we discuss Clifford
algebras later in the paper, but for now we move onwards. Recall from the previous section that for
a smooth n manifold M, T, M is a real vector space of dimension n. We denote the dual space by
T M, and after choosing a coordinate basis (0/92",), denote it’s dual basis by da’. Any covector
w € Ty M can thus be written as w;dx®, where:

)

wi—w (2
¢ ozt

Let (0/0y") be another coordinate basis for T, M, recall that for:

0
oyt

v =

we have:

L0 o
- Oyt Ozl

in our former coordinate basis. Let w = wydz!, then:
() 0x? 0
wv) =w -
oy* OxJ
Oz’ 0
s do ( axj)

Oz’
oy

Thus in our y* coordinates we have:

Jo
w= wjg—zidyl (1.1.14)

hence the components of covectors transform in an ‘opposite’ way from vectors. In physics, tensors
which transform like vectors are called contravariant, and tensors which transform like covectors
are called covariant.

Definition 1.1.22. The Cotangent Bundle is the disjoint union:
M =[] T;M
peEM
It has a natural projection map 7 : 7" M — M, which sends w € Ty M to p € M.

Though we omit the proof, T7*M has a natural topology and smooth structure that make it
into a smooth manifold of dimension 2n. When we discuss fibre bundles, and vector bundles, we
shall see that both TM, and T* M are special cases of vector bundles over M. Further, we define
covector fields, or differential one forms on M, in a similar way to vector fields:

Definition 1.1.23. Given a smooth manifold M, a covector field, often called a differential
one form, is a smooth section of T*M, i.e. a map:

s:M—T*M
such that:

mos=1d

We denote the space of all one forms on M by Q1 (M)

Much like vector fields, we define local and global frames for T*M in the same way but instead
call them coframes; we denote coordinate coframes by {dz'}. Furthermore, given a differential one
form, w € T*M, and a vector field X € X(M), the contraction of w with X, is a smooth function
on M. Indeed, let (U, ), and (V, 1) be charts on M, such that U NV # (), and have coordinates
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x', and 3/ respectively. In UNV, let w = w;dz?, and X = X79/0x7, for X7 w; € C®(UNV),
then:

w(X) = w X'
By (1.1.13) and (1.1.6), under the transition map, this becomes:

. kaiyj (%Cl

Which, by the multivariate chain rule, reduces to:

hence, w(X) is smoothly compatible, and independent of coordinates, and thus a smooth function
on M. Given a smooth function f € C'°°, we can also construct differential one forms, with the
differential of f, defined via:

df (X) = X(f)
In coordinates, with X = X9/0x", we see that:
. 8f
X)=X"—~
Fx)=x' 5L
implying that:
af . .
df = ——dx'
f oz’ o

Now examine the following disjoint union:
AR(T* M) =[] AR (T M)

Just as TM, and T*M, A¥(T*M) is a smooth manifold, equipped with a projection map, such
that A*(T*M) is a vector bundle over M. A differential k-form on M, is then a smooth section of
A¥(T*M), and we denote the set of all of differential k-forms on M by QF(M). The wedge product
of two differential forms is defined pointwise:

(WAN)p =wp Anp

and just as we saw earlier in exterior algebra, the wedge product of a differential k form and
differential ! form is a differential (k 4 [) form. Taking smooth functions on M to be zero forms,
such that for f € C>(M):

fAw=fw

we define:
QM) = @ QF (M)

which, when equipped with the wedge product, is the associative, anticommutative, graded algebra
of differential forms of all order. Let w be a differential k-form, and I be an ordered multi index
(i1, ..,ik)” then we employ the Einstein summation convention in the following way:

w=wrdz™ A Adz' = CU]de'I

fe i1 <-o- <ip
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In general, unless stated otherwise, we will understand this summation to be over all possible
ordered multi indices, so that we do not over count terms in the wedge product. Let I, and J be
two ordered multi indices, then:

dxil/\-~-/\da:i’“< 4 8,) =t

OxJ " Ok

Therefore the component functions w; of w are found via:

o 0 0
wll,...,zk*w W7,ﬂ

Example 1.1.12. Let M = R3, a zero form on M is any smooth function f : R? — R. We can
define a one form via:

w = sin(z)dx + sin(y)dy + sin(z)dz
We have that:

w A w =(sin(z)dz + sin(y)dy + sin(z)dz) A (sin(z)dz + sin(y)dy + sin(z)dz)

(
(

=(sin(x) sin(y) — sin(y) sin(z))dz A dy
+ (sin(z) sin(z) — sin(z) sin(x))dz A dz
+ (sin(y) sin(z) — sin(z) sin(y))dy A dz
—0

as expected. Let n = dx A dz, then:

wAn=(sin(y)dy A dx A dz)
= —sin(y)dx Ady A dz

which is a three form on M. In particular, any n form w on an n-dimensional smooth manifold
can be written in coordinates as:

w=fdz* N--- Adz"

for some f € C°°(M)

Let M, and N be smooth manifolds, F' a smooth map between them, and n a differential k
form on N. The pullback of n by F' is then a differential form on M given by:

Frwp(vi, ... vk) = wpp) (DpF(v1), - .., DpF(vg))
Lemma 1.1.3. Suppose F': M — N is smooth. Then in any smooth chart:
F*(wrdy™ A--- ANdy™) = (w0 F)d(y™ o F) A--- Ad(y® o F) (1.1.15)

Proof. We first prove the statement for an arbitrary one form on N, n = f;dy’. Let v € T,M be
arbitrary then:

Now let w = w;dy’ be a differential k& form on N, by Definition 1.1.18 we have that for
wy, -, w, € TyN:

wrdy™ A--- Ady®(wy, ..., wy) = Z sgn(o)wrdy'* (we (1) - - - dy* (Wo (k)
o€Sk
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where Sj, denotes the set of permutations of {1,...,k}. Let v1,...,v; € T,M, then:

Frw(v,...,v0) = Y sgn(o)(wr o F)dy" (DpF(vs(1))) - - dy™ (Dyp F (vg(ry))
o€Sk

=Y sgn(0)(wr o F)d(y" o F) (o)) - d(y™ o F)(vy(x))
gESk

=(wro F)d(y"* o F) A--- Ad(y™ o F)(v1,...,vs)
hence we have that:
F*w = (wro F)d(y" o F) A--- ANd(y™ o F)
as desired. ]

Proposition 1.1.12. IfdimM =dim N =n, and F : M — N is a smooth map, then for a top
form w = fdy' A--- Ay™ on N, the coordinate expression for the pullback of w by F is given by:

F*(fdy' A---Ay"™) = (f o F)det(DF)dz' A --- A da" (1.1.16)
where ', ..., ™ are local coordinates on M.
Proof. Let vy,...v, € T,M have basis expansions given by:
, 0
v =g

then the LHS of (1.1.15) gives:

F*(fdy* A+ Ndy™)(vi,...,v,) =(f o F)det(D,F(vy),... DyF(vy,))

OFJ , 9 oF7 . 9

== F e 17. ey T ¢ -

(fo )det(axz oyl oa “naya)

OFJ

=(f o F)det <8m’> det(vy,...,vp)

Fi

=(f o F)det <8> det A Ada™(vr,. .., v)

ox?
The matrix with coefficients F7 /dx is precisely the Jacobian DF, hence (1.1.15) holds. O

Example 1.1.13. Let M = S?, then ¢~ 1(0, ¢) = (sin 0 cos ¢, sin f sin ¢, cos @) is an embedding of
‘most’ of the two sphere in R?, where 6 € (0,7) and ¢ € (0,27). Let w = dx A dy + dy A dz be a
two form on R3, if we want to restrict this two form to S? we can pull w back by =1, via (1.1.14):

Y~ w =d(sin § cos ¢) A d(sin fsin ¢) + d(sin 0 sin ) A d(cos 0)
Examine the first term in the sum:

d(sin 0 cos ¢) A d(sin 6 sin ¢) =(cos 6 cos pdf — sin 0 sin pd@) A (cos 8 sin ¢df + sin 6 cos pd)
= cos 0sin O cos® pdf A dp — sin 6 cos 0 sin pdp A db
=cos fsin0df A do

Now the second term:

d(sin fsin ¢) A d(cos 8) =(cos 8 sin ¢df + sin 6 cos pd¢p) A (— sin 0d6)
= —sin? 0 cos pdop A df

thus we have that:

Y w = (cos @ sin @ + sin®  cos ¢)dh A do

Note that the differential of a function takes differential 0-form, f, to a 1-form, df. We now
wish to generalize this operation with the following theorem:
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Theorem 1.1.3. Suppose M is a smooth manifold, there exists a unique operator d : QF(M) —
QFHL(M) for all k, called the exterior derivative, satisfying the following five conditions:

a) d is linear over R
b) if we QF(M) and n € QM) then:
dwAn) = (dw) A+ (=1)*w Adn (1.1.17)
¢) dod=0
d) For f € QVY(M) = C>(M), df is the differential of f, given by df (X) = X f

e) In a smooth coordinate chart, with w = wrdx™ A --- A dax', d is given by:

dw = (fg—wl,d;nj/\d:vi1 Ao A dat (1.1.18)
OxJ

Proof. We begin with existence, suppose w € QF(M), we wish to define dw via (1.1.18) in each
chart, thus e will hold trivially. Let (U, ¢) be a smooth chart for M, we set:

d = 9"d(¢7""w)
First note that by (1.1.18), d commutes with the pullback of a smooth map F. Indeed:

F*(dw) =F* (g;jda:j Adz™ A A da:““)
=F* (dwy Adz™ A Adz'*)
=d(wro F)ANd(z" o F)A--- ANd(z" o F)
while:
d(F*w) =d((wr o F)d(z" o F) A...d(z" o F))
=d(wro F)Ad(z"™ o F)A...d(z"% o F)
thus:
d(F*w) = F*(dw)
For two charts (U, ¢), and (V, %), we have that:

U o(povTh) (doT w) =T d((o v ) ¢ w)

=ty w)
however:
1/}* ° (d)o wfl)*(dd)fl*w) :w* ° wil* ° (Jﬁ*d(d)il*W)
=6"d(67""w)
hence:

YA w) = ¢"d(¢™w)

therefore d is a well defined operation. To show a) we note that for two k forms w, and n, and
a,b € R, that aw € QF(M) and by € QF(M). Furthermore, since AF(TyM) is a vector space,

aw + by € QF(M), and can be written in a coordinate chart as:
aw + by =(awy + byp)dz™ A - A da'*
Therefore:

d(aw + bn) =d(aw; + byr)dx™ A --- A da'
O(awr + bny)

_ JA ... i
= 907 dz? N A dz'®
n

_ Owr I j I
—a@dx Adx +b@dx Ndz

=adw + bdn
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thus d is linear over R. To show b), we recall:
wAn=(=D)*npAw
we then have that:
d(w A1) =d(wrnsdz’ A de?)
= (nydwy +wrdny) A da’ A dx’
=nydw; Adaz’ Adz? 4+ wrdny A dat A dz?
=nydwy Adz’ Adx? + (—1)kw1dx1 Adny A dz?
=dw An+ (—=1)*w A dy

since dn; is a one form, hence k - 1 = k. For ¢) we note that for a 0-form f:

d(df) =d < of da:i>

oxt

P

= Swiei dx* N dx
0% f 0% f : .

= —— — ——— | dz" A da?

Z(@aﬂ@mﬂ 8x38xz> v G

1<J
=0

as partial derivatives commute with one another. Now, by (1.1.17), we see that for a k form w:
d(dw) =d (d(wy) A dz")
=d(dw;) A dz’ — dwy A d(dz")
= —dwy Ad(dz™ A ---dz'™)

k
=3 (=1 dwr Ada™ A Nd(dat) A A datt
J

=0

thus dod is identically zero. Finally, d) clearly follows from d being well defined, equation (1.1.18),
and our earlier discussion on the differential of a smooth function f.

To show uniqueness, suppose that d is any operator satisfying a), b),c), and d), and that w;
and wq are two k forms on an open set U C M. We would like to show that d is determined locally,
that is if w; and w9 agree on U, then dw; = dws on U as well. Let n = w; —ws, and for an arbitrary
point p € U, let p € C°(M) be a function that is identically 1 on a open neighborhood of p, and
zero outside of U. Then, ¢n = 0 on all U, and we have that:

0 =d(yn)
=dy An+dn
=dw; — Pdws

Evaluating at the point p, we find that dwi|, — dws|, = 0, hence d is determined locally. Now let
w € QF(M) be an arbitrary k form on M, then in some smooth coordinate chart (U, ¢) we can
write w as:

w = wrdx’

For any p € U,by means of functions like ¢, (i.e. identically 1 in a neighborhood of p, and identically
0 outside of U) we can then construct global smooth functions 3* and f; on M such that they
agree with w; and ' in a neighborhood of p. By the preceding paragraph, it then suffices to show
that d agrees with (1.1.18) at the point p. By a), b),c), and d) we then see that:

dw|, =d(wrdz"))|,
=dwr Adz'|, +w Ad(dz")|,

Since p was arbitrary, d must be unique, as desired. O
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As we shall see in the next example, the exterior derivative can be used to generalize the major
vector calculus derivative operations.

Example 1.1.14. Let M = R?, then the following vector spaces A'(T;R?), A*(T;R?), and
A2(T*R3) are of dimension 3, 3, and 1, respectively. We see that for some function f : R — R
that:

O gt Py Y e

d,
P = oy 0z

which under an isomorphism F : Q*(R3) — X(M), can be written as the vector field:

010 Of 0 0f D

F(df) = Ordx Oydy 0z0z

which is exactly the result of the gradient operation in vector calculus. Furthermore, for a one a
form w given in coordinates by:

w = fdx + gdy + hdz

we see that:

Define an isomorphism G : X(M) — Q?(M) by:
X — Xo(dz ANdy A 2)

which provides the following identification of a global frame of vector fields on R3, with a global
frame of two form on R3:

0
0
0

Hence we have that:
oh 0g\ 0 oh Of oh 0g\ 0
Gdw)=|—-=]|——-|=——- = — - =
(dw) (8y 82) Ox (&r 82) Oy * (8y 9z) 8z
which is exactly the curl operation VX for vector fields on R?. Finally, for a two form given by:

n = fdy ANdz+ gdz A dx + hdx N dy

we see that :

0 dy 0z
Under the isomorphism H : C*°(M) — Q3(M) given by:

dn = (8f+g+ah> dx Ndy N dz (1.1.19)

fr— fdx Ndy Ndz

we have that (1.1.19) maps to the function given by the divergence of the vector field corresponding
to n), thus the exterior derivative of 2 forms on R? corresponds to the divergence operation V- for
vector fields on R3.

Before we can discuss integration, we must briefly dive into the notion of assigning an orientation
to M, much like we assign an orientation to a vector space V.

Definition 1.1.24. Let M be a smooth manifold. A pointwise orientation is a choice of
orientation for each tangent space. Given a pointwise orientation, if a local frame {E;} for TM
agrees with the orientation for all p € U then {E;} is an oriented frame. A pointwise orientation
such that all p € M is contained in the domain of a local oriented frame is a orientation for M,
and if M is said to be an orientable smooth manifold if such an orientation exists.
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Proposition 1.1.13. Let M be a smooth manifold, then M is orientable if and only there exists
a covering of M by coordinate charts {U;, ¢;} such that the Jacobian of each transition function is
positive.

Proof. Suppose that M is orientable, and is equipped with an orientation. Then for each point
p € M there exists an orientation of T, M. Every p € M is contained in some coordinate chart
(U, ¢), and if that chart is negatively oriented, i.e. the the orientation of the coordinate frame
{0/0x%} differs from the orientation on M, we can define a new chart by:

¢ = (=2t 2% ... 2"

which then agrees with the orientation on M. Repeating this process for all charts, we obtain a
covering of M by coordinate charts such that each chart determines a positively oriented coordinate
frame, thus the Jacobian of the transition functions must have positive determinant.

Conversely, assume that M admits a covering of coordinate charts {U;, ¢;} such that Jacobian
of each transition function is positive. Define a pointwise orientation on M such that the coordinate
frame at each point is positively oriented. The Jacobian of the transition functions have positive
determinant, so every chart determines the same pointwise orientation. Furthermore, every point
in M is in the domain of a coordinate frame, which by construction is an oriented frame for T M,
hence M is orientable. O

Using this proposition we wish to prove the existence of a non-vanishing top form on M,
corresponding to the orientation of M, but first we introduce a partition of unity. Let f: X — R
for a topological space X, we define the support of f, denoted supp f, as the closure of the set of
points where f # 0.

Definition 1.1.25. Suppose M is a topological space, and let X = (X;);c; be an arbitrary open
cover of M, indexed by the set I. A partition of unity subordinate to X is an indexed family
{ti}ier of continuous functions v; : M — R such that:

a) 0 <¢(x)<lforallxe M,iecl.
b) supp ; C X; for each i € I.

¢) The family of supports (supp %;)icr is locally finite, meaning that that every point has a
neighborhood that intersects supp ¢; for only finitely many values of 4.

d) Y cri(x) =1forall x € M.

It can be shown that for any indexed open cover of a smooth manifold M, there exists a
smooth partition of unity subordinate to the aforementioned open cover. We omit the proof of
this statement, and move onwards.

Theorem 1.1.4. A smooth manifold M of dimension n is orientable if and only if there exists
a non-vanishing top form on M; we call such a form an orientation form. Equivalently, M is
orientable if and only if M has a trivial top form bundle.

Proof. Suppose such a form w exists and let (U, ¢) be a smooth chart for M, then we have that
on U:

w= fdx'' N Adz"

for some f € C*°(U), such that f > 0 for all p € U. Let (V,%) be another chart on M, such that
UNYV # (), then by Proposition 1.1.12:

I

0
(po™H'w=(foporyp™t)det (al> dyt A A dy™
Y
is a top form on the U NV in the y* coordinates determined by 1. Since it is assumed that w
vanishes nowhere, we see that for all points p € U NV, the determinant of the Jacobian of ¢ o~}
must must always be positive. Furthermore, since w vanishes nowhere, there must exist charts that
cover M such that the Jacobian of the transition function is always positive, hence M is orientable.

Suppose M is orientable. We can cover M with countably many smooth charts, {(U;, ¢;) }ier,
such that the transition functions all of have positive determinant. This is an open cover of M.
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Let {¢;}:;cr be a partition of unity subordinate to the aforementioned open cover. In a smooth
chart (Uj, ¢;), we locally define a top form w; by:

wj=dz' Ao Ada"
Now consider the global top form n; defined by:
) = Yjw;
Then the the top form 7 determined by the sum:
=Y n = tw (1.1.20)
jeI jeI

is also globally defined. To show this form is non-vanishing, we consider an arbitrary point p € M,
at this point p, by the definition of a partition of unity, there exists a neighborhood of p that
intersects the support of v; for only finitely many i« € I. Therefore, at this point p, (1.1.20)
becomes a finite sum, thus we reindex I such that for some n € N:

Np = Z Yi(p)wi
We now rewrite this in the coordinate basis for (Uy, ¢1):
M= _wi(p) det(Dy(pi 0 ¢y ")) da! A--- A da”

which cannot be 0 or negative as the determinant of the Jacobian of every transition function is
positive. Thus, since p was arbitrary we have that n vanishes nowhere.

The final statement comes from the fact that the top form bundle over M is:

AT M) = [] AT M),
peEM

hence since A™(T; M) is a one dimensional vector space, we must show that A™(T*M) = M X R.
If there exists a nowhere vanishing top form w, then every n € A"(T*M), can be written as
awp, € A"(T* M) for some p € P and a € R; n is only the zero top form if @ = 0. Thus we construct
an isomorphism o : A™(T*M) - M X R by:

a: (p,awp) — (p,a)

with inverse given by:
a”!: (p,a) — (p, awp)

hence A™(T*M) is trivial. If A™(T*M) is trivial, then there exists an isomorphism a : A™(T*M) —
M X R, thus for any (p,a) € M X R, we have that:

a~!(p,a) # (p,0)

unless a = 0. Thus there must exist a nowhere vanishing top form, namely the one given by
wp = a~1(p,1). Therefore, we have that if the top form bundle is trivial, there exists a nowhere
vanishing top form, and thus M is orientable, and vice versa as desired. O]

We now see that differential forms are important for two reasons. First, a top form on an n
dimensional manifold gives us a scaled determinant function on each tangent space to M, and
can thus be thought of as providing us with a way to measure the volume of the parallepiped
spanned by n tangent vectors. Secondly, a non-vanishing top form encodes an orientation of each
tangent space to M, and can thus give us a signed volume of this parallepiped, depending on the
orientation of the vectors. These two facts are key to allowing us to define integrals on a general
orientable smooth manifold M, such that we are consistent with the case M = R". Now, let M
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be an oriented smooth manifold of dimension n, and let w be an n form with compact support in
a single chart (U, ¢). We can then integrate w over n via:

/ w==+ 1w
M »(U)

where we have the plus sign for a positively oriented chart, and the minus sign for a negatively
oriented chart. Furthermore, let w be an n form with compact support finitely covered by charts
{U;}. The integral of w over M is defined via a partition of unity subordinate to the aforementioned

charts in the following way:
w= Yiw
Le=%],

It can be shown that both integrals do not depend on choice of chart, open cover, or partition of
unity. We now list some properties of the integral of an n form on M:

Theorem 1.1.5. Suppose M and N are oriented smooth n manifolds, and w, n are compactly
supported n forms on M, then the following properties hold:

a) If a,b € R then:
/aw—i—bnza/ w+b/n
M M M

b) If —M denotes M with the opposite orientation then:

Jue= L

¢) If w is a positively oriented orientation form, then:

/w>0
M

d) If F* : N — M is an orientation preserving diffeomorphism and F~ is a orientation revers-

ing diffeomorphism then:
/ w== / F*w
M M

The proceeding definitions of the integral of a top form over a smooth manifold M are in
general very difficult to actually carry out computation wise. Indeed, the extra factor due to the
partition of unity often will cause trouble when calculating an integral. Instead, it is usually easier
to integrate using a parameterization of M, that leaves out sets of measure zero®, such as the half
arc of the great circle that is not covered by the angle parameterization of S2. We describe this
methodology in the following theorem, which we state without proof:

Theorem 1.1.6. Let M be an oriented smooth manifold of dimension n, and w a compactly
supported top form on M. Suppose D1, ..., Dy are open domains of integration in R", and for
1=1,...,k, we have smooth maps F; = D; — M, where D; is the closure of D;, satisfying:

a) F; restricts to an orientation preserving diffeomorphism from D; onto an open subset W; C M
b) WinW; =0 fori#j
¢) supp w C Wy U---UW,

then:

k

4We define sets of measure zero on a smooth manifold M of dimension n, as sets that are covered by a smooth
chart which restricts to some subset of R™ that has n dimensional Lebesgue measure zero in R™.
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We now turn to an example:

Example 1.1.15. Let S?, oriented by the boundary of B3, be parameterized by the orientation
preserving map ¢! : R? — S2 \ (0,0, 1):

61 (u,v) = < 2u 2v u2+v21>

14+u2 402" 14+u2+02" 14+u2 402

The singleton set (0,0,1) is clearly of measure zero in S?, thus we may apply Theorem 1.1.6 for
the following 2-form. Let w be the two form on R? defined by:

w=xdy ANdz 4+ ydz A dz + zdx N\ dy

then we have that:

_ 16(u? + u?v? + ut)
Y (xdy A dz) = duNd
¢ (zdy A dz) (AT 102 u A dv
_ 16(v? + u?v? + vt)
1%
dr ANdz) = du A d
o~ *(ydx Ndz) (e u A dv
4(1 — u? —v?)
—1x% _
An algebraic manipulation then shows that:
—1x% 4
o (W) =—————=sduNdv

(1+u? +v2)2

hence, we obtain the improper integral:

4
= ————duAd
/szw AQ (1+U2+U2)2 v v
o0 o0 4
= —  _dud
/o / (w22

The substitution given by u = rcosf, v = rsin § gives:

/82 w= /Qﬂ/ rdrd@ (1.1.21)

Again, applying a substitution w = 1 + 2, we obtain that dw = 2rdr, thus (1.1.21) becomes:

2
/ w—/ / —dde
s2

We shall see later that w actually corresponds to a canonical volume form on S? given by the
Riemannian metric induced on S? by restricting the Euclidean metric to S?, thus this result is not
coincidental.

We now turn to a highly important theorem in smooth manifold theory, that is Stokes’ the-
orem on manifolds. Before though, we must briefly touch on what a smooth manifold with
boundary is, which we define below:

Definition 1.1.26. Let M be a topological space; if M is:
a) M is second countable
b) M is Hausdorff
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¢) M is locally homeomorphic to open sets of R™ or the closed upper half plane H" defined as
the set:

H {(z',...,2") € R" : 2™ > 0}

then M is a topological manifold with boundary of dimension n. If M can be equipped with
a maximal smooth atlas then M is a smooth manifold with boundary of dimension n.

Many of the previous results discussed on smooth manifolds carry over to smooth manifolds
with boundary, but not all. For instance, the product of two smooth manifolds with boundary is
not a smooth manifold with boundary, and Proposition 1.1.13 only holds when M is without
boundary, or dim M > 1. The boundary of M, denoted M, is the set of all points p € M, such
that there exists a coordinate chart (U, ¢) containing p which satisfies:

o(p) = («*,..., 2" 10)

The interior of M, is the set of all points contained in a coordinate chart such that ¢(U) is open
in R™. One can show that these two sets are disjoint though we omit the proof of this fact. It
should be clear that if M is a smooth manifold without boundary then M = . For an in depth
discussion on smooth manifolds with boundary, we refer the reader to Lee’s Smooth Manifolds.
We now state, without proof, Stoke’s theorem on manifolds:

Theorem 1.1.7. If M is an orientable smooth manifold with boundary, and w is an n — 1 form
with compact support on M, then:
/ dw = / w
M oM

One should check that M inherits an orientation from M if M is orientable, however we omit
this proof, largely because outside of Example 1.1.16, we will only apply Stoke’s theorem to
manifolds with empty boundary. In fact, will not use Stokes theorem again until chapter 3, where
we exploit the fact that if M is a smooth manifold without boundary, and w € Q"~1(M) then:

/ dw:/w:()
M 0

We also note that the major integration theorems in vector calculus: divergence theorem , Stoke’s
theorem, and Green’s theorem, can all be shown to be consequence of Stoke’s theorem on manifolds,
via the isomorphisms given in Example 1.1.14 f. We end with the following example:

Example 1.1.16. Let M be the closed unit disc in R?, and let w be the two form defined by:

Ju#=
:/SI”

Applying Theorem 1.1.6 with the orientation preserving map ¢~1(f) = (cosf,sinf) we have

that:
2
/ w:/ sin® 0do
M 0
=T

Then by Stoke’s theorem on manifolds:

1.1.4 The Lie Derivative

Suppose M is a smooth manifold, and I an interval, i.e. a connected open subset of R. A smooth
map, v :J — M, is called a smooth curve on M. In a coordinate chart we write:
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where x!,... 2™ are coordinates on M. The velocity vector at t = tg, 7/(to), defined by:

Dto’Y(l) = (‘fl(t())v cee 7¢n(t0))

is an element of T ;) M.
Example 1.1.17. Let M = R?, and ~ : (0,27) — R? be the curve defined:

~(t) = (cost,sint)
Then we have that:
7' (t) = (—sint, cost)
and the velocity vector at t = 7 is given by:
Y () = (0,-1)

Example 1.1.18. Let M = S?, and v : (0,7) — S? be the curve given in the (6, ¢) coordinates
by:

V(t) = (0(1), ¢(t) = (2t,1%)
Then:
V(1) = (2,20)

and the velocity vector at ¢ = 7/4 is given by:

0

Y (to) = (2,7/2) = 255 9

.
20
(w/2,72/16)

(/2,72 /16)

From Example 1.1.7, in R? this vector is in the tangent space at the point:

2 w2
p= (cos 1—6,5111 6 O)

which lies on the equator of S2. Furthermore, this vector is given by:

"(to) = —Esinﬂ-—22
T = Ty S Y

+ Ecoslg
2 16 Oy

p p

Using smooth curves we can calculate the differential of a smooth map in an extraordinarily
convenient way. Let M and N be smooth manifolds, and F' a smooth map between them. Fur-
thermore, let y(t) be a smooth curve on M, starting at p, with velocity vector v at p. Then the
differential of F' is given by:

D,F(v'(0)) = Do(F o7)(1) = }1_1)% %F(’y(t)) (1.1.22)

We will employ (1.1.22) when we discuss finding the Lie algebra to a Lie group.

Definition 1.1.27. If X is a vector field on M, an integral curve of X is a smooth curve
~ : I — M such that for all points ¢ € I we have:

Y'(t) = Xy

If 0 € I, then +(0) is the starting point of 7.
Example 1.1.19. Let M = R?, and X be the vector field given in standard coordinates by:

0 0
X—z£+y8fy
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Let v : R — R? be the curve given by:

2 (t) =x(t

y'(t) =y(t
which has solutions:

z(t) =ae’

y(t) =ce

for a,b,c,d € R.

In principal, finding integral curves for some vector field X is equivalent to solving a system
of ordinary differential equations in some smooth chart. Using the existence, uniqueness, and
smoothness theorems of ODE’s one can prove a great variety of properties regarding integral
curves, such as:

Proposition 1.1.14. Let V' be a smooth vector on a smooth manifold M. For each point p € M,
there exist € > 0 and a smooth curve y(—e,€) — M that is an integral curve of V' starting at p

Furthermore we have the following lemma:

Lemma 1.1.4. Let V be a smooth vector field on a smooth manifold M, let I C R be an interval
and v : I — M be an integral curve of V. For any s € R, the curve s : Iy — M defined by
Vs(t) = v(t + s) is also an integral curve of V., where Iy = {t : t+s € I}

Proof. Let f € C*(M), and ty € I, we then have that:

A(to)] = Jim (7 07.)(1)

t—to dt

d

= lim @(f o) (t+s)

=(fo) (to+s)
=7 (to + s)f
=Vi.to)f

hence 75 is an integral curve as desired. O

With Lemma 1.1.4 in mind, we move to look at the family of integral curves of a vector field
in a different manner. First, for a smooth manifold M, and a vector field X € X(M), assume that
for each p € M, X has a unique integral curve starting at p, defined for all ¢t € R. We denote this
integral curve by ») : R — M. Furthermore, for each t in R we can define the map 6, : M — M,
by:

0:(p) = o) (t)

By Lemma 1.1.4, we have that ¢t — () (t4s) is also an integral curve of X, starting at ¢ = () (s),
thus by the uniqueness assumption we also have 6(9)(t) = §(P)(t + s), hence:

0¢ 0 05(p) = Or+5(p)

Finally, we have that 6(p) = 6%)(0). We then define

Definition 1.1.28. Let M be a smooth manifold, then a smooth global flow on M is a smooth
map 6 : R X M satisfying:

a) 0(0,p)=pforallpe M
b) 0(t,0(s,p)) =6(t+ s,p) for all s,t € R and p € M.

A smooth global flow is also an example of a smooth group action on M by the additive group
R.
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For a smooth global flow @, it can be shown that the vector field X € X defined pointwise by:
X‘:hmgﬁ@pyze@Km
PiSodt N

is indeed smooth a vector field, where the curve () (¢) is an integral curve of X. We call such
a vector field the infinitesimal generator of 0. Via the assignment above, and some faith that
X is smooth, it is clear that smooth global flow has a smooth vector field as an infinitesimal
generator, however the converse need not be true; that is not every smooth vector field need be
the infinitesimal generator of a smooth global flow. To somewhat correct this sad fact of life, we
construct a local analogue to a smooth global flow in the following way:

Definition 1.1.29. Let D be an open subset of R X M, such that for each p € M we have that:
DP) = {teR: (t,p) € D}

is an open interval in R. A smooth flow is then a smooth map 6 : D — M that satisfies:
a) 0(0,p)=pforallpe M
b) 6(t,0(s,p)) = 0(t + 5,p)

At times we refer to this a smooth local flow. We also define the set M; to be:

M, ={peM:(tp) €D}

It can also be shown that every smooth local flow 6 has a smooth vector field X as it’s infinites-
imal generator. We say a flow, or integral curve, is mazimal if it can not be extended to any larger
open set containing D, or any larger open interval respectively. We state the following theorem
without proof:

Theorem 1.1.8. Let V be a smooth vector field on a smooth manifold M. There is a unique

smooth mazimal flow 60 : D — M whose infinitesimal generator is V. This flow has the following
properties:

a) For eachp € M, the curve ) : D®) — M is the unique mazimal integral curve of V starting
at p.

b) If s € D@ then DOEP) s the interval DP) — s = {t —s:t € D@}

¢) For each t € R, the set My is open in M, and 0; : My — M_; is a diffeomorphism with
inverse 0_;

Example 1.1.20. Following Example 1.1.19 we have, we have that the smooth global flow of
X is given by:

0(t, z,y) =(ze', ye')

which is a globally defined smooth flow.

Example 1.1.21. Let M = S?, and let U be the open subset of S? covered by the chart given
by the previously used angle parameterization. Let X be the smooth local vector field defined in
coordinates by:

0
X ==
00
We can find the smooth flow of X by finding the family of integral curves of X near a point p. Let
v be a smooth curve from I — S?, then for it to be an integral it must satisfy the following ODE’s
in coordinates:

(1)

1
¢'(t) =0

Thus we have that:

V(1) = (t+a,b)
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where a, b is the starting point of the curve. We then have that the local flow is given by:

0(t,0,0) =(0+t,0)

which is a family of integral curves that are arcs of a great circle going through the north pole,
though the flow does not extend to the north or south pole. We also see that:

D) = (0— 0,7 —0)
and that:
My = (0,7) x (0,2m)

which is the open subset of the two sphere, in the angle coordinates, covered by the chart.

Using the guarantee that every vector field has a unique flow in some open subset D C R X M,
we can push vector fields around an open neighborhood of some point p € M using the differential
of the flow. For example, let 6 be the flow of some vector field X, and Y be an other vector field.
At the point p € M, and for some t € D) we push W forward to 6, (p) via:

Dy(0:) (Xp) (1.1.23)

If (1.1.23) is equal to Xy, (,,) for general (¢,p) € D, then we say that Y is invariant under the flow of
X, however, this is not generally the case. Using (1.1.23) we can develop a way of differentiating
vector fields along one another:

Definition 1.1.30. Let X, Y € X(M), and 6 : D — M be the flow of X. Then the Lie Derivative
of Y along X at the point p, denoted (ZxY),, is given by:

. d
(ZxY), = lim %D&(p)o—t(y@t(p))

If ZxY is identically zero on My, we say that Y is invariant under the flow of X.

Let us quickly check that our two notions of commuting flows are equivalent. If (1.1.23) is equal
to Yy, (p) for all (t,p) € D, then:

. d
(LxY), = %g% aDOt (P)H—t(D;vat(Yp))

—tim LD, (0, 00,)(Y,)

t—0 dt

.d
= lim 2 Dyl (1)
=0

hence Y is invariant under the flow of X according to our definition. Further, let f(¢) : D? — T,M
be the function defined by:

f(t) = Do, (50—t (Yo, ()

then, since D,, is independent of the time derivative we have that:
F(to) = lim L ftg +
0) = Slg(l) ds 0TS

.d
= 11_1}% £D07t075 (Y95+t0 (ZD))

. d
=1 Do_, 5 7-Do_, ) (Yo, (0. 0))
=Dq_, ) (ZLxY)o,, (n)

Now, assuming that ZxY is identically zero on M, we see that for all ¢ € DP:

flt)y=0
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and since f(0) =Y, we have that f(¢) =Y}, hence:

Do, (5)0-+(Yo,(5) = Yp

Applying the inverse of Dy, )0 to both sides gives:
Yo,(p) = Dp0i(Yy)

thus our definition agrees with our original discussion.
Theorem 1.1.9. If M is a smooth manifold and X,Y € X(M), then ZxY = [X,Y]

Proof. Let S(X) denote the support of X. We proceed by cases; first, if we show that (ZxY), =
[X,Y], for all of p in the interior of S(X), then the statement on the entirety of S(X) follows by
continuity. Let 6 be the flow of X, and p € int(S(X)), then for f € C°(M), we have:

. d
}g% %f(et(p)) =Xpf (1.1.24)

Furthermore, from the definition of a tangent vector applied to a function we have:

O—t(Y)o,(p) (f ©01)(p) =Dp(f ©0)(0—1:Yp, (1))
=Dy, (p)(fobi00_4)(Yp,)
=Dy, (»)(f) (Yo, (p))
=Y f)(0:(p))

Differentiating both sides at ¢ = 0, we see that from (1.1.24) the RHS is:

o d
lim — (Y ) (6:(p)) = (X (Y )

and that from the product rule, the LHS is:
d d d
lim - (0=t (Y)o, () (f © 00)(p)) = limy T (O—tx (Yo, () (f ©00)(p) + O—ts(Y)o,(p) 3 (f © 62)(p)
=((ZxY)f)p + Y (XF))yp

hence:

(fof)p = (X(Yf))p - (Y(Xf)>p = [X, Y}pf

Thus on the interior of S(X) we have that the Lie derivative and the Lie bracket are equivalent,
and by continuity it must hold on the boundary as well, therefore for all p € S(X), the two are
equivalent. Suppose now that p ¢ S(X), then X = 0 on a neighborhood of p, and the flow is just
the identity map for all ¢, hence the Lie derivative is zero. Furthermore, if X, = 0 then the Lie
bracket is also clearly zero from our earlier discussion on vector fields. Hence for p ¢ S(X) we have
that the Lie bracket and the Lie derivative are continuous. Combining the two cases, we see that
for all p e M:

(ZXY)p = [X, Y]p
as desired. 0

From Theorem 1.1.9, it is clear that our earlier discussion of of vector fields being invariant
under the flow of another vector field leads to the following corollary:

Corollary 1.1.4. For a smooth manifold M, if X, Y € X(M), then the following are equivalent:
o [X,Y]=0,ie X andY are commuting vector fields.
o X is invariant under the flow of Y.

e Y is invariant under the flow of X.
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We now let %M be the disjoint union:
Enr 0,k
"M =[] 7°F M
peM

then T%M has the natural topology and structure of a smooth manifold, and much like A% (M)
is a vector bundle over M. Smooth sections of this bundle are then smooth tensor fields on M of
type (0, k), or covariant tensor fields. We end our discussion on the Lie derivative by generalizing
the Lie derivative to covariant tensor fields in the following way:

Definition 1.1.31. Let M be a smooth manifold, then for X € X(M) with flow 6, and a smooth
covariant k tensor field A, the Lie derivative of A is given by:

(ZxA), = lm 407 ),
where for vector fields Y, ..., Yy € X(M):
07 (Ag,(p)) Yips -, Yip) = A, (p) (Dpbe (Y1), . .., Dpb:Yr)
If we define the pullback of a vector field by Y by 6; as the pushforward by 6_;, we quickly

see that this definition is analogous to the previous one for vector fields. Furthermore, regarding
f € C®(M) as a covariant tensor with k = 0, we see that:

d
Zx(P)y = lim t@a*m

t—0

—}g% dtf(et( p))
= pf

This calculation leads us to our final proposition:

Proposition 1.1.15. Let M be a smooth manifold and X € X(M). Suppose f € C°(M), and A
and B are smooth covariant k and | tensor fields respectively. Then the following are true:

a) Lx(fA)=Zx(f)A+ fZx(A)
b) Zx(A®B) = (£xA)® B+ A® (ZxB)
c) If Y1,...,Yy are smooth vector fields then:

Lx(AYL . YR = Zx(A(YL,. .. Ya)) — A(LxYh, .., Y5 — - — A(YL, ..., Zx Vi)

Proof. We assume p is in the interior of S(X), then by continuity the following hold for all p € S(X),
and for p ¢ S(X) our previous argument in Theroem 1.1.8 holds as well. For a) we see that:

Lx(FA) =lim L0 (7 A0,()

. d .
= lim %((f 0 0i)p - 07 Ao, (p))
which by product rule becomes:
_[d . d .
Lx (fA)p =l | — (f 0 0:)pb7 Ag, ) + (f © be)p = (67 Ag, )
ng(ﬁAp + fZx (A)p
We also have that b) follows by the limit definition of the derivative:

d
Zx(A@ B)y =lim — (07 Ag, () © 0 Bo,(»)

~ lim 9t Agt(p) X Ot Be(p) Ap ® Bp

t—0 t
_lim 07 Ag, (p) @ 07 Bo(p) — 07 Ao, (p) @ B+ 67 Ag, () ® B, — A, @ By,
B t—0 t

: . 0 By, () — By 07 (Ao, () — Ap
= lim |:(0t Ao, ) ® ( . + ; ® By

=(A® ZxB),+ (ZLxA® B),
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as desired. For ¢) we define the function C : T**) M — R for A € T*M and Yi,...,Y, € X(M)
pointwise by:

[CARY, @ @Yy, = A(Y1,....Yi),

Furthermore, with the pull back of ¥; € X(M) by 6, defined by the pushforward as 6_; we have
that:

[;C(A@Y1 @ @ Yi)lp = C(0; Ag,(p) © 01 Y10,(p) @ - @ 01 Yro,(3))

By the linearity of the map C' at the point p we have that:

d g
21 C 0 40ip) @ 0-t:Y10,5) @ - B0t Yo, 1)) =

d
c (dt [G:A(%(p) @0 _1:Y19,(p) @+ ® et*Yth(ZD)]> (1.1.25)

Taking the limit as ¢ goes to 0, we obtain:
od

hence, from applying a product rule like b)” to (1.1.25) we obtain:

k
Lx (A1, V) =Lx (A (Y1, V) + > AN, Lx (V). Zx (V)

i=1
therefore:
LAY YE) = LAY V) — ALY, Vi) — o — AV, ZX V)
as desired. O

Before moving onwards we list two formulas, which can be easily verified in a coordinate chart,
for the the exterior derivative of a one form w and two form f:

dw(X,Y) =Zx (w(Y)) — L (w(X)) — w(LxY) (1.1.26)
dB(X,Y.Z) =2x(B(Y, Z2)) + v (B(Z, X)) + £z (B(X,Y))
- B(ZxY,Z) - B(KHZ,X) - B(LzX,Y) (1.1.27)

The components of the aforementioned forms can be found in coordinates by replacing the vector
fields X, Y, Z with coordinate vector fields.

1.1.5 (Pseudo)-Riemannian Metrics

A Riemannian metric is a smoothly varying inner product on each tangent space of a smooth
manifold M. More precisely:

Definition 1.1.32. Let M be a smooth manifold, and ¢ be a global smooth section of T?M =
T*M®T*M. Then if g is symmetric, nondegenerate, and positive definite, we call g a Riemannian
metric . Any smooth manifold M, with a Riemannian metric g, written as the ordered pair (M, g),
is a called a Riemannian manifold.

By nondegenerate, we mean that for all p € M and for all v € T, M, there exists aw € T, M such
that g,(v,w) # 0. An object of interest, particularly in General Relativity, is a mild generalization
of the Riemannian metric:

Definition 1.1.33. Let M be a smooth manifold, and ¢ be a global smooth section of 72M. Then
if g is symmetric, and nondegenerate, we call ¢ a Pseudo-Riemannian metric . Any smooth
manifold M, with a pseudo-Riemannian metric g, written as the ordered pair (M, g) is a called a
Pseudo Riemannian manifold.

5The proof is essentially the same.
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Let M be n dimensional. Choosing a basis for T,M, we can make an orthonormal basis {e;},
with respect to g,. In the Riemannian case, it is clear that:

glei, ej) = 0ij

However, in the pseudo-Riemannian case this no longer holds, as g, is not positive definite. Instead,
we have that the orthonormal basis splits into (eq,...,e;) and (e;y1,€s+¢), where (s +t) = n, such
that:

gpleiei)=—1 V0O<i<t
gplejej) =1 Vt+1<j<s+t

The signature of g, is the ordered pair (¢,s), and determines how many basis vectors have nega-
tive ‘magnitude’, and how many have positive ‘magnitude’. More concretely, the signature of g,
determines the maximum dimension of a positive, or negative definite subspace. We now check
that this is well defined for any vector space with a symmetric non-degenerate, bilinear form.

Proposition 1.1.16. Let V' be a R-linear vector space, and n a symmetric, non-degenerate bilinear
form on V.. Then n has a well defined signature (t,s).

Proof. Let {e;} be the standard basis, and denote it’s dual basis by {e’} for V. We represent each
e; by the column vector:

Define the components 7;; by:
nij = n(ei, €;)
so that n can be written as:
n=mnije’ Qe
Clearly, as 7 is symmetric:
Nig = Nji
We see that for v = v'e;, and w = wie;:
n(v,w) = n;jviw!
The matrix:
mi 0 Mn
Tt T
is then symmetric, and satisfies:
n(v,w) = vl Aw

Since A is symmetric, and 7 is non-degenerate, A has an eigenbasis {u'}, such that each u; has

non zero eigenvalue A; € R. In this eigenbasis, A is diagonal, i.e.:

AN - 0

A = | ¢ . :
0 - A\,
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We order this basis in such away that the first ¢ elements down the diagonal are negative, and the
last s elements are positive, where s + t = n. Furthermore, since A is symmetric, we have that:

A=pPrA"P
where P is the linear map taking e; — u;, i.e. P writes u; in the e; basis. Then:
n(ui, uz) =(Pe;) " A(Pe;)
=e] (PT AP)e;
=e] Ae;
=A;0i;
which is zero if 7 # j, hence the eigenbasis is orthogonal. Furthermore, we see that the new basis:
1
VAl

is orthonormal, which in this case means n(f;, f;) = £0;;. We see that 7 restricted to the subspace
spanned by {f1, -, f:} is negative definite. Let W be any other negative definite subspace, and
P be the positive definite subspace spanned by {f;11, -+, fs}. Then P NW is the zero subspace,
hence dim W + s < n, implying that dim W < ¢. Similarly, if NV is the negative definite subspace
spanned by {fi,..., ft}, and W is any positive definite subspace of V, then W N N is the zero
subspace, hence dim W + t < n, implying that dim W < 's. This implies the claim. O

fi

For reasons that will be clear in the General Relativity chapter, we characterize the following
classes of vectors:

Definition 1.1.34. Let (M, g) be a pseudo Riemannian manifold, and v € T,M, then v is
light like if:

g(v,v) =0
is space like if:

g(v,v) >0
and is time like if:

g(v,v) <0

Let (M, g) be a (pseudo)-Riemannian manifold with coordinates ¢, then g can be written in
coordinates as:

g = gijd.’L'i ® d.’L’j

where g;; = gj; for all ¢, 5. Let y' be another coordinate system, and recall that for

_9
=5
we have:
or? 0
V= —
ayk axj
Furthermore, let:
wol _ 02t 0
oyt oyl Oxt
then:
Ozt 07

T
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Thus, ¢ takes the following form in the y' coordinate system:
—  dyt @ dy* (1.1.28)
Y

We clearly see that (1.1.28) aligns with our coordinate transformation formula for one forms.
Furthermore, we see that for:

the inner product is given by:
g(v,w) = v'wl gy
In the 3* coordinate system we then obtain by the chain rule:

o0t o 0am o
Ozt Oz Oyl Oyk ™"

=v'uw’ 5;”5;-197,”1

g(v,w) =v'w

—aytapd
=v'w’ gi;

so the inner product is independent of the coordinates chosen.

Example 1.1.22. Let M = R", we can put the standard Euclidean inner product on T,R" for all
x € R™. Since R™ is covered by a single chart with coordinates x*, we have that the Riemannian
metric corresponding to this assignment can be written in coordinates as:

g :6ijdxi ® dl‘j
Example 1.1.23. Let M = S?, and let (¢, U) be the chart that encodes the angle coordinates on
S2. Equipping R? with the standard Euclidean metric:
g=dr®dr+dyRdy+dz®dz

we can restrict this metric to S? via the pullback of g by ¢~!. Indeed:

¢~ g=d(wog ) @d(xo¢ ) +d(yod ) @d(yod ) +d(zo¢ ) @d(z067)
=d(sin 6 cos ¢) ® d(sin 0 cos ¢) + d(sin § sin ¢) @ d(sin O sin ¢) + d(cosf) ® d(cos b))
=sin’ 0d¢ ® do + df @ do

This is the metric induced on S? from the Euclidean metric on R3; it is often referred to as the
round metric, and can be extended globally to S2, by applying the same process to a set of charts
which cover the sphere. The corresponding coordinate representations of the metric will be related
on the overlap by (1.1.26).

For brevity, we will at times drop the ® notation, and simply write:
g = Gij datdx’
If the g;; = 0 for all ¢ # j, then we write:
9= gii(dxi)z
In this notation, the round metric for S? can be written as:

g = sin® 0d¢? + d6?

Theorem 1.1.10. Every smooth n dimensional manifold M admits a Riemannian metric.
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Proof. Let {U;, ¢;}icr be a locally finite countable covering of smooth charts for M. Furthermore,
let {t); };er a partition of unity subordinate to {U;, ¢;};cr. We define a metric locally in coordinate
of each chart by:

hi:(b;g

where ¢ is the standard Euclidean metric on R™. Now consider the following global section of
T?M:

gi =¥ih;

Then the smooth section of 72M determined by the sum:

aMm = Z i

el

is also globally defined. Since each g; is symmetric, positive definite, and nondegenerate by con-
struction, and since for all p € M, >, ;¥i(p) = 1, we have that gy is also symmetric, positive
definite, and nondegenerate, hence gy is a Riemannian metric for M. O

It is important to note that there actually exists an uncountable number of Riemannian metrics
on M, indeed by replacing ga; with some fgys for some f € C°°(M), such that f(p) > 0 for all
p € M, we obtain a new Riemannian metric. Furthermore, it is not the case that every smooth
manifold M admits a pseudo-Riemannian metric, as our partition of unity argument will no longer
hold since each g; will not be positive definite; further, there are certain topological restrictions
which we will not delve into, but, as an example, S? admits no pseudo-Riemannian metric.

Proposition 1.1.17. Let (M, g) be a smooth (pseudo)-Riemannian manifold. For each p € M,
there is a smooth orthonormal frame on a neighborhood of p.

Proof. Let p € M be arbitrary, and let the chart (U, $) contain p, with coordinates z°. There
exists a vy in T, M such that:

g(vi,v1) #0

otherwise g would be degenerate. We can write v € T, M as:

Let fi be a a family of functions such that f{(p) = v*, then we can create a local vector field V;
given by:

. 0
i = fi=—
1 fl 8.131
which, by continuity, satisfies:
g(Vi,V1) #0

for a neighborhood around p. Let W be the subspace of T, M defined by:
W ={ueV:guv) =0}
Then there exists a vo9 € W such that:

g(v27’02) 7é 0

otherwise V' would be degenerate. In a similar fashion, we construct a local vector field V5 such
that at the point p, V5 equals vy. Furthermore, by continuity, in an open neighborhood of p we
have that:

g(V2,V2) #0
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Proceeding inductively n — 2 more times, we obtain a set of orthogonal vectors fields which span
each tangent space on a small enough open neighborhood of p, hence on such a neighborhood of p
we have the orthogonal frame {V1,...,V,,}. Defining E; to be:

1
E= ———V,
l9(Vi, Vi)l

we obtain an orthonormal frame {F, ..., F,} on a neighborhood of p, as desired. O]

With Proposition 1.1.17 we can show the following;:

Theorem 1.1.11. Let (M,g) be a connected pseudo Riemannian manifold. Then the signature
(t,s) of gp at T, M is the same for all p € M.

Proof. First, we note that since M is connected there is only one connected component, and in
particular M is path connected”. We now proceed by contradiction, suppose that the signature
of g, is not the same at all p € M, then since M is connected we must have an open U C M
which contains a point p where the signature of g, is (¢,s), and a point ¢ where the signature is
(t+ a,s — a), for some a € Z, such that —t < a < s. Without loss of generality, we take a to be
equal to 1. Since g must vary smoothly from point to point, we have that p must be in an open
neighborhood of ¢ and vice versa. By Proposition 1.1.17 there exists an orthonormal in an open
neighborhood V' C U of p, and since p and ¢ can be taken to be arbitrarily close to each other we
have that V must contain ¢ as well. Then at p we have that:

9p(Eiy1, Ei1) =1

and at ¢:

9q(Biy1, Bryr) = —1

Let v be a smooth curve such that v(0) = p, and (1) = q. Let f € C*°(V) be defined by:

f(p) = 9p(Eit1, Ery1)
Then:

(V" fle=f(r())

is a smooth function on I — R. However, since {E;} is an orthornormal frame on V, f itself must
be constant, therefore we clearly have that f(v(¢)) is not continuous, and hence not smooth, since
there must be some ¢ € (0, 1) where:

lim f(7(t) =14 1= lim f(3(!

t—c— t—ct

Since « is smooth by construction, and the composition of smooth maps is smooth, we must have
that ¢ is not smooth at all p € M, and therefore not a global smooth section of T2M. This a
contradiction, hence the signature of g must be the same at all points in p. O

Clearly if M is disconnected then we could have different signatures on each connected compo-
nent. In light of this, going forward we assume that either (M, g) is connected, or admits a pseudo
Riemannian metric which has consistent signature on each connected component.

Definition 1.1.35. Let (M, g) be a pseudo Riemannian manifold of dimension n. If the signature
of gis (n—1,1) or (1,n — 1), then (M, g) is called a Lorentzian Manifold.

We define the inverse of a (pseudo)-Riemannian metric g to be a symmetric, nondegenerate,
global smooth section of 720 M such that at each p € M:

g;ngp = gp_ngp_1 =1d

where Id is the identity on T, M, or T;; M. The existence of such an inverse at each p is guaranteed
by the nondegeneracy of ¢g. In coordinates z?, letting:

g= gijdxi ® da?

6This comes fairly simply from the fact that M is locally Euclidean
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and:

gk 9 0

9 =9 54 % aF
we see that:
97" 09 =9" gijdz' (0,0) © da? @ O,
:glkgijd,idxj ® Oy
zgligijdxj ® Oyt (1.1.29)
hence the component functions of (1.1.29) must satisfy:
gligij = 5;-

We can now easily see in coordinates that the contraction of (1.1.27) with a one form w, or a vector
v, returns the same one form, or the same vector, hence it is the identity map on both T),M and
T, M. Motivated by this, we define a coordinate free isomorphism «y, : T, M — T,y M as follows:

ap(v) =vagp = gp(v,-) (1.1.30)
agl(w) :o.ugp_l = g;l(w, ) (1.1.31)

where v is another way of denoting contraction with v. Thus «y, takes a vector v to the one form

A that satisfies A(w) = g,(v,w), for all w € T, M, and a, ' takes a one form w to the vector u

that satisfies n(u) = g, ' (n,w) for all n € Tym. Furthermore, we note that a is injective as by the
nondegeneracy of g:

ap(v) =0 gp(v,w) =0Vw#0e€T,M &v=0

Finally, from rank-nullity we see that o, must be an isomorphism T,M — T*M.

Proposition 1.1.18. Let (M,g) be a (pseudo)-Riemannian manifold. The metric g, induces a
bundle isomorphism TM — T*M. This isomorphism is commonly referred to as the musical
isomorphism.

Proof. Note that a, as defined in (1.1.30) is a pointwise isomorphism T, M — T M, with inverse
given by a; !, as defined in (1.1.31). Thus we have that:

a(p,v) = ap(v)

is a bijection TM — T*M. All that is left then is to show that this map is smooth. Let X,Y €
X(M), then:

ap, X)(Y) = gp(X,Y) (1.1.32)

Since a(p, X)(Y) is linear over C*°(M) as a function of YV, and f(p) = ¢,(X,Y) is a smooth
function on M, we have that a(p, X) must be a smooth section of T*M, i.e a differential one form.
Hence, o takes smooth sections to smooth sections and is thus a smooth map. Therefore, a(p, v)
is a smooth bijection with smooth inverse’, which is R-linear, and thus a bundle isomorphism. O

In coordinates x’, we see that:

XJg :gwd.%'l(Xlaml) ® d(Ej
ZginidQTj

and that:

augfl :gijwldxl(axi) ® Oyi

=09 w;i0y;

"This comes from the same argument
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Contracting the metric and its inverse with vector fields and one forms is commonly referred to as
lowering and raising indices, respectively.

On a Riemannian manifold (M, g) we can define the length of a smooth curve v : I — M as
follows:

L(y) = / NACIORIOL (1.1.33)

When M = R", (1.1.33) agrees with the usual formula for the length of a curve encountered in
multivariate calculus. Furthermore, in the (pseudo)-Riemannian case, we can calculate the ‘length’
of space like curves, or time like curves® by taking the absolute value of g(%,%). Clearly, light like
curves have zero ‘length’

Theorem 1.1.12. Let (M,g) be an oriented (pseudo) Riemannian n-manifold, then there exists
a unique smooth orientation form wg, € Q"(M), commonly referred to as a volume form that
satisfies:

wy(Br,. .., Ey) =1 (1.1.34)

for every local oriented orthonormal frame (E;) for M. In any oriented smooth coordinates, (z°),
the Riemannian volume form is given by:

wy = /| det(g)|dxt A+ A dz"

where g has components of g;;d in these coordinates.

Proof. We first note that as M is oriented, we have that there exists a nowhere vanishing top form
won M. Let (Ey,...,E,) be a local oriented orthonormal frame on an open set U C M, and
denote its dual frame by (E*,..., E™). Then w is given by:

w=fE*A---ANE"
Setting f = 1, we have that w, is then uniquely determined by:
wy=E"N---NE" (1.1.35)
since:
E*A---ANE"(Ey,...,E,) =1=det(E,...,E,)

To prove existence, we define w, in a neighborhood of each point by (1.1.35); we must show that
this definition is independent of choice of oriented orthonormal frame. Let (F7, ..., F,) be another
oriented orthonormal frame, with dual frame (F*,..., F™). In this frame we set:

@Wg=F'N---ANF"

Let A be the matrix of functions such that:

F; = AVE,
Since A takes an oriented orthonormal basis to another oriented orthonormal basis, we have
det(A) = 1.

a@(pa,”.,f;)::det(A{Eg,”.,Agzg)
=det(A) det(Ey,..., Ey,)
=l =w4(F1,..., Fy)

Thus wy = @4, hence defining w, with respect to some smooth oriented orthonormal frame gives a
global n form satisfying (1.1.31). Now let B be the smooth matrix of functions such that:

0
ozt

8 A space like curve is just a smooth curve v : I — M such that g(¥,4) > 0 for all ¢ € I, while a light curve is
one such that g(%,5) <0 forallt eI

= BJE,
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for some oriented coordinate frame. Then we see that:

) ) 0 0
(.v’g (axl,,amn> —det(B)det (W”W)

D B

However,
o 0
gij =9 (61“ E’xﬂ) :g(BfEka Bé'El)
=B} Bl oy
_nkpk
=B/’ B; (1.1.36)

However, if the signature of g is (¢, s), such that s+t = n, we know that there is actually a minus
sign needed in (1.1.36) for 1 < k < ¢, hence (1.1.36) should be written as:

t s+t
gij=—Y BFBF+ > BIBf (1.1.37)
k=1 k=t+1

This can further be reworked if we introduce a matrix 7, with entries:
T}7J:757]v1gl,]§t and ﬁ1]:511Vt+1§’L,]§S+t
then (1.1.36) can be rewritten as:

9ij =BimxBj
= g =BnB"

Therefore we have:
det(g) = det(BnBT) = det(B)* det(n) = det(B)*(—1)"
B has positive determinant as it takes an oriented basis to an oriented basis, hence:
det(B) = /| det(g)|
Hence, in these coordinates, we obtain that:
wy = /| det(g)|dzt A --- A da™
as desired. ]

In the Riemannian case, the determinant of g is always positive, since it’s signature is (¢,0),
hence there is no need for the absolute value under the square root. Furthermore, when (M, g) is
a Lorentzian manifold, since the the determinant of g is always negative, we write:

wg =/ —det(g)

We end with three examples:

Example 1.1.24. Let M = R?, and let v : I — R? be a smooth curve. Further, let g be the
standard FEuclidean metric:

g = d;dz’" ANda? = (dzt)? + (do?)? + (da®)?

Note that v can be written as:
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where each ¢ € C°°(R). We can pull this metric back to the curve parameterized by « in the
following way:

=y" ((dz dz®)? + (dz°)?)
= (d(z' o ) (d(x2 oy))? + (d(z® o))
= () R+ () () e
The determinant of g, is then:
det(g,) = ()" + (+*)" + (+*)

Hence the volume form on -y is given in these coordinates by:

wgy = T + (52 + (39)

Thus the arc length of this curve over some interval [a,b] € I is given by:

b
L) = [ VO G2+ e

Furthermore, for some f € C*°(R?) we obtain the formula for the integral of a scalar function
along a curve, encountered in a standard multivariate calculus course:

[ rai= /I PG+ (527 + ()

Example 1.1.25. Let M = R?\ 0, again equipped with the standard Euclidean metric. We wish
to calculate the metric in spherical coordinates, that is under the identification:

x =rsin  cos ¢
y =rsinfsinf

z =rcosf
for r € (0,00), 6 € [0, 7], and ¢ € [0, 27]. We calculate term by term:
(d(rsin 6 cos ¢))? = (sin 0 cos ¢dr + 1 cos 0 cos ¢pdf) — rsin 0 sin pdep)”
(d(rsin 6 sin ¢))? = (sin 0 sin ¢dr + r cos O sin ¢df + r sin 0 cos pde)*
(d(r cos 0))? = (cos Bdr — rsin 6d6)*
Expanding each term, and adding them together, we find that all cross terms cancel, and we obtain:
g = (sin® 0 cos® ¢ + sin® O sin? ¢ + cos® 0) dr? + (r® cos®  cos® ¢ + r? cos® @'sin® ¢ + r* sin® 0)d?
+(r?sin? @ sin? ¢ + r? sin? 6 cos? ¢)d¢?
=dr® + r2d6? + 1% sin” Od >
hence the volume form in these coordinates is given by:

wy = r¥sin@dr A dO A do (1.1.38)

We see that (1.1.38) aligns with the volume element derived for integration in spherical coordinates,
commonly encountered in a multivariate calculus course, or an upper level physics course.

Example 1.1.26. Let M = S?, and g be the round metric encountered in Example 1.1.23.
Then:

g = df? + sin® 0dp?

in the standard angle coordinates, which we have encountered before. Thus, the volume form is
given by:

wg = sin 0dO N d¢
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We would like to check that this form corresponds to the w encountered in Example 1.1.15.
Letting:

(z,y,2) = (sin 0 cos ¢, sin O sin 0, cos )

We see that that:

1[)(1', Y, Z) = | arccos ;7 arctan y
/2 + y2 + 22 €T

where the first entry is the 6 coordinate, and the second is the ¢ coordinate. Pulling w, back to
S? € R?, we calculate the following:

22 +y? + 22
Furthermore:
22
do = \/;Tde:H \/xQWTyz Y+ \/%dz
and:
dp = 2_y 5da + —5——5dy
v +y e+ y

Note that:

P24+ =1=1-22= /22442
hence:

sin 0df = xzdx + yzdy — (2% + y*)dz

Therefore we see that:

2 2
sin 0d0 A dp = xQLijzdxAdy— xzyi_fyzdyAdx+ydzAdx+xdyAdz

Grouping the first two terms via the relation dy A dx = —dx A dy, we see that:
sin0df A\ d¢p = zdx A dy + ydz N dx + xdy N\ dz

which is exactly the two form w we encountered in Example 1.1.15, thus it is no coincidence

that:
/ w=4mr
S2
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1.2 Lie Theory and Representation Theory

In this chapter, we briefly delve into the field of Lie theory, a broad and interesting field of math-
ematics in it’s own right. We, however, limit ourselves to the topics necessary for understanding
the role that Lie theory plays in gauge theory. We first introduce Lie groups, which are ubiquitous
in theoretical physics, and, in our case, can be thought of as encoding smooth symmetries in our
field theories, i.e., as mentioned in the introduction, the action of these groups on fields leaves
the Lagrangian invariant. We then move on to discuss Lie algebras, and the Maurer Cartan form,
which will equip us with the tools to study the smooth manifold properties of Lie Groups. Finally,
and perhaps most importantly for our work in Gauge theory, we move on to quotient manifolds,
and the representation theory of Lie groups and algebras. Much of this section is drawn from the
text Hamilton’s Mathematical Gauge Theory, and many important theorems are presented without
proof. To the interested reader, we recommend the aforementioned text.

1.2.1 Lie Groups
We first recall the definition of a group:

Definition 1.2.1. A group is a set GG, endowed with a multiplicative action - such that the
following axioms are satisfied:

a) G is closed under multiplication, i.e. Vg, h € G g-h e G

b) G has an identity element e such that Vg € Ge-g=g
¢) Every element g € G has an inverse g~! € G such that g7 - g =e.
d) Multiplication is associative, i.e. Vg, h,i € G:

(g-h)-i=g-(h-i)

In general, groups arise naturally by looking for symmetry preserving actions on sets or objects.
For example, the dihedral groups arise by finding the rotations and reflections which leave a regular
n-gon invariant. If we want to look at smooth symmetries however, we must have some notion of
smoothness in addition to a group structure, motivating our next definition:

Definition 1.2.2. A Lie Group is a group, G, which is also a smooth manifold, such that the
map:
GXG—G
(9,h) —>g-h™"

is smooth.

Equivalently, as the next lemma shows, we can check that the multiplication, and inversion are
smooth maps independently.

Lemma 1.2.1. A group G is a a Lie group if and only if it is at the same time a smooth manifold
so that both of the maps:
GXG—G
(9:h) —g-h
G—G

gr—g!

Proof. Suppose that multiplication and inversion are smooth maps, then their composition is a
smooth map, as the composition of any two maps is smooth, hence G is a Lie group by Definition
1.2.2.

Conversely, suppose that G is a Lie group, then the map:

G—GxG—G
1 —1

g—(e,g)—e-g =g



1.2. LIE THEORY AND REPRESENTATION THEORY 56

is smooth, thus inversion is a smooth map. Furthermore, since inversion is smooth, the map:

GXG—GxG—G
(9.h) — (9. h ") = g- (h71) " =g-h
is smooth, hence multiplication is a smooth map. O]
We would also like to discuss maps from Lie groups to other Lie groups which preserve the

group structure:

Definition 1.2.3. Let G and H be Lie groups, and ¢ : G — H a smooth map between them.
Then, ¢ is a Lie group homomorphism if for every g1, g2 € G:

?(91 - g2) = d(91) - P(g2)

With this definition, and the preceding lemma, we obtain the following corollary:

Corollary 1.2.1. Let G be a Lie group, then the maps Ly : G — G and Ry : G — G, which
denote left and right multiplication by a fived element g € G, are diffeomorphisms. Furthermore,
the inversion map is a diffeomorphism, and a Lie group isomorphism if and only if G is abelian.

Furthermore, we can construct new Lie groups out of given ones in the following way:
Proposition 1.2.1. Let G and H be Lie groups. Then the product smooth manifold G X H with

the direct product structure of a group is a Lie group, called the Product Lie group

Proof. With the product smooth structure note that inversion is smooth on G and H, so the map:

GXH—GxXH
(g.h) — (g~ h71)

is also smooth. Furthermore, as multiplication is smooth in both G and H, the map:

(GXH)X (GXxH)—GxH
(91,1, 92, h2) — (g1 - g2, h1 - h2)
is also smooth by the same argument as before. Thus, by Lemma 1.2.1, G X H is a Lie group,
as desired. O

We now turn to our first example of a Lie group:

Example 1.2.1. Let GL,(R) be the set of linear transformation of R™ which are invertible, i.e.:
GL,(R) = {A € Mat,,x,(R) : det(A) # 0}

This set has a multiplicative action given by ordinary matrix multiplication, and is further closed
under said multiplicative action as for A, B € GL,(R) we have that:

det(A- B) = det(A) - det(B) # 0

hence GL, (R) is closed under multiplication. Furthermore, the identity matrix, I, is in GL,(R)
as det(I) = 1, and each A has an inverse in GL,(R) as:
det(A) = — L 20
det(A)
Finally, multiplication is associative since matrix multiplication is associative, so GL, (R) is indeed
a group.

Furthermore, Mat,, x,(R) is a vector space isomorphic to R™ hence a smooth manifold. As
the determinant map is a multilinear map, we have that det € C°°(Mat,, x,(R)) smooth, and thus
continuous. We see that the inverse image, det ~(0), is a closed set in Mat,, x,,(R), as {0} is closed
in R. Note that the complement is given by:

det ™' (0)¢ = {A € Mat,, x»(R) : det(A) # 0} = GL,(R)
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so GL,(R) is a open subset of Mat,,x,(R), and hence an open submanifold of Mat,,x ., (R).

We now have that GL,(R) is both a group and submanifold, so we now need only show that
multiplication and inversion are smooth maps. Multiplication by any two elements is a bilinear
map, and thus a smooth map Mat,x,(R) X Mat,x,(R) — Mat,x,(R), so the restriction of
the multiplication map to GL,(R) X GL,(R) must be smooth as well. Furthermore, for A €
Mat,, xn (R), if the det(A) # 0, the coordinates of A~! are rational functions of the coordinates of
A, which are smooth exactly when det A # 0, and undefined otherwise. This implies that inversion
is smooth on GL,(R), and hence GL,(R) is a Lie group by Definition 1.2.2.

The example above is the quintessential Lie group, and called the general linear group. In
fact, all of the Lie groups we will examine in this paper, save the Spin and Pin groups, will be
subgroups of the general linear group over some field, usually C or R. We will spend the remainder
of this subsection defining and examining common Lie groups, but first state the following theorem,
known as Cartan’s Closed Subgroup Theorem:

Theorem 1.2.1. Let G be a Lie group, and let H C G be a subgroup of G. Then H is an embedded
Lie subgroup of G if and only if H is closed in the topology of G.

Example 1.2.2. We examine the set:
SL,(R)={A € GL,(R) : det(A) =1}

often referred to as the Special Linear Group, which is the set of linear transformations which
preserve the volume of the parallepiped spanned by n vectors in R™. This is clearly a subgroup as
I e€SL,(R), SL,(R) is closed under matrix multiplication, and SL,(R) contains all it’s inverses.
Furthermore, this is easily seen to a Lie subgroup of GL,(R) by Theorem 1.2.1, however we
would also like to know the dimension of SL,(R). To do this we note that SL,,(R) is the inverse
image the determinant map:

det : Mat,x, — R

at 1, we will show that this is a regular value. Let v be the curve going through the identity, such
that:

v(t)=I+tX

for some X € T',yMat, x»(R). As Mat,, x,(R) is the vector space isomorphic to R”Q, we identify
it’s tangent space with Mat,, x,(R). Let X have eigenvalues \;, which may or may not be complex,
and may repeat, then we see that:

d
Dy det(X) :}i_li% pr det(I +tX)
T | (Y
50 dt !

t—0 -
i=1

=Tr(X)

Note that even though the eigenvalues may be complex, the trace is still real, as it must be equal
to the sum:

> X

which must be real, as our vector space is over R. Furthermore, if v(t) is a curve in Mat,, x,(R),
such that 4(0) = X, and ~(0) = I, we see that:

d
Dy (detoLy) (X) = lim = det(Ax(¢))

. d
=det(A) }5% 7 det(v(1))

=det(A)D, det(X)
=det(A4) Tr(X)
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Furthermore, for A € GL,(R), we have that:

. d
DrLa(X) = lim aAV(t)

=AX € TaMat, xn(R)
Combining these two facts we see that:

Dadet(X) =Dy det(AA™'X)
:DI (det OLA) [¢) DALA—I (X)
=det(A) Tr(A7'X) (1.2.1)

Suppose det(A) = 1, and X = an~1A € TyMat, x,(R) for any x € R, then:
Dadet(X) =Tr(zn 'A7'A)
=z

Hence for any A € SL, (R) we see that det is a smooth submersion, so 1 is a regular value and by
Theorem 1.1.1 SL,(R) is a closed submanifold of Mat,, x,,(R) of dimension n? — 1.

Example 1.2.3. Let O(n) be the set:
O(n) ={A € GL,(R) : Yv,w € R", (Av, Aw) = (v,w)}

where (-, -) is the Euclidean inner product. This is often referred to as the Orthogonal Group,
and is the set of linear transformations which preserve the Euclidean inner product on R™. Note
that:

(v,w) = v w
so:
(Av, Aw) = (v,w) = VT AT Aw = vTw = ATA =T
Let F : Mat, xn(R) = Sym,,(R)” be the map:
F(A) = AT A

which is clearly continuous. Then O(n) is the inverse image of {I}, and hence closed in GL,(R).
Furthermore, O(n) is a subgroup as for A, B € O(n) we have that:

(AB)YT(AB) = ATBTBA=ATA=1

so O(n) is closed under multiplication. We also have that O(n) contains it’s inverses as for A €
O(n), we have A= = AT hence:

AAT = (AT = (D" =1

Finally, O(n) clearly contains the identity, so O(n) is a closed subgroup of GL,(R), and thus an
embedded Lie subgroup by Theorem 1.2.1. To determine the dimension of O(n) we see that I is
actually a regular value of F'. Let v be a curve through GL,(R) such that v(0) = A € O(n), and
4(0) = X € TAGL,(R) = Mat, x»(R), then:

o d g
= fim g ()
=lim 47y + 477
t—0
=XTA+A"X

DsF(X)

9Symy, (R) is the vector space of symmetric matrices, which has dimension n(n 4 1)/2
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Then for B € Sym,(R) we see that X = 1 AB gives:

DAFLX):%@UﬂTAf%%ATAB

1 1
=-BT+-B
57 13

=B

hence D4 F is a surjection for all A € F~1(I). Therefore, we see that by Theorem 1.1.1 O(n) is
a smooth sub manifold of dimension:
n?4+n n?-n

dim O(n) = n* — 5 =3

Additionally, we see by the Hein-Borell Theorem that O(n) is compact as for A € O(n):

(AT )i =
J

(4)* =1
1

n

so we have that |A;;| < 1 for all 1 < ¢,j < n, hence O(n) is a closed and bounded subset of
Mat,, x»(R), and thus compact.

Example 1.2.4. For A € O(n) we see that:
det (AT A) = det(A)® = 1 = det(A) = +1

so O(n) consists of two connected component, one corresponding to elements of O(n) satisfying
det(A) = —1 and another corresponding to elements of O(n) satisfying det(A) = 1. Note that the
connected component of O(n) corresponding to det(A) = —1 cannot be a group, as it does not
contain the identity, however, we see that the set:

S0(n) ={A € O(n) : det(A) =1}
is clearly a subgroup of O(n). Furthermore, we see that under the map:
det : O(n) — {-1,1}

SO(n) is the inverse image of 1, and hence closed in O(n) as det is continuous. So, by Theorem
1.2.1, SO(n) is an embedded Lie subgroup of O(n). In particular, SO(n) is thought of the group
of orthogonal transformations which preserve the orientation of R™, and is often called the Special
Orthogonal Group. We also see that the complement of SO(n) in O(n) is the other connected
component of O(n), which is closed in O(n) as the inverse image of —1 under the determinant
map. This implies that SO(n) is also open in O(n), and thus an open submanifold of O(n), so we
obtain dim SO(n) = dim O(n). Finally, since SO(n) is closed in O(n), and O(n) is compact, we
also have that SO(n) is compact.

Example 1.2.5. Recall from our earlier work on pseudo-Riemannian metrics that we can define
a symmetric indefinite, non-degenerate bilinear form of signature (¢,s) on R™. For the standard
basis {e;} of R, we define such a form 7 as:

n(ei,e;) = — d;j for 1 <i,5<t
n(ei, e;) =0i; fort+1<i4,7<s+t

The set:
O(t,s) ={A € GL,(R) : Yv,w € R",n(Av, Aw) = n(v,w)}

referred to as the Pseudo-Orthogonal Group is then a subgroup of GL,(R). We see this by
first defining a matrix n as:
(-1 O
=\o 1
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where I; is the identity on the subspace spanned by the first ¢ basis vectors, and I, is the identity
on the subspace spanned by complimentary set of basis vectors complimentary to ¢. Then, in the
standard basis:

n(v,w) =vT qw
so:
n(Av, Aw) = vT ATnAw = vinw = ATnA =1

The set clearly contains the identity matrix. Further, it is then closed under multiplication, as for
A, B € O(t, s) we have:

(AB)'n(AB) = B"AT™nAB = BT"nB =1
Also, O(t,s) contains it’s inverses, since n € O(t, s) as:
ntm=n"=n
so for A € O(t, s):
nATnA=n* =1
so A=t = nATy. Now examine the map:
F:GL,(R) — Sym,(R)
Ar— ATnA

then F~1(n) is closed in GL,(R), so by Theorem 1.2.1 O(t, s) is an embedded Lie subgroup of
GL,(R). The differential of this map is:

DuF(X)=XTnA+ ATnX
For any B € SyM,(R), and any A € O(t, s), we see that for X = 2 AnB € TAGL,(R):

DAF(X) :%BTnATnA + %ATnAnB
:%BT??2 T %an
=B
So 7 is a regular value of F'| implying that:
dim O(t, s) = dim O(n)
where n = s+ t. It is important to note that unless s =0 or t = 0, O(¢, s) is not compact.

Before moving on to our final example, we must briefly discuss the notion of time orientability.
Let V = R”, and n be a symmetric, indefinite, non-degenerate, bilinear form on V' of signature
(t,s). We see that V' splits into two vector subspaces:

V_ =R" = span{ey,..., e} and Vi =R® =span{eiy1,- -, €ris}
Clearly, n is negative definite on V_ and positive definite on V... Let 7 denote the projection map:
TV =V_

and let W C V, be any maximally negative definite vector subspace. Then, by rank nullity, we
have that the restriction of m to W:

wlw W — V_

is a vector space isomorphism. If we fix an orientation on V_, then there exists a unique orientation
on W such that 7|y is an orientation preserving isomorphism. Furthermore, we see that if A €
O(t, s), the image of the map:

Alw : W = A(W)

is also a maximally negative definite subspace of V', as A restricted to any subspace is an isomor-
phism of vector subspaces, and A preserves 7, so every vector in the image of A is also negative
definite. We employ the following definition:
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Definition 1.2.4. Let A € O(t, s), then A has time orientability +1 if:
A|V7 Vo — A(V_)

preserves the orientation of V_, and —1 otherwise.
With this definition at hand, we wish to prove the following lemma:

Lemma 1.2.2. Let W be an arbitrary maximally negative definite subspace of V, and A € O(t, s).
A has time orientability +1 if and only if:

preserves orientation with the orientation on W and A(W) determined by the projection .

Proof. Given that 7|y is an isomorphism W — V_, we can find a unique basis for W, {w;} such
that:

w; = e; +v;

forv; € V,,and i € {1,...,t}. Since W is a negative definite subspace, for any non zero w = a‘wj,
we have:

t
n(w7w) = Z 7a22 + a?n(vhvi) <0
=1

We construct a family of maximally negative definite subspaces, parameterized by 7 € [0, 1], as
follows:

W, ={e1 +7vi,...,ec + 704}

We see that Wy = V_, and W; = W, and that for any 7 € [0,1], any non zero vector w, =
a*(e; + Tv;) satisfies:

t t

n(w‘M wT) = Z _a’? + TQG’?T](/U’D vi) < Z _a’z? + a’?n(v’h vi) <0
i=1 =1

so W, is indeed negative definite. We also define the linear transformation A, by:
Ar = A|WT

Since A restricted to any subspace is an isomorphism of subspaces, and 7 restricted to any max-
imally negative definite subspace is an isomorphism, we can write the following commutative
diagram:

A,
W,

A (W)

where B; is a continuous curve in GL:(R) given by the composition of isomorphisms:
B, =1 4wy 0 Ar o (nlw,) " (1.22)

We see that if A has time orientability +1, then A : V_ — V_ is an orientation preserving isomor-
phism, so, by (1.2.2), By is also an orientation preserving isomorphism, implying that det(By) > 0.
We define a function:
v(r):[0,1] — R
7 +— det(B;)
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Since det is a continuous function, and B, is a continuous curve, we see that v(7) is also a
continuous function. Suppose then that at some point 79 we have () < 0, by the intermediate
value theorem this implies that there exists a ¢ € (0,7) such that:

v(c) =0=det(B.) =0
but B; € GL(R) for all 7 € [0, 1], so no such 75 can exist. Thus, for all 7 € [0,1] we see that

det(B;) > 0, so A; must be an orientation preserving isomorphism W — A(W).

For the other direction, assume that A|y is an orientation preserving isomorphism W — A(W).
By an argument similar to the one above, we then have that B; is an orientation preserving
isomorphism. By the continuity of v, By is then also an orientation preserving isomorphism, thus
Ap : V- — A(V_) also preserves the orientation of V_, which completes the proof. O

Importantly, Lemma 1.2.2 gives us the following proposition:

Proposition 1.2.2. Suppose A, B € O(t,s) both have time orientability +1, then AB and A~}
also have time orientability +1. Furthermore, if A is written as the block matrix:

A An
A= 1.2.3
(Azl A22) (123)
then A is time orientable if and only if det(A11) > 0.

Proof. Let W = A(V_), then A~! is an orientation preserving isomorphism from W — A=1(W) =
V_, where W is a maximally negative definite subspace of V, then by Lemma 1.2.2, A~! has
time orientability 1.

Let W = B(V_), then we see that AB is the composition:

B A
ap. v By Al A(W)

Since A has time orientability +1, by Lemma 1.2.2, Al is an orientation preserving isomorphism,
so AB is an orientation preserving isomorphism, and thus has time orientability +1.

Suppose A has time orientability +1, then the define the linear map F' : V_ — V_ by F =
mlav_y o Aly_. We see that F is given by:

where Ay is the first block in (1.2.3), and since it must preserve the orientation of V_ by con-
struction, we see that det(A;1) > 0. If det(A1;) > 0, then we have that |y yo Alyv. : Vo — V_,
is an orientation preserving isomorphism. So, since 7| A(v_) Is an orientation preserving isomor-
phism, Aly_ : V_ — A(V_) must also be an orientation preserving isomorphism, hence A has time
orientability +1. O

With Proposition 1.2.2, we are now in a position to move on to our penultimate example of
the section.

Example 1.2.6. We write A € O(t, s) as the block matrix:
A A
A =

<A21 Ago
where A11 € Matx(R), Aga € Myxs(R), Ag; € Matyx:(R) and A5 € Matyxs(R). Proposition
1.2.2 then implies that the set:

O"(t,s) ={A € O(t,s): det(A11) >0}

is a subgroup of O(t, s). Since det (7r|A(V7) o A|V_) is continuous, we see that O (t,s) is open in
O(t, s), and thus an open submanifold of O(t, s), implying that O (¢, s) is Lie subgroup of O(t, s).

Since O™ (t,s) preserves the orientation of any subspace of time like vectors of R", we call this
group the Orthochronus Pseudo Orthogonal Group.
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We also have the Special Pseudo Orthogonal Group, given by:
SO(t,s) ={A € O(t,s) : det(A) = 1}
and the Proper Orthochronus Group:
SOT(t,s) = {A € O(t,s) : det(A) = 1,det (A1) > 0}

which can both be shown to be Lie subgroups of O(t,s) via our previous arguments. None of
these groups are compact, and all have dimension equal to dim O(t, s). Finally, one can also verify
directly that O(t, s) has four connected components, and, by the use of homogenous spaces, that
SO™(t,s) is the connected component of the identity.

Example 1.2.7. For the vector space C", equipped with the standard Hermitian norm, we can
generalize Example 1.2.3 and Example 1.2.4 with the following Lie groups:
U(n) ={A € GL,(C): ATA=1}
SU(n) ={A e U(n) : det(A) =1}
where A" denotes the Hermitian transpose of A, obtained by taking the complex conjugate of the

entries A, and then applying the transpose operation. U(n) is called the Unitary Group, and
SU(n) is called the Special Unitary Group. It is easy to verify that U(1) = St and SU(2) = S3.

It turns out the definition of a Lie group is redundant. Indeed if multiplication is smooth then
inversion is smooth, as the next lemma shows.

Lemma 1.2.3. Let G be a group which is at the same time a smooth manifolds such that the
multiplication map:

w:GXxG—G
(9,h) — gh

is smooth. Then, the inversion map:

i1:G — G
g—g

18 smooth.

Proof. Let v : I — G be a smooth curve such that v(0) = h and 4(0) = X € T},G, then:

.d
Dth(X) = }g% %LQ(’Y(t))

t—0

d
=1 - —(t
im g 57 (0)

Note that the final line is a mild abuse of notation, and is really a stand in for D, Ly(X). In
the case where the Lie group is is a matrix Lie group, then, as will show, tangent vectors are also
matrices, and the final line truly is multiplication. For right multiplication we have a similar result:

DrRy(X)=X-g
We now show that u is a submersion. Let (g,h) € G X G, and let 1,72 : I — G be smooth curves
such that v1(0) = g, 72(0) = h, 71(0) = X € Ty G, and 42(0) =Y € T,G. We see that:

. d
Dgmym(X,Y) = tlg% %(% (t)y2(t))

=iy (50 000+ (0 3 2

=X -h+g-Y
=Dy Ry (X) + DpLy(Y)
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We note that the map L, and R, are a diffeomorphisms, as they are smooth and have smooth
inverses given by L,-1 and R -1 respectively. Let Z € T,;,G, then since L, is a diffeomorphism,
there exists an Y € T,G such that Dy L,(Y) = Z. It follows that:

D(g,h)u(o, Y) =Z¢c Tth

Since (g,h) € GX G, and Z € Ty, G were arbitrarily, we have that p is a submersion by Definition
1.1.7.

By Theorem 1.1.1 we have that the set:
pe)={(g,97") € G x G}

is an embedded submanifold of G X G of dimension dim y~!(e) = dim G. Let f be the embedding
p~t(e) = G x G, and 7; the projection on the to ith copy of G in G X G. Furthermore, let ¢ be
the map:

¢:G— p'(e)
g— (9,97

We want to show that ¢ is smooth. First note that the composition 7y o f : p~1(e) — G is smooth
and satisfies:

moflg.g ) =g

It is also clearly a bijection, we want to show this map is a diffeomorphism. By Proposition
1.1.2, we need only show that D,(m o f) an isomorphism for all p € p~!(e). By rank nullity, we
need only show the map is injective. Note that for any p € u~1(e), we have that:

u(g. g7 ") =e

Let v: I — pu~!(e) be some smooth curve in u~1(e) C G X G, satisfying v(0) = p , and ¥(0) = X €
Tyt (e). The differential of the embedding is injective, thus D, f(X) # (0,0) forall X € T,u~"(e),
and T (G X G) = Tppu~'(e). Furthermore, we have that po f(p) = e for all p € p~*(e), so:

Dy(po f)(X) =0
hence D, f(X) € ker Dy, p, implying that T,y (G X G) C ker Dy, u. However, by rank nullity:
2dim G' = dim G + dim ker D¢, pu = dimker D,y = dim G
hence T, (G X G) =ker Dy = Tpp~(e). Let D, f(X) = (Y, Z), then, if f(p) = (g,97"):
Digg-1)(Y;2) = DgRy-1(Y) + Dyg-1Ly(Z) = 0

Note that if Y is zero, then we must have that Z is zero as well, and vice versa, as both maps are
isomorphisms. Thus, we must have that:

Dy f(X) # (0, Z)or(Y, 0)
This implies that:
Dy(mi0 f)(X) =0

only when X is zero, hence Dy (micircf) is injective, implying m o f is a diffeomorphism. However
for all (9,97 %) e u=t:

gpo(mof)g.g")=0olg) = (9,97 ")
while:
(o f)og(g) = (mof)g,9 )=y

S0 ¢ is the inverse of 71 o f, and thus must be smooth. It follows that the inversion map i is the
composition of smooth maps:

i =m30¢

and thus smooth as desired.
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1.2.2 Lie Algebras

Let G be a Lie group, then since G is a smooth manifold, by Proposition 1.1.8, ¥(G) is a Lie
algebra over R. In this section we wish to study a specific Lie subalgebra of X(G), which we will
call the Lie algebra of G. As we shall shortly, this Lie subalgebra will be isomorphic to the tangent
space of G at the identity. We begin with the following definition:

Definition 1.2.5. Let G be a Lie group. A vector field X € X(G) is called left invariant if for
all g € G:

Ly X =X

The preceding definition implies that a left invariant vector field X transforms pointwise by:
Ly (Xp) = Xgn (1.2.4)

We need the following proposition:

Proposition 1.2.3. The set:
g={X € X(G) :VgeqG, LuX =X}
is a Lie subalgebra of X(G).
Proof. Let X and Y be left invariant vector fields, and a,b € R, then the vector field:
W =aX 4+bY
is also left invariant as for any g € G:

Ly W =Lg.(aX +bY)
=Lg.(aX) + Lg. (DY)
—aLy. X +bL,.Y
=aX +b0Y =W

This show thats that g is vector subspace of X(G). To show that it is a Lie subalgebra, we must
also show that it is closed under the bracket operation. Let X,Y € g, then by Proposition 1.1.9

Ly [X,Y] =[Lg X, Ly.Y]
=[X,Y]
so [X,Y] € g, thus g is a Lie subalgebra of X(M). O

Definition 1.2.6. Let GG be a Lie group, then the Lie algebra of G, denoted g, is the Lie subalgebra
of left invariant vector fields on G.

Proposition 1.2.4. Let G be a Lie group, and g be the corresponding Lie algebra. Then, as Lie
algebras:

g=T.G

Proof. Suppose G is an n dimensional Lie group, and let v € TG, then we define a smooth left
invariant vector field by:

w(v)g = DeLg(v)
We first check that this is indeed a smooth vector field. The smooth map:

w:GXxG—G
(9,h) — gh

has differential:

Dpu:TGx TG — TG
((g,$), (hvy)) — Dth({E) + DhLQ(y)
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which is itself a smooth map. So w(v) is just the composition:

w):G — TG
9 — Du((9,0), (¢,v)) = DeLy(v)x

and is thus a smooth vector field. Furthermore, w(v) is left invariant as for any h, g € G:

Lpww(v)g =DgLg o DeLg(v)
=D.Ly, o Ly(v)
:Deth(’U)
=w(V)hg

Finally, for any a,b € R, and any v, w € T.G, w(av + bw) is the smooth vector field defined by:

w(av + bw)g =D.Ly(av + bw)
=D.L,(av) + D.Ly(bw)
=aD.Lg(v) + bD.Ly(w)

—aw(v), + buo(w),
Hence w(av + bw) is the linear combination of the vector fields:
w(av 4+ bw) = aw(v) + bw(w)
so w is a linear map. This map is an isomorphism since it has inverse given by:

Ag—T.G
X— X,

We first show the map is linear For any a,b € R, and X,Y € g, aX + bY € g, so:

AMaX +bY) =aX, + bY,
=a\(X) + bA(Y)

implies that A is linear. For any X € g:
wo A(X) = w(X.)

Furthermore, for any g € G, we see that by (1.2.4):

w(Xe)g = LgsXe = X,
so w(X,.) = X, and A is indeed the inverse of w. Thus, w is an isomorphism of vector spaces, and:

g=T.G

as desired. We now equip T.G with the the Lie bracket defined by:

[, 0] = Aw(v), w(w)])
and see that:

w([v, w]) = wAw(v),w(w)]) = [w(v), w(w)]
so g = T.G as Lie algebras. O
Note that in the preceding proof we have that by definition:
[0, w] = [w(v), w(w)]e

Moreover, Proposition 1.2.4 gives the following corollary:

Corollary 1.2.2. The Lie algebra of a Lie group G is finite dimensional, satisfying dimg = dim G.
Furthermore, a left invariant vector field is entirely determined by it’s value at a point.
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Note that by choosing a basis for T.G, we can construct a global frame for TG using the map
w. Indeed, if {T};} is a basis for T.G then for each T;, w(T;) is a globally defined smooth vector
which vanishes nowhere, as for any g € G:

W(T})y = DeLy(T}) (1.2.5)

which can’t be the zero vector as D.L, is an isomorphism T,G — T,G. Furthermore, this implies
that if dim(G) = n, then TG = G X R" via the diffeomorphism:

(g, T1,. ., Ty) — inw(Ti)g
i=1

We now determine the Lie algebras for the Lie groups discussed in the previous sections.

Example 1.2.8. Let G = GL,(R), as an open submanifold of Mat,,x,(R), we see that:
TG = TyMat, yn(R) = Matnx (R)

where [ is the identity matrix. So the Lie algebra of GL,(R), denoted gl,,(R), is the space of all
real valued n by n matrices. By writing an A € GL,(R) as the matrix (A)?, and and a curve

v : I — GL,(R) as the matrix (y)], where (%(0))], = (X)], for some X € Mat, xn(R) we sce that:

d i(a\J
== _ (A0

=(A)'j(X)],

(DrLa(X));,

SO:
DiLa(X)=A X

Moreover, since left and right multiplication by g is a diffeomorphism, we have that T,GL, (R) =
g - Mat, xn(R) = Mat, xn(R), so any X € T,GL,(R) can be written as g -Y or Z - g for some
Y, Z € Mat, x,(R). It follows that Dyg(X) for any h, g € GI,,(R) and any X € T,GL,(R) is truly
given by matrix multiplication. If X, Y € gl (R), then we have that:

Cod
[X7 Y]I = (gXY)I - lg% %D‘gt(”a—t(ybt(”)

As we shall see shortly, the flow 0(¢, g) of any left invariant vector field X is given by:
G(t,g) = Rexp(tX)g

where exp(tX) : I — G is the soon to be defined exponential map. For now we will just assume
that exp(t.X) is the unique integral curve of X € gl (R) starting at I, and that 6_; = R_ oxpx)-
With this we have that:

. d
[X7 Y]I = }g}% aDexp(tX)Rexp(ftX) (}/exp(tX))

Note that:

Dexp(tX)Rexp(—tX) (Y:axp(tX)) =D; (Rexp(—tX) o Lexp(tX))(YI)
=exp(tX) - Y- exp(—tX)

So:
X, Y| =1 d tX)-Y] tX
(X, ]I—tl_{%%exp( ) Y7 -exp(—tX)
=X;-Yr-Y/-X;

so the Lie bracket is the standard commutator on Mat, x,(R). This same argument then shows
that the Lie bracket of the Lie algebra of each linear group amounts to standard commutator.
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Example 1.2.9. Let G = SL,(R), and let v : J — SL,(R) be a smooth curve passing through
the identity at ¢t = 0, such that 4(0) = X for some arbitrary X € T.SL,(R). We see that:

det(y(t)) = 1
for all t € J. Differentiating at ¢t = 0 we obtain:
0=l id t((¢))
Tesodt
=Tr(X)

We see that sl,,(R) is n? — 1 dimensional, so since the kernel of the linear map Tr : Mat,, ., (R) — R
is n2 — 1 we have that:

sl (R) = {X € Mat,xn(R) : Tr(X) = 0}

Example 1.2.10. Leg G = O(n), and let v : J — SL,(R) be a smooth curve passing through the
identity at ¢ = 0 such that 4(0) = X for some arbitrary X € TrO(n). Then:

() =1

Differentiating at ¢ = 0 we obtain:

0 =1lim 47 (£)y(t) + ()4 (1)

=XT4+X
So the Lie algebra of O(n), denoted o(n) satisfies:
o(n) C {X € Mat,x,(R): XT + X =0} =V

We note that any X € Mat,, «,(R) can be written as:

(X+XT)/2+ (X -XT)/2

where the left term is a symmetric matrix, and right term is antisymmetric, and that V N
Symy,(R) = {0}, so:

It follows that dimg V = n? — (n? 4+ n)/2 = (n*> — n)/2, hence:
o(n) = {X € Mat,xn(R) : X7 + X =0}

Furthermore, since SO(n) is an open submanifold of O(n), we have that T;SO(n) = T;O(n), hence
the Lie algebra of SO(n), denoted so(n) is isomorphic to o(n).

Example 1.2.11. Let G = O(¢,s), and v : J — O(t,s) a smooth curve passing through the
identity at ¢ = 0, such that ¥(0) = X for some arbitrary X € T7O(t, s). Then:

Yt =n
Differentiating at ¢ = 0, we obtain:
XTn4+nX =0
So the Lie algebra of O(t, s), denoted o(t, s) is:
o(t,s) C {X € Mat,xn(R): XTn+nX =0}

and a similar dimension argument demonstrates equality. By the same argument in Example
1.2.10, we see that the Lie algebras of OT(t,s), SO(t,s), and SO™(t,s), respectively denoted
ot (t,5), so(t, s) and sot(t,s) , satisfy:

0t (t,s) ¥so(t,s) Xsot(t,s) Xo(t,s)
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We now move on to a brief a discussion on induced Lie algebra homomorphisms. Let ¢ : G — H
be a Lie group homomorphism, and X € g, then, since ¢(e) = e, we can define a unique a left
invariant vector field ¢, X, by:

(¢+X)n = DeLyp o Degp(Xe) (1.2.6)
where h € H. Note that ¢, X is smooth since it is the the composition of smooth maps:
e X D, w
H {e} T.G ¢ T.H h

where e is the trivial homomorphism. Essentially, we have used the group structure of G and H,
namely the fact they both have a preferred element e satisfying ¢(e) = e for any homomorphism,
and Corollary 1.2.2 to bypass the requirement of a smooth inverse, which, in the general smooth
manifold case, guarantees that the push forward is well defined. Note that this clearly only holds
for left invariant vector fields.

Definition 1.2.7. Let G and H be Lie groups, and ¢ a Lie group homomorphism between them.
The map:
¢s:9—b
X +— ¢ X
is called the induced homomorphism
We now must show that this induced homomorphism is actually a Lie algebra homomorphism.

Proposition 1.2.5. Let ¢ : G — H be a Lie group homomorphism, then the induced homomor-
phism, ¢x, is a Lie algebra homomorphism.

Proof. We have to show that:

(b* [Xla X2] = [¢*X17 ¢*X2}

So, by Proposition 1.1.9, we need only show that ¢, X; is ¢ related to X;. From (1.2.6), we see
that for any g € G-

(¢+X)p(g) =DeLg(g) © Ded(Xe)
=De(Lg(q) © ¢)(Xe)
:De(¢ © Lg)(Xe)
:Dg¢(Xg)

So ¢, X is ¢ related to X, and thus ¢, is a Lie algebra homomorphism. O

So far, the group structure of the Lie group has allowed us to construct a variety convenient
global properties which are not necessarily available in the general smooth manifold case. As we
shall see shortly, this motif carries over to integral curves as well, and will eventually lead us to
the famed exponential map, a way of locally identifying small enough open sets of G with its Lie
algebra.

Theorem 1.2.2. Let G be a Lie group and g be its Lie algebra. Let:

ox RDOI— G (1.2.7)
t—r dx(1) (1.2.8)
denote the mazximal integral curve of a left invariant vector field X € g through the identity element
e. The following then hold:
a) ¢x(s+t)=adx(s) dx(t) Vs,t € R
b) ¢x(t) is defined for allt € R
¢) ¢sx(t) = ox(st) Vs,t € R.

Proof. We begin with a weaker version of a). Assume ¢y is only defined on some open interval
I = (tmin, tmax ), and that s € I, then we want to show that:

dx(s) - ox(t) = ox(s+1)
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so long as s+t € I. By Lemma 1.1.4, ¢ x (s+t) is then an integral curve on Iy = (tmin—$, tmax—$),
starting at ¢x(s). Let ¢x(s) = g € G, then:

a1 —G
t— qg- (bX (t)
is an integral curve starting at g. Indeed « starts at g since:
a(0) =g

and « is an integral curve as:

d
%a(t) :ngiX(t)
=Dy 1) LgXpx (1)
=Xgox (1)
=Xat)
By the uniqueness of integral curves, we then have that for all t € I N I:

¢x(s) - dx(t) = ox (s +1)

as desired. Proving b) will now imply a), we would like to show that no upper or lower bound
exists for I. Proceeding by way of contradiction, suppose that there exist a t.x and tny;, such
that ¢x is defined only on I = (tmin, tmax)- Let & = min(|¢min, tmax), and consider the curve:

5 €
: tmin atmax > G

(o)

v then starts at e as:

Furthermore this is an integral curve as:

d §
@v(t) =dx (2> Xo(t—¢/2)
=X

If tmin = —00 then v : (—00, tmax +£/2) — G is a smooth extension of ¢x, and if ¢, > —oo, then
we have that:

_ ¢X (t) ift e (tminy tmax)
v = {v(t) if £ € (tmin + &/2, tmax +£/2)

is also an extension of ¢x, as y(t) = ¢x (¢) for all t € (tmin + &/2, tmax), SO 10 such tax can exist.
Via a similar argument, we can prove that no such ¢,,;, exists, hence ¢x () is defined on all of R,
so for all s,t € R:

dx(s+1t) = dx(s)  ox(t)

To show c), we recall that for any s € R, ¢,x is the integral curve of the left invariant vector
field sX, starting at e. Fixing s, we define a curve:

6 :R— G
t— ¢X(St)
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which is a smooth curve in G by b). We see that this curve clearly starts at e, and is also an
integral curve of sX as, by the chain rule:

d
%5(15) :3X¢x(st)

=sXp(1)
Hence, by the uniqueness of integral curves, for any s € R:

Gsx (t) = dpx(st)
as desired. O

We can now define the exponential map:
Definition 1.2.8. Let ¢x : R — G denote the integral curve of X € g starting at e. Then we
define the exponential map as:
exp:g — G
X —r exp(X) = ¢x(1)

If G is a matrix Lie group, then it can be shown that the exponential map is literally the matrix
exponential encountered in ODE’s or physics, i.e.

o Xn
exp(X) = Z Tl
n=0 '

Proposition 1.2.6. Let G be a Lie group, and g its Lie algebra. Then, for all s,t € R, and X € g,
the exponential map satisfies:

a) exp(0) =e

b) exp((s+t)X) = exp(sX) exp(tX)

¢) exp(—X) = exp(X) ™"

Proof. We begin with a). Let ¢o(t) be the integral curve of the left invariant 0 vector field. Then
we see that:

#0(1) =¢o(—1)¢p0(2)
=po(—1)P(2.0)(1)
=¢o(—1)¢o(1)
=¢0(0)

SO:

exp(0) = ¢o(1) =
To prove b), we note that for any s,t € R, (s +t)X € g, hence:

exp((s +1)X) =¢(s11)x (1)
=¢X(S + t)
=¢x(s)Px(t)
:(bsX(l)(th(l)
=exp(sX)exp(tX)
Finally, for c),
exp((—1+ 1)X)=e=exp(—X)exp(X) =e = exp(—X) = exp(X)f1

as desired. O



1.2. LIE THEORY AND REPRESENTATION THEORY 72

As the next proposition shows, the flow of a left invariant vector field is intimately related to
the exponential map.

Proposition 1.2.7. Let G be a Lie group, and denote it’s Lie algebra by g. The flow of X € g:

OIRXG— G
(t,g) — 0(t, g)

is defined for all R, and satisfies:
0(t,9) = g - exp(tX) = Rexpex)9 = Lgexp(tX) (1.2.9)

Proof. We define 6(t, g) for all t € R by (1.2.9), then by the definition of the exponential map, and
Theorem 1.2.2, §(¢, g) is defined for all of R. We will show this definition is actually the smooth
global flow of X. We see that for all g € G:

0(0,9) =g-exp(0) =g
and that for all s,¢ € R, and all g € G:

0(t,6(s,9)) =6(t, g - exp(sX))
=(g - exp(sX)) - exp(tX)
=gexp((s+t)X)
=0(s+t,9)

so 0 as defined is a smooth global flow. Finally, note that:

exp(tX) = ¢ix (1) = dx(t)

where ¢x is the integral curve of X. Then:

d _d
71, /(6 9) = lim — g - exp(tX)

dt lt=0
. d
=i g ox )
=D.L,X,
:Xg
so 0(t, g) is the flow of X as desired. O

The preceding proposition allows one to easily define curves starting at any point in G, with
any initial velocity X € T,G. Furthermore, the integral curves 6(t,e) = exp(tX) are one di-
mensional embedded abelian Lie subgroups of G. In particular, the map exp(tX) is a Lie group
homomorphism R — G, and is a Lie group isomorphism onto its image.

Proposition 1.2.8. Under the canonical identifications:
Tog=g, T.G=g
The differential of the exponential map at 0 is the identity:
Dyexp :g — ToG
1s the identity map. In particular, there exists open neighborhoods V of 0 in g and U of e in G
such that:
exply : V—U

is a diffeomorphism.
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Proof. Let X € g and 7(t) = tX be the curve of constant velocity X in g. Then:

d
Dy exp(X) =2l exp(tX)

=X

hence Dy exp is the identity map. The claim then follows by applying the inverse function theorem
in some small enough coordinate charts around 0 and e. O

In this sense, exp is a local diffeomorphism, and provides us with a convenient description of
the local behavior of G around the identity. In rare cases, as the following example shows, the
exponential map can give ‘most’ of G.

Example 1.2.12. Let G = U(1), then:
Ul)={z€C:zz=1}

Let X € Th'U(1), and let v : I — U(1) be the curve satisfying v(0) = 1, 4(0) = X. Then we see
that:

d
= H(t
0==_,7@®7)
=X+X

hence X € iR. The exponential map is then:
exp : iR — U(1)
it — et
We see that for any € € (—m, 7), exp restricts to a diffeomorphism:
(—m+e,m—e€) — U(1) ~ {79}

So the exponential map gives us the entirety of U(1) minus a point.
We end our discussion on Lie algebras with the following proposition:

Proposition 1.2.9. Let ¢ : G — H be a Lie group homomorphism, then for all X € g:

p(exp(X)) = exp(¢.X)
where ¢, = g — b is the induced Lie algebra homomorphism

Proof. Let (t) be the curve in H:

v(t) = ¢p(exp(tX))

for some X € g. We then see that via the chain rule:

V(t) :Dcxth¢ (CZS texp(sX)>

=Dexp tx ¢ (Xexp(tx))
=D.(¢o Lexp(tX))(X€>
=De(L(exp(ix)) © 9)(Xe)
:((ZS*X)W(t)

Thus « is the unique integral of the left invariant vector field ¢, X starting at e. By our prior work
the integral curve for ¢, X is given by exp(t¢,X), thus we obtain that:

v(t) = ¢(exp(tX)) = exp(t¢.X)

sS=

Setting ¢ = 1 then proves the claim. O
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1.2.3 The Maurer Cartan Form

In this section we introduce the Maurer-Cartan form, a special type of one form on G that will
prove of a great importance for our work in gauge theory. It is the first appearance in this paper of
what we call a vector valued, or twisted k-form, a generalization of k-forms we now make precise.

Definition 1.2.9. Let M be a smooth manifold and V be a vector space. Furthermore, let
C>(M,W) be the set of all smooth maps M — V. A k-form on M with values in V is an
alternating map:

X(M) X - XX(M)— C®(M,V)

k copies

The set of all k-forms with values V', or k-forms twisted in V, is denoted by Q(M, V') and can be
identified with:

QM V)= QM) @ V

Now, let G be a Lie group, and let X € g, then at any point g € GG, we can pull X, back to the
identity via left multiplication by ¢!, i.e.

Ly1.X,=XeT.G=g

It is important to note that X is, in general, not left invariant, so it would be incorrect to assert
that X = X,. With this in mind, we provide the following the definition:

Definition 1.2.10. The Maurer-Cartan Form, g € (G, g), is a one form on G with values
in the Lie algebra defined by:

46(X)y = DyLy+ (X)

g
forall g € G, and X € T,G.

So u associates to a vector X € TyG a left invariant vector field X satisfying X ¢ = X. In the
context of matrix Lie groups, one also finds the following notation employed:

pe =g 'dg

where dg can be thought of some summand of one forms dual to some global frame. In particular,
this notation proves rather convenient for explicit computation, as the following example shows.

Example 1.2.13. Let G = SO(2), then the dimension of SO(2) = 1, and we can parameterize

SO(2) via:
o(6) = (cos@ —sin0>

sinf cosf

Then, in these coordinates:
pe =g~ dg
([ cosf sinf\ (—sinfdd —cosfdf
~ \—sinf cosf cosfdf  —sin6Odo
0 -1
()
In this notation, it is clear that ug is an element of Q(SO(2)) ®r s0(2).

The Maurer-Cartan form also transforms nicely under pullbacks by right or left multiplication.

Proposition 1.2.10. Let G be a Lie group, and pug the Maurer cartan from on G. Then, for all
g € G:

Lypc = pa and Rypug = cg-14 0 pa (1.2.10)
where cg—1, is the induced homomorphism of the conjugation map:

Cg—l G — G
h+—s g thg
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Proof. We prove this for all g,h € G, and all X € T;G:

(Lype)(X)n =pc(DpLgX)gn
=DgnLgny-1 0 DnLyX
=DpLp-10Ly-10Ly(X)
—DyLy1(X)
=pc(X)n

and further that:

(Ryna)(X)n =pc(DnRy(X))ng
=DhgL(ng)-1 © DrRy(X)
:Dthq oLp-10 Rg(X)
=De(Lg-10Ry) o Dngl(X)
=Dec; " o pa(X)n
=cg-14 0 fic(X)n

Since this holds for all h, g € G, and all X € TG, we have proven the claim. O

1.2.4 Group Actions on Manifolds

In this section, we finally see how Lie groups bring about smooth symmetries on our manifolds.
Recall that all of the Lie groups we discussed were first defined as subsets of the group of isomor-
phisms on some real or complex vector space V', so each of those Lie groups has a multiplicative
action on that vector space given by the inclusion homomorphism ¢ : G — GL(V). We can extend
this to any real or complex vector space W by specifying a homomorphism p : G — GL(W),
which is called a representation of G on W. We will tackle the specific case of representations in
a subsequent section, but for now we wish to discuss the general case of a G action on a smooth
manifold M. We first need the following proposition:

Proposition 1.2.11. Let M be a smooth manifold, then the set of the diffeomorphisms on M,
denoted Diff(M), is a group under composition.

Proof. First note that the identity map, Idy; : M — M is a diffeomorphism and hence contained
in Diff(M). This is clearly the neutral element under composition, as for any F' € Diff(M):

Idpyo F=F = Foldy

Furthermore, for F, G € Diff(M), we also have that F oG and GoF are in Diff(M). Indeed, since F’
and G are smooth homeomorphisms, F'oG and G o F' must be also be a smooth homeomorphisms;
they must also have smooth inverses as both F~! and G~! are smooth, so their composition must
be smooth as well. Finally, as the composition of maps is associative, and each F' € Diff(M) has
an inverse by construction, we see that Diff(M) is indeed a group'’. O

We would now like group actions on M to be homomorphisms ¢ : G — Diff(M), motivating
our next definition.
Definition 1.2.11. Let G be a Lie group, and M a smooth manifold. A left action of G on M
is a smooth map:
O:GXM—M
(9.p) — ®(9,p) =g-p

such that the following hold for all p € M, and g,h € G:
s (h-g)-p=h-(g9-p)

10With more technical machinery at hand, one can put a topology, and smooth structure on Diff(M) such that
Diff(M) is a Lie group, and it can be further shown that the corresponding Lie algebra of Diff(M) is isomorphic to
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cep=p
Furthermore, a right action is a smooth map:
O MxG— M
(p.g) — ®(p,g) =p-g
such that the following hold for all p € M, and g,h € G:
«p(g-h)=(p-g)h
s pe=p
Given a left action of G on M, and fixing a g € G, we see that map:
Ly:M— M
p——>g-p

is a diffeomorphism, since it is smooth and has smooth inverse given by L,-1. Furthermore, the
map sending g — L, satisfies e — Id s, and:

LpoLg(p)=Lno(g-p)=h-(g-p)=(h-g)-p= Lng(p)

Thus, we see that a left action on M corresponds to a homomorphism ¢ : G — Diff(M). If we
were given a right action of G on M, then we instead obtain a homomorphism ¢ : G°? — Diff(M),
where G°P is the Lie group G equipped with the multiplicative action « defined for all g, h € G by:

g-h=h-g

Proposition 1.2.12. Let G be a Lie group, M a smooth manifold, and ® a left group action on
M. Then, the map :

V. MxXG—M
(P, g) —prg=(g",p) =g p
s a right action on M.

Proof. We first note that v is smooth, since if ¢ X Idy; : M X G — G X M is the smooth map:

i X Ida(p,g) = (97", p)

then W is the composition ® o (i X Idps). Furthermore, we see that for all p € M:

pre=eclp=p

Finally, for all g,h € G, and all p € M,
p(g-h)=(g-N) " p=h7t-(g7"-p)=(p-g)-h
thus ¥ is a right action on M by definition. O

We will also need the following constructions to better describe group actions.

Definition 1.2.12. Let G be a Lie group, M a smooth manifold, and ® and ¥ be left and right
actions of G on M respectively.

a) For a left action, the orbit of G through a point p is the set:
Op={qeM:3g€G,q=2(g,p) =g p}
For a right action, the definition is similar:
Op={geM:3g€G,q=V(p.g)=p-g}

Both sets can be thought of as the images of an orbit map, denoted ¢, : G — M, or
¥p : G = M respectively. The maps are defined via:

bp(9)=9-p Yplg)=p-g (1.2.11)
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b) For a left action, the fixed point set of an element g € G is given by:
M9={peM:g-p=p}
For a right action we have:
M?={peM:p-g=p}
¢) For a left action, the isotropy group of a point p € G is:
Gp={9€G:g9-p=p}
For a right action:
Gp={9€G:p-g=p}
Example 1.2.14. Let M = S?, and let G = SO(3). Thinking of each point in S? as a unit vector

in R3, we let SO(3) act on the left of M via matrix multiplication. Note that for any 6 € [0, 27],
the matrices:

1 0 0 cos@ 0 siné cosf sinf O
A=|(0 cosf sind |, B= 0 1 0 , C=|—sinf cosf 0
0 —sinf cosf —sinf 0 cosf 0 0 1

are all in SO(3). Furthermore, in the standard basis of R3, these matrices correspond to rotations
around the z axis, y axis, and z axis respectively. For any x € S?, we can obtain any other y € S?
via some composition of A, B, and C acting on z, thus the orbit of any point in S? is the entirety
of S2. Furthermore, if 2 € S? is written in the standard basis as (1,22, 23), then, via the Gram
Schmidt algorithm, we can find some other basis where z = (1,0,0). We see that in this basis, any
matrix written like A leaves & unchanged, thus the isotropy group of any z is given by the set of
all matrices A € SO(3). We note that this isotropy group is clearly isomorphic to SO(2).

Proposition 1.2.13. Let G be a Lie group, M a smooth manifold, and let ® and ¥ be left and
right actions of G on M respectively. For any points p,q € M, the orbits of p and q are either
disjoint or identical.

Proof. We prove this for a right action ¥, and note that the proof for a left action ® is entirely
analogous. Let O, and O, be the orbits of G' through p and g respectively. Suppose for the sake of
contradiction that these orbits are neither disjoint nor identical, then there exists an n € M such
that n € O, N O, thus there exists g, h € G such that:

p-g=n and q-h=n
Let ¢'O, be arbitrary, then we see that ¢’ = ¢ - I for some i € G, but ¢’ € O, as:
plg-hti)=n- (1 i)=qi=¢
so Oy C O,. Furthermore, if p’ € O, is arbitrary, then p’ = p- j for some j € G, but p’ € O, as:

-1

q-(h-g " j)=n-(g"-j)=p-j=p

so O, C O,. Therefore, O, = O, a contradiction, so if O, N O, # 0 we are forced into equality,
thus two orbits are either disjoint or identical, as desired. O

The preceding proposition allows us to obtain a partition of M via the disjoint union of the
orbits of G. Furthermore, this partition is the determined by the equivalence relation:

p~qedgeG,p=q-yg

i.e. the two equivalence classes [p] and [g], which are the orbits of p and g respectively, are equal
if and only if their orbits are identical. This partition will be of grave importance, so we give it a
formal definition below.
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Definition 1.2.13. Let ® be a left or right action of G on M. Then the set:
M/G={0,CcM:pe M}
is the called the space of orbits, or the quotient space of the action. Furthermore, the map:
T M— M/G
p— [p]
is called the canonical projection. If x € M/G, and if for some p € M we have [p] = x, then p

is called a representative of x.

In particular, we are most interested in the cases when the space M/G is a smooth manifold.
Furthermore, the convention when dealing with quotients in gauge theory is to use a right action
of G on M, so going forward we will only consider right actions, though the corresponding case
for left actions will usually be similar. That being said, for now we state the following definitions,
and leave our discussion of quotients for later.

Definition 1.2.14. Let ® be a right action of G on M, then:

a) The action is transitive if the orbit map ¢, is surjective for all p € M. In other words, M
consists of one orbit.

b) The action is free if the orbit map ¢, is injective for all p € M.
¢) The action is simply transitive if the orbit map ¢, is injective and surjective for all p € M.

As we saw earlier, a homomorphism between Lie groups ¢ : G — H gives rise to an induced
homomorphism between Lie algebras. Since group actions can be viewed as a a homomorphism
¢ : G — Diff(M), we wish to understand the induced homomorphism"'

¢i 19— X(M)

We need the following definition:

Definition 1.2.15. Let ® be a right action of G on M, and let X € g. The fundamental vector
field X, associated to X is then defined by:

- d
P t:Op -exp(tX)

If ¢, is the orbit map through the point p, then the construction of X can be equivalently defined
as:

XP = D(e,p)q)(Xev 0) = De¢p(Xe)

This construction is just the restriction of the global differential D® : TG X TM — TM to the
Cartesian product of the singleton set {X} C T.G with the zero section of TM, so X is indeed a
smooth vector field on M.

Proposition 1.2.14. Let ® be a smooth free right action of G on M. Then the map:
D i g — X(M)
X— X
18 injective.

Proof. We only need show that the kernel of ¢, is trivial, i.e. only 0 € g maps to the zero vector
field. Suppose the contrary, that for some non zero X € g we have that:

¢+(X) =0

This then implies that for all p € M:

- d
X, =— . tX
P t:Op eXp( )

=0

HNote that for a right action the domain of the homomorphism is G°P. Despite working with right actions, we
elect to ignore this as nothing truly depends on it.
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So the curve y(t) = p-exp(tX) has zero velocity at t = 0, however, we then obtain that for arbitrary
seR:

e )

“dt
d

Tdt
d
:Dpchp(sX) % ‘t:Op : eXp(tX)

=0

tzop ~exp((t + 8)X)

Op -exp(tX) - exp(sX)
t=

So 4/(s) is zero for all s, and thus « is the constant curve equal to p for all time. Therefore,
ope) = ¢p(exp(tX)) for all ¢t € R, hence ¢, is not injective, a contradiction, so ¢, is injective as
desired. 0

Proposition 1.2.15. Let ® be a right action of G on M. The map:
X— X

is then a Lie algebra homomorphism. In particular, the fundamental vector fields form a Lie
subalgebra of X(M).

Proof. Fix a point p € M and let ¢, be the orbit map through said point. Then, for some X,Y € g
and a,b € R:

. (aX +bY), =D, ¢p(aX + bY)
=aDo¢y(X) + bDed, (V)
=a.(X)p + b (Y)

so the map is linear. Furthermore, we need to show that the left invariant vector field X € g is ¢
related to X, i.e. that:

Xd’p(g) = Dy¢p(Xy)
for all g € G. Let g € G be arbitrary, then:

Xo,(g) =Det, (o) (Xe)
=Dedg,(g) © DyLg-1(Xy)
=Dy (¢4,(9) © Lg-1) (Xg)

Note that for any h € G:

Dop(g) © Lg-1(h) =g, (g)(9~" - h)
=g, ()(€) 97" R
=p-g-g t-h
=p-h
:¢p(h)

So we see that ¢y (g) 0 Lg-1 = ¢, hence:

X%(g) :Dg¢p(Xg)

so X and X are ¢p related. From Proposition 1.1.9, this then implies that:

S0 ¢, is a Lie algebra homomorphism, and the set of fundamental vector fields in X(M) is a vector
subspace that closed under the Lie bracket, and hence a Lie subalgebra. O
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Though fundamental vector fields are ¢, related to left invariant vector fields on G, as the next

proposition shows, fundamental vector fields are not in general invariant under a group action of
G on M.

Proposition 1.2.16. Let ® be a right action of G on M, and let X be a fundamental vector field
associated to X € g. Then:

R,.X=Y
where Y is the fundamental vector field associated to Y = Cg—14X.

Proof. We see that at any point p € M:
(RQ*X)P :Dp'g‘le(ng—l)
:Dp,gfle 9] D€¢p,g—1 (Xe)
=Dc(Rg 0 ¢pg-1)0Dy-1Ly(Xy-1)
=Dg-1(Ry 0 ¢pg-10Lg)(Xg1)

Note that for any h € G, we have that:

¢P'!fl o L!J(h) :(bp;q*l (gh)
=(p-g7") - (g-h)
=p-h
:¢p(h)
S0 ¢p.g-1 0 Ly = ¢, hence:
(RQ*X)P =Dy (Rg o ¢p)(Xg*1)
:DE(RQ o ¢p o Lg—l)(Xe)
Furthermore, we see that for any h € G:
Rgoqbp(h) =p-h-g
while'?:
¢poRg(h) =¢p(h-g)=p-h-g
so:
¢po Ry = Rgopp
Therefore we obtain:
(Rg*X)p =Dc(¢p o Ly o Ry)(Xe)
=Depp 0 Decy—1(Xe)
:D6¢p(Ye)
:Yp
O

We end our discussion on group actions by using the Maurer-Cartan form to calculate the
differential of a right action ®.

Proposition 1.2.17. Let ® be a right action of G on M, then the the differential of ® at a point
(p,g) € G X M is the map:

Dipy® : TyM & T,G — Tpp.gM
(X,Y) = DpRy(X) + pa(Y),,.,

Where uc(Y) is the fundamental vector field associated to the Lie algebra element ug(Y').

12Here we employ a mild abuse of notation; clearly these two Ry maps are not the same.
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Proof. Let v and v be curves in M and G tangent to X € T,M and Y € T,G at t = 0 respectively.

ORI

=7(0) - 1/1(0) ~(0) - 4(0)
:DpRg(X) + Dg¢p(Y)

Dy, g)(I’(X Y)=

In Proposition 1.2.15 we saw that for a left invariant vector field Z € g, that the fundamental
vector field Z associated to Z is ¢, related to Z, so:

Z¢p(g) = Dy¢p(Zy)

for all g € G. Letting Z = pug(Y'), at the point g € G we have that Z, =Y, so:

Doy (V) = Dy6p(Zg) = Zp.g
Therefore the differential of @ is given by:

Dy, (X, Y) = DypRy(X) + pa(Y),.,

as desired. O

1.2.5 Quotient Manifolds

In the previous section, for a right action ® of G on M, we defined the set M/G as the space of
orbits:

M/G={0,CcM:pe M}

We also showed that each O, is either disjoint or identical, implying that M /G is a partition of
M via the equivalence relation:

p~qs=3dgeG, p-g=q

As a set, M/G is then the quotient of M via the aforementioned equivalence relation. As discussed
in the last section, we would like to know when M /G is a smooth manifold. We will first begin
more generally, with any partition of M due to an equivalence relation ~, and then take a theorem
from Godement as god given to develop the M /G case. For more complete discussions on quotient
manifolds, see Lee’s Smooth Manifolds or Hamilton’s Mathematical Gauge Theory.

We first take M to be a set, with an equivalence relation ~, then we define the set R as
R={(p,q) e M x M :p~q}

We also define equivalence classes as subsets of M:

Pl ={q€ M:q~p}
and finally the quotient set M/R as:
M/R={[p] : p € M}
There also exists the canonical projection m : M — M /R taking each element to it’s equivalence

class. We now examine the case where M is a a topological space; we need the following definition:

Definition 1.2.16. Let M be a topological space, and ~ an equivalence relation on M. Then we
define a topology on M /R, called the quotient topology, such that = : M — M/R is continuous.
In other words, a set U in M/R are open if and only if 7=1(U) is open in M.

With this quotient topology on M/R, we would first to like to determine when M/R is a
Hausdorff topological space.

Lemma 1.2.4. Let M be a topological space:
a) If M/R is Hausdorff, then R C M X M is closed.
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b) If m: M — M/R is open, and R C M X M is closed, then M /R is Hausdorff.

Proof. We use the fact from topology that a topological space N is Hausdorff if and only if the
diagonal:

A={(p,p) e NX N:pe N}

is a closed subset in N X N; let A be the diagonal of M/R. We begin with a), by first noting that
the map:
X7 :MXM-— M/RX M/R
(P, q) — ([l [q])

is continuous. Therefore, since A is closed in M/R X M/R, (m X m)~1(A) is closed in M x M.
Furthermore, if p ~ g we have [p] = [¢], hence:

T x w(p,q) = ([pl,[p]) € A
implying that
(mxm) " (A)={(pg) eMXM:p~q}=R

So R is closed in M x M.

For b) assume that 7 : M — M /R is open, and that R is closed in M X M. The map 7 X 7 is
then an open map, and so the image of (M X M) \ R is open in M /R X M/R. Furthermore, an
element ([p],[¢]) is in 7 X w((M X M)~ R) if and only if [p] # [¢], implying that:

(Ip];[q]) € # x (M x M ~ R) <= ([p],[q]) € (M/R x M/R)~ A
So the compliment of the image is A, and thus closed, so M/R is Hausdorff. O

We now site the aforementioned theorem from Godement, and proceed with the case where R
is determined by a group action of G on a topological space M.

Theorem 1.2.3. Let R be an equivalence relation on a smooth manifold M. Suppose that R is a
closed embedded submanifold of M X M and m1|g : R — M a surjective submersion. Then M /R has
a unique smooth structure of a smooth manifold such that the canonical projection m : M — M/R
is a surjective submersion.

With this theorem, we will determine when M /G is a smooth manifold. We first show that the
canonical projection 7 : M — M/G is open.

Lemma 1.2.5. Let M be a topological space, and ® a right group action of G on M.'* Then the
canonical projection m : M — M /G is open.

Proof. Our earlier work implies that each orbit through a point p € M is an equivalence class of
the equivalence relation:

p~qe=dgeG, p-g=q

Let U be an open set of M, if 7 is open then 7(U) is open, so, by the definition of the quotient
topology on M /G, we need to show that 7= (7(U)) is open in M. We see that:

m(U) ={lpl:p € U}

and that for any [p] € 7(U), we have that:

(o) = 0y = |J Ry({p})

geG

13We defined right group actions to be smooth as a priori, but in this case we take ® to be continuous. Similarly,
G need only be a topological group for this lemma to hold. Going forward, when we make statements about right
actions on topological spaces, we will take ® to be continuous and G to be a topological group. If instead M is at
any point stated to be a smooth manifold, it should be assumed that G is a Lie group, and & is smooth.
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So the inverse image of w(U) will be the union of the orbits through each p € U, i.e.

=M x(U) = |J 0= |J Ry(U)

peU geG

However, each R, is a homeomorphism,'" so 7#=!(w(U)) is open in M, hence  is open as desired.
O

Again, working only topologically, Lemma 1.2.4 and Lemma 1.2.5 imply the following corol-
lary:

Corollary 1.2.3. The quotient space M /G is Hausdorff if and only if the map:

UV:MxG—MxM
(p,9) — (p,p-9)

has closed image.

Proof. Note that the image of ¥ is R, since if (p,q) € U(M X G), we have that for some g € G,
qg=7p-g,s0 (p,q) € R, and if (p,q) € R we know that ¢ =p- g, so (p,q) € V(M X G). Then, by
Lemma 1.2.5, the map = : M — M/G is open, so if ¥(M X G) is closed, Lemma 1.2.4 implies
that M/G is Hausdorff. Furthermore, if M /G is Hausdorff then by Lemma 1.2.4, (M X G) is
closed. 0

We need to do develop some more topological results before moving onwards to the smooth
manifold case.

Definition 1.2.17. A topological space M is locally compact if every point in M has a compact
neighborhood.

Lemma 1.2.6. Let M be a locally compact Hausdorff space. Then a subset A C M is closed if
and only if the intersection of A with any subset of M is compact.

Proof. First let A be closed, and K be any compact subset of M. Since M is Hausdorff, K is
closed, and thus AN K is closed. Furthermore, A N K is compact since it is a closed subset of K,
and K is compact.

Now assume that A N K is compact for any compact K C M. Let p € M ~ A, then, since M

is locally compact, there exists an open neighborhood of p, U C M, contained in some compact
K C M. We have that AN K is compact, and thus closed in M since M is Hausdorff. Then:

UNANK)=UNANK)*=UnN(M~N(ANK))

is a an open subset of M ~\ A, since it is the intersection of two of open sets in M. Furthermore,
p e U~ (ANK), so it is an open neighborhood of p, thus, since p was arbitrary, every point in
M \ A has an open neighborhood, and thus M \ A is open M. Therefore A is closed as desired. [

We continue with the following definition:
Definition 1.2.18. Let f: M — N be a continuous map. We say that f is proper if for every
compact K C N, f~1(A) is compact in M.

We can then use Lemma 1.2.6 to prove the following:

Lemma 1.2.7. Let f : M — N be a proper map between topological spaces, with N locally compact,
and Hausdorff. Then f is closed.

Proof. By Lemma 1.2.6, it suffices to show that for every closed A C M, and all compact K C N,
f(A) C K is compact. We see that for any compact K C M, since f is proper, f~(K) is compact,
so AN f~1(K) is compact, and thus, since proper maps are continuous, f(ANf~Y(K)) = f(A)NK
is compact. O

Lemma 1.2.8. If f : M — N is a closed continuous map, between topological spaces such that
f~Y(q) is compact for all ¢ € N, then f is proper.

14Diffeomorphism if M is a smooth manifold, G is a Lie group, and ® a right group action as defined earlier.
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Proof. We first want to show that if f is closed, then for all ¢ € N, and open subset O C M
such that f=!(q) C O, there exists an open neighborhood U of ¢ such that f~1(U) C O. Let
U = N~ f(M \ O); note that since M ~\ O is closed, U is open. Furthermore:

JFIMNO)={peN:Fxe MO, p=f(x)}

soqé¢ f(M~0O)as f~1(q) C O, thus ¢ € U, so U is an open neighborhood of ¢. Finally, suppose
x € f~1(U) but not in O, then that implies that f(z) € f(M~0),butx € f~1(U) C NNf(M~O0)°,
so f(x) € f(M ~ O)¢, a contradiction, thus f~*(U) C O.

Now, let K C N be compact, and suppose that U is any open covering of f~!(K). For all
y € K, we have that f~1(y) C f~1(K) is compact, so finitely many U; € U cover f~1(y), i.e. for
some n € N there exist n subsets U; € U such that:

Construct a V,, for all y € K, then:
V={V,:yeY}

is an open cover of K. Since K is compact, there exists an m € N such that for some Y =
{y1,--,ym} C N:

Vm:{Vi:yl-EY}

We see that:
Kc v, =rxcrt <U Vyi> = fHE) )
i=1 i=1 i=1
So:
FH0m) ={f (V) ru €Y}
is a finite refinement of &. Thus, f—1(K) is compact, which implies the claim. O

We now move back to our discussion on group actions with the following definition.
Definition 1.2.19. A right group action ® of G on a topological space M is called proper if the
map:

V. MXG—MXxM
(p,9) — (- 9)

is proper.
We then have the following two corollaries

Corollary 1.2.4. Let ® be a proper right group action of G on a topological space M, where M is
locally compact and Hausdorff. Then the aforementioned map ¥ is closed, and M /G is Hausdorff.

Proof. Lemma 1.2.7 shows that ¥ is closed, then, Corollary 1.2.3 shows that M /G is Hausdorft.
O

Corollary 1.2.5. Let ® be a right group action of G on a Hausdorff space M. If G is compact,
then @ is proper.
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Proof. Let K C M X M be compact, then m(K) is a compact subset of M. Furthermore, since
M is Hausdorff, K is closed in M X M, so by continuity ¥~!(K) is closed and M x G. Finally,
since ¥(z,g) € K implies that x € 71 (K), we have that ¥~!(K) C L X G. Since L X G is compact
because G is compact, and W~1(K) is closed, ¥~1(K) is a compact as well, hence ® is a proper
map. [

We are now finally in the position to determine when M /G is a smooth manifold. We need the

following definition:

Definition 1.2.20. Let M be a smooth manifold, and G a Lie group. A right action ® of G on
M is then called principal if the action is free and the map ¥, as defined earlier, is closed.

We also need the following facts about submersions:

Lemma 1.2.9. Let F': M — N be a surjective submersion between smooth manifolds. Then F
admits smooth local sections, i.e. for each x € N there exists an open neighborhood V. C N of z,
and a smooth map s :' V — M, called a local section of F', such that:

Fos=Idy

Proof. Let x € N be arbitrary, and choose a point p € F~1(x). Then using the coordinate charts
from Theorem 1.1.2; we have that the coordinate representation of F', F'¢ is given by:

Fe(gh, .. a"hy = (of, ... ")

Any smooth map s : U — M, with the coordinate representation:

where s; € C*°(U), then satisfies the criteria. O

Lemma 1.2.10. Let F: M — N be a surjective submersion. Then a map G : N — @Q is smooth
if and only if Go F' : M — @Q is smooth. Furthermore, G is a submersion if and only if Go F is a
submersion, and G is surjective if and only if G o F' is surjective.

Proof. If GG is smooth, then G'o F' is smooth. Conversely, assume that Go F' is smooth. By Lemma
1.2.9, for any = € N there exists an open neighborhood V' C N and a smooth local section of F
s:V — M. On V we have that F o s = Idy, so:

(GoF)os=G

Hence G must be smooth on V' as it is the composition of smooth maps. Since smoothness is a
local criterion, and this holds for arbitrary z € N, we have that G is smooth on all of N.

G being surjective and a submersion is clear from the properties of F'. O

Theorem 1.2.4. Let ® be a principal right action of G on M. Then M /G has the unique structure
of a smooth manifold such that 7 : M — M/G is a smooth submersion.

Proof. Since the action is free, we have that ¥ is injective. Indeed, let (g, h), (p,g) € M X G, such
that:

(pp-9) =(g:q-h)
then p = ¢, so:
(pp-9)=(pp-h)

This then implies that ¢,(g) = ¢,(h), where ¢, is the orbit map. However, the orbit map is
injective for all p € M so g = h, thus ¥ is injective. We want to show that this map is an
immersion; by Proposition 1.2.17, the differential of ¥ is given by:

D) ¥(X,Y) = (X, DpRy(X) + MG(Y)p.g)
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for (p,g) € M X G, and (X,Y) € T,M &T,G. If D(,, ;(X,Y) = 0, then X = 0, which implies that
pa(Y) must be zero, hence Y = 0, thus the kernel of the differential is trivial for all (p, g) € M X G,
so U is an immersion.

Since W is injective, it’s also a bijection onto it’s image, RC M X M. Let "1 : R - M X G
be the inverse of ¥. This map is continuous, since for any closed subset U C M X G, we have that
U(U) is closed in M X M. Since ¥ : M X G — R is continuous with continuous inverse, it is a
homeomorphism, and thus and embedding. R is then a closed embedded manifold of M X M.

Finally, we see that ¥ is a submersion onto it’s image R, and that the composition:
TilroU: M XG— M

is just the map 71 : M X G — M, and thus a submersion. From Lemma 1.2.10 we see that
71|r must then be submersion as well. Godement’s Theorem, Theorem 1.2.3, then proves the
claim. O

Corollary 1.2.6. Suppose that ® is a free and principal right action of G on M. Then:
dim(M/G) =dim M — dim G
In particular, the kernel of the differential:
Dy : TyM — Ty M /G
at a point p € M 1is equal to the tangent space T, O, of the G-orbit through p.

Proof. Since 7 is a submersion, every [p] € M/G is a regular value value of 7. By Theorem
1.1.1, this implies that 7! ([p]) = O, is an embedded submanifold of M. Therefore, ¢, : G — M,
is an embedding, and hence a homeomorphism onto it’s image. This implies that dim O, = dim G,
S0:

dim G = dim M — dim(M/G) = dim(M/G) = dim M — dim G

as desired. Furthermore, take any curve in O, such that v(0) = p, and 4(0) = X € T,,0, C T, M,
then we see that:

d

—2|_ m®)

D,n(X) o

d
T dt ‘t:O 7]
=0

hence T,0, C ker(Dpm), but these two vector spaces have the same dimension, so 7,0, =
ker(D,), as desired. O

Finally, we see that for a free right action ® of G on M, the preimage of the map ¥~=1(p, q)
is either empty or a singleton set, and thus compact. Lemma 1.2.8 then implies that principal
right actions are proper right actions, and then Corollary 1.2.4 shows that free proper actions
are principal right actions, hence the two are equivalent. This gives us our final corollaries:

Corollary 1.2.7. Suppose that @ is right action of G on a smooth manifold M. The action is
principal if and only if it is free and proper.
Corollary 1.2.8. Suppose that ® is a free right action of G on a smooth manifold M. If G
compact, ® is principal.

The preceding corollary demonstrates that if G is a compact Lie group acting freely on a smooth
manifold M, then M/G is a smooth manifold as well.

Example 1.2.15. Denote by S? the three sphere. It is easy to see that S' = U(1) and is thus a
Lie group. We would like to show that S3/S! is a quotient manifold diffeomorphic S2. This specific
example is often called the Hopf fibration. First note that:

Sg = {(21722) c (C2 12121 + 2929 = ‘Zl|2 + |22|2 = 1}
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and that:
St={weC:ww=1}
implying that w = € for some @ € [0,27). Hence, we define a right action on S* by:
xSt —§3
(21, 22,€") — (21, 2pe"?)

The action above is smooth as it is just multiplication in C in both coordinates, and has image in
S? as:

Zlew (Zleze)* + 22619(22616)* 221616516710 + 22619526716

=z121 + 2222
=1

Since multiplication in C is abelian, and S' is abelian, it follows that the action can be viewed as
either right or left. Furthermore, the action is free, as for arbitrary w,u € S*, and 2z € C we have
that if:

then:
ZZW =22 U
Since zz is just a real number, we can divide out on both sides to obtain:
w=u
Hence if ¢, is the orbit map for some p = (21, 22) € S® we have that if:
bp(u) = ¢p(v)
for some u, w € S', then:
(21 - uyz9 - u) = (21 - w, 29 - W)

so u = w, and the action is free. Since S' is compact, it then follows from Corollary 1.2.8 that
the action of S! on S is principal, so S3/S! is a smooth manifold. We need to show that S?/S! is
diffeomorphic to S?. By identifying C with R? we see that:

S?={(w,x) €C xR :|w|* +2? =1}
thus motivating the map:
F:$3/St — §?
[(21,22)] — (22’122,2|21|2 — 1) eCxR
The map is clearly well defined, and has image in S? as:
‘22152|2 + (2|21|2 — 1)2 :4|Zl|2|22|2 + 4|21|4 — 4‘Zl|2 +1
=4|z12(1 = |21)*) + 4z |* = 4= ? + 1
=1

Furthermore, the map is smooth as it consists of conjugation and multiplication in C. We check
that the map is injective. Let [z1, 22, [w1, w2] € S3/S, then:

2|21|2 —1= 2|w1|2 —1= \zl|2 = |w1|2 = 2, = we"?

for some 6 € R. Therefore:

2122 = WiW9 = 2122 = 6_1921@2 = 29 = e_“guig — 22 = e’ewg
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Thus if F([21, 20]) = F([w1,ws]) we have that [21, 2z0] = [wy, ws] as (21, 22) = (wie?, woe'?) so F

is injective. Furthermore, if (w,y) € S? C C X R, we see that'’:

o1 1 W
(21,22) = Z\/i(l—y%im

satisfies:
F([Z17Z2]) = (wvy)
as:
Aaf -1=(1+y) 1=y
and:
1
22179 = 5(1—y)-L =w
3(1—y)
Furthermore, (21,22) € S as:
1 1 |w?
|21 + |22 = (1 —y) + =
2 41(1-y)
1 11-y)(1+y)
— 1 — —
5(1=9)+ 3 =
1 1
——(1-y)+-(1
51—y +50+y)
=1

This then implies that F' is surjective, and thus a smooth bijection.

We now wish to calculate the differential D, F' and show it is an isomorphism of tangent spaces.
Let v: I — S?/S! be a smooth curve, then for all t € I we have that:

Y(t) = [21(2), 22(t)]
for curves z1, z9 in C satisfying:

21 ()] + () =1
Then:

V(&) = Day (1), T (21(1), 22(1))
which we denote by [21(t), 22(t)]. Note that if y(¢) is constant, then:
Y(t) = (21,22) - e
for some real valued function f: I — R. This implies that the kernel of D, (4 .,()7 is given by:

ket D, (1) (™ = {(X1,X2) € T, »,S* : Jy € R, (X1, Xo) = (iyz1,iy22)}
where:
T, 2, S* = {(X1, X3) € C* : Re(z1.X1 + 22X32) = 0}

It is important to note that these are both real vector spaces/subspaces. Let %1(0) = X; and
29(0) = X5 with 21(0) = 21, and 25(0) = 25, then we see that:

d
dt 1t=0
15This choice fails when y = 1, but that is ok, as if y = 1, then w = 0, and (1,0) € S3 maps to (0, 1).

QZl(t)gg(t) = 2(X122 + 21X2) (1212)
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and that:

d _
—| 2P —1=2(X12 + X121) (1.2.13)
dt lt=0

So the differential is given by:
D[zl,zz}F([XlaXZ]) = 2(X152 + Z1X2,X151 + X1Z1)

It suffices to show that the map is injective as T,S*/S* and T(,)S* have the same dimension. In
this case, that is equivalent to checking that Dy, ., F" is zero only when (X1, X3) € ker D(;, .y
It is easy to that if (X1, X2) € ker D(,, .,ym that Dy, ., F is zero. Let (X1, X3) € T%, -, S? for both
21,22 # 0, and suppose that Dy, .1 F[X1, X2] = 0. Then setting equation (1.2.13) to zero gives:

X5 =—Xin
=—(X1z2)"
so X1z is purely imaginary, and thus can be written as:
Xi1z1 =1ta
for some a € R. Now let:
a
NPAE

for some y € R, thus X; can be written as:

X1 =1iyn (1.2.14)
since:
_ . _ . a 2 .
X121 =iynz = izl =ia
|21

Using the fact that (X1, X2) € S* we have that:
Re(z1 X1 + 22Xo) =0 = 2: X1 + 21 X1 + 22 Xo + 22X = 0
By (1.2.14) we have that this reduces to:
ZXo + 20X, =0
Then the same argument used for X; demonstrates that:
Xo = iv2o
for some v € R. Finally setting (1.2.12) to zero gives:
0=X12 +21X>
=iYz12Z0 — 102122
=iz122(v — y)
implying that v = y, hence:
(X1, X2) = (iyz1, tyz2)

for some y € R, so (X1, X32) € ker D, ., 7, and D,, ., F is injective for all z1, 2z # 0. Furthermore,
if z1 = 0, then the differential is given by:

Dy, F([X1, X2]) =2(X122,0)
which is only zero if X7 is zero. We then obtain that:
Re(XQEQ) =0= Xy = 1Y2zo

for some y € R, so again (X1, Xs) € ker D, ., 7, hence Dy .,1F is injective. Finally, if zo = 0, then
we see that:

Dp., o)F ([ X1, Xa]) = 2(21X2, X121 + X121)

which is only zero if X5 is zero, and, as shown earlier, X; = iyz; for some y € R hence (X1, X5) €
ker D, .,m and Dy ., F is injective. This then implies that D,F is injective for all p € S?/S!,
thus D, F is an isomorphism for all p, so F is a diffeomorphism. Therefore, S?/S! = S? as desired.
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1.2.6 Representations

In 1.2.4, we initially motivated group actions on manifolds by briefly mentioning representations;
we are now ready to study this concept in detail. We will be particularly interested in represen-
tations of G on its Lie algebra g, and the existence of G-invariant scalar products on V. These
ingredients will prove important for our work on Yang-Mills, as they are needed to construct the
Yang-Mills action.

Definition 1.2.21. Let V be an n-dimensional K-linear vector space for some field K, and G a
Lie group. A representation of G on V is a Lie group homomorphism:

p:G— GL(V)

where GL(V) is isomorphic to GL,(K), where K is the field

If the representation is clear, we sometimes write:

p(g)(v) = p(g) - v=g v=gv

for g € G and v € V. Furthermore, by the properties of the a Lie group homomorphism, the
following identities are automatic:

p(g-h)(v) = p(g

~—

o

S
—~
>=
~—
—~

<
~—

Il

)
—~

=)
~—

o

s
—~
=
=

<

for all g,h € G,and allv e V.
Definition 1.2.22. A representation is called faithful if p is injective.
We have a similar definition for Lie algebras:

Definition 1.2.23. Let V be an n-dimensional K—linear vector space for some field K, and g a
Lie algebra. A representation of g on V is a Lie algebra homomorphism:

¢:g— gl(V)=End(V)

In particular, a Lie algebra representation is a linear map such that:

¢ ([X,Y]) = [¢(X), (V)]

for all X,Y € g.

Proposition 1.2.18. Let p: G — GL(V) a representation of a Lie group G on some vector space
V. Then the differential p. : g — End(V') is a representation of the Lie algebra g

Proof. This follows trivially from Proposition 1.2.5. O

Definition 1.2.24. Let p: G — GL(V) be a representation of G on a vector space V equipped
with a (pseudo)-Euclidean scalar product of signature (¢,s), (-,-). We say that p is (pseudo)-
orthogonal if for all v,w € V, and all g € G:

(p(g)v, p(g)w) = (v, w)

Equivalently, the image of p lies in O(t, s).
Theorem 1.2.5. Let p be a representation of G on V = R" equipped with a Fuclidean scalar

product, (,). Then, if G is compact, there exists another Euclidean scalar product on V' such that
p is an orthogonal representation with respect to the new scalar product.

Proof. Let G have dimension n, and let {X;,..., X, } be a basis for T,G, then and let {&*,...,o"}
denote its dual basis. Then we obtain a set of right invariant one forms on G defined for all g € G
via:
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where v € T,G. 1t is clear that {w!,...,w"} is a global frame of right invariant one forms, hence,
the top form:

c=wA - Aw"

is globally defined, and nowhere vanishing; in other words, ¢ is an orientation form on G. We
assume that orientation on G agrees with o', so that:

/U>O
G

7.w(9) = (p(9)v, p(g)w)

We define a smooth 7, ,, : G = R, by:

and use T, ,, to define a new scalar product on V' by:

n(v,w):/ To,w0
G

for all v,w € V. Note that n is finite, since G is compact

We first show that this indeed a Euclidean scalar product. Clearly, n is symmetric and bilinear
because (-, -) is symmetric and bilinear, and integration is linear. Furthermore, note that (v,v) >0
for all non zero v € V, so for any non zero v € V, 7, ,0 is a positively oriented orientation form.
Thus, by Theorem 1.1.5:

n(v,v) = / To,00 >0
G

implying that 7 is positive definite. Therefore, n is a Euclidean scalar product.

We now check that p is an orthogonal representation with respect to . Let g € G be fixed,
then we see that:

Ry To(gyo,ntg)w(h) =Tp(gyo.p(grw(hg™")
=(p(hg~")p(g)v, p(hg~")p(g)w)
=(p(h)v, p(h)w)
=To,w(h)

where we have used the fact that p is a homomorphism. Since ¢ is right invariant, we then obtain
that:

R;* (To(g)v.p(g)w0) = To,w0
Then, since R*_, is an orientation preserving isomorphism, by Theorem 1.1.5 we see that for all

g€ G,and all v,w € V:

n(p(g)v, p(g)w) =/GTp(g>v,p<g>w0

R;*I (To(g)v,0(9)w0)

/ Tv,w0

(v, w)

Q

I
Q

so p is orthogonal with respect to 7. O

It is important to note that the same process will not in general work if V' is equipped with
a pseudo Euclidean scalar product. Indeed, let V = R?, and equip V with the pseudo Euclidean
scalar product:

n(z,y) = z'y' —2%y°

161f it does not, just swap w! with w? to pick up a minus sign.
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Then, let G =7Z/2Z and let p : Z/2Z — GL(V') be the representation given by:

w0 =5 9) w0=(] 3)

The new scalar product would be given by:

n(p(0)z, p(0)y) + n(p(1)x, p(1)y)

iyt — 22?4 ay? — 2ty

=0

w(z,y)

hence w is identically zero on R?, and thus clearly degenerate, which is less than ideal.

Proposition 1.2.19. Let V be an R-linear vector space, equipped with a Fuclidean scalar product
(v, and p: G — GL(V) be a (pseudo) orthogonal representation. Then p, : g — End(V') satisfies:

(peXv, W) + (v, p Xw) =0
forall X € g, and all v,w € V.
Proof. From Proposition 1.2.9, we have that for all X € g:
plexp(tX)) = exp(tp.X)

hence, for all v,w € V:

(v, w) =(p(exp(tX))v, p(exp(tX))w)
=(exp(tp+ X)v, exp(tp. X)w)

Differentiating at ¢ = 0 we obtain that:
(peXv, w) + (v, p Xw) = 0
implying the claim. O

We now turn to developing a very special type of representation, that is a representation of G
on it’s own Lie algebra. Recall the conjugation map:

cg:G— G

h+— ghg™!
we can also right:
cg=Lgo Ry

This map is clearly a diffecomorphism, as it has a smooth inverse given by c,-1. Furthermore, the
map is a homomorphism, as for all h; € G, we have that:

cg(h1) - cg(ha) = ghig™ ghag™" = ghihag™" = cy(hih2)

S0 cg4 is a Lie group isomorphism, and thus cg. : g — g is a Lie algebra isomorphism, motivating
our next theorem.

Theorem 1.2.6. The map:

Ad: G — GL(g) = Aut(g)
g — Ady = cg«

is a representation of G on g, called the adjoint representation.
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Proof. Let g, h € G, then:
cgocy = (Lg o Rga) o(Lp o Ry-1)
=Lgo(R;—10Rp-1)0Ly
=Lg o Rign)-+Ln
=Lgn 0o Ripg)—1
=cgn
hence:
Ad, o Ady, =cgs 0 Cps
=(cg 0 cn)+
=Adgn

so Ad is a homomorphism. We now need to show that Ad is a smooth map. We need only show
that the map:

Ad(.) (U) G —g

is smooth for all v € g, because if we choose a basis for g then Ad is a smooth matrix representation
into GLqim ¢(R) . We see the composition of smooth maps:

Adpyv G —TGXTG —T(GXxG) — TG
:9— ((9,0), (e,v)) — ((g,€),(0,v)) — D(g,e)c(0,v)
where:
c:GXG—G
(9,h) — ghg™"

is equal to Ad.yv since for all g € G:

d _
D(g,e)c(ovv) :ﬁ t:Og exp(tv)g !

=gug~!
=Ady(v)

Therefore, Ad.y(v) is smooth for all v € V, so the map Ad is smooth as well. Since Ad is smooth,
and a homomorphism, it follows that Ad is a Lie group homomorphism G — GL(g), and thus a
representation of G on g as desired. O

We can go a step further, and obtain an induced representation of the Lie algebra on itself as
the next theorem shows.

Theorem 1.2.7. Let G be a Lie group. Then the induced representation of Ad is the map:

ad :g — End(g)
X — adx = Ad*(X)

and satisfies:
adxY = [X,Y]
Proof. Let X,Y € g, then:

adxY =— tiOAdexp(tX)Y:s
— 77 Cexp(t:n)*yve

dt lt=0

T dt t:oLeXp(tX)*ReXp(—tX)*Ye

= % t:Ochp(—tX)*Y;:xp(tX)
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However, we see that:

Rexp(ftX)*Yexp(tX) :Dexp(tX)Rexp(fta:) (Yexp(ta:))
=D, (e)0-:(Y(9:(e))) (1.2.15)

since the flow of X, 6; satisfies:

e(tvg) = et(g) = Rexp(tX)g

With (1.2.15) in mind, we obtain:

d
adxY =2 | Do o0-o(Y (0:(€))

:(gXY)e
:[X7 Y]e

as desired. ]

This theorem gives us the following corollary:

Corollary 1.2.9. If G is abelian, then g is abelian, i.e. for all X,Y € g:
[X,Y]=0
Proof. If G is abelian then for all g, h € G we have that:
cg(h) =h
hence Ad is the identity map on g. Furthermore, we have that:
[X,Y]. =adxY

:% ‘ t:OAdexp(tX) Y.
d
T dt
=0

e
t=0

which implies the claim. O

We will develop more representation theory as needed throughout this paper, but for now
what we have is sufficient. We end our with the following corollary which will be vital for our
development of the Yang-Mills action.

Corollary 1.2.10. Let G be a compact Lie group, then there exist a Ad invariant Euclidean inner
product on g.

Proof. This follows from Theorem 1.2.5. [
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2.1 Principal Bundles and Connections

We are now ready to put all the pieces together and set the stage for our work on gauge theory.
We begin by introducing general fibre bundles, a type of manifold that can be thought of as locally
‘looking like’ a product manifold, an idea which should feel familiar. Indeed, we have seen such
manifolds before from our work on tangent bundles, and various other tensor bundles, but in this
section we generalize this idea. From there, we will dive into principal bundles, a specific type
of fibre bundle with a Lie group action which is transitive and free on the fibres; these types of
bundles will help us make it clear what one means by a gauge transformation. We will then study
how one can obtain vector bundles from principal bundles, which will be necessary for our work
with Yang-Mills and, in particular, for our formalism of classical electromagnetism.

Connections on principal bundles, and their curvatures, will then take centre stage as the
objects of primary interest. These can be loosely thought of as generalizations of the Levi-Civita
connection, and the Riemann curvature tensor, and we will see in a later chapter how to succinctly
connect these ideas together. In particular, our connections, and curvatures can be viewed as Lie
algebra valued one and two forms on the principal bundle respectively. However, more will be true,
as we will be able to locally identify both of these objects as Lie algebra valued differential forms
on the base manifold, allowing us to view them as fields on our spacetime. We will end the chapter
by discussing covariant derivatives on associated vector bundles, which will provide us with the
necessary tools to vary the Yang-Mills action.

We continue to follow closely Hamilton’s Mathematical Gauge Theory, and, as always, a more
complete discussion can be found there.

2.1.1 Fibre Bundles
We begin with the following definition:

Definition 2.1.1. Let 7 : E — M be a smooth surjection between manifolds.
a) For all x € M, the subset E, C E defined by:

E, =7 ') ={pe E:n(p) =z}

is called the fibre of m over x

b) For any subset U C M, we set:
Ey=n'(U)={pe E:n(p) €U}
Ey can be thought of as the part of E ‘sitting over’ U, and is clearly the union of all the

fibres F, for z € U.
¢) A smooth map s: M — E satisfying:

mos=Idy
is a global section of w. Furthermore, a smooth map s: U C M — FE satisfying:
mos=Idy

is a local section of .

Recall our work with the tangent bundle for some n-dimensional manifold M. In this case, TM
comes equipped with a smooth projection map m : TM — M, and each fibre of 7 is the vector
space T, M = R", and the smooth sections of 7 are vector fields. For general surjective maps
however, it need not be case that each fibre is diffeomorphic to one another, i.e in general £, # E,
for x # y With this in mind, we define fibre bundles as follows:

Definition 2.1.2. Let F, M, F be smooth manifolds, and 7 : E — M a smooth surjective map.
The quadruplet (E, 7, M; F) is then a fibre bundle if the following holds: For each x € M, there
exists an open neighborhood U C M around z such that 7 restricted to Ey can be trivialized, i.e.
there exists a diffeomorphism:

ov By - UXF
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such that:
pryo¢u =7

where pry; is the projection map U X F' — U. We call:

- F the total space

+ M the base manifold

+ F the general fibre

+ 7 the projection

« (U,¢v) a local trivialization or bundle charts

We see that the preceding definition guarantees that for each x,y € M, we have that F, = E,,.
Furthermore, the existence of bundle charts, or local trivializations makes clear what one means
by the statement: fibre bundles locally ‘look like’ product manifolds. Clearly, £ = M X F, with
m = pr,, is a fibre bundle, albeit the easiest example of one.

Definition 2.1.3. Let (E, 7, M; F), and (E', 7', M; F’) be fibre bundles, then a bundle map or
bundle homomorphism is a smooth map ® : E — E’ satisfying:

Tod=m
A bundle isomorphism is a bundle map which is also a diffeomorphism, and if such a maps

exists we write & = E'.

In other words, bundle maps leave the base manifold fix, but changes the fibres, and hence the
total space. If E = M X F we say that F is a trivial bundle. We see for each local trivialization
(U, o), that ¢y is a bundle isomorphism Ey — U X F, so each Ey is trivial bundle over the base
space U. Furthermore, with some algebraic topology, one can show that any fiber bundle over
some contractible manifold M is trivial; in particular, any fibre bundle over R™ is trivial.

Proposition 2.1.1. Let (E,n,M;F) be a fibre bundle. Then the fibres, E,, are embedded sub-
manifolds for all x € M.

Proof. We know that each fibre E, is a subset of some Ey =2 U X F, where U C M is an open
neighborhood of z. Therefore, we have that for all v € T, Ey:

Dym(v) = Dy(pry o dv)(v)
Let ¢ € m~1(x), and w € T, M be arbitrary, we want to find a v € T, F such that Dym(v) = w. We
see that ¢y (q) = (x, f) for some f € F, hence:
D,y (v) = (U, vy) € TLUSTF

for some vy, € T, U, and some vy € Ty F. Therefore:

Dq”(v) =D rpry © Dq¢U(U)

:’Um

Since ¢y is a diffeomorphism, there exists some v € T,Ey such that D,¢y(v) = (w,vy), hence for
this v:

D,m(v) =w

So the map D, is a surjection onto 1, M for all ¢ € 7~ 1(z), implying that z is a regular value of
7. Thus, by Theorem 1.1.1 7~ !(z) is an embedded submanifold of E. O

In the process of proving the proceeding proposition, we have also shown that 7 is a submersion,
as each point in each fibre is a regular point of 7, thus D, is surjective for all p € E. This allows
us to prove the following:

Proposition 2.1.2. Let (E, 7, M;F) and (E',7', M;F"), a ®: E — E’ a bundle homomorphism
between them. ® is a bundle isomorphism if and only if the restriction of ® to the fibre E, is a
diffeomorphism for all x € M.
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Proof. If ® is a diffeomorphism then the restriction of ® to F, is a smooth bijective map, which we
denote by ®,. Since D,® is an isomorphism for all p € E, it follows that D,®, is an isomorphism
for all p € E,, then ®, is a diffeomorphism for all z € M.

Now suppose that the restriction of ®, ®, : E, — E! is a diffeomorphism for all z € M.
Suppose p,p’ € E such that:

o(p) = (p)
then p and p’ must lie in the same fibre E, for some x € M. Therefore:
D, (p) = . (p')

so p = p/, and @ is injective. Furthermore, for ¢ € E’,, such that 7'(¢) = x, we have that there

exists a p € E, such that ®,(p) = ¢. It then follows that:

o(p) =¢q

so ® is surjective, and thus a smooth bijection.

Since @, is a diffeomorphism, it follows that dim F' = dim F”, and since E is locally diffeomor-
phic to (U C M) X F we have that:

dimE =dim M + dim F = dim M + dim F’ = dim E’

Therefore, it suffices to check that the differential is injective at each point by rank nullity. Let
p € E such that 7(p) = z, then since 7 is a submersion, after choosing a bundle chart, T,E splits
as:

T,E=2T,MeT,E,
as T, B, = ker Dy, and T, M = im Dpm. Similarly we have that:
T,E' = T,M® TpEg/C

Therefore, any v € T, E can be written as v, + v, for some v,, € T, M and v, € T,F,. We see
that:

D,®(ve) = D@, (ve) € T,E,
which is only zero when v, is zero. Furthermore, we see that for nonzero v,,:
D‘NP)W/ o Dp®(vy,) :Dp(ﬂ'/ 0 ®)(vmn)
=Dpm(vm) € T, M

which can’t be zero by assumption, implying that D,®(vy,) ¢ ker Dg(,yn’. However, if Dp®(v,,) =
0 then D,®(vy,) € ker Dg(p)7’, s0 Dp®(vy,) # 0. Hence if:

D,®(v) = Dp®(vy) + Dp®y(ve) =0

we need both D,®,(v.) = 0 and D,®(v,,) = 0, which as just shown only holds if v,, = 0 and
ve = 0, i.e. if v = 0. Therefore, the kernel of D,® is trivial for all p € E, implying that ® is a
diffeomorphism and thus a bundle isomorphism as desired. O

Importantly, the above proposition relies on the fact that ® is a a smooth map as a priori. In
general, the condition that ® restricts to a diffeomorphism on each fibre is not enough to prove
this claim without this underlying assumption.

Much like manifolds, fibre bundles come equipped with an atlas:

Definition 2.1.4. Let (E,w, M; F') be a fibre bundle, and {U,};c; an open covering for an M. A
bundle atlas is then the aforementioned open cover of M, with a set of bundle charts:

¢Z‘ZEU1.—>UZ'XF

We denote the atlas by {(U;, ¢;) }ier
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Furthermore, for a bundle atlas we have transition functions from one local trivialization to the
next:

Definition 2.1.5. Let (U;, ¢;);c; be a bundle atlas for the fibre bundle (E, 7, M; F) be a fibre
bundle. If U; NU; # 0, we define the transition functions as:

qu o ¢Z—1 - : (Ul N U]) X F — (Uz N U])
iNU;

For U;,U; C M such that U; NU; # (), we denote the restriction of ¢; to the fibre E, C Ey, by
¢iz. Then, for each x € U; N U}, we see that:

pjz0d, F — F
is a diffeomorphism. Therefore, we obtain the following maps:
¢i; 1 U; NU; — Diff(F)
T iz 0 by
which we also call transition functions.

Proposition 2.1.3. The transition functions {¢i;}ijer satisfy the following equations:

¢ii(x) =Idp for x € U; (2.1.1)
@ji(x) 0 ¢i5(x) =Idp forx e U;NU; (2.1.2)
dri(x) 0 Pk () 0 ¢y (x) =Idp for z € U;NU; N Uy (2.1.3)

(2.1.3) is called the cocycle condition
Proof. (2.1.1) is trivial. For (2.1.2) we see that for z € U; N U;:
0ij(z) = djo 0 63y
while:
¢ji(x) = iz © éf’j_wl
Hence:

$ji(w) 0 61 () =(diz © 071 0 (60 © 67,
:d)iz © ¢;11
=Idp
as desired. For (2.1.3), we have that for € U; N U; N Uy:

i (2) © G () © 915 (2) =(dix © 5,) © (Pha © D3, ) © (D5 © 67,))
:Qbix © ¢7,_11
=Idg

so the cocycle conditions is satisfied. O

Before ending our discussion on general fibre bundles, recall our work with the tangent bundle:
we began with a set, TM and a surjective map 7, and then constructed a topology and smooth
structure on T'M such that it was a smooth manifold. In this process, we indirectly showed that
TM is a fibre bundle; indeed, the coordinate charts for TM can be manipulated to yield bundle
charts for TM. In a similar fashion, we would like to know when we can construct a fibre bundle
out a set F, smooth manifolds M and F, and a surjective map 7 : E — M. We need the following
definition:

Definition 2.1.6. Let M and F' be smooth manifolds, F a set, and 7 : £ — M a surjective map.
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a) Suppose U C M is open and:
QSU By - UXF
is a bijection with:

pry © ¢u = 7|g,

then we call (U, ¢) a formal bundle chart for E.

b) A collection of formal bundle charts {(U;, ¢;) }ier which is also an open cover for M is called
a formal bundle atlas.

¢) The charts in formal bundle atlas are smooth compatible if all transition functions:
(;Sjogbi_l : (UzﬂU]) X F— (UzﬂU]) X F

are diffeomorphisms.
With this definition we end with the following theorem:

Theorem 2.1.1. Let M and F be smooth manifolds, E a set, and w : E — M a surjective map.
Suppose that {(U;, ¢;) bicr is a smoothly compatible formal bundle atlas. Then there exists a unique
topology and smooth structure on E such that (E, 7, M; F) is a fibre bundle.

Proof. The proof of this theorem is similar to Proposition 1.1.3, albeit with a few changes. We
first define a basis for E by noting that M has a countable basis for it’s topology {V;}ien, and that
each V; in this basis is contained in a bundle chart by definition. Therefore, since each V; C U; for
some j, we define a new formal bundle atlas by taking {(V;, ;) }icn, where 1); is the restriction of
¢; to Ev,. Now let {W;};cn be a countable basis for F', we construct a basis for the topology of E
by:

{7 (Vi X W) }ijen

This basis is clearly countable, so F is second countable. Furthermore, let p,q € E such that
p # q, if 7(q) = w(p) = z, then p,q € E,, implying that p,q € Ey, for some V;. The topology
on F' is Hausdorff, so it follows that there exists disjoint open set Wi, W; € {W;}ien, such that
p € v 1 (V; x W), and ¢ € = H(V; x W;). If w(p) # m(q), then, since the topology on M is
Hausdorff there exist disjoint open sets V;, V;, such that m(p) € V; and 7(g) € V;. Thus for some
non empty Wy € {W, }ien, p € =1 (V; X Wy) and q € =1 (V; X Wy), both of which are disjoint,
so with this topology E is Hausdorff.

Let O C U; X F be open for some U; € {U;};cr. Then there exists some open V C U; and
W C F such that:

O=VxW

V must be the union of some subfamily of {V;};cy such that each V; C U;, and W must be the
union of some subfamily of {W;};cn, with this in mind we have:

o= |J vexw;
keK,jed

where K and J are the indexing sets of the aforementioned subfamilies. Therefore, since each
is just ¢; restricted to Vj :

671 0)=|J vtV xW))

keK,jeJ

SO ¢Z-_1 is a continuous bijection. We see that this map is also open as if O C Ey, is open then:

o= |J o' (Ve xwy)

keK,jeJ
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for some subfamilies of {V;};en, {W;}ien indexed by K and J respectively. Therefore, again since
each 1y is just ¢; restricted to Vj :

$(0)= |J oy (Ve x Wy))

keK,jeJ

= U vexw;
keK,jeJ

which is open in U; X F. Thus, since ¢; is an open continuous bijection, it is a homeomorphism.
Therefore, our basis defines a topology on E where our formal bundle atlas is a collection of
homeomorphisms.

Let p € E such that w(p) € U; for some U; € {U;}icr. Then there exists an open neighborhood
of S such that S C Ey, and ¢;(S) is then open in U; X F. We can make S small enough such
that ¢(5) is contained in a coordinate chart for the product smooth manifold U; X F, hence FE is
locally Euclidean.

We have shown that with the topology defined above, E is Hausdorff, second countable, and
locally Euclidean, and thus a topological manifold. It remains to be shown that E is a smooth
manifold. For each U; X F, let {(O;;,v;)}jes be the product smooth atlas for the smooth manifold
U; X F. Then, the collection:

{Eu,;¥ij o ditier jes
covers F/, and is smoothly compatible since the transition functions:
Yij o dio byt o' k(O N Oyj) — i (O N Oy)

are smooth, as ¢; o qb,;l is a diffeomorphism, and each v;; is a local diffeomorphism by assumption.
This clearly defines a smooth atlas for E such that each ¢, : By, — U; X F is a diffeomorphism,
hence 7 is smooth as well, as locally 7 is the composition of pry;, o ¢;. Therefore, the quadruplet
(E,m,M;F) is a fibre bundle by Definition 2.1.2 as desired. O

2.1.2 Principal Bundles

We are now in a position to define principal bundles. As mentioned earlier, these are essentially
fibre bundles with a right group action of some Lie group G which acts transitively and freely
on the fibres, though we will place extra restrictions on the bundle atlas. If G acts simply and
transitively on the fibres, then this implies that the fibres are diffeomorphic to G. Importantly,
the fibres will not be isomorphic to G in the sense of Lie groups.

Definition 2.1.7. Let G be a Lie group, M a a smooth manifold, and (P, 7, M;G) a fibre bundle
with a smooth right action of G. P is called a principal bundle if:

a) The action of G preserves the fibres of P, and G is transitive and free on them. In other
words, for all x € M, the action of G restricts to:

P, xG— P,
and the orbit map:

G— P,
gr—p-g
is a bijection.
b) The exists a bundle atlas {(U;, ¢;) }ier for P satisfying:

¢i(p-9) =¢ip)-9  VpePu,9eC
where G acts on the right hand side for ¢;(p) = (x,h) € U; X G by:

such an atlas is called a principal bundle atlas.
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We call G the structure group of P.

As the next proposition shows, the transition functions for a principal bundle atlas take values
in G C Diff(G), and act on G by left multiplication.

Proposition 2.1.4. Let P be a principal bundle over M with structure group G, and {(U;, ¢;) }ier
a principal bundle atlas. The transition functions take values in G C Diff(G):

¢i; U NU; — G C Diff(G)
T— quz © ¢;«1
where g € G acts as a diffeomorphism on G through left multiplication:

gh)=g-h

Proof. We first want to show that d)i;l : G — P, is G-equivariant. By assumption we have that
¢iz : P — G is a diffeomorphism hence for some p € P,, and some g € G we have that:

Piz(p) =9
Furthermore, since ¢;, is G-equivariant, we have that for some h € G:
Gia(p-h) = dia(p)-h=g-h
This implies that:
0 (9)=p and  o7'(g-h)=p-h
hence:
ia (g-h) =03, (g) I
thus ¢i;1 is G-equivariant as well. We now see that the transition function:
¢ij : U;NU; — G C Diff(G)
T Gip 0 bt
satisfy the following condition for all z € U; N Uj, and g,h € G:
¢i(x)(g - h) =dju 0 63, (9 - h)
=0ju(¢7, (9) - 1)

=(¢jz 0 07, (9)) - h
=¢ij(r)(g) - h

Therefore, for some g € G, and some x € U; N U;:
dij(x)(e) =g

hence for any h € G:

Thus the transition functions take values in G C Diff(G), and act on G via left multiplication. [

Proposition 2.1.5. Let 7 : P — M be a smooth submersion between the smooth manifolds P and
M. Furthermore, let G be a Lie group which acts on P from the right, and preserves the fibres of
m, and is free and transitive on them. Then, P is a principal bundle.
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Proof. We need only show that we can construct a principal bundle atlas, as that will automatically
imply that (P, m, M; Q) is a fibre bundle, and thus a principal bundle. As 7 is a smooth submersion,
by Lemma 1.2.8 there exists a covering {U;};cr of M such that each U; admits a local section
s:U; = Py, of m. Let U € {U;}icr, and s : U — Py be a local section. We now need to show that
the map:

’(/JZUXG—>PU
(z,9) — s(x) - g

is a G-equivariant diffeomorphism. It is smooth as the composition of smooth maps, and we see
that:

Y(z, gh) = s(x) - (gh) = ¥(x,9) - h

hence 1 is also G-equivariant.

For (z,g),(y,h) € U X G, we have that:
¥(z,9) =¥y, h) = s(z) - g =s(y) - h

The action of G preserves fibres, so ¥ (z,g) and ¥(y, ¢g) must be in the same fibre. However, by
the same logic, this implies that s(x) and s(y) must lie in the fibre, i.e.:

7o s(x) = 7o 5(y)

but s is a local section, so = = y, and s(z) = s(y). Furthermore, since G acts freely on the fibres
we have that g = h as well, hence ¢ is injective. For ¢ € Py, we have that 7(q) = x for some
x € U, and that s o w(¢q) = p for some p € P,. Then, since the action of G is transitive on the
fibres, we have that there exists a g € G such that:

U(z,9) =s(x) g=p-9=4¢
hence 1 is surjective, thus 9 is a bijection.

Since 7 is a smooth submersion, we know that each P, is an embedded submanifold of P with
dim P, = dim G. Furthermore, by Theorem 1.1.1 we have that:

dimG =dim P —dim M = dim P = dim M + dim G
Since U X G has dimension dim M +dim GG, and Py is open in P, if we can show that the differential:
D(Lg)’(/J : T, U X TOG — T(s(z)-g)PU

has trivial kernel for all 2, g € U X G, then by rank-nullity the differential will be an isomorphism,
so ¢ will be a diffeomorphism. We see that for (X,Y) € T,U X T,G, that the differential of ¢ is
given by Proposition 1.2.17:

D, g)h(X,Y) = Do(Rg 0 $)(X) + pa(Y)(4).g
We first see that:
Ry,os=s(x)-g
is another another section as G preserves the fibres of 7, hence:
mo(Rgos)=1Id
So by the chain rule:
Dy@ym o Dy(Rg 05) = ldr,u
Suppose now that D,(R, 0 s)(X) = 0 for some X # 0, then we see that:

Dy(z).gmo Dy(Rgo5)(X) =0
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a contradiction, so D, (R40s5) is injective, and the image of D, (R4 o0s) intersected with ker Dy (y).qm
is the zero vector. Since the action of G is free and transitive on the fibres, we have that the map:

TgG — Ts(m)~ng

is an isomorphism. Furthermore, let v(¢) be a curve in P, such that v(0) = s(x) - g, and 4(0) =
Z € Ty(y).gPx, then:

z)-g
Duaym(2) = 2| _ 7((1)
dt lt=0
d
i
=0

€T
t=0

80 Ty(z).gPr C ker Dg(zy.qm. This then implies that the only way for D, .y (X,Y) to be zero is if:

D,(Ryo0s)(X)=0 and 1 (Y)g(z).g =0
However, as we have just shown, the only way these can both zero is if X =Y = 0, implying that
D(y,g)9 is injective as desired.

Therefore, ¢ is a G equivariant diffeomorphism, and for each {U;}ier:
’lbi Uy X G — PUi
(xag) — Sl(fﬂ) g

is a G equivariant diffeomorphism. The collection {(U;,¢; "Y}ier is then a principal bundle atlas,
as desired. O

Our work in the preceding proposition gives the following the corollary:

Corollary 2.1.1. Let M be a smooth manifold, and ® be a principal right action of G on M.
Then M is a principal bundle over M /G with structure group G

Proof. By Theorem 1.2.4, 7 : M — M/G is a smooth submersion. In particular, the fibres of 7
are preserved by G, and G acts freely and transitively on them. By Lemma 1.2.9, we have that 7
admits local sections, so we can construct a principal bundle atlas in the same way as Proposition
2.1.5, and the claim follows from the definition of fibre bundles and principal bundles. O

Furthermore, Proposition 2.1.5 implies that any fibre bundle with a right group action which
preserves the fibres, and is simply transitive on them is a principal G bundle, as the projection
from the total space to the base space is always a surjective submersion.

Example 2.1.1. By Corollary 2.1.1, we see that the Hopf fibration from Example 1.2.15 is a
principal bundle over S?, where the total space is S® and the structure group is S*.

We would like to obtain a converse to Corollary 2.1.1, i.e. that every principal bundle can
be thought of as a quotient manifold. We need the following proposition:

Proposition 2.1.6. Let P be a principal bundle over M, with structure group G. Then, the right
action of G on P is principal.

Proof. By assumption, the action of G is free, so we need only show that the map:

U:PXxG—PXxXP
(p,g) — (p,p-9)

is closed. We will employ the sequence definition of closed sets to prove this, i.e. that a set A is
closed if it contains all of its limits points. Let A C P X G be a closed set, and (p;, ¢;)ien € ¥(A)
a sequence converging to (p,q) € P X P. Since the action of G preserves the fibres, and is free and
transitive on them, we have that there exists a sequence g; € G such that ¢; = p; - g;. If we can
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show that g; converges to g € G, then the sequence (p;, g;) converges in A as A is closed, and thus
(p,q) € V(A) so U(A) will be closed as well.

Let w(p) = «, and U an open neighborhood of x with bundle chart:
¢: Py —UXG

Since (p;, ¢;) is a convergent sequence, there exists an N such that for all i > N, p;,q; € Py. For
some sequence z; € U, and h; € G converging to = and h respectively, we can then write:

o(pi) =(i, hi)
¢(qi) =(xi, higi)
o(p) =(z, h)

Since ¢; — q and x; — z, we find that:
¢(q) = (z, 1)

for some h' € G. We see that the sequence g; is then given by:
g9i = h; ' (hig:)

Therefore, since h; converges to h, and h;g; converges b/, we have that g; converges to h™1h'. As
mentioned earlier, A is closed so since the sequence (p;, g;) converges to (p, h~'h') we have that
(p,h='R') € A. We see that:

U(p,h~*h') = (p,p- (h"'h)) (2.1.4)
and note that:
¢(p- (h"h)) = (z,h') = ¢(q)

Then since ¢ is injective, (2.1.4) reduces to:

U(p,h ') = (p.q)

Therefore (p,q) € U(A), so U(A) is closed and ¥ is a closed map, making the action of G a
principal right action, as desired. O

Corollary 2.1.2. Let P be a principal bundle over M with structure group G. Then P/G has
the unique structure of a smooth manifold such that mg : P — P/G is a smooth submersion. In
particular:

P/G=ZM
as smooth manifolds.

Proof. By Proposition 2.1.6 the right action of G on P is principal, hence by Theorem 1.2.4
P/G has the unique structure of a smooth manifold such that 7o : P — P/G is a smooth
submersion.

We now need to show that P/G and M are diffeomorphic. Let x € M, and p € 7~ !(z), then
since G is free and transitive on the fibres we have that for any ¢ € 7=(z), there exists a unique
g € G such that p- g = ¢q. We then see that the orbit of p, O,, is equal to the fibre 771 (z), as for
any element ¢ € 7~ !(z), we have that p- g = ¢ for some g € G, and for any element ¢ € O, we
have that:

m(q) =7(p-g) ==
for some g € G. Define a new equivalence relation on P:
p~q <+ 7(p)=7(q)

We see that this is exactly the equivalence relation defining P/G, as if 7(q) = z, then ¢,p € 7~ }(x)
so p and ¢ belong to the same orbit. Furthermore, by construction, = is the quotient map 7 : P —
P/ ~, hence P/ ~= M. Finally, since the defining equivalence relation for P/G is the same as ~,
we have that by Theorem 1.2.3 P/G = M, as desired. O
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Example 2.1.2. Let M be a smooth n dimensional manifold. For each p € M we define:
Fron(M)p, = {(v1,...,vn) € T,M™ : (v1,...,vy) is a basis for T, M}

In other words, at each point p, Frgr (M), is the set of all frames for T,M. Just as we have done
with the tangent spaces, we define the Frame Bundle of M as the disjoint union:

Frap (M) = ] Frer(M),
peEM

This set comes equipped with a natural projection:
T FI‘GL (M) — M
(V1,.. ., Un)p —> D
Furthermore, there is a natural action of GL,(R) on Frgr (M) given by:

v FI‘GL(M) X GLT,(R> — FI‘GL(M)
((V1,--vn)p, g) — (Zvigi17-~-,zvi9m>

which is essentially just multiplying the matrix (v1,...,v,) by ¢ on the right. It is clear that this
action preserves the fibres of 7w, and is free and transitive on them. Our goal is to use Theorem
2.1.1 to show that Frg (M) is a fibre bundle, and then deduce from Proposition 2.1.5 that
Frgr (M) is a principal bundle over M with structure group G.

Let (U;, 1) be a local chart for M with coordinates (x!,--- ,2™), then a local section of m can
be given by:

Si . Ui — FI‘GL(M)
p'_> (axi,...7axn)p

Vi (P)>

o
v Dy [ =—
" (p)) i (p) Vi ( pres

9 >
$alp) T 0T ly(p)

where 0, is short hand for:

(0
Dy, yti”" (aﬂ

0 s;(p) can be written as:

_ 0
si(p) = <D¢1(P)wi ! (83:1
_ 0
=Dy, ;' (8331

In the standard R™ basis where:

)

0

0
- =e¢ =11
oxtly.my |
0

the right term is simply the identity matrix, hence:
si(p) = Dy, ¥y '
We define the inverse of the bundle chart in the same way we did for Proposition 2.1.5:

67"+ Ui X GLn(R) — Frar(M)y,

i

(p.g) — si(p) - g = (Dyy¥; ") - g
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which is a set bijection by the same argument in Proposition 2.1.5. It’s inverse is given by:

¢; - FrGL(M)Ui — U; X GLn(R)
We can check this an inverse by noting that for any (p,g) € U; X G-

¢i 0 ¢; ' (p,9) =¢i (Dypum¥i ') - 9)
=(p, Dypvi - (Dy, %7 ') - 9))
=(p, Dy, (Wi 0 ;1) - 9)
=(p,9)
and that for any f € Frgp(M):

¢; ' o ¢i(f) =67 (7 (), (Da(py¥i) - f))
=Dy n(sp¥i  ((Dr(pyti) - f)
=(Dys(r(r¥i" © Dupyi)) - f
=f
The transition functions for U; N U; # () are then given by:
pjod; ' (UiNUj) X GL,(R) — (U; NU;) X GLn(R)
(:9) = (0, Dy, (5 0 %71) - 9)

These transition functions are smooth because each (; 0 ¢;) is smooth, and clearly have a smooth
inverse, hence they are diffeomorphisms. The formal bundle atlas:

{Ui, ¢i}

is then smoothly compatible, hence (Frgr (M), 7, M; GL,(R)) is a smooth fibre bundle by Theo-
rem 2.1.1. In particular, the action of GL, (R) is smooth since it is smooth in a smooth bundle
chart, so since the action also preserves the fibres, and is free and transitive on them, by Propo-
sition 2.1.5, Frg (M) is a principal bundle over M with structure group GL,,(R).

If (M, g) is a (pseudo)-Riemannian manifold, we could also construct a principal O(n) bundle
over M, where the fibres consist of orthornormal frames of T, M. If in addition M is orientable
we can further reduce to the structure group to SO(n), where the fibres consist of the oriented
orthonormal frames for T,M. We denote these bundles by O(M), and SO(M) respectively. This
notion of ‘reducing’ the structure group motivates the following definition.

Definition 2.1.8. Suppose w# : P — M and 7’ : P’ — M are principal bundles over M with
structure groups G and G’ respectively, and f : G — G’ is a Lie group homomorphism. A
principal bundle homomorphism between P and P’ is an f-equivariant map smooth bundle
map F: P — P, ie.

7oF=m

and

F(p-g)=F(p)- f(g)

The principal bundle P together with the bundle homomorphism F is called a f-reduction of P’.
In particular, if f : G — G’ is an embedding, then F' is G reduction of P’, and the image of F' is
a principal subbundle of P'.

With this definition, we see that if (M, g) is an orientable (pseudo)-Riemannian manifold, then
the inclusion map:

i:50(n) — GL,(R)
is an embedding, and the bundle inclusion map SO(M) — Frgr (M) determines an SO(n) reduc-
tion of Frg (M), as expected.

We end our discussion on principal bundles by finally introducing the notion of a (local) ‘gauge
transformation’. We need the following definition:
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Definition 2.1.9. Let P — M be a principal bundle with structure group G. A global gauge is
a global section s : M — P. A local gauge is a local section s : U — Py defined on an open set
UcCM.

By our work in Proposition 2.1.5 we have the following corollary:

Corollary 2.1.3. Let P — M be a principal bundle with structure group G, and s : U — Py a
local gauge. Then the map:

o1 UXxG— Py
(2,9) — s(z)- g

is a G-equivariant diffeomorphism, and it’s inverse is a local trivialization of P. In particular, if
s: M — P is a global gauge then P is a trivial bundle with trivialization given by ¢:

p:P—MXG

With the corollary above, we see that gauge’s correspond to (local) trivializations of the princi-
pal bundle. The core idea behind gauge theories is that the physics is independent of the choice of
gauge, or trivialization. This idea mimics those found in geometry, and special/general relativity,
i.e. that geometry and thus the physics of gravity should be independent of the coordinates, or the
rest frame one chooses in flat spacetime. With this in mind, we see that a gauge transformation is
nothing more than a change of local trivialization; in future sections we will further develope this
idea, and see how this mathematical gauge transformation aligns with the gauge transformations
found in classical electromagnetism.

2.1.3 Associated Vector Bundles

We have already come across a multitude vector bundles in our earlier discussions on smooth
manifolds, though we have not yet provided a succinct definition of what a vector bundle actually
is; we do so now:

Definition 2.1.10. A fibre bundle (E, 7, M;V) is called a real or complex vector bundle of
rank m if:

a) The general fibre V| and every fibre E,, for x € M are m-dimensional vector spaces over R
or C.

b) There exists a bundle atlas {(U;, ¢;) }ier for E such that the restriction of ¢; to the fibre E,,
denoted ¢;,:

izt By —V

is a vector space isomorphism for all x € M. Such an atlas is called a vector bundle atlas,
and the bundle charts are similarly called vector bundle charts.

With this definition above, it should be clear that the tangent bundle is indeed a vector bundle,
though the vector bundle structure of T*M, and A*(T*M), is perhaps less clear. However, by
Theorem 2.1.1 we can obtain new vector bundles from purely linear algebraic constructions on
the fibres. Indeed, if £ and F' are vector bundles, then we can construct vector bundles:

E®F E®F E* AME)
whose fibres are:
(EeF),=E,&F (E®F),=E,F  (E,=E  (A(E)),=A"E,)

Then, since F and F' come equipped with a vector bundle atlas, we can combine said vector bundle
atlas’s, and compose them with them various maps in linear algebra, to construct a formal bundle
atlas satisfying the assumptions of Theorem 2.1.1. In particular, if F is a real rank m vector
bundle with bundle charts {(U;, ¢;)}, we can define the bundle charts for E* by:

Wy — (CC, ((d)iz)il)wa)

as ¢;, : B, — V', we have that (;5;,1 :V — E,, so (gbi;l)T : E¥ — V*. The rest of the constructions
then follow similarly.
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Example 2.1.3. Let M be a smooth manifold, and E a vector bundle. Recall the vector bundle
AF(T*M), and that:

I (AR(T*M)) = Q¥ (M)

i.e. smooth sections of this bundle are differential k forms. A vector bundle of interest is then
A¥(M)® E. For z € M, if w, € (A*¥(M) ® E),, then w, is the alternating, multilinear map:

we : TeM X - XT,M — E,

With this in mind, the sections of this bundle are differential k¥ forms with values in I'(E). For
brevity we set:

D(AM(T*M) ® E) = QF(M, E)

Elements of Q*(M, E) are often called k-forms twisted with E.

Much like principal bundles, the transition functions for a vector bundle have the following
special property:

Proposition 2.1.7. Let (E,7, M;V) be a rank n vector bundle, where V is a K-linear vector
space, with K being C or R. The transition functions then take values in GL,(K):

T (bjz © ¢7;1
Proof. Both ¢;71 :V = B, and ¢j, : E; — V are isomorphisms, hence ¢;, o d)i;l :V — Visan

isomorphism. Therefore, since V' = K", and det (q’)jw o ¢i;1) # 0, we have that ¢, 0 ¢, € GL,(K),
as desired. 0

Given a vector bundle E, we can also define bundle metrics by constructing the bundle £* ® E*
and then taking non vanishing, smooth, symmetric sections of that bundle.

Definition 2.1.11. Let £ — M be a C or R linear vector bundle. A Euclidean or Hermitian
bundle metric is a metric on each fibre E, which varies smoothly, i.e. if F is a real vector bundle
then it is a section:

() eT(E" @ E")
or if £ is a complex vector bundle:

where E denotes the complex conjugate vector bundle. The section at each point must define a
positive definite, symmetric (or hermitian) bilinear map:

E. X E, — CorR

Furthermore, every real or complex vector bundle admits such bundle metric.

Proposition 2.1.8. Let E — M be a real or complex vector bundle. Then E admits a Fuclidean
or Hermitian bundle metric.

Proof. This follows from the exact same partition of unity argument found in the proof of Theo-
rem 1.1.10, that every smooth manifold M admits a Riemannian metric. O

Like principal bundles, homomorphisms between vector bundles must satisfy an extra condition,
namely that they respect the vector space structure of the fibres.

Definition 2.1.12. Let 7 : E — M and ' : E/ — M be vector bundles. Then a map F : E — E’
is a vector bundle homomorphism if it is a bundle homomorphism such that F' restricted to
the fibres of E is a linear map. Furthermore, F is called a vector bundle isomorphism if the
restriction to each fibre is a linear isomorphism, and F is called trivial if £ =2 M X V.
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With the definition above, and our discussion at the beginning of this section we wish to
understand the tangent bundle of a product manifold M X N. We first cite the following theorem,
a proof of which can be found in Hamilton’s Mathematical Gauge Theory.

Theorem 2.1.2. Let (E,n,M;F) be a fibre bundle, and f : N — M a smooth map between
manifolds. Then the set:

ffE={(z,e) e N X E: f(z) =7(e)}

has the structure of a fibre bundle over N with general fibre F'.
We can now prove the following result:

Proposition 2.1.9. Let M and N be smooth manifolds. Then, as vector bundles:
T(M x N) = (ryTM)® (nyTN)=TM X TN
where wp; and wxn denote the projection onto M and N respectively.
Proof. We see that:
T TM = {((p,9), (p,v)) € (M X N) X TM}
while:
TN = {((p,a); (a,w)) € (M x N) x TN}
So the fibres of each then satisfy:

(WLTM)(p,q) = TPM and (ﬂ'*TN)(p,q) = TqN

Hence:

(x5 TM) @® (7*TN)) T,M & T,N

(p.9) —

We thus define a map by:
F:T(M x N) — (ny,TM) @ (7*TN)
(p7 q, ’U) — (p7 q, D(p,q)ﬂ-M(’U)7 D(p,q)ﬂ-N (’U))

We see that this map is smooth as the global differential of a smooth map is smooth. Furthermore,
form: T(M X N) - M X N and 7’ : (73,TM) & (nyTN) — M X N we have that:

7' o F(p,q,v) = (p,q) = 7(p,q,v)

hence F' is a smooth bundle homomorphism. We need to check that F{, ;) is a linear isomorphism
T(M X N)p,q — TpM © T,M. It is clear from the construction of F' that F{, 4 is linear. Since
the dimension of these two vector spaces is clearly the equal, we need only check that F{, ;) has
trivial kernel. Suppose v # 0 € T(;, (M X N) such that:

Flp,q(v) =0

then v € ker D, oy Nker D, y7n. Let v : I — M X N be a smooth curve such that 4(0) = v €
Tp,q)(M X N). Since v is a smooth curve in M X N, we see that:

for smooth curves p: I — M, and ¢ : I — n such that p(0) = p and ¢(0) = ¢q. If v € ker D, y7ns
we have that:
d

Dpgmav = dat

_ mi((8) =p(0) =0

and if v € ker D, oy7n then:

d .
Dipgrvv= | _ mn((1)) =(0) =0
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hence:

7(0) = v = (p(0),4(0)) = (0,0)

Therefore, v € ker D, y7yN € ker Dy, o7y implies that v is zero, so F{, 4) is injective and thus
an isomorphism as desired.

‘We now need to show that:
(i TM)® (ayTN)ZTM x TN

We first need to show that TM X T'N is a vector bundle over M X N. Note that TM X T'N comes
equipped with the natural projections wpps : TM X TN — TM, and 7py : TM X TN — TN, and
further that TM and TN come equipped with the projections 71 : TM — M and 7wy : TN — N.
We define the smooth projection 7" : TM X TN — M X N by:

7' = (m omrMm, T2 0 TTN)

as for all ((p,v), (q,w)) € TM X TN we have:

W//((p,’l}), (q7w>) = (pa q)

Furthermore, Let {(U;, ¢;)} and {(V;,1;)} be a countable covering of M and N by coordinate
carts, then we have coordinate charts for TM and T'N constructed in Proposition 1.1.3 given
by:

brar (V' 0ilp) = (6(p), vt ..., 0™) and Y, (w'0;|) = ((g),w, ..., w™)

where m = dim M and n = dim /N. From here we construct fibre bundle charts:

éra, TMy, — U; x R™

(v'0;]p) — (p, v, 0™)
which is smooth as it is the composition of smooth maps:

drar, = ¢~ X Idgm 0 ¢ras
and clearly satisfies:

mrm|Tm, = TU o QETMi

Furthermore, these are vector bundle charts as for all p € U; each Q;TML, restricts to a linear
isomorphism ¢y, : Tp,M — R™ given by D,¢;, with inverse Dy, ) ¢; ! In a similar manner, we
see that:

Yrn, TNy, — V; X R"

(w'0;],) — (p,wt, ..., w™)
are vector bundle charts for TIN. We now want to construct a formal bundle atlas for TM X T'N;
recall that that M X N comes equipped with a product manifold structure, so {(U; X V;, ¢; X ¢;)}
covers M X N. For each ¢ and j, we construct the bundle charts:

dN)Tjui X Z[;TN,- : (TM X TN)U,-XVJ — (U,’ X VJ) X (Rm EBR”)

((p,v), (g:w)) = ((p, @)s (Dpi(v), Dyt (w)))

which are clearly smoothly compatible as the global differential D(¢; o qﬁ,;l) is smooth, so by

Theorem 2.1.1, TM X T'N is a fibre bundle with model fibre F' = R™ @& R". Clearly the
restriction of ¢ras, X ¢ry, to the point (p,q) is then an isomorphism:

(TM X TN)p,q — R"®R"

so TM x TN is a vector bundle over M X N.
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Now that we know T'M X T'N is a vector bundle over M X N, we construct the smooth map:
F:(myTM)® (ryTN) — TM X TN
(p, g, v,w) — ((p,v), (g, w))

which is a bundle homomorphism as for all (p, ¢, v,w) € (7},TM) & (7xTN) we have:

0 F(p,q,v,w) = "((p,v), (¢,w)) = (p,q) = 7' (p, ¢, v, w)
The restriction of F' to the the fibre over (p,q) € M X N is just the identity map, since for
(v,w) € T,M & T,N :
F(;D,q)(U?w) = (U’w)

Thus, F{, 4) is a linear isomorphism for all (p,q) € M X N, so F' is a bundle isomorphism, implying
the claim. O

Though there is much to say about vector bundles in general, we are interested in a specific
type of vector bundle, namely ones that are related in a way to a principal bundle in a special way.
In physics, we will be able to identify the sections of these associated vector bundles as matter
fields, and, as mentioned earlier, a very special associated vector bundle will allow us to write the
Yang-Mill’s Lagrangian down without reference to the underlying principal bundle.

To begin, we need the following lemma;:

Lemma 2.1.1. Let P — M be a principal G bundle, and p a representation of G on a K-linear
vector space V. Then the map:

®:(PXV)XG—PXV
(p,v,9) — (p-g,p(g)"" - v)

defines a principal right action of the Lie group G on the product manifold P X V. In particular,
the quotient space E = (P X V)/G has the unique structure of a smooth manifold such that
m: P XV — FE is a submersion.

Proof. 1t is clear that the map above is smooth. It is also a right action as:

O(®((p,v,9),h)) =®(p- g,p(g)"" - v, h)
=(p-(g-h),p(g-h)""v)
=®(p,v, gh)

Let ¢, denote the orbit map through (p,v) € P X V. For g, h € G, if:

(bp,v (g) = ¢p,v(h)

we have that:

(p-g.p(9) ") = (p-h,plg)~"h)

However, the action of G on P is free, so if p- g = p- h, we must have that g = h, so ® is a free a
right action. We now need only show that the action is principal, i.e. that the map:

U:(PXV)XG— (PXV)x (PxV)
(p,v.9) — ((p,v), (p- g, p(g9)""0))

is closed. We will proceed similarly to Proposition 2.1.6. Let A C (P X V) X G be closed, and
((pi>vi), (qi,w;));en be a sequence in W(A) converging to ((p,v),(¢,w)) in (P X V) X (P x V).
Since the action of G on P preserves the fibres of P, and is free and transitive on them, there exists
a unique sequence g; € G such that ¢; = p; - g;. Since ((pi, v;), (¢;, w;)) € ¥(A), it then follows that
w; = p(g;) " tw; for all i € N, so:

V(pisvis gi) = ((Pisvi), (giswi))
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for all i € N. Let 7(p) = « and U an open neighborhood of z with bundle chart:
d) Py —>UXG

Then, there exists an N € N such that for all ¢ > N we have that (p;,v;), (¢;,w;) € Py X V.
Consider the map:

Y: Py XV —UXGXV
(p,v) — (&(p), p(pre; © $(p))v)

which is clearly a bijection as ¢ is a diffeomorphism and p(g) is an isomorphism for each g € G.
Furthermore, the group action on U X G X V' compatible with the group action on P X V is given
by:

(pa ha U) g = (p7 hg,’U)

as if:

Y(p,v) = (p, h, p(h)v)
then:
¥(p-g,p(g)""v) =(x, hg, p(hg)p(g) " v)
:(‘T? hg,p(h)v)
Z(l‘, h7 p(h)’l}) g
=¢(P7 7)) g

We also see that this map is constant in the first and third component for all (r,u) € O, as for
some g € G:

W(r,u) =v(p- g,p(g)"'v)
=(x, hg, p(hg)p(g)~'v)
Z(l‘, hg’ p(h)’U)

Then for some sequences x; and h; converging to x and h respectively, we have that:
Y(pisvi) =i, hiy p(hi)vs)

Y(gi, wi) =(w4, higi, p(hi)vi)
Y(p,v) =(x, h, p(h)v)

Since ¢; = ¢, w; = w, p(h;)v; = p(h)v, and x; — = we also have that for some ' € G:
U(q,w) = (x, 1, p(h)v)
We write g; as:
gi = hi ' (higi)

then since h; converges to h, and h;g; converges h', we see that ¢; converges to g = h™'h/, so
(p,v,g9) € A as A is closed. We now see that:

b(p-g,0(9) " ) = (x, ', p(h)v) = (g, w)
hence since 1) is injective:
¥(p,v,9) = ((p,v), (¢, w))

Therefore ((p,v), (q,w)) € ¥(A), so ¥(A) is closed, making ¥ a closed map, and ® a principal
right action as desired. The rest of the claim follows from Theorem 1.2.4. O

Now that we know that E = (P X V)/G has the structure of a smooth manifold, we would
like to go one step further and prove that E is actually a vector bundle over M with general fibre
isomorphic to V.
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Theorem 2.1.3. Let P be a principal bundle over M with structure G, V' a K linear vector space,
and p a representation of G on V. Then the quotient space E = (P X V)/G has the structure of
a K-vector bundle over M with projection:

g B — M
[p, v] — 7p(p)
and fibres:
E,= (P, xV)/G
isomorphic to V. The vector space structure of the fibre E, over x € M is given by:
Alp, v] + nlp, w] = [p, v + nuw], V\neK, vweV, peP
where mp(p) = x.

Proof. We first show that the map 7 : E — M is well defined. Let [p,v] € E, and [q,w] be
another representative of the equivalence class [p,v]. Then, for some g € G we see that ¢ =p- g
and w = p(g)~! - v. We then see that:

mE(lg,w]) =7p(q) =7p(p- g) = 7p(p)

so the map is well defined. Furthermore, the fibre F, = (P, X V)/G is isomorphic to V under the
map:
f:V—E,
v — [p, V]
for a fixed p € P,. The map is clearly linear, and is injective as if [p,v] = [p, w], then v = w, since

(p,v) and (p,w) can’t be in the same orbit. Finally, the map is surjective, since if [p,v] € E,, we
see that f(v) = [p,v], so f is an isomorphism.

We now need to show that E has the structure of vector bundle, so we need to show that for
each z € M, there exists an open neighborhood U of x such that Ey is diffeomorphic to U X V.
Let U be an open neighborhood of z € M, and ¢y a local trivialization:

¢: Py —UXG
We define a map:
V:Ey —UXV
[p,v] — (7p(p), p(Pre © ¢(p))v)

As shown earlier, p(prg o ¢(p))v is constant for all (¢,w) € Oy, so the map is well defined.
Furthermore, it is smooth as 7mp is a submersion, and p(prg o ¢(p))v is the composition of smooth
maps. We see that it has an inverse given by:
1 UXV — Ey
(z,0) — [¢7 (2, ¢), 0]

We now check that this indeed an inverse. Let [p,v] € Ey, m(p) = z, and ¢(p) = (z, h) for some
x € M, h € G, then:
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and:

Yoz, v) =([¢p (2, ), v])

=(z, pe)v)

:(LE, 'U)
hence ¢~1 o9 = Idg,, and ¥ otp~! = Idyxy as desired. Furthermore, the inverse map is smooth,
as ¢~ ! is smooth, and the projection P X V — E is a smooth submersion, so % is a diffeomorphism.
Finally, the restriction of v to the fibre E, is a linear isomorphism, as ¢; ! : V — E, is just the
isomorphism f, so ¥, = f~! is an isomorphism as well. Therefore v’ is a vector bundle chart for
U, so F is a vector bundle over M as desired. O]

With the theorem above, we can now properly define associated vector bundles:
Definition 2.1.13. Let P be a principal bundle over M with structure group G, and p a repre-
sentation on a K linear vector space V. The vector bundle:
E=Px,V=(PxV)/G

is called the vector bundle associated to P and the representation p on V. The group G is also
called the structure group of E.

Now that we an apt description of associated vector bundles, we would like to know how to
construct local vector fields on said bundle, i.e. local sections of E. As mentioned earlier, these
sections will be thought of as matter fields on our spacetime.

Proposition 2.1.10. Let P be a principal bundle over M, and p a representation of the structure
group G on a K linear vector space V. Let s : U — Py be a local gauge, then there is a one to
one correspondence between the smooth sections of E = P X, V, 7:U — Ey and smooth maps
f:U=V.

Proof. Let f:U — V, then the map:

7:U— Epy

z— [s(x), f(2)]

is smooth as both s and f are smooth, and the map P X V — FE is a smooth submersion.
Furthermore, it is a section of F as for x € M:

rpoT(x)=mpos(z) ==z
Now conversely, let 7 be a smooth section E, and suppose that for v,w € V:
[s(z),v] = 7(2) = [s(x), w]

then we must have that v = w, as (s(z),v) and (s(z),w) can’t be in the same orbit. Therefore,
there exists a unique f(z) € V for each z € U such that:

We now need to show that f(z) is smooth. Define a bundle chart by the section s:
qb_l UXG— Py
(z,9) — s(z) g
and a vector bundle chart by:
Yv:Ey —UXV
[p, v] — (7p(p), p(prg © ¢(p))v)

Then we see that:

¢~ (w,€) = s(z) = ¢(s(2)) = (z,¢€)



2.1. PRINCIPAL BUNDLES AND CONNECTIONS 116

S0:
Yor(x) =i([s(z), f(2)])
=(, p(prg(z,€)) f(x))
=(z, f(2))
Since v o T is smooth, it must be smooth in both of it’s components hence f(z) is smooth. O

Let P — M be a principal bundle with structure group G, and E = P X,V a vector bundle
associated to P. Then, for a principal bundle atlas {U;, ¢;} determined by local gauges s;, we can
construct a vector bundle atlas for F.

Definition 2.1.14. The principal bundle atlas, mentioned above, determines an adapted bundle
atlas for F with trivializations:

Vi By, — Uy XV
[p, v] — (mp(p), p(prg © ¢i(p))v)
whose inverses are given by:
YU x V — Ey,
(@, v) — [si(), ]

Note that we constructed bundle charts for an associated vector bundle in Theorem 2.1.2 in
the same way, however those had an inverse given by:

wi_liUiXVHEUi
(,0) — [¢7 " (x, €), 7]
But, for a principal bundle chart defined by a section we had that:
¢; ' (w,9) = si(x) - g = 67 (z,€) = si(2)

So the only new part of this construction is the replacement of the local gauge s; with q’){l(ﬂc, e).
Though this may seem inconsequential at moment, it often more practical to work with arbitrary
local gauges than it is with arbitrary bundle charts.

As one should now expect, the transition functions for an adapted bundle atlas of an associated
vector bundle have the following special property:

Proposition 2.1.11. Let P — M be a principal bundle with structure group G, E = P X, G
a vector bundle associated to P, and {U;, ¢;} a principal bundle atlas for P determines by local
gauges s;. The transition functions for P are given by:

¢i; :U;NU; — G
T @iz 0 ¢t
The transition functions for E are then:
by Ui U — GL(V)
T Pz 0y = p(i(@))
Thus the transition function of E have image in the subgroup p(G) C GL(V).

Proof. Let s; and s; be the local gauges which determine ¢; and ¢;. Then, since the action of G
on P is free and transitive, we have that there exist uniquely determined g(z) such that for all
x e M:
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So:

iz 0 br (h) =¢ja(si(2)) - h
=ju(s(2) - g(x)) - h
=g(z) -

as ¢j.(s;(x)) = e. Since ¢;;() = ¢j. 0 ¢}, and ¢;;(x) € G we see that:
¢ij(x) = g(x)
so:
si(x) = sj(x) - ¢ij(2)

With this in mind, we see that for all v € V:

Thus we obtain:

=p(dsj(x))v
Hence:
Vij(x) = p(ij())
as desired. O

Example 2.1.4. Let M be a smooth n-dimensional manifold and Frgy, (M) the frame bundle of
M. We want to see that with standard representation, p, of GL,(R) on R™ given by multiplication
on the left by column vectors that:

TM = Frgr,(M) X, R"
Consider the smooth map:

F:Frap(M) x,R" — TM

(V1 n)p, (@ 2™)] > vzt = p((v1, ., 00)p) -

xn

where we have that (vi,...,v,)p is a frame for T,M, so vt € T,M. We need to check that this
map is well defined. Let [(w1, ..., wn)p, (Y15--,Yn)] = [(V1,- - 0n)p, (2}, ..., 2™)], then for some
g € G:

F([(w17"'7wn)17’(y1""7yn)]) :F([(Uh'" 7Un)17 _g,p(g)—l(xl’.“’xn)])

!

:p((vla v ,vn)p ’ g)p(g_l) '

:vixi
so F' is well defined. Furthermore, F' is a bundle homomorphism as for all p € M we have that:

mram © F([(v1, .. vn)p, (21, ..., 20)]) =71 (vixt) = p
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while:

T ([(V1, o3 Un)ps (T1, .-, @0)]) =P

It is clear that I respects the vector space structure of the fibres, so it then suffices to check that
F restricts to an isomorphism of vector spaces on the fibres, however T, M has the same dimension
as Frgr (M) X, R}, so we need only check that the restriction of F' to Frgr(M) X , R} has trivial

ppo
kernel. For some [(v1,...,Vn)p, (Z1,...,Zxs)] suppose we have that:
vzt =0
However, this either implies that (v1,...,v,), is not a linear independent set of vectors or that
every x* is zero, and since (v1,...,v,) is assumed to be a frame, we conclude that every x* is zero,

so the kernel is trivial. Therefore, F' is a bundle isomorphism, so:
TM = Frgr(M) X, R"

as desired.

Proposition 2.1.12. Let P — M be a principal bundle with structure group G, and E = P X,V
a vector bundle associated to P for some n-dimensional K-linear vector space V. If p is the trivial
representation then £ = M X V.

Proof. Since p is trivial, we have that for any [p,v] € E:

[p,v]=1[p-g,v]
for all g € G. We define a map F' by:
F:FE—MXxV
[p,v] — (7(p),v)

which is clearly smooth. It is well defined as for any [p,v] € E we have:

F(lp-g,v]) = (n(p-g),v) = (7(p),v)

Furthermore, we see that if 7(p) = x:
v o F([p,v]) = mp(z,v) =

hence F' is a smooth bundle homomorphism. As before it now suffices to check that F} is a linear
isomorphism for all © € M. Clearly F is linear, furthermore it’s kernel is trivial as F,(v) = v for
all v € E,, so F, is a linear isomorphism for all z € M. Thus:

E=2MxV
as desired. O

We will need a bundle metric on the vector bundle associated to some principal bundle in order
to write down the Yang-Mills Lagrangian. For the Lagrangian to be ‘gauge invariant’ however,
we will need a specific type of bundle metric which has this invariance baked into it. Fortunately
for us, we can obtain such a bundle metric quite easily if we are first given a G-invariant scalar
product on the model fibre V', where G is the structure group of the associated bundle. Gauge
invariance will be a much clearer concept by the time we write down the Yang-Mill’s Lagrangian,
so for now we only show existence.

Proposition 2.1.13. Suppose that P — M is a principal bundle with structure group G, and
E = P x,V a vector bundle associated to P. Let (-,-)v be a G-invariant inner product on V.
Then the bundle metric (-,-)g on E given by:

([p, UL [p, w]>E1 = <U7w>V

for arbitrary p € P, is well defined.
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Proof. First note that if (-,-)g is well defined, then for all z € M, (-,-)g, is non-degenerate, and

x

smooth as for a local gauge s : U — Py, and smooth map’s ¢,v : U — V :

<[57 (rb]v [vaDE = <¢7¢>V

hence (-, ) g is a bundle metric.

To see that the map is well defined, let [¢, u] = [p,v] and [¢,y] = [p, v], then for some g € G we
have that ¢ = p - g, implying that u = p(g)~'v, and y = p(g) ~'v. Therefore:

<[Q7u]a [q,y]>Ez :<U,y>V

So the value of the bundle metric is independent of the class representative we choose, implying
the claim. O

We end our discussion on associated vector bundles with the following example:

Example 2.1.5. Let P — M be a principal bundle with structure group G. Denote the Lie
algebra of G by g, and consider the adjoint representation of G on g:

Ad: G — GL(g)
The associated vector bundle:
Ad(P) =P Xxa 9

is called the adjoint bundle. As we shall see later, the curvature form on P has a unique
representative in Q(M, Ad(P)). In particular, the adjoint bundle of the principal bundle S* — S?,
with structure group S!, is S% xq u(1) = S? x iR.

2.1.4 Connections

We first need the following definition:

Definition 2.1.15. Let (E,n, M;V) and (E', 7, M;W C V) be a vector bundles. Then E’ is a
vector subbundle of F if for all z € M, E! is a vector subspace of E. In particular, if E = TM
a vector subbundle of T'M is called a distribution.

We will define connections first as distributions of T'P, and then show that we can analogously
view them in a less abstract manner: as Lie algebra valued one forms on P. To begin, we first
want to show that for every principal bundle there exists a canonical vertical bundle.

Definition 2.1.16. The vertical tangent space V,, at the point p is the tangent space of the
fibre, T, P, where 7(p) = x.

Proposition 2.1.14. The vertical tangent space satisfies the following properties:
a) V, =ker D,m
b) The map:

brig—Vp
X — Xp
where X is the fundamental vector associated to X determined by the G-action on P is a

vector space isomorphism.

c) The set of all vertical tangent spaces V,, for p € P forms a smooth distribution on P, called
the vertical tangent bundle, and is denoted by V. The distribution is a trivial vector
bundle via the map:

F:Pxg—YV
(pa X) — XP
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d) The vertical tangent bundle is right invariant, i.e:
Rg*(Vp) =Vpyg
forall g € G.

Proof. We see that a) follows from Corollary 2.1.2 and Corollary 1.2.6 as if 7(p) = z we have
that O, = P, hence ker D, = 1,0, = T, P,.
For b), we see that by the definition of fundamental vector fields:

~ d
Dym(Xp) :%

70 exp(tX))

d
—%‘tzow(p)
=0

so ¢« X € V,. Since dimT, P, = dim g it then suffices to show that ¢, is injective. Let p € P, ¢,
be the orbit map through p and X € g; by our work in Proposition 1.2.15:

¢*(X) = Xp = De¢p(X)

Then Corollary 2.1.2 and our work in Corollary 1.2.6 imply that ¢, is an embedding, so
D.¢,(X) is injective, hence ¢, is injective.

It is clear that my : V — P is a smooth vector subbundle of TP. Furthermore, 7p : P X g — P
is a trivial vector bundle. We see that 7p(p, X) = p, thus:

Ty o F(p, X) =my (Xp)
=p
=mp(p, X)
so F' is a bundle homomorphism. Furthermore, F' is clearly smooth as it is the restriction of :

D®:TPXTG— TP

to P X TG, where D® is the global differential of the right group action on P. It then suffices
to show that the restriction of F to the fibre {p} X g is an isomorphism, but this follows from b),
hence V is a trivial distribution.

To prove d) recall Proposition 1.2.16, then we have that a fundamental vector field Xsatisfies:
R,.X=Y
for Y = Ad,-1(X), so for all X, € V,:
Rg*(Xp) = Y/py

Hence the isomorphism R, : T, P — T),., P sends vertical vectors to vertical vectors, thus RV, =
Vpg- O

In contrast, as we are about to see, there exists no canonical choice of a horizontal bundle.

Definition 2.1.17. Let P — M be a principal bundle with structure group G. Then, a horizontal
subspace is any vector subspace H, C T, P such that:

T,P=H,®V,
A horizontal bundle is then just that, a subbundle H of T'P such that:
TP=HaoV

Definition 2.1.18. Let H be a horizontal distribution of TP, then H is a Ehresmann connec-
tion on P if it is right invariant, i.e

Rg*(Hp) =Hp,
forallpe P and g € G.
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The right invariance of an Ehresmann connection implies that all H,, for p € P, are determined
by a singular point in the fibre. In other words, given H,, we can obtain every other horizontal
space via the pushforward of right multiplication by G.

Proposition 2.1.15. Let m: P — M be a principal bundle and H, a horizontal tangent space of
TyP. Then Dyr : Hy — Tr,yM is an isomorphism.

Proof. We see that T,P as dimension dimM + dimG = n, and that dimV,, = dim G hence
dim H,, = dim M. Since no v € Hy, satisfies D, m(v) = 0 other than the zero vector, by rank nullity
D, is an isomorphism. O

Example 2.1.6. Let P = M X G, i.e. a trivial principal bundle over M with structure group G.
We see that the vertical subspaces are given by:

Vig =T ({2} X G) =T,G
We can then choose:
Ha:,g = T:I:,g(M X {g}) = TZL’M

These horizontal tangent spaces define a distribution H of T'P, and this distribution is clearly right
invariant, so H is a connection on the trivial bundle such that:

H =y, TM
where 7y : M X G — M, and that:
TP=HaV = (my,TM)a (r.G)

We shall see later that such a connection is flat, i.e. has vanishing curvature.

Example 2.1.7. Let P be a principal bundle, and g a G invariant (pseudo)-Riemannian metric
on P, by which we mean:

Rig=yg

for all ¢ € G. Then there clearly exists a canonical choice for H, by taking the orthogonal
compliment of V), at each point p € P.

The following proposition then shows that every principal bundle with a compact structure
group has a connection.

Proposition 2.1.16. Let w: P — M be a principal bundle with compact structure group G, then
P has a G-invariant Riemannian metric.

Proof. As P is a smooth manifold there exists a Riemannian metric s such that (P,s) is a Rie-
mannian manifold. We define a new metric n on P by:

(0, w) = /G 599 (DyRy(0), DyRy(w))o

where o is the orientation form on G constructed in Theorem 1.2.5. The integral converges as
G is compact. Since g is positive definite it follows from Theorem 1.1.5 that:

np(v,v) >0

for all nonzero v € T,P. It is also clear that n is symmetric, smooth, and bilinear, so h is a
Riemannian metric for P. To see that that n is G invariant, take h € G, and v, w € T,, P, then:

(Bm)p(v,w) =np.n(DpRp(v), DpRp(w))

= /G $p-hg(Dp(Rg 0 By)(v), Dp(Ry 0 Rp)(w))o

B /G $p-g(Dp(Ry)(v), Dp(Rg)(w))o

:np(vv w)

so n is G invariant. O
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Combining the preceding proposition with Example 2.1.6 demonstrates the desired result.

As promised, we now turn to dealing with connections in a less abstract manner, as Lie algebra
valued one forms on P. We begin with the following definition:

Definition 2.1.19. Let 7 : P — M be a principal bundle with structure group G. A connection
one form, or connection on P is a one form A € Q(P,g)'" on the total space P satisfying:

a) RjA=Adg-10A
b) A(X) = X for all X € g where X is the fundamental vector field on P associated to X.
A connection one form is also called a gauge field.

At the point p € P the connection one form is then a linear map:
A, T,P—g

In particular, as we shall see shortly, the kernel of this map determines an Ehresmann connection.
Theorem 2.1.4. Let P — M be a principal bundle with structure group G. Then, there is a
bijective correspondence between Ehresmann connections on P and connection one forms on P.

Proof. Let H be an Ehresmann connection, then every v € T, P can be decomposed into a hori-
zontal part Y, € H, and a vertical component X, € V,,. We define a connection one form on P
by:

Ap (Xp +Y,)=X
where X € g is the element of the Lie algebra associated to the fundamental vector field X. We
need to check that A satisfies the conditions of Definition 2.1.19. Any vector field Z can be
written as Z¥ + ZH, where ZV is a vertical component of Z, and Z¥ is the horizontal component.

Note that since V is the trivial vector bundle isomorphic to P x g, any vertical vector field may be
written a (p, X (p)), where X : P — g is a smooth function. Let Z) = (p, X (p)), it follows that:

Ap(Zy) = A(Z,)) = X (p)
so A is smooth, and in particular an element in Q! (P, g). It is then clear that:
AX)=X
Now we see that for Z = Ad,-1(X):
(RyA)p(Xp +Yy) =Apg(Rgu Xp + RyuYp)
:Ap-g(Zp-g + RgiYyp)

=7
—Ad,—: (X)

=Adg-1 0 Ap(X, +Y3)

so A is a connection one form on the total space.

We now want to show that given a connection one form, we can obtain obtain an Ehresmann
connection. Choosing a basis for the Lie algebra {T;}, we can write A as:

A=A'QT,
where A’ € Q(P). Furthermore, we see that by definition:
AN(Ty) = 65

implying that the one forms are linearly independent at all p € P. Let g be a Riemannian metric
on P, and Z; the vector fields dual to A* under the musical isomorphism, i.e.

9(Zi, W) = A'(W)

"Here g is thought of as the trivial vector bundle P x g = V', hence connection one forms take values in the Lie
algebra of G.
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for all W € X(P). We then see that {Z;} are linearly independent at each T, P, and span a
subbundle S of T'P of rank dim g. At each point p € P, we now define a subbundle H of TP by:

Hp, =ker A,

It is clear that this is a distribution as it is the orthogonal compliment of S. Indeed, if Y, € Hp,
we have that:

A(Y,) =0
for all ¢. For all p € P and all v € S, we can write v as:

V= aini
for a’ € R, thus:

g(v, Yp) :aig(Zpi’ Yp)
dim g

= Z aiA;(Yp)
i=1
=0

so Y), is in the orthogonal compliment of S,,. Conversely, if Y}, is in the orthogonal compliment of
Sp we see that:

9p(Zpi, Yyp) = A;(Yp) =0
for all 4, therefore:
A(Y,) = A(Y)T; = 0

so Y, € H, =ker A,, and H is thus a distribution of TP as desired.

We now need to show that H is indeed an Ehresmann connection. We first show that H is
horizontal. Let Y, € H, NV, then Y, € V, hence for some fundamental vector field X associated
to X € g we have:

Y, = X,

But Y}, € ker 4,, so:

Ap(Yp)=0=X
so Y, = 0. Therefore H, NV, = {0}, so by rank nullity we have:

dim 7T, P = dimker A, + dim g = dim H, 4+ dim V},

hence:

T,P=H,®V,
so H is horizontal. Finally, for all p € P, Y, € Hp, and g € G we have that:

Ap'g(Rg*Yp) :(R;A)p(yp)
—Ad, 0 Ay(Y;)
=0
so Ry.Y, € ker A4, implying that Ry H, = Hp.4 so H is right invariant as well. Thus H is a right

invariant horizontal distribution T'P, and therefore an Ehresmann connection, as desired. O

Example 2.1.8. Continuing with Example 2.1.5, let P = M X G and let an Ehresmann con-
nection on P be defined by:

Hoy = Tog(M X {g}) = T.M
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It is clear that the pullback of the Maurer cartan form by the projection on to G, A = & i, then
satisfies H), = ker A,, since g, is identically zero on T, 4(M X {g}). Furthermore, the fundamental
vector fields on P satisfy:

d
Xg) = g|,_ (#:9) - exp(tX)

t=0

d
=2 (@.g- exp(tX)

=(0,Lg X) € T,U & T,G

for X associated to X € g. Hence we see that:

(1&16)(X(2,9) =Lg14 0 Lga(X)
=X
Finally, we have that for all g € G, and all (z,h) € M X G that:
ma((z,9) -h) =g-h=mg(x,g)-h
hence'":
mgo Ry = Ryomg
So by Proposition 1.2.10 we have that:
Ry(rguc) =pe o (ma o Ry)«
=(ug o Rgs) © TG

:Adg—l o (/JG ] 7TG*)
=Ad,-1 o (TG5ua)

so T jte is indeed a connection one form on M X G.

Example 2.1.9. Recall from Example 2.1.1 that S is a S! principal bundle over S?. We want
to find a connection one form on S?. We first identify the Lie algebra of S! with R, and recall
that the tangent spaces of S* are defined by:

T(z1,zz)S3 — {(Xl,Xg) S (C2 : Re(ile -+ 22X2) = O}
Define one forms on S? by:

Oéj(Xo,Xl) :Xj
a;(Xo, X1) =Xj

We claim that:

Alzy,20) =3 (Zioq — 2101 + Za0n — 22002)

is a connection one form. First note that for all (X7, X3) € T(21722)83 we have:

Az 20) (X1, Xo) = (51X1 — 21 X1+ 2Xs — Z2X2)

DO =

of which the complex conjugate is clearly equal to —A(;, .,)(Xo, X1) so A takes values in iR.
Secondly, since S! is abelian, we have that Ad,-1 = Id hence we need to show that:

Ri(A) = A
for all g € S'. Let g € S!, then:

(R;A)(zl,zz)(XhX?) - A(z1,zz)-g [¢] Rg*(Xl,XQ)

180nce again these two R4 maps are technically not the same.
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Note that:

Rgu(X1, X2) =Dz, 2p) Ry (X1, X2)

:% L, (71(1),22(1) g

for some curves z1, 29 : I — C satisfying:
[z (0] + 2B =1
for all t € I, and:
(£1(0), £2(0)) = (X1, X2) € Tz, 2)S°
Thus:
Ry (X1,X35) =(X1-9,X2-9)
Furthermore, any g € S' can be written as €'’ for some 6 € R, hence:

A(zl,zz)‘g ] Rg*(Xl,XQ) :A(ZreiG,ZQ,eie)(Xl . 6i0,X2 . eie)
1 , , o . . o
=3 (Zle_leew + 219 X107 4 25070 Xhe'? — zze“gXle_w)
1 _ _
=5 (21X1 — 21 X1 + 22X2 — 22X>)
:A(Zl,ZQ)(X17X2)
so:

(R*A) = A

g

as desired. Finally, we need to show that:
AY)=Y
for Y e Vp. Let Y =0 € iR, we then see that:

~ d
Yoz “dtli=o

:(i921, 2022)

(21, Z2)ei9t

Hence:

A(th,z)(Y) ZA(Zth)(’L'@Zl,Z'eZg)
1
=3 (2]21]%i6 + 2[22]i0)
=130 (‘21|2 + |2’2|2)
=30
=Y
so A is a connection one form as desired.

Connection one forms can also be viewed as local Lie algebra valued one forms on the base by
pulling A back to an open set U via a local gauge.

Definition 2.1.20. Let P — M be a principal bundle with structure group G, A a connection
one form, and s : U — Py a local gauge. Then we define a local connection one form, some
times called a local gauge field by:

A, =5"A= Ao Ds
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If we have a local coordinate frame {9, } for U C M, then we set:
Au = As@u)
In addition we can choose a basis {T,} for g and write:
A, =ALT,
hence we can write Ay as:
As = AT, @ dx*
where A} € C*(U). In particular, if ¢ is the local trivialization corresponding to s, with inverse
given by:
¢ UXG— Py
(z,9) — s(x) - g = (s(x), 9)
then pulling A back by ¢~! yields for (X,Y) € Tiz,)(U X G):
(071" A) (0,) (X, Y) =A 0 Diy(z), ) P(Di5(X), Y))

=A Dy Ry(Das(X)) + A (1Y), 1))
:Adg*1 © As(m) (D:ES(X)) + bha (Y)
=Ady—1 0 A(X) + pa(Y)

Hence the connection form in a local trivialization is given by:

(61 A) (n.g) = Ady1 0 (T37A5) + Tépic (2.1.5)

If we wish to examine matrix Lie groups, we can instead write this as:

(671 A) 2,9y =97 (As)g + g~ " (dg) (2.1.6)

where we have dropped the pullbacks of the projection map to avoid clutter. It should be clear
that A, takes is only non zero on the T, U subspace of T, (U X G).

Finally, we want to see that the set of connection is an affine space. We need the following
definition:

Definition 2.1.21. Let w € QF(P,g) be a differential k form on P with values in g. Then, w is
said is to be a of type Ad if for all g € G:

R;w =Adg-10w
and is horizontal if:
wp(X1,~ . ,Xk) = O

when at least one X; € V,,. We denote the set of all horizontal k-forms of type Ad by on P with
values in g by QF (P, g)Ad.

hor

Proposition 2.1.17. Let P — M be a principal G bundle, and A, A’ connection one forms P.
Then:
A—A €, (P g)"?

hor

1

Lo (P g)A4, we have that A+ w is a connection on P.

Moreover, for any w € €

Proof. We see that if A and A’ are connections, then for any vertical vector field X associated to
Xeg:

AX,) —A(X) =X -X=0
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hence A — A’ is horizontal. Furthermore for all g € G:
Ry (A — A =R A — R;A’
:Adg—l oA — Adg—l o AI
=Ad,-10(A—- A"
so A— A€ Ql (P, g)Ad.
Let w € QL_.(P,g)*4, then for any vertical vector field X associated to X € g, we have:

hor
(A+w)(X,) =A(Xp) +w(X,)
=X

Furthermore, for all g € G:
Ry(A+w)=Adg-10(A+w)
so A + w is a new connection one form on P. ]

Corollary 2.1.4. The set of all connection one forms on P is an affine space over Q}wr(P,g)Ad.
A base point is given by any connection one form on P.

2.1.5 Gauge Transformations

As discussed earlier, a local gauge transformation amounts to a change of local trivialization, how-
ever, there is also a notion of a global gauge transformation, i.e. a specific type of diffeomorphism
on the total space P. In this section, we discuss the consequences of both local and global gauge
transformations, beginning with the latter. We start with the following definition:

Definition 2.1.22. Let m : P — M be a principal bundle with structure group G. A global
gauge transformation is a bundle automorphism, i.e. a diffeomorphism f : P — P such that
the following hold:

a) tof=m

b) flp-9)=f(p)- g
In other words, f preserves the fibres and is G equivariant. The set of global bundle automorphism
is denoted by ¥4(P).

Proposition 2.1.18. The set of a global bundle automorphisms forms a subgroup of Diff(P).

Proof. By definition the bundle automorphisms are a subset of Diff(P). Recall the the group action
of Diff(P) is composition, we then see that for all f,g € 4(P), and all p € P, g € G:

goflp-9)=9(f(p)-9)=(90f(p)) -9
hence g o f is G equivariant. Furthermore:
mo(gof)=(mog)o f
=7r O f

=T

so g o f preserves the fibres, demonstrating that go f € 4(P) for all g, f € 4(P). Furthermore let
f € 9(P), we then have a f~1 € Diff(P) satisfying:

[rof=1dp
Note that for p € P there exists a ¢ € P such that:
[ p)=qand f(q) =p

It follows that ¢ and p are in the same fibre hence 7 o f~! = 7. Furthermore, for some g € G we
have that p = ¢ - g. We see that:

flg-9)=f@)-9g=p-g
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Applying f~! to the left most side and right most side yields:
ffo-9)=a-9=f"') g

hence f~! is G equivariant as well, so f~ € 4(P). Clearly 4(P) contains the identity, so 4(P) is
indeed a subgroup of Diff(P). O

We often call 4(P) the gauge group of P. Furthermore, we can then think of a local gauge
transformation as an element of ¥(Py), where Py is the trivial principal bundle over an open
set U C M, as that will surmount to a local change of trivialization. We would now like to take
an alternative approach to gauge transformations, by viewing them as G valued maps on P.

Definition 2.1.23. Let P — M be a principal bundle with structure group G. We denote by
C>(P,G)% the following set of maps P — G:

C>®(P,G)Y ={o: P — G smooth: o(p-g) = g 'o(p)g}
The set is a group under pointwise multiplication:
(0" -0)(p) ='(p) - o(p)

where the neutral element is the constant map on P with value e € G.

Proposition 2.1.19. The map:

G(P) — C(P,G)™
f —>0f

with oy defined by:
fo)=p-os()
s a well defined group isomorphism.

Proof. Since p and f(p) are in the same fibre, there exists a unique g such that f(p) = p-g. Define
oy pointwise by:

ar(p) =g
Let (U, ¢) be a local bundle chart containing the point w(p) = x, then we see that for some h € G:
¢(p) = (2,h)
since ¢ is a G equivariant map:
o(f(p)) = dp-9) = (x,h-g)
hence we see that locally:

or(p) = (prg o ¢(p)) " - (prg o ¢(f(p)))

which is clearly smooth. Since smoothness is a local criterion, it follows that o is a smooth map
P — G. For all g € G we have that:

flp-9)=f(p) g
=p-os(p)-g

However:
flp-9)=p-g-0s(p-9)

hence:

p-g-orp-g)=p-osp)-g
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Since the action is free we obtain:

Yop(p) g

g-ofp-g)=05p)-g=05p-9) =9
so op € O®(P,G)C.
An inverse for this map is obtained by:
C>®(P,G)Y — 4 (P)
or— fo

where f, is defined by:

fep) =p-os(p)
It is clear that f, is a smooth, and preserves the fibres, hence it is a bundle map. We further see
that f, is G equivariant as:
folp-9)=(p-9)-o(p-9)
=(p-o(p))-9g
=f(p)-9
Finally it is clear that:

f;l = fo*l

as:

fo-10 fo(p) =fo-1(p-o(p))
=(p-a(p)™") a(p)
=P
so f € 4(P). It is clear that these two maps are inverses of one another, hence we need only check
that:

Ofofr = 0f - O (2.1.7)
We see that:
fof'p)=fp-op(p))
=f(p)- oy (p)
=p-(o¢(p)- o5 (p))
s0 (2.1.7) holds and ¥ (P) = C*(P,G)¢ as groups. O

In physics, gauge transformations are often viewed as maps from the base manifold to the
structure group G. We define these types of gauge transformations below:

Definition 2.1.24. Let 7 : P — M be a principal bundle with structure group G. A physical
gauge transformation is a smooth map 7 : U — G, defined on an open subset U. We denote the
set of physical gauge transformations by C*°(U, G), and note that it is a group under pointwise
multiplication.

We see that 4 (Py) = C*(Py,G)Y as groups, we would then like to show that C°(Py, G)¢
C>(U,G) to demonstrate that these are all equivalent notions of a gauge transformation.

I

Proposition 2.1.20. Let s: U — P be a local section, then s determines a group isomorphism:
C>®(Py,G)¢ — C=(U,G)
O+ Te =008
with inverse given by:
C>*(U,G) — C®(Py,G)“
T+—0r

where:

or(s(z)-g9) =g 'r(2)g,V2 € U,g € G (2.1.8)
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Proof. Tt is clear that 7, is a smooth map U — G, and thus an element of C*° (U, G). Furthermore,
we see that o, is smooth, as on Py we have that (2.1.9) is equivalent to the composition:

7(p) = (prg 0 ¢(p)) " - T(pras © #(p)) - (Pr; © $(p))
where ¢ is the bundle chart corresponding to the section s, hence o, € C*°(Py,G). By (2.1.9):

To. (x) =0, 0 s(x)

=r(x)

Furthermore, for all z € U, g € G:

So:
o, =0 and T =T

o T

thus the maps are inverses of one another. Finally, the map is a group isomorphism as for 0,0’ €
C>=(Py,R)%, we have:

(0-0")(p)=0o(p)-o'(p)

hence:
To.o'(8(x)) =(0 - 0’) 0 s(x)
—o(s(x)) - o' (s(x))
=T, * Tyt
so the groups are isomorphic as desired. O

Gauge transformations on the principal bundle induce gauge transformations on associated
vector bundles. In the following two theorems we examine two cases of this induced transformation:
one corresponding to global gauge transformations, and another corresponding to physical gauge
transformations.

Theorem 2.1.5. Let P — M be a principal bundle with structure group G, and E =P X,V a
vector bundle associated to P. The group of bundle automorphisms 4 (P) then acts on E through
bundle isomorphisms via:

YP)xE—E
(fs[psv]) = - [p,v] = [f(p),v] = [p- os(p),v]

Proof. We need to see that the action is well defined, let [¢,w] = [p,v], then for some g € G:

[ g, w] =[f(q),w]
[f(p-9),p(g) " 0]
,p(g) "]

(p-
(f(p)-g
[f(p),v

=f-[p,7]

so the action is well defined. It is then clear that f restricts to a vector space isomorphism on the

fibres of E, and is thus a vector bundle isomorphism. O

Theorem 2.1.6. Let s : U — P be a local gauge and ® : U — E a local section. We write the
section with respect to the gauge as:

O(z) = [s(z), ¢()]

for some smooth map ¢ : U — V. Suppose f is a local bundle automorphism, and 77 : U — G the
associated physical gauge transformation. Then:

(f - @)(x) = [s(x), p(ry(2))p ()]
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Proof. We see that:

O

Now we would like to see how connections change under gauge transformations. We begin by
noting that for any physical gauge transformation h : U — G, and any local s : U — P, that
s - h is another local gauge. With this in mind, We se that if ¢ : Py — U X G is a bundle chart
corresponding to s, then the map:

¢, :UXG— Py
(z,9) — (s h)(x) - g

is the inverse map of the bundle chart corresponding s - h. From this, we see that the change
in trivialization obtained by the gauge transformation h amounts to the substitution g — h(x)g.
Recalling (2.1.6) we see that:

(0, ) A) (w.g) =(A(2)g~ ) As(h(2)g) + (h(z)g)~'d(h(x)g)
=g th(x) " Ash(x)g + g~ (h(z) " tdh(x))g + g 'dg
=g " Aag~ + g N dg
where:
Agn = h(x) P Agh(z) + h(z) " tdh(x)

We see that Ay, is the local connection one form obtained from A4 by a gauge transformation. We
make this argument precise with the following theorem:

Theorem 2.1.7. Let P — M be a principal G bundle, A be a connection one form on P. Further-
more, let s; : U; — Py,, and sj : Uj — Py, be two local gauges related on the overlap, U; NU; # 0,
by the physical gauge transformation h : U; NU; — G, i.e.

si(x) = sj(@) - h(z)
Then:
As, = Adp—10 A, + D g
Or if G is a matriz Lie group then:
Ay, = b7 Agih+ b7 dh
Proof. First, for brevity set A; = A, and A; = A,;. Then we see that:

As, =stA
=(®(s;,h))"A

where @ is the right group action of G on P. Let X € T,(U; N Uj), then:
Ai(X) =A(D(s, (2),h(2))P(Da5;(X), Dy h(X)))
=A(D ) Bi(Dass (X)) + A (6 (Dah(X)) 0.0)

:Adh*1 o A(DISJ(X)) + ,UG(Dlh(X))
:Adh—l o AJ(X> + h*,uG(X)

Thus:

ASi = Adh_1 o As]- + h*/J'G
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as desired. Furthermore, if G is a matrix Lie group then:
Ady-10A4;=h"'A;h
and:

16(Dah(X)) = =" (DLh(X)) = h~dh(X)

1

since for all g € G, and all v € T,G, pe(v) = g~ ' - v. Therefore, for matrix Lie groups

A, =h"Agh+ b dh
as desired. O

Via a similar argument we also obtain the following theorem for global gauge transformation.

Theorem 2.1.8. Let P — M be a principal bundle with structure group G, A a connection one
form, and f a global bundle automorphism. Then:

ffA= AdUJrl oA+ U;/J,G
Proof. We see that:

f=2(p,or(p))
hence for all X € T, P:

(f*A)(X) =A(D®(X, Do ;(X)))
=A(DyR,, (X)) + A(pc(Dyo (X))
=Ad, -1 0 A(X) + pg(Dpoy (X))

:Ad0;1 o A(X) +ojuc(X)

poy (p))

Therefore:
A= Ado_f—l oA+oiug
as desired. 0

We end with an example from physics.

Example 2.1.10. We begin by guessing that Electromagnetism is a U(1) gauge theory over
RY319 " and identify the Lie algebra of U(1) with iR. Let V, and M denote the electric and
magnetic potentials respectively. In the introduction we asserted that for any A € C*°(R*), the
new potentials:

A
V’:V—% and M =M+ VA

gave the same physical fields. Such a transformation can be better encoded by defining a four
potential on R'3 by:

A'9; = (V, My, M, M)
Then, under the musical isomorphism we have:

Ayda’ = =V dt + M;dx’
so the transformation is given by:

A= A+ dA (2.1.9)

19i.e R* with the a minkowski metric of signature (— + ++)



2.1. PRINCIPAL BUNDLES AND CONNECTIONS 133

Now since P = R!3 x U(1) is a trivial principal bundle, let 1A; be a connection one form on
the base manifold corresponding to a global section s;. In coordinates we write that:

iA; =i (—=Vdt+ M;dx")

for some smooth functions V, M? on R'3. Let s; be another global section, then:

si = s; - eN®
for some A : R1® = R. By Theorem 2.1.6 we obtain:

iA; =6~ M@ 46N | =M@ geir(@)
=i (A; +d))

hence:

A =A; +dA

which exactly matches (2.1.10), so from our work on the general case of gauge transformations we
have obtained the quintessential example of a gauge transformation in physics. In Chapter 3.1 we
will continue to look at Electromagnetism as a classical gauge theory from this perspective.

2.1.6 Curvature

Let P — M be a principal G bundle, and A a connection one form on P. We have that a horizontal
subbundle H C T'P defined by the kernel of A such that:

TP=HoV
Let my denote the projection map:
g : TP —V
We then define curvature as follows:
Definition 2.1.25. The two form F € Q?(P,g) defined by:
Fo(X)Y) =dA(ru(X),mu(Y)) (2.1.10)

for all X,Y € T,P, and p € P is called the curvature two form or curvature of A. We
sometimes denote the curvature by F4 to emphasize dependence on A.
The curvature of a connection as the following properties:

Proposition 2.1.21. Let P — M be a principal G bundle, A a connection one form on P, and
F' the curvature of said connection. Then then the following identities hold:

a) RyF = Adg-1 0 F
b) X F =0 for all fundamental vector fields X .
Proof. As both H,, and V), are right invariant, we see that:
Ry.ompg =g o Ry
Therefore for X,Y € T, P:
(RyF)p(X,Y) =dA (mg o Ryu(X), mrr 0 Ryu(Y))
— (R A)p (m (X), m (V)
—d(Ady-1 0 A) (s (X), s (V)
=Ad -1 0 F(X,Y)

Furthermore, for any fundamental vector field X, we have that f(p € V,,s0 WH(XP) = 0. Therefore,
forall Y € T,P:

so X _F is identically zero. O
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The proposition above demonstrates that F' is a horizontal two form of type Ad, hence F €
(P,g)™.

Despite the simplicity of (2.1.10), this form of the curvature is not so useful in practice. Ideally,
we would like to be able to write F4 solely in terms of A and the elementary operations on forms

we have encountered. As it turns out, we will be able to do this once we define a new wedge type
product for differential forms valued in a Lie algebra.

Definition 2.1.26. Let w € Q*(P,g) and n € Q!(P, g), then we define:

Q2

hor

1
w,nlp(X1,..., Xpp) = FET Z sgn(o) [w(Xo1),..., X)) M Kot 1)s - - - » Xo(ht))]

which lies in Q*+(P, g).

By choosing a basis {T,} for g, w and 1 can be written as:

w=w*® Ty, n=n"®T,

Hence:
1
[wﬂn]P(Xh 7Xk+l) _W Z Sgn(a) [w (Xa'(l),...vXo‘(k))Taanb(Xa'(k+l)7 Xa'(k+l))Tb]
o O'ES]H,[
1
RN Z sg(0)w* (X (1), Xo ()N (Xoer1)s - - - Xo(hs1)) [Ta, Tp]
o 0ESk41

so we obtain that:
[w,n) = w* A1 @ [Ta, Ty
which implies:
[w, ] = (=1)** [, w]
In particular for one forms we have that:
[w, n](X1, X2) = [w(X1),n(X2)] = [w(X2), n(X1)]
so:
[w, w](X7, X2) = 2[w(X1),w(X2)] (2.1.11)

hence [-, ] is not identically zero like the bracket is for a regular Lie algebra, or like the wedge is for
a regular 2k + 1 form. With (2.1.11) in mind, we seek to prove the following theorem, also known
as the structure equation:

Theorem 2.1.9. Let P — M be a principal G bundle, and A a connection one form on P. The
curvature two form then satisfies:

FA=dA+ %[A, A (2.1.12)

We first need the following lemmas:
Lemma 2.1.2. Let X be a Jundamental vector field, i.e. a vertical vector field on P, and Y a
horizontal vector field on P. Then [X,Y] is horizontal.

Proof. We know that X is associated to some X € g, so the flow of X is given by Rexp(ex)- We
then see by the definition of the Lie derivative that for all p € P:

- d
[X, Y]p = @ t:ORexp(—tX)*}/p'eXP(tX)

since Yp.exp(¢x) € Hp, and H is right invariant, we see that (X, Y], € Hp. O
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Lemma 2.1.3. Let X be a vector field on M, then there exists a unique horizontal vector field
X" on P satisfying D,,W(Xf) = X (p) for allp € P. In particular, for allp € P any X € H), can
be extended to a horizontal vector field X on Py such that X;,q =X.

Proof. Let X be a vector field on M, then since D,m : H, — Ty)M is an isomorphism the
following assignment on H is uniquely determined:

X, = (Dpm) ™ (X))

We need to show that X# is a smooth vector field. Let 7(p) = z, then for some bundle chart
(U, ¢) such that ¢(p) = (z, g), we have that D¢ : T,P — T, U &T,G is an isomorphism. We want
to find a vector Z field on U X G such that:

Dia,g)0(Z(,9) = X
We define a map Z by:

Z:(UXG)— (r;;TU)
(x,g) — ((mvg)7X7:) € (ﬂ-(*JTU)(%g)

which is clearly smooth, and takes values in (7;TU) C (7, TU)& (nETG) 2 T'(U X G), and thus Z
is clearly a smooth section of T'(U x (). Furthermore, we see that for any v € (75;TU)5,q) = T M:

v=(v,0) € T,M & T,G

Then for some smooth curve v : I — U X G, we have smooth curves z : I — U and ¢ : I — G such
that:

Let v satisfy:

So we have that:

Hence for all (z,g) € U X G we have that:
Dia.gymu(Z(a,9) = Xa

as desired. Since ¢ is a diffeomorphism it follows that there exists a unique vector field Y such
that (¢.Y) = Z, hence for all p € Py:

Dp¢(Yp) = Zd)(p)

So:
Dypymu © Dpd(Yy) =Dy v (Zy(p))
=Xa(p)
However:
Dypymv © Dpd(Yy) =Dyp(r 0 ¢)(Y))
:Dpﬁ(yp)
hence:

Dyr(Yy) = Xr(p)
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Thus the horizontal component of Y must be equal to X, as:

DPW(X;?) =Dpmo (Dpﬂ)il(Xx)
:XI

while the vertical component is 0 under D,m. Since Y is a smooth vector field, it follows that the
horizontal component of ¥ must be smooth as well hence X is the unique horizontal vector field
on P satisfying Dpm(X) = X, (p) for all p € P.

Let X, € H) be horizontal, then there exists a unique Y € T,y M such that:
Dyr(Xp) =Y

Let (U, %) be a a coordinate chart on M containing the point 7(p) = . Then define a constant
vector field on (U) by:

Zy = (y, D (Y))
for all y € ¥(U). It then follows that ¢, 1Z is a vector field on U satisfying:
(0:'2)s =Y
Thus there exists a horizontal vector field on Py satisfying:
DyrX)l = (¢7'2)e =Y
so since D,m : H, — T M is an isomorphism we have that:

X =(Dpm)” Y
=(Dpm)~" o Dpm(X,)
=X

P
as desired. O
We now prove Theorem 2.1.8:
Proof. We first show that (2.1.13) is right invariant. First we see that
* * 1 *
(R;FY) =d(R;A) + 31514, A]
1 *
=Ad,-1 0dA + iRg [A, A]
Examining the right most term, we find that for X,,Y, € T,,P:
1 *
§(Rg [AaAD(Xp,Yp) :[A(RQ*XP)7A(RQ*Y;7)]

:[Ang o A(Xp), Adgfl o A(Yp)]
=Ad -1 0 [A(X,), A(Y))]

SO:
(R;F4) =Ad,-1 0 dA + %Adg_l o [A, A]

—Ady1 o <dA + %[A, A])

We now need to check that F4 and (2.1.13) are equal. We proceed by cases, let X,Y € H,
then we see that :

F(X,Y) =dA(X,Y)
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while:
dAX,)Y) + %[A(X),A(Y)] =dA(X,Y)
Now let X € V,,, and Y € H,, then for some V € g we have that:
x=V,
so:

F(X,Y)=dA(0,Y)=0
By Lemma 2.1.3 extend Y to a horizontal vector field Z on an open neighborhood p such that
Z, =Y, then by (1.1.26):
1 . _ _
dA(X,Y) + S[A Al(X,Y) =25 (A(2)) — Z2(A(V))p — AV, Z]y) + [A(V,), A(Z))]

Since A(Z) is identically zero, and A(V) is constant we obtain:

1 -
However, [V, Z],, is horizontal by Lemma 2.1.12 so:

dA(X,Y) + =[A, AJ(X,Y) =0

1

2

Finally, let X,Y € V}, then for some V, W € g, we have X =V, and Y = W,,. Clearly:
F(X,Y)=dA(0,0) =0

while:

= — A([V,W],) + [V, W]
=—A([V,W],) + [V, W]
=—[V,W]+ [V, W]
=0
Therefore:
FA=dA+ %[A,A]
as desired. O

Example 2.1.11. We continue from Example 2.1.8. Let P = M X G, then a connection one form
ison M X G is given by nf,uc. We want to show that F' vanishes identically on P. Since, F' is zero
whenever a vector is vertical, we only need to check F'(X,Y) = 0 for X, Y € H, oy = (73, TM) (5,4
Let X,Y € H(, ), then:

F(X,Y)=dA(rgs o (X),mgs o (Y)) = dA(mcw(X), 1« (Y)) = dA(0,0) =0

so F' vanishes identically on M X G. This then implies that:

* 1 * *
d(mguc) + 5[776*#6" Tanal =0

Then, pulling out 7, we see:

1
TG (dMG + 2[#&#(}]) =0

and since Tg, is not identically zero on TP, we obtain:

1
dpg + i[MG’ pel =0 (2.1.13)

The equation above is known as the Maurer-Cartan equation.
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With the above we see that if F' vanishes on P, then for all X,Y € I'(H):
FAX,Y)=dAX,Y) = -A([X,Y]) =0 = [X,Y] e T'(H)

Hence if F4 is identically zero then T'(H) is a Lie subalgebra of X(P), so in essence F4 can be
thought of has measuring how much I'(H) fails to be closed under the Lie bracket.

The curvature form also satisfies the following important property, often known as the Bianchi-
Identity:

Theorem 2.1.10. Let P — M be a principal G bundle, A a connection one form on P, and F4
the curvature of A. Then:

mgdF =0

Proof. This follows from the structure equation. Let X,Y,Z € T, P then:
1
mydF(X,Y,Z) =d (dA + 2[A,A]) (ru(X),mqg(Y),7u(Z))
1
=5dA, Al(nu(X), i (Y), 71 (2))

From equation (1.1.27) we have that by extending 7y (X), 7y (Y), ¢ (Z) to horizontal vector fields
X" YH ZH on an open neighborhood of p:

d[A, Al (X), m (Y), 71 (2)) =Lxen ([AYT), A(ZT))p + Lyrn ([A(ZT), AXT))p + Ly ([AXT, YT,
— [A(LxnY ™), A(Z7)], — [A(Lyn Z7), AXT)], = [A(Lyn XT), A(Y )],
However this is identically zero since A(X) = A(YH) = A(Z") = 0. Thus:
m5dF =0
as desired. O

We will revisit the theorem above in the sections on covariant derivative, as there will be more
convenient ways of expressing this property.

Similarly to the connection one form we can pull F4 back to the base manifold M if we are
given a local gauge s.

Definition 2.1.27. Let P — M be a principal G bundle, A a connection one form on P, and F4
the curvature of A. For a local gauge s : U — Py, the local curvature form is defined by:

F,=s'F4
with:
Fu = Fs(0y,0,)

for some coordinate frame {9, } on U.

Proposition 2.1.22. Let P — M be a principal G bundle, A a connection one form on P, and F4
the curvature of A. For a local gauge s : U — Py, the local curvature form satisfies the following
local structure equation:

F.—dA, + %[AS, A4

In particular, given a coordinate frame {0,} for U, we have that the components of F are given
by:

Fo=0,A, —0vA,+[A, A
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Proof. We see that:
s*F =s*(dA) + %s*[A, Al
=d(s*A) + é[s*A, s*A]
=dA, + 5[4, Al
Furthermore, we see that:

1
F,, =dAs(0,,0,) + 5[143, Al (O, 0)
=0,(A5(0y)) — 0u(As(0n)) — A([Oy, 9u]) + [As(0n), As ()]
=0, A, — VA, +[A,, A
as desired. O

We would like to see how F' transforms under physical gauge transformations, and global gauge
transformations. We will proceed similarly to our work with connection one forms.

Theorem 2.1.11. Let P — M be a principal G bundle, A a connection one form on P, and F4
the curvature of A. Furthermore, let s; : U; — Py, and s; : U; — Py, be two local gauges related
on the overlap by the physical gauge transformation h: U;NU; — G, i.e.

Then:
Fsl. = Adh—l o As].
or if G is a matriz Lie group:

F,=h"'-F, -h

Proof. For brevity we denote Fy, and Fy; by F; and F} respectively. We have that:

F,L' :S:Fz
=(®(s5,h))"F
From our work in Theorem 2.1.7 we have that:
Ds; (@),n(2)) 2 (Das;(X), Dah(X)) =Dy x)Bi (D2 (X)) + pa(Dah(@)),, (0.1

F is identically zero on fundamental vector fields, hence:

Fy(X,Y) =F(Dys(x)Rn(Des;(X)), Ds(x)Bn(Das;(Y)))
=(R,F)(Dzs;(X), Dys;(Y))
—Adjy-1 0 F(Dys;(X), Dys;(Y))
—=Adj-1 0 F;(X,Y)

Thus:
Fsi = Adh—l o Asj
or, if G is a matrix Lie group:

F,,=h"'-F, -h

An entirely analogous proof demonstrates that:
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Theorem 2.1.12. Let P — M be a principal G bundle, A a connection one form on P, and F4
the curvature of A. Let f be a global bundle automorphism, then:

fFA = Ad, - 0 r4
Furthermore:

FIrA = Ad0;1 o F4
Proof. We see that f(p) = ®(p,o¢(p)), hence for X,Y € T,,P:

(fTE)X,Y) = F(DpRo (X)), DpRo,(Y))

where the fundamental vector fields portion of D
before. It is then clear that:

p.o; @ has vanished by the same argument as

(f*F) = (R, F) = Ad, 1 o F
Finally, we have that:
FIA =g A + %[f*A, frA]

=/ (dA) + 3[4 4]
_ A
:Ada_—l ol
f
as desired. O

Example 2.1.12. We continue with Example 2.1.9 by calculating the curvature of the connection
one form:

1 _ _ _ _
Az, 20) =35 (Zioq — 2101 + Za0n — 22002)

on principal S! bundle S* — S2. First we note that in the (21, z2) coordinates for C2:
dZZ'(Xo,Xl) :Xl and déj(Xo,Xl) :Xj
so we write A as:

1
A= 5 (Z1dz1 — 21dZ) + Zadzg — 22dZ2)

Then since S! is abelian it follows that:
FA =dA
1
25 (d51 A le — le N dEl + dZQ A dZQ - dZQ A dig)

= — (le A\ dgl + dZQ A\ dig)

We now want to pull F4 back by a local gauge s. We begin by quickly noting that since S! is
abelian, if we have another local gauge s; = s - h(z), then:

s;F =Ad;-10F, =F,

so this s* F4 form on S? is independent of choice of gauge, and thus globally defined. We see that
by Example 1.2.15, for all (21, 22) € S3:

7T(21,22) = (22’122,2|21|2 — 1) S S2
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Hence we define a map on U = S% \ (0,1) € C x R with image in S* by:

s(w, z) = iq/%(l —2), ;\/%

From our work in Example 1.2.15 we know that this map satisfies 7 o s = Idy, and is thus a
local gauge U — S?].

We now calculate:

s*(dz1) =d(z1 0 s)

1
:i\/;d (V1==2)
. —idz
221 =2
Furthermore:
idz
d(z =
(z103) 2o/ -2
Hence:

5*(d21 A dil) =0

For the other component of F' we have that:

d(zp08) = iiujdz + ;‘dw
2 T a1 - 232 2T -2
while:
—tw —1
d(z =—————dz + ——=d
(Z2 08) 2\5(1 — 2)3/2 o ﬂ 1= 2 w
so:
d(z308) Nd(Z2 08) =2 dz Adw + —"——dw A dy + ———dw A dw
2 209 T 1 =22 A(1— 2)2 YT o)
with w = x + iy we obtain:
. iz iy i
d d =——=dzNd ——dzNd ———dx ANd
(z208)Ad(Z205) 2= 2 z A y+2(1_z>2 z ANdz + =2 x A dy
hence:
N 1z 1y —1
F=———FdeNdy+ ———5dzNdx + ——dy Nd
ST A T P s kA
)
:m (xdz ANdy + ydy A dz + 2(z — 1)dy A dz)

:ﬁ (xdz AN dy + ydy Adz + zdy Adx + (2 — 2)dy A dx)

We can pull s*F back by the angle parameterization of S?:
¢! = (sin 6 cos ¢, sin 6 cos ¢, cos #)
by first noting that by Example 1.1.26:

¢~ (xdz A dy + ydy A dz + zdy A dz) = sin0dO A do
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so:
L
2(1 — cos 6)?

1

:m(l — cos 0)%sin 0df A do

¢ (s*F) = sin @ + (cos @ — 2) cos@sin6) df A d¢

:% sin 8d A do

which is the standard volume form for S? in the angle coordinates scaled by /2. Therefore we
deduce that the global curvature form Fge is:

i
Fy = §dvolg
where g is the standard round metric on S2.

2.1.7 Covariant Derivatives

In order to reproduce physical theories in our geometric formalism, we will need a way of differ-
entiating matter fields along vector fields on the base manifold. In particular, as matter fields are
represented by sections of a vector bundle F associated to a principal bundle over the space time
M, we will need a K-linear map:

I'(E) — QY(M, E)

that satisfies some type of Leibniz law. Though in general there are a great variety of such maps?’,
if we are given a connection on our principal bundle, we can write one down for free.

Definition 2.1.28. Let P — M be a principal G bundle, £ = P X,V a vector bundle associated
to P, and A a connection on P. For any smooth section ® € I'(E), and any local gauge s : U — P,
we have that

® = [s,9]
for some smooth map ¢ : M — V. We define the covariant derivative of ¢ induced by A as:
VAD = [s5,dp + p.(As) )] (2.1.14)
For some vector field X € X(M) we write:

Vi@ = [5,do(X) + p.(45)9]

In order to ensure this is map is globally defined, we need to show that it is independent of our
choice of local gauge, as then with an adapted bundle atlas we can glue together the local sections
of T*M ® E defined by (2.1.14) with a partition of unity to obtain a global section of T*M ® F.

Theorem 2.1.13. Let P — M be a principal G bundle, E = P X,V and A a connection on P.
Then, the covariant derivative V4 is independent of the choice of local gauge s : U — Py.

Proof. Let s’ : U' — Py be another local section of P such that on the overlap U' NU # {):
s=s-h

for some physical gauge transformation h. If ® € T'(F) satisfies :
® = [s,9]

in the local gauge s for some smooth map ¢ : U — V, then on the over lap U N U’ we have that
for some ¢' : UNU' — V:

D =1[s¢'] =[s-h,¢]=[s,p(h)d]

20 Any map T'(E) — Q'(M, E) which satisfies the properties of Theorem 2.1.14 is a covariant derivative, and
any of the following proofs which do not explicitly make use of a local connection one form Ag extend to this more
general notion.
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hence:
¢' = p(h™")¢
We also have that under this gauge transformation:
As’ = Adh—1 o As + h*ILLG
We would thus like to show that:
[Sla d¢/ + p*(AS')¢/] = [s,d¢ + ps(As)9]
For all z € M and X, € T, M, we have that:
d¢'(Xz) = p(h™")d¢(X) + (Dap(h™")(X2))d (2.1.15)
and that:
pe(As(X2))¢' = pu (Adp-1 0 A(X2)) p(h™ )¢ + pu (16 (Dah(X2))) p(h™ 1) (2.1.16)
Looking a the right most term of (2.1.15) we see that:
sz<h_1>(X:r) = Dp-1po DpiocoDyh(Xy,)
where i : G — G is the inversion map. Let D,h(X,) = Z € T}(,)G, then we see that for any
g € G:
Dyi(2) = 0] (g~ exp(t(uc(2)) "
g dt li—o g pltikG

:% o exp(—t(ua(Z2))) - g~ !

= = DeRy-1(16(2))

Thus we obtain that:
pr(h_l)(Xz) :thlp © DeRh*I(_MG(Z))
== Dye)Ryn-1) © Dep(pc(Z))
=~ De(puc(Z)) - p(h™")
== px(pe(Dah(X2))) - p(h™1)
Therefore (2.1.15) becomes:
d¢'(Xz) = p(h™")d¢(Xz) = pu(uc(Dah(Xe))) - p(h ™) (2.1.17)
We now examine the first term of (2.1.16):
pe(Adp-1 0 Ag(Xy)) =ps 0 cp-1.(As(Xz))
:(,0 o Ch—l)*(AS(X:L’))
:(Rp(h) © Lp(h—l) © P)*(AS(XJ:))
:p(h_l) : p*(As(Xz>) : p(h)
Thus (2.1.16) becomes:
pel Ay (X)) = p(h™1) - pul(As(X))6 + po(pc(Deh(X,)) - p(h Vo (2118)
Adding (2.1.17) and (2.1.18) gives:
¢/ (Xo) + pu(Ae(Xa)) = p(h™)dd(Xz) + p(h71) - pul(As(X))o
hence:
[s', d¢' (Xo) + pu(As ) (X)) =[5 - by p(h™1)dp(Xo) + p(h7) - pu(As(Xa))9)
[s,dp(Xz) + ps(As(X2))d)

Thus we conclude that:
[s",d¢" + pu(As )] = [s,dd + ps(As) 9]
so the map VA : T'(E) — Q' (M, E) is independent of a choice of local gauge. O
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We now check V4 satisfies the expected properties of a covariant derivative.

Theorem 2.1.14. Let A be a connection in a principal G bundle over M, and E = P X,V
an associated vector bundle. The map VA : T'(E) — QY(M, E) is K-linear in both entries, and
satisfies:

Vix® = fVid
for all f € C*(M,R), and the Leibniz law:
V4(AD) = (LN + \V4 P
for all smooth functions A € C>*(M,K)

Proof. Taking K = C or R, the first two claims are clear from the definitions. Let A € C*° (M, K),
then:

Vi (A®) =[5,d(Ad)(X) + ps(As(AX))]

[s, AA(X)) + Adp(X) + Ap. (As(X))]
(ZxN)ls, o] + Als, dp(X) + p(As(X))]
(

LXN)D + AV

Il
&&

as desired. O

Note that the gauge field A only acts on sections of F when the induced representation p, is
non trivial. Physically, we interpret this as the gauge field interacting with matter. For example,
if A is the electromagnetic four potential, then A should interact with electrically charged matter
such as electrons and positrons, hence the induced representation of U(1) must be non trivial to
recover Maxwell’s field equations with matter. We call such non trivial representations charged.

We would now like to show that the covariant derivative is compatible with the natural bundle
metrics discussed in Proposition 2.1.13.

Proposition 2.1.23. Let (-,-) be a scalar product on the vector space V', p a (pseudo) orthogonal
representation of G on 'V, and P — M a principal G bundle over M with connection A. The
covariant derivative is then compatible with the induced bundle metric from Proposition 2.1.13,
(-,)E in the sense that:

Lx(D,0) g = (V4P, ) g + (D, V4P )p
Proof. By Proposition 1.2.19, we see that for all X € g, and all v,w € V:

(P (X, w) + (v, p(X)w) = 0

It then follows that for any local gauge s : U — P, and maps ¢,¢’ : U — V:

(VR ®,9") g + (B, Vi) g =(do(X) + pu(As(X))$, ¢')v + (6, d¢' (X) + pu(As(X))¢)v
=(dp(X), ") v + (6,dd"(X))v + (p«(As(X)) 9, &) v + (¢, p«(As(X)) ) v
=(do(X), ¢")v + (¢, d¢' (X))v

=Zx(0,®)p

O

Recall that when we first introduced the exterior derivative d : w*(M) — w¥*+1(M), we defined
it first for zero forms, i.e. smooth functions on M. If we notice that smooth sections of E are
essentially smooth functions on M with values in E, we that the covariant derivative is a map:

V4 QY M, E) — QY(M, E)

Our goal is now to extend this map as we did for the exterior derivative, in order to obtain a map
A QF (M, E) — QFY(M, E), which we call the exterior covariant derivative. We begin with
the following definition:
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Definition 2.1.29. There is a well defined wedge product A between differential forms on M
valued in K and forms twisted in a K-linear vector bundle FE:

A QF(M) x (M, E) — "M, E)
The definition above simply alludes to the standard wedge product, as if w € Q¥(M) and
n € QY (M, E), then we write that:

1

(w A n)p(X17 s an‘-i-l) = m Z sgn(a)wp(XU(l)7 cee 7X0'(k:))np(XU(k+1)’ te ’XU(kJrl))

0ESKt1

which is well defined as w, will take values in R or C, and 7, will take values in a R or C linear
vector space. If E is complex, and M is a real smooth manifold, then the product above is still
well defined, as we can still think of w), as taking values in C.

To define the exterior covariant derivative, let w be an element of Q*(M, E), and ey, ..., e, be
a local frame for E over an open set U C M. Then w can be written as:

w=w'Qe;

where w' € QF(U).

Definition 2.1.30. Let A be a connection one form on a principal G bundle P — M, and
E = P x,V an associated vector bundle. Then we define the exterior covariant derivative or
covariant differential:

da: Q8 (M, E) — QFY(M, E)
by:

daw = (dw®) @ e; + (—1)*wi A (V) (2.1.19)

V:D(@FT*M @ E) — T(@*!T*M @ E)

ViweaU¥)=Vwe V¥ +we VI

This definition superficially depends on a choice of a local frame for F, we need to show that this
choice actually does not matter.

Lemma 2.1.4. The definition of da is independent of a choice of local frame for E.
Proof. Suppose w € Q™ (M, E), then for a local frame ey, ..., e, of Ey we have:
w=w X e;

for w' € Q™(U). Let f1,..., f, be another frame for Ey, then there exists an matrix of smooth
functions Aj on U such that:

fj :Aé-@i

Let n® be a family of one forms such that:

Thus:
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We now want to calculate the exterior covariant derivative of 7' ® f; and show it is equal to (2.1.20):
da(n' @ f;) =d(n') ® fi + (~=1)"n" @ VAf;
=d (A7) 0" ) @ (Aley) + (~1)™ (A1), b A TA(Aley)
We see that the first term can be written:
dw? @ e; +d (A7), Wb @ (Ale)) (2.1.20)
while the second term can be written as:
(—1)kw? AVAej + (=1)™(A™1) ik A d(A)) ® ¢ (2.1.21)
Passing the the differential one form d(Az ) through 77 we obtain:
(—1)™w? A VA + (A™D1d(A)) AP @ ey (2.1.22)
Adding (2.1.21) and (2.1.23) together we get:

Al @ £ =da(e? @ ) + (4 (A7), 4L + (A7), d(])) Aot ey

However:
A(A7), AL+ (A7) d(a]) =d (471, A7)
=d(6;)
=0
so:
da(n’ ® f;) =da(w’ @e;)
as desired. O

With the lemma above, we can prove the following:

Proposition 2.1.24. Let P — M be a principal G bundle with connection A, and E = P X,V
an associated vector bundle. Then for allw,n € Q*(M, E), o € Q{(M), and e € T(E), the exterior
covariant derivative satisfies the following properties:

a) da(w+n) =daw+ daw’
b) da(oc®e)=do®@e+ (—1)la A VAe
¢) da(c Aw) =do Aw+ (=1)lo Adaw
Proof. We begin with a). For some local frame ey, ..., e, of E let:
w=w'®e; and n=n"Qe
where w', 7' € Q(U). Then:
wHn=w'®e+n e = (W +n') De;
hence:
da(w+n) =dw +n") @ e; + (=1 (@' +1') A Ve
=(dw’ + dn®) ® e; + (—1)*w’ A VA + (—1)kn' A VA¢;
=dw' ® e; + (—1)Fw! A VA 4+ dn' @ e; + (—1)Fn' A VAe;
=daw + dan

To prove b), note that if e is a section of I'(F), then on U we can write e:

e = fle;
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where fi € C*°(U). We then see that:
U®e:0®fiei = fia®ei
hence:
da(c®@e) =da(flo @ e;)
=d(of) @e; + (—1)! flo A VA
=fld(o) @ e;+ (1) (o Nd(f) @ e; + flo AVAe;)
=do @ e+ (—1)lo A VA
Finally, we see that o A w € QF(M, E), so:
cAw= (0 Aw")®e;
We calculate:
da(o Aw) =d(o Aw') ® e; + (=1)* o Aw A VA,
=do Aw' ®@e; + (—1)lo Adw® @ e; + (=1 o Aw' A VA¢;
=do Aw+ (—1)lo A (dw' @ e; + (—1)Fw’ A VAe;)
=do Aw+ (=)o A daw
O

Let 0 € Q%(M) = C°°(M) be the constant function identically equal to 1 on M, and e be a
section of F, then by condition b)

da(o ®e) =d(o)e + oV3e
=V-e
so da acting on Q°(M, E) = T'(E) is just the usual covariant derivative, as expected.

We can also describe the exterior covariant derivative in a purely local way. Let p be a repre-
sentation of G on a vector space V.

Definition 2.1.31. We define the wedge product:

QF (M, g) x Q(M, V) — QF(M, V)
(n,w) —nAw

by choosing a basis {v;} for V such that w = w® ® v; and setting:

nAw= p(nv; A’

The definition above is clearly indepedent of our choice of basis. Furthermore, with respect to
a local section s : U — Py of some principal G bundle over M, and a basis {v;} for V, we obtain
a local frame for = P X,V by:

e; = [s,v4] (2.1.23)
Every w € QY(M, E) then defines an [ form on M with values in V by:
Wg = W' ® v;

We now wish to prove the following theorem.

Theorem 2.1.15. Let P — M be a principal G bundle with a connection one form A, and
E = P x,V a vector bundle associated to P. With respect to a local gauge s : U — P we can
write:

(daw)s = dws + As N wy

for allw € QY(M, E).
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Proof. Let s : U — Py be a local gauge, and {v;} be a basis for V. Then we obtain local frame
for Ey by (2.1.24), and with this local frame we have that:

w=uw & e;
and:

Wg = W' X v;
for any w € Q'(M, E). We see that:

daw =dw' ® e; + (—1)lwi A Ve,
=dw' ® e; + V3e; A w'

Note that:

Ve = [s, pu(As)ui]
so:

(VAei)s = p«(4s)v;
Hence:

(daw)s =dw' @ v; + pa(As)vi A W'

=dws + Ag N\ wg

as desired. O

We now wish to study curvature in an associated vector bundle. We begin with the following
definition:

Definition 2.1.32. Let E be vector bundle associated to a principal G bundle P — M, and A a
connection one form on P. The curvature of V4 is defined as:

F(X,Y)® = V4{V$® — V4 V4 — V(x y)D

for all X,Y € X(M) and all ® € T'(E).

As it turns out, the curvature in an associated vector bundle is intimately related to the
curvature form F“ on the principal bundle.

Theorem 2.1.16. Let P — M be a principal G bundle with a connection one form A on P,
E =P X,V a vector bundle associated to P, and ® a smooth section of . Then, for any local
gauge s : U — Py, and a smooth map ¢ : U — V such that:

® =[s,9]
the curvature of ® satisfies:
F(X,Y)® = [s, p.(F{{(X,Y))¢]
Proof. We see for some smooth functions ¢ on U, and a basis {v;} for V that:
® = [s,¢'vi] =[5, ¢]
implying that for Y € X(M):
dp(Y) = do"(Y)v; = Ly ¢'vi = L ¢
hence:

Vi =[5, Ly d + pu(As(Y))9) (2.1.24)
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Choosing a basis {T;} for g we have that:

pe(A(Y)) = A2(Y) ® pu(A,)
dp-(A,(Y))(X) =d(AX(V))(X) @ p.(T2)

=Zx (AL(Y)) @ pu(Ta)
=p«(Zx (As(Y))) (2.1.25)

A~ —

With (2.1.24) and (2.1.25) at hand we obtain:

VAV =[5, Zx (L o) + pu(Lx(As(Y)) + AJ(X)A(Y))
pu(As(X))dp(Y) + pu(As(Y))d(X)]

Deducing the form of Vf)V‘;‘((I) by symmetry, and recalling that:
A, (X)AL(Y) ~ A(V)ALX) = S[A, A](X,Y)
we see that:
(VXVY = VEVR)® = [s, x (L d) — L (Lx9)
T(Lx (As(Y)) — Ly (As(X)) + %[AS7AS](X7 Y))¢l (2.1.26)
Let f € C°°(M), then it is easy to see that:
Ix (v f) — Ly (Exf) = Lx v f
So we can rewrite (2.1.26) as
(VRVE = VEVRI® =[5, Ly + (L (As(Y) = Ly (As(X))
+ 3[40 A Y )] (2.1.27)
We now examine the term:
Vix® =[5, Zx v + p(As (X, Y1) 9] (2.1.28)
Recall that:
dA(X,Y) = Zx (As(Y)) = Ly (As(Y)) — As([X, Y])

so by subtracting (2.1.28) from (2.1.27) we obtain that:

F(X’ Y)¢ :[svp*(dAs(Xv Y) + %As(Xv Y))¢]
Z[S,p*(FSA(X, Y)¢)]
as desired. O

From the proceeding theorem it is clear that F'® is an element of Q?(M, E), thus motivating
our next result.

Theorem 2.1.17. Let P — M be a principal G bundle with connection one form A on P, E =
P x,V a wvector bundle associated to P, and ® a smooth section of E. Then, as two forms with
values in E:

dada® =Fo
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Proof. We present two separate proofs, one which makes explicit use of a local connection one form
A, and Theorem 2.1.16, and another which follows from Theorem 2.1.14 and Proposition
2.1.24; we begin with the latter.

First, from Proposition 2.1.24 it follows that:
da® =V
With a local frame e; for U we can write this as:
da® = (VA0) @ ¢
where (VAQ))i € QY(U). Then again from Proposition 2.1.14, it follows that:
dads® = d (VA®) @ ¢; — (VAD) A VA¢
For all X,Y € X(M) we then obtain the following:
(dada®)(X,Y)d =Ly (Vb )i o= Ly (VA ) @ei— Vi y @
— (V4®) Vite; + (V£d) Vi,

By Theorem 2.1.14 we notice that:

V4 (VED) e = Zx (Vi) e, + (Vi®) Ve
thus:

(dada®)(X,Y) = VEV$® — V¢VR D — Vx y®

implying the claim.

For the former method, let s : U — P be a local gauge, and {v;} be a basis for V, then:
P = [s, ¢'vy]
for some ¢* € C°°(U). We take the exterior covariant derivative:
da® = [5,d¢" @ v + ¢ pu(As)vi]
Taking the exterior covariant derivative again we obtain:

dada® =[s,—dd" A p(A)vi + do' A pu(As)vs + ¢ py(dAv; + ¢ Ag A (pu(As)vs)]
=[5, 0" pu(dAs)vi + &' Ag A (pi(As)vi)]

We see that after choosing a basis {T,} for g:
pu(As)vi = A" @ p.(To)v;
so:
¢"As N (pu(A)vi) = ¢ (ps(As)pu(Ta)vi) N AS

We now insert the vector fields X, Y € X(M) into the twisted two form above:

&' Ay A (pe(AJv) (X, Y) =6 (pu (A (X)) (T AL(Y) = pu( Ay (V) pu (T, )0 A(Y X))
= (pu (A (X))pe(As(Y)) = pu(As(Y))p (X))
=[P (As(X)), P (As(Y))]y
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Thus:

dada® = [s7p*<dAs> + s (;[A&As]) ¢]
=[5, p«(Fs)0)
which by Theorem 2.1.16 implies that:
dadsa® = Fo
as desired. O

The theorem above demonstrates two important facts; first and foremost, the exterior covariant
derivative does not in general satisfy:

dAOdAZO

This is in start contrast to the standard exterior derivative on the usual forms on Q¥(M). Secondly,
by the theorem above, we can interpret the non-vanishing of d4 o d4 as the measurement of the
curvature of the covariant derivative V4.

2.1.8 Forms With Values in Ad(P)

Recall from the previous sections that both the curvature form, and the difference between two
connections were realized as Ad-invariant horizontal forms on P. Our main goal in this section is to
realize these two objects as global fields on the spacetime, specifically as elements of Q! (M, Ad(P)),
where Ad(P) is the adjoint bundle from Example 2.1.15, and then state two more useful, but
equivalent, forms of the Bianchi identity. It is easiest to see that horizontal Ad invariant forms
are in one to one correspondence with forms twisted with Ad(P) in the [ = 0 case. Indeed, we see
that:

Qo (Pg)™ ={f € C™(P,g): f(p-g) = Ady-10 f(p)}

hence the value of f in any fibre is entirely determined by it’s value at a single point in the fibre.
Furthermore:

Q°(M, Ad(P)) = T(Ad(P))
so for any f € Q0 (P, g)Ad we can obtain a unique smooth section ® € I'(Ad(P)) by:

o(z) = [p, f(p)]
for any p € P,. This is independent of our choice of p as for all g € G:
-9, f(p-9)l=1[p-g,Adg-r - f(p)] = [p, f(P)]
so it is well defined. Furthermore, let ® € I'(Ad(P)), then for all x € M, we have that:
®(z) = [p, v]
for some p € P,, and v € g. We then define f by:
flp) =
We see that for any other ¢ € P,:

flg) = f(p-g) =Adg- 0 f(p)

so f is Ad invariant. Additionally, for some local gauge s : U — P, and some smooth map
¢o:U—V:
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Then for any p € Py we have that p = s(z) - g hence:
f(p) = f(s(z) - g) = Adg-1 0 f(s(z)) = Adg-1 o §(7(p))

so f is smooth, and is thus an element of QY (P, g)" such that:

[p, f(p)] = ®

so the assignment f — ® is an isomorphism. With this discussion in mind, we move onwards to
the case of general I.

Theorem 2.1.18. Let P be a principal G bundle over M. Then, the vector spaces thor(P, g)4d
and QY (M, Ad(P)) are canonically isomorphic.

Proof. We define the map:
F: Qi (P,g)" — Q'(M, Ad(P))
by:
Fw)z(X1,....X)) = [p,wp(Y1,...,Y)]

where z € P, and Y; € T,P such that 7,Y; = X; for each i. We first check that this is well
defined; let Z; be another set of vectors in T}, P satisfying 7. Z; = X;. We see that:

hence the difference Y; — Z; lies in V,,. Therefore:

wp(Z1, . Z) =p(Zy + (Vi = 1), 2+ (Vi — 20)
:wp(Yl, . ,}/l)

so F(w), is independent of our choice of Y;. Secondly, if ¢ € P,, then for some g € G we have that
q=p-g;letY; € T,P, then:

[Q7wq(yl> v aYl)] :[p : gawp'g(ylv R Yl)]
=[p, Adg o wp.4(Y1,...Y])]
=p, (R;—lw)pg(ylv V)]
=[p,wp(Ryg-1,Y1,...,Rg-1,Y1)]

We see that:
Moo Ry, (Vi) = (Mo Ry1).Y; =Y = X;

so by the independence of our choice of Y;, we have that F'(w), is independent of our choice of p.
To see that F(w), is smooth, and thus an element of Q!(M,Ad(P)), let s : U — Py be a local
gauge, and X; a set of local vector fields on U; then:

(s"w)(X1,..., X)) =w(s:X1,...,5X})
is a smooth map U — g, so:
Fw)(X1,.... XD = [s,w(s«X1,...,8:X])]

is a smooth section of Ad(P), hence F(w) € Q!(M, Ad(P)) as desired.

We clearly see that this assignment is injective, that is F'(w) is only the zero element if w is the
zero element in Q! _ (P, g)*9. To see that this map is also surjective, let n € Q'(M, Ad(P)), then:

hor
nx(Xla .. aXl) = [p,’U]

for some p € P, and v € g, and a set of vectors X; € T, M. We then define an w € Q! _ (P, g)*4
by:

wp(Yr,..., Y1) =v
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for all Y; € T,,P satisfying m.Y; = X;. The condition that this holds for all Y; which map to X
forces w to be horizontal. Furthermore, we see for any other ¢ = p- g € P,, we have that:

We(RguY1,..., Rg.Y]) =Adg-1(v)
=Adg-1ow,(Y1,...,Y))

so w is also Ad invariant. Now let s : U — Py be a local gauge , with corresponding smooth map
¢ : U — V, and X; be a set of vector fields on U, then:

n(X1,..., X)) =[s, ]
By our work in Lemma 2.1.3, there exist vector fields Y; on Py such that for all p € Py:
DPW(Y;) = Xiﬂ'(p)
so:
Ws(z)-g(Y1,...,Y)) = Adg-1 0 ¢(x)

hence w is smooth. It follows then that w € Qf (P, g)A4, and satisfies:

hor
F(w)=mn

by construction. The linearity of F' is clear, so F is then an isomorphism, which implies the
claim. 0

From the theorem above, we obtain the following corollary immediately:
Corollary 2.1.5. Let P be a principal G bundle over M. Then:

a) The difference between any two connections can be uniquely identified with an element ap €
QY (M, Ad(P)). In particular, the set of all connection one forms on P forms an affine space
over QY (M, Ad(P))

b) The curvature FA of any connection A can be uniquely identified with an element Fﬁ €
O%(M, Ad(P)).

The above corollary has two important implications. First, recall from Example 2.1.10 that
we realized the four potential of electromagnetism as a connection one form on R* x U(1), then
recall from our knowledge of undergraduate physics that it is only the difference of two potentials
which has physical meaning. This is exactly what the first part of Corollary 2.1.5 encodes, as
it means we can only view the difference between two potentials as being globally well defined on
spacetime.

The second point encodes a more easily digestible statement. For abelian gauge theories, this
point offers not much insight, as F§ is a globally well defined form on M. However, for non-abelian
gauge theories, this point implies that the curvature form is globally defined on M with values in
the adjoint bundle, and though FA“}I is not gauge invariant, we will see that it’s L? norm is, so long
as we we fix an Ad-invariant scalar product on g.

With the aide of Theorem 2.1.18, we turn to proving two new forms of the Bianchi identity.

Theorem 2.1.19. Let P be a principal G bundle over M, and a A a connection one form. Then:
dF* 4+ [A,F4) =0 (2.1.29)

Proof. For brevity we denote the curvature of A by F'. We have the structure equation:
F=dA+ %[A, Al

s0:

dF = d(dA) + %d[A, Al = %d[A,A]
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Expanding A in a local basis {T,} for g we obtain:

d[A, Al =d(A* N A® @ [T, Th))
=dA* N A @ [T, Ty] — A N dA® @ [T, Ty
=dA* AN A @ [T, Ty] + dA° A A® @ [Ty, T,
=2[dA, A]

hence:
dF = [dA, A] (2.1.30)

Now examine the other term in (2.1.30):

(4, F4) = [4,d4] + 54,4, 4]

For all p € P and any X;, X1, X3 € T, P, we have that by Definition 2.1.26:

[A,[A, Al (X1, X2, X2) = Y [A(Xo), [A(Xo @), AXos)]]
og€S3

= [A(X)[A(X2), A(Xs)]] + [A(X2)[A(X3), A(X1)]]
+ [AXs)[A(X0), A(X2)]] - [A(X2)[A(X:
- ) ;A (X3)[A(

A A(X Xo)]] = )
[A(X1)[A(X3), A(X2)]] — [A(X3)[A(X>

]
)]]
The sum of the three positive terms vanish by the Jacobi identity, and the sum of three negative
terms also vanish by the Jacobi identity, hence:

)7A(X3
)7A(X1

[A,[4,A]] =0

Therefore:

[A, FA] = [A,dA] = —[dA, A] (2.1.31)
Putting (2.1.31) and (2.1.32) together we see:

dF + [A, FA) = [dA, A] — [dA, A] = 0
as desired. 0
Corollary 2.1.6. Let F4 be the curvature of a connection A, then Fiy € Q*(M, Ad(P)) satisfies:
daFy =0

Proof. We again write F'4 as F' for brevity. From our proof of Theorem 2.1.18 we have that
given a local gauge s : U — Py:

F]M|U = [S,S*F} = F;l & [S,Ta]
where {T,} is a basis for g. Therefore:
FMs:Fsa®Ta:Fs

where Fy is the local curvature form obtained by pulling F' back to U. Since Fy satisfies the local
structure structure equations, we see that:

(dAFM)s =dFs + [AS7FS] =0
and since this holds for every local gauge:
daFy =0

as desired. O
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2.2 Spinors

It was a harrowing discovery of the twentieth century that particles carry an intrinsic angular
momentum, often referred to as it’s spin. Without mentioning this fact, we have already studied a
classical analogue to this quantum phenomenon. Indeed, gauge fields are the classical counterpart
to gauge bosons, which can be viewed as particles which intermediate certain interactions. In the
case of electromagnetism, we have seen that the gauge field, or connection A corresponds to the
classical electromagnetic four potential. In the quantum setting, after fixing a vacuum gauge field
Ay, excitations in the gauge field, which can be viewed as the difference between two connections,
are viewed as photons, i.e. a spin 1 particle. In fact, all gauge fields are spin 1 because they are
one forms forms, and thus transform as usual under rotations.

However, there exists other particles in physics, which are not spin 1. Indeed, fermions, such as
electrons, positrons, neutrinos, and quarks, are all spin % These types of particles, do not transform
like gauge bosons under rotations, but instead admit a rotational transformation property under a
double covering of SO*. This transformation under the double covering reflects the fact that these
types of particles have spin % As we shall see, this double covering is precisely the orthochronus
spin group Spin™, which is intimately related to the study of Clifford algebras. In order to write
down the classical Lagrangian for QED, which incorporates fermionic matter, we will thus need to
have an apt description of spinor fields, i.e. fields which transform under representations of Spin™,
instead of SOT.

Since Clifford algebras lay the bedrock for studying the spin groups, we begin this chapter by
introducing the algebra necessary to study them, and their properties. Once we have done that,
we shall see that Clifford algebras are in essence generalizations of the exterior algebra of a vector
space, and can thus be thought of as deformations of the wedge product. We then go on to discuss
the representations of Clifford algebras, which we will use to naturally induce representations of
the spin groups. Once we have constructed the spin groups, we move onwards to discussing various
spin structures on pseudo Riemannian manifolds, which is a principal bundle with structure group
Spin™, that admits a double covering of the proper orthochronus frame bundle SO (M) compatible
with both group structures. Spinor fields, or fermionic matter fields, are then sections of Spinor
bundles, i.e. vector bundles associated to the spin structure on a pseudo-Riemannian manifolds. We
end the chapter with a discussion of the spin covariant derivative, the associated Dirac operator on
spinor fields, and the Dirac operator on twisted spinors, which is necessary to develop the classical
QED Lagrangian.

We follow Hamilton’s Mathematical Gauge Theory, and Lawson and Michelsohn’s Spin Geom-
etry.

2.2.1 K -Algebras

We begin this chapter by recalling some basic fact regarding abstract algebra, necessary for our
discussion of Clifford algebras. In particular, our goal in this section is to develop the exterior
algebra of a vector space V' as the quotient of the tensor algebra of V.

Definition 2.2.1. A K-algebra, is a vector space A over a field K that is equipped with a bilinear
map:

Hw:AXA— A

For all v, w € A we often denote (v, w) by v-w, or simply vw, and hence refer to u as multiplication
in A. If the map p satisfies:

(a0, 0)) = w- (v-w) = (- 0) -0 = p(a(u, v), w)

for all u,v,w € A, then A is an associative K-algebra. If in addition there exists an element
1 € A such that:

p(lvy=1-v=v-1=pv1)

then A an associative K-algebra with unit element 1.

In this paper we will take K = C or R.
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Example 2.2.1. We see that with V' = R”, then End(V) = Mat, x,(R™) is an associative R-
algebra with unit element 1, where p is simply matrix multiplication, and 1 is the identity matrix.
Furthermore, the Lie algebras we studied in chapter 1.2, are examples of non associative R-algebras,
where p is the Lie bracket.

Definition 2.2.2. Let A be an associative K-algebra with unit element 1. We say that A is
graded if it can be written of the form:

A= éAn
n=0

where A, are vector spaces satisfying A, A,, C Amn+n. Note that unit element lies in Ay, as for all
n, AgA, C A,. An element a € A is said to be homogenous if a € A,, for some n.

We also have a notion of maps between K-algebras:

Definition 2.2.3. A K-algebra homomorphism is a K-linear map ¢ : A — B that respects
multiplication, i.e. for all a,a’ € A:

p(a-d’) = ¢(a) - ¢(a’)

If A and B are K algebras with unit element 1, then we also require that ¢(14) = 1p, or rather,
¢(1) = 1. An isomorphism, or automorphism of K-algebras is a bijective homomorphism. A
representation of A on a vector space V is a homomorphism ¢ : A — End(V'). A representation
is called faithful if ¢ : A — End(V) is injective.
Definition 2.2.4. Let A and B be associative K algebras with unit element 1. A map ¢: A — B
is an antihomomorphism is a linear map such that ¢(1) = 1, and ¢(ab) = ¢(b)¢(a).

Finally, we can take the tensor product over K of associative algebras.

Definition 2.2.5. Let A and B be associative K algebras. The tensor product of associative
K algebras is the vector space A ®k B, equipped with the bilinear map:

p:A®g B— A®g B
given on simple tensors by:

(@a@b)-(a'@V)=(a-a)@(b-V)

Going forward, all K-algebras will be assumed to be associative with unit element 1, unless
stated otherwise. Unlike vector spaces, quotients do not exist when talking about K-algebras.
That is if B is a subalgebra of A, i.e. a vector subspace of A which is closed under multiplication,
and contains the unit element 1, then the quotient vector space A/B does not inherit the structure
of algebra. Indeed, one can easily check that if B is a sub algebra of A, then there exists no K-
algebra homomorphism 7 : A — A/B. In other words, equivalence classes in A/B will in general
fail to satisfy:

[a] - [a] = [a - ']
The solution to this is problem is similar to the case of a ring. We first introduce the following
object’!:
Definition 2.2.6. Let A be a K-algebra, then an ideal of A is a vector subspace I C A such that
I ‘swallows multiplication’ In other words, for all @ € A, and i € I, we have that a -7 € I and
i-a€l.

Proposition 2.2.1. Let ¢ : A — B be an algebra homomorphism, then ker ¢ C A is an ideal of
A.

Proof. Tt is clear that ker ¢ is a vector subspace of A, so we need only check that it swallows
multiplication. The bilinearity of multiplication guarantees that for allb € B,0-b=0-0 =0,
hence if a € ker ¢, then for all ¢ € A we have that:

dla-¢) = 6(a) - blc) = d(a) -0 =0

211n the literature, this is sometimes called a two sided ideal, however we have no use for one sided ideals, so the
definition is unambiguous in the context of this paper.
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and similarly that:

p(c-a) =¢(c) - ¢(a) =0-¢(a) =0
so ker ¢ is an ideal of A. O

Often times we talk of ideals as generated by a subset of A. Indeed, Let B a subset of A, then
the ideal generated by B consists of all element a € A such that a can be written as the finite sum:

a = E aibici
%

where a;,c; € A, and b; € B. It should be clear that the above prescription defines an ideal.

Theorem 2.2.1. Let A be K-algebra, and I an ideal of A. Then the quotient space A/I has the
structure of an associative K algebra with unit element, and satisfies the universal property that
for all homomorphisms ¢ : A — B, such that I C ker ¢, there exists a unique homomorphism
¥ : A/T — B such that the following diagram commutes:

42
T (8 (%)
A/l

Proof. We know that as vector spaces, A/I has the structure of a K vector space, as I is a vector
subspace of A. We define multiplication in a way that makes m a homomorphism, i.e. for all
[x], [y] € A/I we set:

[2] - [y] = [z - y]

We check that this well defined. Let 2’ = z+1i,, and 3y = y+1,, for some i, i, € I, then [2'] = [z],
and [y'] = [y], and we see that:

[2'] - [y'] =[z" - '] = [xy + wiy +izy + ixiy)

Since I swallows multiplication, we have that xi,, i,y, and i,%, are all contained in I, and further-
more, since [ is a vector subspace we have that:

Thy + 1Y + iz0y €1
Hence, for i = xiy + i,y + 121, we have:
[2'] - [y'] = [ay + ] = [zy]
so multiplication is well defined. We also see that equivalence class containing 1 also satisfies:
1) fa] = [1-a) = [a) = [z 1] = [«] - 1]

so [1] is the unit element of A/I. Furthermore, multiplication is associative as for all [z], [y], [z] €
A/

[2] - (ly] - [z]) = [z (y - 2)] = [(@ - ) - 2] = ([] - [y) - [2]
Finally, multiplication is bilinear, as for all [z], [y], [2] € A/I, and all k € K we have that:
[z] - (k[y] + k[2]) = [] - [ky + k2] = [z - (ky + k2)] = K([z] - [y]) + k([2] - [2])

so A/I is an associative K algebra, with unit element, and = is clearly a homomorphism, as
m(x) = [z].

Now let B be another K-algebra, and ¢ : A — B a homomorphism, such that I C ker ¢. This
then implies that for all ¢ € I, we have ¢(i) = 0. We thus define a map ¢ : A/I — B by:

P([2]) = o(x) (22.1)
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In other words, we define ¥([z]) by choosing any element z € [z] and setting 1([z]) equal to ¢(x).
Clearly, we must check that this is well defined. Let  + ¢ be any other element in [z], then:

P(z +1i) = ¢(x) + 6(i) = ¢(x)

so ¢ independent of the class representative chosen, and thus well defined. It is unique, as it
is uniquely defined by (2.2.1), and it is easily seen to make (x) commute. We check existence
by demonstrating it is indeed a homomorphism. First, ¢ is linear as for all [z],[y] € A/I and
kl, ko € K:

Y(kilz] + kaly]) = Y([krz + koy]) = d(krz + koy) = k1¢(x) + kad(y) = k1p([2)] + ka1 ([y])

Secondly, 1 respects multiplication:

P(la] - [y]) = ¥z - y]) = oz - y) = o(x) - &(y) =v([x]) - P([y])

Finally, it maps [1] to 1:

0 1 exists, is unique, and makes (%) commute, implying the claim. O

We also have a notion of a graded ideal:

Definition 2.2.7. Let A be a graded algebra, and I C A an ideal. We say that [ is a graded
ideal if:

o0

I=unA,)

n

Lemma 2.2.1. Let A be a graded algebra, and I C A an ideal. I is graded if and only if I
generated by homogenous elements of A.

Proof. Suppose that I is graded, then any ¢ € I can be written as the finite sum:
1= Z a;
i

where each a; € I N A;. Each a; is a homogenous element of A so it follows that I admits a set of
generators which are homogenous.

Suppose that I is generated by a set of homogenous elements. Then every element of ¢ can be
written as the finite sum:

1= Z aibici
where a;,c; € A, and each b; lies in 1 N A;. As A is graded we have that for each i:

a; = E aij and = g Cik
J k

where a;; € Aj, and ¢, € Ar. We then obtain that:

1= a;jbiCix
1,5,k

Since A is graded, and I is an ideal it follows that each a;;b;cir, € 1N Ajyj+r. We can then rewrite

1 as the finite sum:
i = E E a;ijbicik
n i+j+k=n
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For each n let:
dy, = Z aijbicik
i+j+k=n

which lies in I N A,, as each I N A, is closed under addition. Therefore every i € I can be further
rewritten as the finite sum:
i=> dy
n

Therefore, since (INA,)N(INA,)=IN(A4,NA,), and A, N A, = {0}, it follows that:

oo

I=PunAa,)

n=0

so I is a graded ideal. O

Lemma 2.2.2. Let ¢ : V = W be a linear map, then:
im ¢ = V/ker ¢

Proof. 1t is easy to see by ‘forgetting the algebra structure’ of A in the proof of Theorem 2.1.2
that quotients of vector spaces satisfy a similar universal property. That is if Y C V is a vector
subspace of V, and Y C ker ¢, then ¢ descends to a unique linear map v : V/Y — W such that
the following diagram commutes:

\%4 ¢ w
i (0 (%)
VY
We see that im ¢ is a vector subspace of W, so:
¢:V —im ¢

is a surjective linear map. Furthermore, with Y = ker ¢, we trivially have that ¥ C ker ¢, so ¢
descends to a linear map:

Y :V/ker¢p — im ¢

which satisfies:

b=tor
Since ker ¢ = ker, it follows that 1 is injective, as if ¢)([v]) = 0, then ¢(v) = 0, implying that
[v] = [0]. Furthermore, ¢ is surjective as if w € im ¢, then we have that ¢(v) = w for some
v € V, so [v] satisfies 1([v]) = w. Therefore, ¥ is a bijective linear map, and thus an isomorphism,
implying the claim. O

Proposition 2.2.2. Let A be a graded algebra, and I C A be a graded ideal, with I, = I N A,.
Then A/I is a graded K-algebra satisfying :

AJT = é An /1,
n=0

Proof. From Theorem 2.2.1, we know that A/I is an algebra, so we show that it is graded. Since
the quotient map 7 : A — A/I is a K-algebra homomorphism it follows that every [a] € A/I can
be written as:

] = [z ] Sl

n
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Clearly, each [a,] € 7(A,,), which we now denote by (A/I),. We see that if [a] € (A/I)n, N (A/I)m,
then there exists a,, € A, and a a,, € A,, such that:

[an] = [a] = [an]
This then implies that:
Ap = G + 1

Since I is graded, we can decompose ¢ as a finite sum over homogenous elements b; € I N A;, so:
Oy, = Ay, + Z b;
i
implying that:

§ bi:an*am
[

However, a, and a.,, are homogenous, and each b; is homogenous, so b; = 0 for ¢ # n, m, b, = ay,
and b,, = —a,,. Since each b; € I, it follows that a,, and a,, € I, so:

[am] = [a] = [ax] =0
Therefore:
(A/D)n N (A/T)m = {0}

and it follows that:

AT = @A/,

n

We also see that for [ay] € (A/I), and [an,] € (A/1)m:
[an] - [am] = [am - an] € T(Anim) = (A/)n4m
hence (A/1)n(A/I)p C (A/T)ptm so A/I is graded. Now define the linear map:

oA, — A/l
apn — [ap]

We see that ¢ is just the restriction of 7 to A,, so im ¢ = (A/I),. Furthermore, we have that
kerm = 1N A, = I,, thus by Lemma 2.2.2:

An/In = (A/D)n
It follows that:
AT =P An/T,
as desired. 0

Example 2.2.2. Let V be an n dimensional K-linear vector space; in the section on differential
forms, we briefly discussed the exterior algebra of the finite dimensional vector space V* as the
direct sum:

AV =P AV
=0

where A?(V*) was the vector space of all alternating covariant tensors of order i. Importantly, we
can do the same thing for V, where elements A*(V) are multilinear maps (V*)* — K, and the
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wedge product is defined similarly’”. Furthermore, a similar argument to Proposition 1.1.12
demonstrates that the wedge product of k vectors vy, ..., v, satisfies:

VIA - Avg = Z SgN(0)Vg(1) @« @ Ug(k)
o€Sk

However, there is an algebraically cleaner way of obtaining the exterior algebra of a vector space,
which works equally well for V or it’s dual. Indeed, we define the tensor algebra T'(V') as the
infinite direct sum:

T(V)=éV®”:K@V@(V@aV)@(V@V@V)@...

n=0

where all tensor products are over the field K. Elements of T'(V') can be written as the sum:
e

where each a; € V®!, and only finitely many a; are non zero. We see that with multiplication in
T(V) defined as the tensor product, (V) is a graded, associative, K algebra, with unit element 1,
where 1 is the unit element of the field K. This follows from the easily verifiable fact that for any
K vector space W, W @ K= W, so for any a € T(V) we have that:

l1®a=1-a=a
Now let I be the ideal generated by the subset:
{vev:veV}

We note that this ideal is generated by homogenous elements of I, so by Lemma 2.2.1, [ is a
graded ideal, and by Proposition 2.2.2, T(V)/I is a graded K-algebra. We then wish to show
that:

T(V)i/Iy = A*(V)

for all k. We proceed by cases; let k < 2, then T'(V)o = Kand T'(V); = V. We see that INK = {0},
and I NV = {0}, hence:

T(V)O/IO =K and T(V)l/ll =V

as desired.

Before moving to the next case, we set some notation, and determine some properties of mul-
tiplication in T(V')/I. Due to the above fact we write:

k] =k and [v] =v

for all elements [k] € K=T(V)o/Ip and [v] € V =T(V)1/I;. Furthermore we suggestively denote
multiplication in T'(V')/I with a wedge, and note that for v € V, and k € K, - A - satisfies:

kEnv=k-v]=k-v
vAv=[v®uv]=0

In addition, let w € V, then:
w+wAv4+w)=0=vAw=—wAv

Now let k& > n, we wish to show that T'(V),/I = {0}. Since 7 is an additive map, and each
a € T(V), can be written as a sum over simple tensors, it suffices to check that all simple tensors
get mapped to zero. Let:

a=v1 Q" XV

22j e. just replace the arguments with covectors, instead of vectors.
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and note that since k > n at least two of the vectors in the tensor product depend linearly on each
other, so for some 1 <i,5 < k:

a:v1®®vz®®vj®®ka
where v; = k - v; for some k € K. We see that:
[a] :[Ul®"'®Ui®"'®vj®"'®vk]
=V A ANV A AU AN A
=(—=1)7 7 A Ao Avj A Ay,
=k (=177 o A Av A A Ay
=0
so T(V)i /I = {0} as desired. Finally, let 2 < k < n, and let ¢ be the linear map:
¢* T(V) — AM(V)

given on simple tensors by:

VIR RUE VLA A= Y V() ® B V()
g€Sk

where the above wedge product is the product in A(V). First note that ¢* is surjective, as any
element b € A*(V) can be written as the sum:

b= Z Vig Ao ANy,
110k

thus:

a=Fk! Z Vi, @ ® vy,
ol

satisfies:
¢"(a) =b
We also see that any element in ¢ € I, can be written as the finite sum:
i:Z Z a; ® (v; ®v;) by
i jHl=k—2

where each a; € T(V); and b € T(V),;, and immediately obtain that i € ker ¢, so Iy C ker ¢*.
Therefore, by the universal property of quotients for a vector space, we see that ¢ descends to a
surjective linear map * : T(V) /I, — A*(V). If we can show that:

dimg (T(V)r/Iz) = (Z)
we will have that ¢ is an isomorphism. Let {e;} be a basis for V, then we claim that the set:
B={le;; ® - ®e;] :1<iy < <ip <k}

forms a basis for T'(V)y /1. We first show that B spans T'(V)/Iy; the quotient map 7 : T(V ) —
T(V)i/I1 is a surjection, so for any [a] € T(V); /I, we have that there exists an a € T(V); such
that m(a) = [a]. Furthermore, any a € T'(V), can be written as a sum of simple tensors:

a= Z Viy & - Uy,
i1
m;

and since each v;, = ) a; ’ ey, for some a* € K we have:

mj 5

— mi mi
a = E E ail ...aik em1®...®emk
k

41l M1 M
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Let:

then we can rewrite this:

and note that mq ---my =4y - - - i are not necessarily ordered. Hence:

[a] = Z alrie [e;, @@ ey, (2.2.2)

First note that if any ¢ = 4, for some 1 < j,1 <k, then:
[eil ®"‘®€ik] =0

so we can ignore such terms. Furthermore, for any other multi index ; - - - 7 which is not ordered,
by our work in the n > k case, we can rewrite the corresponding term in the sum as:

[eil Q- eik] = (_1)l[€j1 @@ e.jk]

where j; - - - ji is ordered, and [ is the number of swaps necessary to order iy - - - i;. It then follows
that:

[a = > Ve, @ @6

J1<-<Jk

where each /7% is the sum over all (—1)!a® "% such that i; - - -i; can be ordered into j; - - - j,
and [ is the number of swaps necessary to order 4 - - - ix. Since any [a] can be written as a linear
combination of elements in B, we have that B spans T(V);/Ix. To show linear independence,
suppose that the sum:

Y ate, @ ] =0

i1 < <ig,

then under ©* we have that:

g a™ e, N Ney, =0
1< <ligg

Let {e'} be the dual basis for V*, then since V = (V*)* we have that for any ordered multi index
Ji gk

E a™t e N Neg (€L el ) =atT =0
i< <ig

so each @ = (0 and B is a linearly independent set. Clearly, the size of B is n choose k, so ¢*
is an isomorphism as desired. Therefore as vector spaces:

T/ = BTV Ix = DA V)
k=0 k=0

Now note that every element a € T(V)/I can be written as the sum:

n
a = E a;
=0
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where each a; € T(V)g /1. We thus construct a K-algebra isomorphism ¢ : T(V)/I — A(V) by:

D ai— > ()

=0 =0

It is clear that v is a vector space isomorphism, and that ¢ (1) = 1, as 1y is the identity map
K — K. Thus, by linearity, we need only show that for a set of k 4 [ vectors vy, - ,vp4; € V:

Y1 @ QU] A Vg1 @ - @ vp1a]) = Y([v1 ® -+ @ vk]) AY([Vrt1 @ -+ @ Vi4])

We see that by the induced multiplicative structure on T'(V')/I:

V1 ® - @UE] A1 @ QU] = [V1 @+ QU ® Vg1 ® - -+ ® Vpyq]
hence:
(1 @ -+ @ V] A [V @ -+ @ ppt]) =P ([11 @ -+ ® Vg @ Vg1 @ -+ @ V)
=1 A AU A Vg1 Ao AN Upq1
While:
(1@ @ vpl) A([ok1 @ - @ vrnt]) =Y (01 @ -+ @ vr]) A Y ([Vks1 @ -+ ® vk])

:(v1/\~~/\vk)/\(vk+1/\~'/\vk+l)
e O IVANCERVAN VAN O IV ANERRV AN ) A |

so ¢ is a K-algebra homomorphism, and thus T(V)/I = A(V') as associative K-algebras with unit
element 1.

2.2.2 Clifford Algebras

In the previous section, we developed the necessary abstract algebra to construct the the exterior
algebra of a vector space as a quotient of the tensor algebra. We are now in a position to understand
Clifford algebras as a deformations of the exterior algebra. We first need the following definition:

Definition 2.2.8. Let A be an associative K algebra, not necessarily with unit element 1. Then
for all z,y € A we define the commutator by:

[tyl=x-y—y-x

and the anticommutator by:
{z.y}=2-y+y =

A Clifford algebra is then defined as follows:

Definition 2.2.9. Let (V,Q) be a K-linear vector space, with a symmetric bilinear form @ :
V x V — K. A Clifford Algebra of (V,Q) is a pair (Cl(V,Q),~), where:

a) Cl(V,Q) is an associative K algebra with unit element 1

b) ~ is a linear map V' — CL(V, Q) such that for all v,w € V:
{’7(’0)’7(11})} = _QQ(Ua U)) 1

¢) (CI(V,Q),~) satisfies the universal property that for any other associative K-algebra with
unit element 1, and any linear map ¢ : V' — A such that:

{0(v),0(w)} = —2Q(v,w) - 1

there exists a unique algebra homomorphism ¢ : Cl(V,Q) — A such that the following
diagram commutes:
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We note that the Clifford algebras were initially motivated by Paul Dirac, in search of finding a
square root of the Laplacian operator A on R%*. In other words, Dirac wished to find an operator
D such that:

s+t

Af DOD an f

where 7;; = n(e;, e;) in an orthonormal basis of {e;}. If we let:

s+t

D= Z’Y GZ axz

then it follows that:

s+t

DoD= Z axx
i,j=1 et
s+t 62
5 Z v(ej) +v(ej)v(ei ))m
1,j=1

hence ~y(e;) must satisty:

{v(ei)v(ej)} = —27(ej, €:)

This construction is known as the Dirac operator, and we shall discuss it in detail later in this
chapter.

Theorem 2.2.2. Let (V,Q) be K-linear vector, then there exists a Clifford algebra (CUQ,V),~)
which is unique up to unique isomorphism.

Proof. Recall the tensor algebra:

-
n=0
and let I be the ideal generated by:
I=v®uv+1-Quv):veV

We claim that T'(V)/I is a Clifford algebra. Note that if @ is identically zero on V' X V| we see
that T'(V')/1 is the exterior algebra, so A(V') is a special case of a Clifford algebra. This is precisely
what we mean when talking of Clifford algebras as deformations of the exterior algebra.

By Theorem 2.2.1, T(V)/I is an associative K algebra with unit element 1. Furthermore, let
i:V — T(V) denote the inclusion map, then we set:

y=rmoi

where 7 is the projection map T(V) — T(V)/I. We see then that for all v,w € V:
V() - y(w) = [v@w] = —[Qv,w)] = =Q(v,w) - 1

where 1 = [1] is the unit element in T'(V')/I. Therefore since @ is symmetric:

{(v(v), v (w)} = =2Q(v, w)
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Now let § : V' — A, where A is an associative K algebra with unit element 1. For all k& > 0, we
have a 6% (V®%) — A given on simple tensors by:
1@ @ug) =8(v1) - 6(vg)
Clearly 6' = 6; let 5 : K — A, be the inclusion map?’, then we obtain the algebra homomorphism:
A:TV)— A

defined for all a € T(V') by:
Ala) =Y 6'(as)

where each a; € T(V);. Suppose that § satisfies:
{0(v),0(w)} = —2Q(v,w) - 1

for all v,w € V. Let i € I, then 7 can be written as the finite sum

azZai@)(vi@vi—i—Q(v,v))@bi

where a;,b; € T(V). We then see that:
Afa) = Z Afai) ® (6(vi) - 6(vi) + Q(vi, vi)) @ A(by)

:ZA(ai) ® (=Q(vi,vi) + Q(vi,vi)) @ A(b;)

=0

hence a € ker A. By the universal property of quotients, we have that A descends to a unique
algebra homomorphism ¢ : T(V)/I — A, such that:

A=¢om

The restriction of A to V' is d, and the restriction of w to V' is v, hence we obtain that there exists
a unique ¢: such that the following diagram commutes:

Therefore, (T'(V)/I,~) is a Clifford algebra for V', so Clifford algebras exists.

Let (CI(V,Q),7’) be another Clifford algebra for (V,Q). Then by the universal property
of Clifford algebras, we have that there exists a unique algebra homomorphism f : T(V)/I —
Cl(V, Q)" such that:

v =fox
However, there also exists a unique algebra homomorphism g : CL(V, Q)" — T(V)/I such that:
y=gony

Now consider the diagram:

231f a K algebra contains a unit element 1, then since A is a vector space we must have that K is a vector subspace
of A. The inclusion map is then k — k- 1.
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T —— {78}
, 6
.
CI(V, Q)

then ¢ is uniquely determined and satisfies:
v =¢o
Clearly ¢ = Idcy(v,q) satisfies this property, however so does f o g as:
V' =foy=fogy

hence f o g = Idcyv,qy. The same argument but replacing CI(V, Q)" with T'(V)/I demonstrates
that g o f = Idp(v),r, hence the objects are unique up to unique isomorphism as desired. O

Since T'(V')/I, with I as defined in the preceding theorem, is uniquely isomorphic to every
other Clifford algebra for (V,Q), going forward we denote T'(V)/I by ClI(V,Q). Furthermore, in
the course of showing that f o g = Idcv,q), we have obtained the following corollary:

Corollary 2.2.1. Let (Cl(V,Q),~) be the Clifford algebra for (V,Q). Then, the image of v, v(V),
generates CU(V, Q). In other words, every ¢ € CAV,Q) can be written as the finite sum:

=YY i) (vi,)

k dy-ig

With this in mind, we can find an upper bound for the dimension of Cl(V, @), however we first
recall the following lemma:

Lemma 2.2.3. Let V' be a K-linear vector space, equipped with a symmetric bilinear form. Then
there exists an orthogonal basis for {e;} for V, i.e. a basis such that Q(e;,e;) =0 fori # j.

Proof. If ) is nondegenerate then we are done. Suppose @ is degenerate, and define the subset:
Vi={veV:Q,u)=0NuecV}

It is clear that V1 is a vector subspace of Q; let U be the complimentary vector subspace such
that:

V=UoV*
Suppose dimg U = k, and dimg V- = [, then since Q is non degenerate on U, we can find
an orthonormal basis {e;,---,ex} for U. Any basis {fi,---,fi} for V1 is orthogonal, hence
{e1, -+ ,ex, f1,+--, fi} is an orthogonal basis for V. O

Corollary 2.2.2. Let Cl(V,Q) be the Clifford algebra for (V,Q), and suppose that dimg V = n.
Then, if {e;} is an orthogonal basis for V, the set:

B={v(ei) -v(ep): 0<k<n1<ig<---<ip<k}
where for k = 0 the empty product is equal to 1, spans CI(V,Q) as a vector space. In particular:
dimg CI(V,Q) < 2"

Proof. Every element ¢ € C1(V, Q) can be written as:

=Y ylvr) (i)

k di1eeip

— Z Z a“'”i’“’y(eil) ~y(ei)

k d1eeip



2.2. SPINORS 168

Note that for any 7 - - - i, such that k£ > 2, we can swap any two adjacent pairs via the clifford
relation:

’Y(eij )7(ej+1) = _’V(eij+1 )W(eij )

hence:

y(ei) - y(ej)v(ejn) - lew) = —vlei) - yleje1)v(es) - v(ei))

Furthermore, if any two adjacent y(e;,)y(es, ., ) satisfy e;; = e;,,, we can replace it with the scalar
—Q(e4;, €i;), via the Clifford relation. Therefore, for each k, we can iteratively reorder to the multi
index i1 - - - i, into the multi index j; - - - jg, satisfying j; < .-+ < ji. If any of the two adjacent
indices are equal, then we can replace them with a scalar, and collect the ordered term into the
k — 2 sum. It follows that if £ > n, then at most n basis vectors in the product are linearly
independent, hence we can always rewrite such a term as a product of at most n y(e;;)’s, satisfying
i1 < -+ < ig. Thus, starting with the largest value of k, we can apply the process above to each
k, reordering each term, and applying the Clifford relation to get rid of products where adjacent
indices are equal, implying that ¢ can be rewritten as the finite sum:

k
€= Z Z b“mZk’Y(eil) e 7(61@)
=011 <--<ig
so B spans Cl(V, Q). Furthermore, the number of elements in B is clearly equal to:

(1)

k=0

implying the upper bound on the dimension of C1(V, Q). O

It is important to note that as Cl(V, Q) is not a graded algebra. Indeed, in the existence proof
of Theorem 2.2.2; the ideal we took a quotient of was not homogenous, so there is no reason to
assume that the quotient would be graded in the first place. Furthermore, if we attempt to make
a grading:

CUV,Q) = GB CI*(V, Q)
k=0

where C1(V, Q) is the span of:
By ={y(ei) -(ei) 1 1<in <o < iy <k}
We then quickly see that CI¥(V, Q) - CI(V, Q) ¢ CI*™(V, Q). Indeed, v(e;) € CI'(V, Q) however:
Y(e)v(e) = —Q(eirei) € CI°(V, Q)

so no such grading exists.

However, we can instead find a Zs grading, that is a grading which satisfies CI(V, Q) -
Cl(V,Q); € CUV,Q)g+1, where k,I = 0,1, and the indices are taken modulo 2. Indeed, let:

00
Ty =@ver —xevergver.
n=0

T(V) =Pveetin=v Ve g Vet...
n=0

We then set:
C(V,Q) =T(V)°/(INT(V)?)  and  CI'(V,Q)=T(V)'/(INT(V)")
then since:

I=(INTV)®) & (INTV))
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we have that:
ClIV,Q) = CI°(V,Q) & C1'(V, Q)
Then clearly:
CV(V,Q) - CI*(V,Q) c CV¥(V, Q)

where j 4 k is taken modulo 2, so C1(V, Q) is a Zs graded associative algebra with unit element 1.
In particular, C1°(V, Q) is a subalgebra of C1(V, Q), which is spanned by the set:

BO = {’y(eil).-.fy(eiQk) : 0 S 2/{; S 77,77;1 < Zk}

We now wish to show that as vector spaces A*(V) = CI(V, Q), regardless of the bilinear form
Q on V. We first need the following two lemma’s:

Lemma 2.2.4. Let (V,Q) be K-linear vector space, with a symmetric bilinear form Q. Then, for
all 0 <k <n, and all v € V, there is a unique linear map:

va: AF(V) — AFD(7)
such that the following conditions hold:

a) If 0 €'V, then vao = Q(v,0)
b) If o € A¥(V) and w € AY(V) then:

va(o Aw) = (vao) Aw + (=1)Fa A (vaw)

We call such a map the contraction of o with v

Proof. We fix a basis {e;} for V, and for all ¢ € A*(V), and all v € V define v.w by:

vio = Z Z D7 Q(v,e,) 0™ (1) ey, Ao ANéi A Ae,

i< <dp j=1

where é;, denotes contraction. Note that the above is independent of a chosen basis, as @ is
independent of basis. We see that this map is clearly linear, and satisfies a). To see that it satisfies
b),let o € AF(V), and w € AY(V), since v is a linear map, it suffices to assume that o = e;, A- - - e;,,
and that w =e;, ., A---Aey . Then:

k+1
va(lo Aw) = Z(—l)”lQ(v, ejles Ao Ney, N Neg, Neg ) N+ Neg,
Jj=1

We split the sum into two parts:

k
vi(o Aw) :Z(—l)JHQ(v,ej)eil Ao Ney N Neg, Negy Moo= Neg
j=1
k+1
+ Z D7 Q(v,e5)es, Ao Aeiy Nejy Ao Néiy A ANegy
j=k+1

The first term is precisely (vio) A w, so by reindexing the second sum by setting k +1 = 1 we
obtain:

PN

va(o Aw) =(vao /\w—i—z DEFIHLQ(v, ejei, NoorNeg Neg oy N Ney Ao Negy

k
=(vuo) Aw + ( kz JHQUej)eh/\~~/\ei,€/\eik+1/\-~-/\e,-j/\-~/\eik+l
7=0

:(ng) Aw + (—l)kU A (UJUJ)
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so v satisfies b) as well, implying such a map exists.
Now suppose that f, is any linear map satisfying a) and b). We then see that for all o € A*(V):
Z ol (e, A Aey,)
i <o <ip

We wish to show that:

M?r

foles, Ao Neyy) = —1)7 Qv sej)ei Ao Né, N Ney,

j:l
We proceed by induction, for the & =1 case then we have that by a):
fu(ei) = Q(v, €;)

assuming the inductive hypothesis we have that by b):

k—1
fv(ei VAN eik71 A eik) = Z Q(U, 6j)(—1)j+1€i1 VAN éij JANEERIAN Cik71 A eik
j=1
+ (_1)k_1<ei ARRRRA eik—l) A fv(eik)
k—1
ZQveJ D7 e Ao Ney, N Neg,, Neg,
j=1

+ (71)k71Q(v7 ek)(ei TARRRRA eik—l)

We see that (—1)k*1 = (—=1)¥=1, hence:

k
foles, Ao Negy) Z (vyej)es Ao Neg; N Ney,
Jj=1

as desired. It then follows that for any o € A¥(V):

Z Z 1)7+1Q(v e,)0 i (_)e, ANeos N Nees Neg,

1< <tp J=1

=vi0
so v is unique, implying the claim. O

Lemma 2.2.5. With v as defined above, we can extend v linearly to A(V'), such that vi(k) =0
for all k € K, and vi(vio) =0 for all o € A(V).

Proof. We define vy on A(V) by noting that A(V) is graded, hence any element o € A(V) can be
written as:

where each o € AY(V). Since vi(o;) is linear on A%(V), and each vi(o;) € A*"1(V), it follows
that:

o) = Z va(oy)
k=0

defines a linear map A(V) — A(V), so long as v is identically zero on K.

By linearity of v, it suffices to check that vi(vio) = 0 in the case where o = ¢;; A -+ Ae;,,
for some basis {e;} of V, and a multi index i; < -+ < ix. We proceed by induction on k, the base
case k = 1 is trivial as va = Q(v, e;, ), so va(voe;; ) = 0. Assuming the k — 1th case we have that:

va(o) =valesg, A Nei ) ANei, + (=D 1Q(v, e, )ei, A=+ Nei,_,
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Hence:

va(vao) =va(va(esn A - Neg_, ) Neqy, ) + (—1)’“*1Q(v, e )va(ei, Ao Nei_,)
:(_1)k_2Q(UV eik)/l)—‘(eil ARERNAN eik—l) + (_1)k_1Q(Uv eik)vJ(eil ARBRNAN eik—l)
=0

implying the claim.
O

Theorem 2.2.3. Let (V,Q) be a K-linear vector space equipped with a symmetric bilinear form
Q. Then, there exists canonical vector space isomorphism:

AV) — CUI(V,Q)
In particular:

dimg CUI(V, Q) = 2"
Proof. For all v € V define the linear map:

dy : A(V) — A(V)

oc——> VAo —vi0
The assignment:
v —> 0y
is then a linear map:
0:V — End(A(V))
We see that for all v,w € V, and o € A(V):
{0v,0u}(0) = 600w (0) + 0wdu(0)
Note that:

0y (0w (0)) =0p(w A o —woo)
=vA (WAoo —wio) —vi(w Ao —wio)
=vAwAc—vA(wic)—vi(wA o)+ vi(wio)
=vAwAc—vA(wio) — Qv,w)o +w A (vio) +vi(wio)

and similarly that:
0w (0p(0)) =w AV AT —wA (vao) — Q(v,w)o + v A (wao) + wi(vio)

hence:

{04,080 }Ho) = —2Q(v,w)o + va(wao) + wi(vio)
Note that by Lemma 2.2.5:

(w4 w)a((v+w)io) =0 =vi(wio) + wai(vio)
hence:

{00, 0u}(0) = —2Q(v, w)o

Since this holds for all o it follows that

{6717 5111} = _2Q(U7 ’LU)
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Thus, by the universal property Clifford algebras we obtain a homomorphism:
¢ : CI(V,Q) — End(A(V))
With a = ~v(e;, ) - -y(es, ), where i1 < -+ < i we have that:

¢(a)(o) =d(ei,) - -d(ei) (o)

=e;, A+ Ae;, Ao+ (terms with contraction)
Hence we consider the map:

[ OV, Q) — A(V)
a+— ¢(a)(1)

where 1 € K C A(V). We see that since contraction on K is identically zero:
f(’)/(e’tll) o V(ezk)) = €4, AN A €,

implying that f is surjective. Since dimg A(V) = 2", by rank nullity, and Corollary 2.2.2 we
have that:

dimg ker f + dimg im f = dimg ker f 4+ 2" < 27
so dimg ker f = 0, and f is an isomorphism. O
Corollary 2.2.3. Given any basis {e;} for (V,Q), the set:

B={v(e;) -v(e) : 0<k<myig <+ <ip}
where the empty product is 1, forms a basis for Cl(V, Q).

Proof. From Theorem 2.2.3, we have that f is an isomorphism, so in particular f=* : A(V) —
Cl(V, Q) is an isomorphism. We have that:

B ={ej, N~ Nej, :0<k<n,1<i; <--<ig <k}
is a basis for A(V), so since isomorphism’s map basis vectors to basis vectors, and:
F e Ao Neiy) = (e ) - (eiy)
forall 1 <k <nandall iy <---i, it follows that B is a basis for C1(V, Q). O
Corollary 2.2.4. The linear map v : V — ClV, Q) is injective.
Proof. We see that if i : V'— A(V) is the natural inclusion:
v=f""oi
Since the composition of injective maps is injective, the claim follows O

Since 7 is now understood to be an injective linear map, and thus an isomorphism onto it’s
image, we have that V is a vector subspace of CI(V,Q). We will then occasionally suppress the
map 7, and simply write e;, - - e;, in place of the product vy(e;,)---v(e;, ). We note that we can
find isomorphism’s between Cl(V, Q) and a K algebra A as follows:

1) First find a map from § : V' — A such that:
{0(v),0(w)} = —2Q(v,w) - 1

1) Use the universal property of CLifford algebras to obtain a unique algebra homomorphism
¢:Cl(V,Q) = A

ii1) Let {e;} be an orthogonal basis for V', then show that products d(e;) span A, implying that
¢ is surjective.
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iv) Show dimg C1(V, Q) = dimg A, then ¢ is a K algebra isomorphism.
We end the section with two application’s of this procedure:

Lemma 2.2.6. The map:

a:V—V
v — —v

induces a Clifford algebra automorphism, which we also denote by «:
a: CV,Q) — CIV,Q)

such that co o = Id. The subspace Clj(V, Q) then corresponds to the (—1)7 eigenspace of o, and
satisfies dimg CP(V, Q) = %dimK Cl(V,Q).

Proof. We see that the map:
d=voa« (2.2.3)
satisfies:
{0(v),6(w)} = {7(=v),7(-w)} = {(V)r(w)} = =2Q(v,w) - 1
and thus induces a unique Clifford algebra endomorphism:
a: Cl(V,Q) — CI(V, Q)

The image 6(V') clearly spans C1(V, Q), thus « is surjective, so by rank nullity « is an automorphism.
Let {e;} be an orthogonal basis for V', we see that for any a € Cl(V, Q):

Z Z a’ lk(s ez1 "'5(€ik)

k=01i1< - <ip

=3 X @) (e

k1 <--<ig

=30 3 (—nFa A (e) (e

k1< <ig

O

This second lemma does not utilize the universal property of Clifford algebras as the map we
obtain is an antiautomorphism.

Lemma 2.2.7. Let (V,Q) be a finite dimensional K-linear vector space with a symmetric bilinear
form Q, and t' : T(V) — T(V) be the antihomomorphism given on simple k tensors by:

VI Q- UV =V QU1 ® - QU2 ® V1
This map descends to an anti automorphism:
t: OV, Q) — CU(V, Q)
called the transpose, and denote t(z) by xt.

Proof. Let I be the ideal used in the construction of the Clifford algebra. We see that for any i € T
written as:

1= Zai ® (vi ® v; — Q(vi, v;)) ® b

where a;,b; € T(V), hence :

(i) :Zbi‘@(“z‘@vi—Q(vi,vi))@ai el
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implying that ¢'(¢) preserves the ideal I. We thus define the map:
o' = [t'(w)]

where w is any class representative in the fibre 7=!(z). This is unique, and well defined as for any
1el:

[0+ )] = [t (@) + t()] = [¢' ()] = a*

It remains to check that ¢ : CI(V,Q) — Cl(V,Q) is anti automorphism. We see that 7 is a
homomorphism, and ¢ is an antihomomorphism. We defined ¢ : CI(V,Q) — Cl(V,Q) by the
identity:

tor=mwot

We want to show that (zy)’ = y'z’. Let w, and w, lay in the fibres 7~!(z) and 7~ '(y), then we
see that:

tom(wowy) = (zy)" = n(t'(yt'(z)) = 7(t'(y))7(t'(x)) = y'z'

as desired. To check that this is an anti automorphism, we need only check t' is surjective by rank
nullity. Let {e;} be an orthogonal basis for V', then we see that any basis element of CI(V, @):

€, €y
with 1 <i; < -+ < i < dimV, then:
(e, ei) =[t'(es, ® - ®ei )] =ei ey
However we can reorder this and pick up some number of minus signs hence:
(€, -~ '€ik)t =de;, e,

so t takes basis vectors to basis vectors, and thus the image of a basis under ¢ spans Cl(V, Q),
implying that t is surjective, and thus the claim. O

2.2.3 Clifford Algebras for R** and C"

For (V,Q) = (R%*,n), where 7 is the standard pseudo Euclidean inner product of signature (¢, s),
we denote the Clifford algebra by Cl(¢,s). Similarly, if (V,Q) = (C",q), where ¢ is the standard
complex inner product”’, we denote the Clifford algebra by Cl(n).

Lemma 2.2.8. There exists an isomorphism of complex associative algebras:
Cl(t +s) = Clt,s) @r C
Complex representations of Cl(t,s) are equivalent to complex representations of Cl(t + s)
Proof. Consider the map:
§:R" @ C — Cl(t,s) g C
vz (V) ® z
We see that:
6(v@2)6(u®z) =(7(v) ®2) - (v(u) @ w)
=(y(v)7(u) ® zw)
hence:
{0(v®2),6(u®2)} =(v(v)y(w) +7(u)y(v) @ (22w)

= —2n(v,u)wz

= — 2q(zv,wu)

24j e. in the standard basis for C", q(ziei,wjej) = ziwjéij #* zizbj&j
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where zv, wu € C'%. Since RY® @ C = C'**, we have that by the universal property of Clifford
algebras, there exists a unique algebra homomorphism ¢ : Cl(t + s) — Cl(¢, s) ® C. The dimension
of Cl(t,s) ® C over C is 2!7%, so dim¢ Cl(t, s) ®g C = dimc CI(¢ + s). Furthermore, the image of &
clearly multiplicatively spans Cl(t, s) ®r C, so the ¢ is surjective and thus an algebra isomorphism,
hence Cl(t + s) = Cl(¢,s) @g C O

Lemma 2.2.9. Letn > 1 then:
CP(n) = Ci(n—1)

Proof. Let {e;} be an orthonormal basis for C", and let V' be the one dimensional subspace
spanned by e,. Then, the orthogonal complement of V', denoted V+ is C"~!, and is spanned by
{e1,...,en—1}. Consider the map:

c ! — Cl°(n)
W W ey
By construction we have that g(w, e, ) = 0, hence for any u,w € V+:

O(u)d(w) =u-e,-w-ep,
=—u-ep- €y W

=u-w (2.2.4)
hence:
{6(u), 8(w)} = - w+w - u = —2q(u, w)

Thus, by the universal property of Clifford algebras we have that § descends to a map ¢ : Cl(n —
1) — C1°(n). By Lemma 2.2.6, and Theorem 2.2.3 we have that dimg Cl(n—1) = dimg C1°(n).
To conclude that ¢ is an isomorphism, we need to show this map is surjective. Let a € C1°(n), by
linearity it suffices to assume that a is the product:

eil .. 612k
where i1 < .-+ < i9g. Suppose that no ei; = ey, then, since there by (2.2.4) we have that:
Deiy i) =0(eqy) -+ 6(€iz,) = €4y * €y,

Now suppose that for some j, e;; = e;, then:

e e e ieor = (1Y e ey es e
€y iy ln iy, eap = (—1)! T Teper ey ey, e

hence, since the sequence s, ...,%;_1,%j+1,...,%2; has an even amount of terms:

(25((—1)]62‘1 .. .éij .- '€2k) :(_1)J6i1 . en¢(€2 R éj ce €2k)
:<_1)j_1en . ei1 . ej*]. . e]+1 s eok

=iy €,y en iy, Ca
so ¢ is surjective, and thus an isomorphism, implying the claim. O
Definition 2.2.10. Let (V,Q) = (R%*,n), and suppose that:

p: CI(V,Q) — End(X)

is a representation of C1(V;Q) on a K linear vector space ¥ = KV. Then for the standard basis
{e;} of R"* we define the mathematical gamma matrices:

Ya = po7(ea)
for all 1 <a <t+ s. We define the physical gamma matrices by

Fa = (_Z)’Ya
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It is easily seen from the definition of an algebra homomorphism that:
{va, 1} = p({7(€a), v(€er)}) = p(=2na) = —2napln
where I is the identity matrix on K¥. Similarly we have that:
{La, Lo} = 2napIn

We also set the following notation:

1

Yab = 5[’7117’71)]
1

Pab = §[Pa71—‘b]

Similarly to tensors, we raise the index of a gamma matrix by:
,ya _ nab,yb and e = nabl—\b
Furthermore, we set:

a 1 a
7=l =

1
[Fa,Fb] — 7Fab
2

2

Definition 2.2.11. Let s+t = n be even, the chirality element for Cl(¢, s) is a Clifford element
of the form:

w=Aer---e, € Cl(t,s) ®C

where {e;} is an oriented orthonormal basis for R%*

Lemma 2.2.10. The chirality element is independent of a chosen oriented orthonormal basis.

Proof. Let {f;}, and {e;} be two oriented orthonormal basis’s. Then there exists an A € SO(t, s)
such that:

fi = Ale
Let ¢ denote the isomorphism Cl(t, s) — A(R"*) from Theorem 2.2.3. Then:

O(fr-fn) =[N N
=(Afej) A A (Alrey,)
:Ajll .. -AZL"Ejl A A €in, (225)

Any term with a repeated index vanishes, and the rest of the terms are permutations of one another,
so we can rewrite (2.2.5) as a sum over permutations. Note that:

o) N N eo(j) =sgn(o)ej, A--- Aej,

hence (2.2.5) becomes:

O(f1-- fn) = Z AtlT(l),,.AZ(ﬂ)el/\.../\en

ogES,
=det(A)es A+ Aep
=e1 N---Ney

where there is not implied summation in the first line. Since ¢ is an isomorphism, and thus injective
it follows that:

61"'en:f1"'fn

implying the claim. O
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Lemma 2.2.11. FEvery chirality element w satisfies:
{w,eq} =0
[w, eq - ep] =0
Proof. We have that:
{w,eq} =w-eq+eq w
:)\(el...en.ea+ea.61...en)
=\ ((,1)(%(1) + (71)((;71)) €1 €a1-€q-€q-Cail
If @ is even then n — a is even and a — 1 is odd, so the claim follows. If a is odd then n — a is odd,

and a — 1 is even so the claim follows. We then see that:

[W,eq e =w-eq-ep—eq-epw
=W €y -€p+ ey w
=W €y €p — €y W:* ey
=W €q€CptwW:-ep-ey

=W €4 €p —W:*€q- €

Lemma 2.2.12. If A2 = (—1)"/?*t then:
wi=1
Proof. We see that:
w2 =M%y ey €1 €p
:(_1)"/2+t61 ceep €1 En

It takes n — 1 swaps to reorder e ---e, into e, - e1---e,_1. It then takes n — 2 swaps to reorder
into e, - e,_1---en_2, and so on. Hence the number of swaps necessary to re order ej - - - e, into
€, e is:

hence:

We have that n = 2k for some k, and:

wr=1

Motivated by the preceding lemma, we set the following definition:

Definition 2.2.12. If s +t = n is even, then the standard chirality element is given by:
w=—i"?*tle; .. e, € Cl(t,s) ® C

Note tht if n/2 +t is even, then w € Cl(¢t, s). We also set the mathematical chirality operator
as:

= ="/

Yn+1
and the physical chirality operator as:

Tpir = ="M T,
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The chirality element can also be extended to Cl(n) for even n, by noting that the standard

orthonormal basis for R"*:

{61,... ,et,6t+1,...,€t+s}

can be turned into the standard orthonormal basis for C*** via:

{iela"' aietaet-ﬁ-l)' "7et+s}

We see that with this identification 7 becomes the standard inner product on C**5. Let t +s=n

be even, then the chirality operator is given by:

w=—i"?(iey)---(ie)) - (er41) - - €n

Hence, if {e;} is the standard orthonormal basis for (C”,q), and n is even, the chirality operator

is given by:
w=—i""2e - en
We turn to three important examples:

Example 2.2.3. Denote the Pauli spin matrices by:

0 1 0 —i 1

It is easy to check that for all 4 = 1,2, 3:

and that:

0i0i41 = —0i410; = 1042

Furthermore, the set {I,01,09,03} forms a basis for End(C?). With this in mind, consider the

Clifford algebra CI(1,1), i.e. the Clifford algebra for R:! where in the standard basis {e;,e2}:

n(er,e1) = —1 and n(ea,ez) =1
We then define the mathematical gamma matrices by:
71 =01
Y2 =102
We check that these are indeed mathematical gamma matrices:
{71,72} =i(o102 + 0201) =0
nm =07 = I
Yove =— 03 = —1Is
We also see that:

Y1772 = —03

hence since {1, e1, €2, e1e2} form a basis for Cl(1,1), it follows that the assignment:

1+—1
el — M
€2 —> 72

e1e2 — Y172

generates a faithful representation of Cl(1,1) on R?, as well as C2. Importantly, we see that the
assignments 1 — I, and ejea — 71772 are consequences of any representation being a homomor-
phism. This representation is also an algebra isomorphism as dimg End(R?) = dimg CI(1,1), so
CI(1,1) = End(R?) Furthermore, since the aforementioned set {I, o1, 02,03} is a basis for End(C?),

it follows by Lemma 2.2.7 that:
Cl(2) = CI(1,1) @& C = End(C?)

as associative C algebras.
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Example 2.2.4. Consider the clifford algebra CI(1, 3), that is the Clifford algebra for Minkowski
spacetime RY3 with signature (—, 4+, +, +). We denote the standard orthonormal basis for R by
{eo, €1, €2, €3}, where:

n(ep, e0) = —1 and n(e,e;) =1for 1 <i<3

Now, let H denote the space of the quaternions. Recall that the quaternions are an R vector space
spanned by {1, 14, j, k} which satisfy:

ijk=-1 i*=-1 j?=-1 k*=-1 (2.2.6)

This multiplicative structure turns the quaternions into an associative R algebra with unit element
one. We can take a direct sum H? = H & H, which is the set of column ‘vectors’” with entries in
the quaternions. The set of endomorphisms on H?, denoted End(H?) is the set of all two by two
matrices with quaternion entries, and as a real associative algebra satisfies dimg End(H?) = 16.
We thus define mathematical gamma matrices by:

(01 (=i 0
Y0 = 1 0 Y1 = 0 i
(=i 0 [~k 0
’Y2_ 0 j ’YS_ 0 k

YoYo = IQ, and YiVi = —IQ, Vi = 172,3

It is then clear that:

Furthermore, from (2.2.6) one can derive that:
ij=k=—ji, jk=i=—kj ik=j=—ki
implying that:
{771 =0

for all 4,5 = 1,2, 3,4 such that i # j, so the mathematical gamma matrices generate a representa-
tion p : CI(1,3) — End(H?). We calculate the other terms of the form ~;v; for i < j:

(0 (0 (0 Kk
'YO’YI - 71 0 7072 - 7‘7 0 ’7073 - 7]’(3 0

(k0 (i 0 (i 0
Nnr2=\g g 1= j 2B =g

For the terms of the form ;7% such that ¢ < j < k we have:

(0 k _ (0 g
Yov17Y2 = E O Yov17Y3 = i 0

(0 1 (1 0
Y0273 = i 0 V17273 = 0 —1

(0 -1
YoY17Y27Y3 = 1 0

It is then clear that as a real associative algebra the set:

Finally we have that:

iy i 0< k<4,0< iy <---ip <k}

where with k = 0 the empty product is p(1) = I, forms a basis for End(H?). It follows that p is
a faithful representation of CI(1,3) on H?, and that as real associative algebras:

Cl(1,3) = End(H?)

is not a vector space under scalar multiplication by H, as multiplication is noncommunicative. Instead H?
is an H module.

2512
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Example 2.2.5. We continue with the Clifford algebra Cl(1, 3), but instead seek a faithful repre-
sentation of C1(1,3) on C*. We define the mathematical gamma matrices by:

(0 —1I5
Yo = —I 0
0 —0; .
%(oi 0 ) Vi=1,2,3

We see that:
Yoy =1+ and = —Is
while:
{753 =0

for all 4,7 = 0,1,2,3,4 such that i # j, so, as before, the mathematical gamma matrices generate
a representation of Cl(1,3) on C*. We want to see that this representation is faithful, as before we
begin by calculating the 7;y; terms such that i < j:

_ [ —01 0 _ [ —02 0 Y 0
Yo = 0 o1 Y072 = 0 o9 Y073 = 0 o

_ 7750'3 0 _ iO’Q 0 _ 7’L'O'1 0
Y172 = 0 —ios Y173 = 0 ioy Y273 = 0 —ioy

For the ~;v;v such that i < j < k we have:
o 0 i03 o 0 —iO’g
Yov17Y2 = oy 0 YoV17Y3 = —igy 0

- 0 iO’l o 0 112
07273 = iocy 0 17273 = —il, 0

Finally we have that:

(il 0
ToNnv2ys =\ —il,

With p(1) = I, we see that the set:
B:{%d""yik :O§k§4’}

with the empty product equal to I, forms a basis for End(C?*) as a complex vector space, hence
p is a faithful representation of Cl(1,3) on C*. In particular, it follows that:

Cl(4) = CI(1,3) ®r C = End(C?)

We now turn to describing the structure of the standard Clifford algebras. In the complex case,
this is not too difficult, but we need the following two lemmas:
Lemma 2.2.13. The complex Clifford algebras satisfy the following condition:
Cl(n + 2) =Cl(n) @c Ci(2)
=~Cl(n) ®c End(C?)

Proof. We write C"*2? = C" @ C2. Let {e,y1en12} be the standard orthonormal basis for C? and
w = —ient16n42 the chirality element in C1(2). Then define the map:

§:C"@®C? — Cl(n) @c C1(2)
(v,u)— 1Qu+vQw
We see that this map satisfies:

d(v,w)d(v,u) =1Qu+vRwW) (1Ru+vRWw)
=lQu-u+vUu-WwH+rvRQw-utv-vQw- w
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Since w? = 1, and:
1u w4+ vQuw-u=v® ({u,w}) =0
we have that:
0(v,u)d(u,v) =1Q@u-utv-v®1=—(q(u,u)+ qv,v))

Therefore, there exists a unique algebra homomorphism ¢ : Cl(n +2) — Cl(n) ®c C1(2). Note that
a basis for Cl(n) ®c Cl(2) is given by the union of the following three sets:

Br={e;, 6,®1:0<k<n—21<4 < <i, <k}
Bgz{ei1-~-eik®ej:OSk‘Sn—Z,lSil<~--<ik§k,j=n+1,n+2}
Bs={e; e, Q@w:0<k<n—-21<i <---<ip <k}

To show ¢ is surjective, it then suffices to check that for each element b in the above sets there
exists an a € Cl(n + 2) such that ¢(a) = b. Suppose that b € By then:

b:eil-ueik ®1
We see that:

Pler ey, - w) =0(e;,) -~ 0(€,,)6(—ient1)d(ent2)
=(&i;, ®@w) -+ (e, ®w)(—1l ® ent1)(1 ® eny2)
=((ei, -e5) Ow) - (1OwW)

=e;, e, ®1
Now suppose that b € By, then:
b=e; €, Ve
where j = n + 1,n 4+ 2. We thus obtain that:

Blei eiy 5w eg) =((eiy v ei,) ©w) - (10w) - (1@ ¢))

=€ '€, V ey
Finally, with b € B3 we have that:
b=c¢; €, Quw
hence:
¢(ei1 "'eik) =€ € R w

so ¢ is as surjection. Since dimc¢ Cl(n + 2) = dim¢ Cl(n) ®¢ C1(2) the first isomorphism follows by
rank nullity. The second isomorphism follows by Example 2.2.3. O

Lemma 2.2.14. Let V and W be finite dimensional K = R, C vector spaces. Then:
End(V) ®@x End(W) = End(V @x W)
Proof. Consider the linear map:
¢ : End(V) @g End(W) — End(V @k W) (2.2.7)
given on simple tensors by:
A® B — ¢(A® B)
where ¢(A ® B) acts on simple tensors v @ w € V ®@x W by:

(AR B)(vew)=A(v) ® B(w)



2.2. SPINORS 182

Note that this map is homomorphism as Idy ® Idyy clearly maps to the identity on V ®@g W, and
for any A; ® By, A1 ® By € End(V) ®¢ End(W) satisfies:

(A1 ® B1) 0 ¢(A2 ® Ba)(v,w) =A;1 0 A1 (v) @ By o Ba(v,w)
=¢(A1A2 ® B1Bs)
=p((A1 @ By) - (A2 ® Ba))

Let {e;} and {f;} be basis for V and W respectively. Denote the dual basis for each by {e’} and
{f%}. Then any elements A € End(V) B € End(W) can be written as:

A=Aje;@¢/  B=Bifiaf*

since End(V) = Vg V*, and likewise for End(W). Thus we have that any C' € End(V)®@gEnd(WW)
can be written as:

C:ZA ® B,
ZA’ e @el) @ (Blyfi @ fF)
—ZA (e @ el) @ (fio fh)

For each 1, 7,1, k let:
Aj Bk - Z A nk
then:
C=ABl(e;0e)® (fi @ fF)
Now suppose that ¢(C) = 0, then:
o(C)(ep ® fo) = A;Béei ®fi=0
Contracting the first term with e’ and the second with f™ we obtain that:
i pl
ALBL =0

Repeating this process for all possible combinations of 4, j, p, ¢ we see that C' = 0, as every compo-
nent is zero, so ¢ is injective. Now, let dimg V = n and dimg W = m. Then, dimg End(V) = n?
and dimg End(W) = m?, so dimg End(V) ®x End(W) = n?m?2. Similarly dimg V @g W = mn,
and dimg End(V ®x W) = n?m?. The claim then follows by rank nullity.

Note that we would also prove this via the following chain of isomorphisms:

12

End(V) ®g End(W ) (Ver V") ek (W ek W*)
(VegW)ek (Vo W)
(V Rk W) @k (Vo W)*

End(V @x W)

[ 11

IIZ

We now turn to our first structure theorem for Clifford algebras.

Theorem 2.2.4. As complex algebras, the Clifford algebras Cl(n) and it’s even part are given by
the following table of isomorphisms:

’ Complex Clifford Algebra Isomorphisms

n Cl(n) C1%(n) N

even | End(CY) End (CY/2) @ End (CV/?) | 27/2
odd | End (CV) @ End (CV) | End (CV) 2(n=1)/2
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Proof. First note that by Lemma 2.2.8 we have that:
C1°(2) = CI(1)

With End(C) = C, we have that Ca C is an associative C algebra, where the unit element is (1, 1).
Since {1,e;} is a basis for CI(1), it follows that the assignment:

1 (1,1)
€e; —r (Z,—’L)

determines an algebra isomorphism ¢ : Cl(1) - C & C as:
p(ei) ’ p(ei> = (4, _i>(i7 _i) = (_1’ —-1) = _q(elael) : (17 1)

so C1° =~ C & C = End(C) & End(C).

We proceed by cases, and induction. Suppose that n is even, the first non trivial base case is
n = 2, then by Example 2.2.3, we have that:

C1(2) = End (C?)

Assuming the base case, suppose the nth case holds, where n is even. For n + 2, we have that by
Lemma 2.2.12 and Lemma 2.2.13:

hence for even n
Cl(n) = End (CV)

where N = 2"/2 as desired.

We now move to the n odd case before proving the even part of the Clifford algebra. By our
work above we have that:

Cl(1) = End(C) & End(C)
Assuming the nth case, we see that by Lemma 2.2.12 and Lemma 2.2.13:
Cl(n +2) 2Cl(n) ®c CL(2)

o~ (End ((CZ“"’““> End (CQ(“’“”)) ©c End(C?)

= (End (€)@ End(C?)) @ (End (€2""") @c End(C?))

~Fnd (C2"""") @ Ena (c2"77)
hence for odd n:

Cl(n) = End (CV) @ End (CV)

where N = 2(n=1)/2 45 desired.

Now we again assume n is even, so n — 1 is odd. It follows from the preceding result, and
Lemma 2.2.8 that:

C1°(n) =Cl(n — 1)
~Fnd ((CQ““W) ® End ((C?(”’W)
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We see that:

2(71—2)/2 — 2n/2—1 — 12n/2
2

hence for even n:
CI°(n)End (C/?) @ End (C™72)
with N = 27/2,
If n is odd, then n — 1 is even. It follows from the even case, and from Lemma 2.2.8 that:
C1°(n) =Cl(n — 1)
~End (c2"")
hence for odd n:
C1°(n) = End(CY)
where N = 2(n—1/2 O

We have a similar, albeit more complicated, result for real Clifford algebras, which we cite without
proof.

Theorem 2.2.5. Let p = s —t, and s+t = n. Then as real associative algebras, the Clifford
algebras Cl(t, s) and it’s even parts are given by the following tables :

’ Real Clifford Algebra Isomorphisms ‘ ’ Real Even Clifford Algebra Isomorphisms

pmod 8 | Cl(t,s) N pmod 8 | CI°(t, s) N

0 End (RY) on/2 0 End (RY) @ End (RY) | 2(n=2)/2
1 End (C™) o(n=1)/2 || 1 End (R™) 9(n—1)/2
2 End (H") 2(n=2)/2 || 2 End (CV) o(n—2)/2
3 End (HY) & End (HY) 9(n=3)/2 || 3 End (HY) o(n—3)/2
4 End (H") 20-2/2 | 4 End (HV) @ End (HY) | 2(n=4/2
5 End (CV) 2(n=1)/2 || 5 End (HV) 9(n—3)/2
6 End (RV) on 6 End (CV) 9(n—2)/2
7 End (RY) @ End (RV) | 20=D72 || 7 End (RV) 9(n—1)/2

2.2.4 Spinor Representation

Definition 2.2.13. The vector space of Dirac spinors is A,, = CV, where N is given by Theo-
rem 2.2.4. If n is even, the (even) Dirac spinor representation is given by the isomorphism:

p: Cl(n) — End(A,)
If n is odd, the (odd) Dirac spinor representation is given by the homomorphism:
p: Cl(n) — End(A,) ® End(A,) — End(A,,)

We also have induced representation of Cl(¢,s) on A,, when s+ ¢ = n, given by restricting p, or
71 o p to the real part of:

Cl(t, s) ®r C = Cl(n)
Definition 2.2.14. The bilinear map:

R x A, — A,
(v,0) — v -1 = p(y(v)) -9
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is called mathematical Clifford multiplication of a spinor and vector. Physical Clifford
multiplication is given by (—4) times mathematical Clifford multiplication. Via the isomorphism
in Theorem 2.2.3:

1 AR — Cl(t, s)
we define Clifford multiplication of forms by:
AFRY®) x A, — A,
(w, ) = w - =p(fH(w)) ¥

We want to see how restriction of p to the even subalgebra of Cl(n) behaves.

Corollary 2.2.5. If n is odd then the restriction of p : Cl(n) — A, to CP(n), i.e. the reduced
representation of CP(n) on A,,, is irreducible:

CP(n) = End(A,)

If instead n is even then the induced representation of (Clo(n) on A, splits into left handed
(positive) and right handed (negative) Weyl Spinors:

CP = End(A}) ® End(A;)
where Af ~ A, =CN/2,
Proof. This follows from Theorem 2.2.4. O

We clarify what we mean by AF with the following proposition:

Proposition 2.2.3. Let n be even, p : Cl(n) — End(A,,) the Dirac spinor representation, and
I'y41 the chirality element. Then the following hold:

a) AL can be identified with the +1 eigenspaces of T'y1 on A,,.

b) The induced representation of CP(n) maps AX to itself, while elements in CI'(n) map AF
to AT. It follows that:

CP(n) = Hom(AF,Af) @ Hom(A,,A;)
Cl'(n) = Hom(A, A,) @ Hom(A,, Af)

n? >

Proof. We see that I'y 11141 = Ida,,, hence I',, 41 has two eigenvalues 1 and —1. We call the —1
eigenspace A, and the +1 eigenspace A;S. Furthermore, we see that T, satisfies the polynomial:

t?—1=0
Recall that the minimal polynomial of T',, 41 is given by:
mr = (t— 1)1 (¢4 1)

where jy; and j_; are the size of the Jordan blocks of the eigenvalues +1 and —1. The minimal
polynomial must divide every polynomial P satisfying P(I',,+1) = 0, hence mp divides t? — 1, but
t2 —1=(t —1)(t + 1), so the Jordan blocks of the eigenvalues must be 1. This implies that ',
is diagonalizable and admits a full set of linearly independent eigenvectors which span A,,. It then
follows that:

A, =2ATOA;

By Lemma 2.2.10 we have that for all 1 <4,j <n, and all ¥ € A,;:
Cht1, T =0

implying that:

Fn+1ri1—‘jw = FiFanJrlw
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Suppose that ¢ € AF then:

Ly il = £ 050

so [iT;9 € AF. Let k — 1 < n be even, and assume that for all 1 € A*, and all 1 <id; < -

tp—1 < n:
T, Ty v € AF
Denote I';, ---I';, _,% by ¢, then for [, j such that [ # j # 41,...,%5—1:
Log1, Tilyle =0
so:

Lo = £

186

Note that k 4 1 is even, thus by induction it follows that the induced representation of C1°(n)

preserves the eigenspaces A,

Similarly, we have that for all 1 <7 <n and all ¢y € A,:
{Lpt1, it =0
It follows that if 1) € AF then:

Fpiilip = Fiy

so I';ip € AT. Proceeding by induction, let £ — 1 < n — 1 be odd, and assume that for all ¢» € AF

and 1 <141 <+ <idp_q1 <n:
Ly --Ti e A}
Denote I';, ---T';,_, % by ¢, then for [ # j # i1,...,ik_1:
Crt1, Tl =0
so:

Dppi il =F I
=+ FleFi1 T Fik—l(p

Again note that k -+ 1 is odd, so it follows that the induced representation of Cl'(n) on A,, maps

A to A. Combining these two results we obtain that:

C1°(n) cHom (A, AF) @ Hom(A, Af)
Cl'(n) cCHom(A, A;) @ Hom(A,,, Af)

However, we have:
C1°(n) @ C1*(n) = Cl(n) = End(A,,)
while:

End(A,) = Hom(AF, AF) @ Hom(A, A) @ Hom(A, A,)) @ Hom(A,, Al)

Thus if A € Hom(A}, AF) @ Hom(A,,,A,;), then A € C1I°(n) @ Cl*(n). However, A must lie in

C1°(n) c C1°(n) ® CI*(n) as otherwise A € Hom(A}, A) @ Hom(A;, A). Hence:

C1°(n) = Hom(A, Af) @ Hom(AF, AF) (2.2.8)

A similar argument demonstrates that if A € Hom(A}, A~) @ Hom(A,,, A}), then A € Cl'(n),

hence:

Cl'(n) = Hom(AS, A;) @ Hom(A, , A})
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implying b).

Finally, to see that the A* are the same as the ones from Corollary 2.2.5, let dim¢ A} = a
and dimgc A;; = b. We see that:

a+b=N
while by (2.2.8):
N2
2, 12
b = —
a® + 5

The first equation implies that b = N — a, so:

N2 N2 N\? N
>+ (N-a)f=—"=d"+—-Na=0= a— = | =0=a=—
2 4 2 2
thus b = & as well, and AF 2 A,,_; = CV/2, implying a). O

Note that importantly this implies that if n is even, then Clifford multiplication of a spinor
¢ € AE with a vector v, has image in AT. Since we are in general interested in four manifolds of
Lorentzian signature, i.e. those equipped with pseudo-Riemannian metric of signature (— + ++),
this decomposition of Weyl spinors will play an important role in the chapters to come.

2.2.5 The Spin Group

In chapter 1.2, we constructed Lie groups by first examining the the open subset GL,(R) C
Mat, x»(R) = End(R™). In this section, we follow a similar, albeit more complicated path, to
construct the groups Spin and Pin, but by first examining open subsets of Clifford algebras. In
this section, we mildly deviate from Hamilton’s Mathematical Gauge Theory, and instead more
closely follow Michelsohn and Lawson’s Spin Geometry, and Atiyah, Bott, and Shapiro’s Clifford
Modules

Definition 2.2.15. The group of invertible elements in the Clifford algebras Cl(¢, s) and Cl(n)
are the sets:

CI*(t,s) ={v € Cl(t,s) : Ju € Cl(t,s),v-u=u-v=1}
Cl*(n) ={v € Cl(n) : Ju e Cl(n),v-u=v-u=1}

It is easily verified that the above sets are indeed groups.
Lemma 2.2.15. The group of invertible elements of Cl(n) is an open subset of Cl(n).
Proof. From Theorem 2.2.4 we have that if n is even:
Cl(n) = End (CV)
The group of invertible elements in End(C") is the set:
{A e Matyxn(C) : det(A) # 0}

it then follows that C1*(n) is an open subset of Cl(n). If n is odd, we have that by the same
theorem:

Cl(n) = End (CV) @ End (CV)
Recall that multiplicative structure on End ((CN ) & End ((CN ) is given by:
(A1, B1) - (A2, Ba) = (A1 - Az, By - Ba)
hence the group of invertible elements in End ((CN ) @ End ((CN ) is given by:
{(A4,B) € Matyxn(C) & Matyxn(C) : det(A) # 0 and det(B) # 0}

It then follows that C1*(n) is the intersection of two open subsets of End ((CN ) @ End ((CN ), and
thus an open subset of Cl(n). O
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Lemma 2.2.16. The group of invertible element of Cl(t, s) is an open subset of Cl(t,s), and thus
a Lie group.

Proof. Let s +t = n, then by Lemma 2.2.7:
Cl(n) = Cl(t,s) ®@r C
We can thus decompose any w € Cl(n) into w + v, where u,v € CI(¢, s). Therefore we have that:
CI*(t,s) = Cl(t,s) N CI* (n) (2.2.9)

Equipping Cl(¢,s) C Cl(n) with the subspace topology, it follows that C1*(t, s) is an open subset
of Cl(t, s), as by Lemma 2.2.14 C1*(n) is an open subset of Cl(n).

The Clifford algebra Cl(t, s) is a real associative algebra, and thus has the structure of an R-
linear vector space. It follows that C1*(s,t) is then an open submanifold of CI(¢, s). Multiplication
by any two elements in Cl(¢, s) is a bilinear map and thus smooth, so multiplication in C1* (s, t) is
smooth. By Lemma 1.2.3, we then have that C1* (s, ) is a Lie group as desired. O

We see that since C1* (¢, s) is open in the associative algebra CI(t, s), thus the tangent space for
all z € C1*(t, s) satisfies T,,C1* (¢, s) = Cl(t, s). In particular the Lie algebra of C1* (¢, s), denoted
cl*(t, s) is isomorphic to CI(, s) where the Lie bracket is the commutator in CI(, s):

[yl =2y—y-=z
Recall the adjoint representation of a group G given by:

G — Aut(g)
gr— Ady = (Lgo Ry-1),

We define a similar representation of C1*(t,s) with use of the automorphism « from Lemma
2.2.6.

Definition 2.2.16. The twisted adjoint representation of C1* (¢, s) on c[* (¢, s), denoted, Ad*
is defined by it’s action on elements a € c[* (¢, s5) = Cl(t, s) as follows:

AdX(a) = a(z)-a-x*

It is clear that if z € C1* (¢, s), then a(x) € C1* (¢, ), so Ad is an automorphism. Since « is an
automorphism, and thus a smooth map C1*(¢,s) — CI1*(t, s), a similar argument to the one in
Theorem 1.2.6 demonstrates that:

Ad™ : CI*(t,8) — Aut(cl* (¢, 5))

x — Ad

is indeed a representation of C1*(¢,s) on ¢[*(¢,s). In particular, it is smooth.
Proposition 2.2.4. The subset:

Cl'(t,s) = {w € CI*(t,s) : Yv € R, AdX (v) € R"®}
is a subgroup of CI*(t,s). Equipped the subspace topology, CI'(t,s) is a topological group.

Proof. We first show that Cl*(¢, s) is a group. It is clearly closed under multiplication, as for any
z,y € CI*(t), and all v € R"* we have that:

Ad,(v) = Ad) o Ad)S (v) € R"®

Furthermore, if z € C1*(¢, s), then 7! € Cl*(¢,s), as for all v € R»® we have that there exists a
unique u € R%® such that:

AdX(v) =u



2.2. SPINORS 189

then:
A (u) =v

Since Ad* is an automorphism, it follows that for any v € R»*, Ad,1(v) € R"®, so 27! € CI*(¢, s).

To see that Cl*(t, s) is a topological group, note that multiplication and inversion in C1* (¢, s)
are smooth, and thus continuous. Let u, and ¢ be the multiplication and inversion maps, then the
restriction of multiplication and inversion to C1*(¢, s) are continuous in the subspace topology, as
for any open U C CI*(¢, s), we have that:

U=VNClI¢s)

for some open V' C C1*(t,s). We see that if:
i

for some open open sets Y;, V; C C1*(¢,s). We also have that:
“1(CI*(t,5)) = CI*(t, s) x Cl*(t, s)
hence:

W U) =p (VA CE (1))
—u~ (V) A (O (1, )

<UY X V) (CI*(t, 5) x CI*(t, s))

So by definition of the product and subspace topology, u~1(U) is open in CI*(¢, s) x CI*(t, s), thus
multiplication is continuous. A similar argument shows that inversion is a continuous map, so
Cl*(t, s) is a topological group. O

Since C1*(t, s) is by definition the group of invertible elements which preserve the subspace R%*,
we have that Ad™ is a representation of Cl*(¢,s) on R*. In this case, the representation is only
continuous, as we have not demonstrated that C1*(¢, s) is a Lie group.

Proposition 2.2.5. The kernel of Ad* : CI'(t,s) — Aut(R%*) is equal to R*, i.e. the subgroup of
non zero real scalars in CI'(t, s).

Proof. 1t is easy to see that if € R* then z € Cl*(t, s) as for all v € R%*:

incidentally this also shows that R* C ker Ad*. Suppose now that = € ker Ad™, then:

-1

a@)vz” =v = a(z)v =vz

Split « into it’s even and odd parts z° and ! respectively, then:
2% = v and rty = —vz! (2.2.10)

Let {e;} be the standard basis for V, if s + ¢ is even we can write 2° as:

(s+t)/2
k=0 i1<--igk
and if s + ¢ is odd as:
(s+t—1)/2
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For some 1 < i < s, collect all terms that don’t contain e; into a new element a® € Clo(t, s), and
all other terms into an element b. We can reorder b such that b = e;a' for some element a; which
clearly will lie in Cl1'(t,s). We then have that 2° = a® + e;a', since (2.2.10) holds for all v, let
v = e; then:

(a® + e;at)e; = e;a” — ejeat = e; + mial
while the other side of (2.2.10) satisfies:
ei(ao + eial) = 6»;61/0 — 7’]“‘@1

Since these two expression are equal, we obtain that a! = —a', so z¢ has no terms that contain
e;. Since i was chosen arbitrarily, it follows that z¥ is a scalar. An entirely analogous argument
demonstrates that z! is zero, as ' is odd, implying the claim. O

Proposition 2.2.6. The map:
N : Cl(t,s) — Cl(t,s)

z — za(zh)

restricted to CI'(t, s) is a continuous group homomorphism:
N:Cr'(t,s) — R"
satisfying N(a(x)) = N(x), where R* is the topological group of nonzero elements in R.
Proof. First note that if z € Cl*(¢, s), we have that for all v:
alz)vzt =u
for some u € R%*. Apply the transpose to both side, then since it is clear that o and ¢ commute:
(z7Htva(zh) = u

We also see that:

So we now have:
a(z)ve™ = (V) " toa(z?)
Multiply both sides by 2 on the right, and «(z)~! on the left:
v =a(z) Hz")  va(zh)

Examine the term acting on the left of v, since @ o a = Idcy(;,5) We have

a(z™)(@") ™ =('a(2)) ™!

a((a(z")z)™") va(a')z = v
We see that:
Ad(xoz(mt)m)*l (v) =a ((Oé(xt)x)_l) va(xt)x

so (a(xt)z)~! € ker Ad*. Tt follows that a(x?)z € ker Ad™, and hence in R*. Since ¢ is the identity
on R»*, we also have that x'a(z) € ker Ad*, implying that N(2!) € ker Ad*. However, we see
that for any y € Cl*(t,s), then y~=! € C1*(¢, s), hence:

/

aly Dy =v
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for some v’ € R*. Apply « and ¢ to both sides, we obtain:

aly' ) =v

so y' € CI*(t). Since t is anti automorphism of Cl(t, s), and is in particular one to one and onto, it
follows that ¢ restricted C1*(¢, s) is an anti automorphism“® of C1*(¢, s). Therefore, N (z') € ker Ad*
implies that N(z) € ker Ad*, so N restricted to Cl*(t, s) has image in R*.

We sce that N is a group homomorphism as for z,y € CI*(£, s):
N(zy) = (zy)o((zy)") = zya(y')a(z’) = aN(y)a(z') = za(z")N(y) = N(z) - N(y)
Furthermore:
N(a(x)) = a(z)a(a(z") = a(z)r’ = a(za(a")) = a(N(2)) = N(z)
so N(a(z)) = N(x).

Finally since ¢ and « are continuous maps Cl*(¢,s) — CI*(¢,s), and since multiplication in
Cl*(¢, s) is continuous, it follows that N is continuous as the composition of continuous maps. [

Definition 2.2.17. We define the following subsets of R"$:

S ={v e RY* : (v,v) = —1}
S ={v € R : p(v,v) = +1}
S =8 u sy’

With this definition, we can now construct the groups Pin, Spin and Spin™:
Theorem 2.2.6. The following subsets form Lie subgroups of the group CI*(t,s):
Pin(t,s) ={vi---v, 1 v; € SY°,r > 0}
where r = 0 is the empty product equal to £1. We also set:
Pin(n) =Pin(0,n)

We call Pin(t,s) the pin group.
Proof. We first define the following subgroup of C1*(¢, s):

Cl'(t,s) = {w € CI*(¢,5) : Jv; € R, n(vi,v;) #0, and = vy - - vy}

i.e. the subgroup generated by elements of R¥*. It is clear that this a group, and endowed with
the subspace topology it is a topological group such that the restriction of N is a continuous group
homomorphism.

We now show that Pin(¢,s) is a group. By construction, Pin(¢,s) contains the identity, as
1 € Pin(t, s). Furthermore, for any x,y € Pin(t, s) we have that:

Toy=v1---Up, Uy Uy, € Pin(t, s)

for some u;,v; € Sis and 7,7, > 0. Finally, if x = v; - -- v, and then x has an inverse given by:
T = (fl)ka((vl Ce Ur)t) = (71)’“”"1)7, S
where k is the number of v; € S*. We check that this is an inverse:

1)k+T'U1 Uy Up s U1

(_
(=)™ (=1)"n(v1, 01) - - n(vr, v
(71)k+r(71)k+r

zz !

1

2611 the sense of groups, not algebras.
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Note that this implies that:
N(z)=+1
so:
Pin(t,s) C N"' (1) UN"(-1)

where here N denotes the restriction of N to C1' (¢, s). We want to show that N~1(1)UN~1(=1) C
Pin(t, s), which, since N is continuous, would imply that Pin(¢, s) is a closed subgroup of C7L*(t, s).
In particular, Pin(¢, s) would be a closed subgroup of C1*(¢,s), so by Theorem 1.2.1, Pin(t, s)
would be an embedded Lie subgroup of C1* (¢, s).

Let z € N~1(1) U N~1(—1), we have that for some r > 0 and v; € R%* such that n(v;,v;) # 0:
T =01V
We want to show x can be rewritten as:
T = Uy Uy

where each u; satisfies n(u;,u;) = £1. We prove this by induction on r, the base case r = 1 is
trivial, as for all v € R%*:

N(v) =n(v,v) =+£1
Suppose the rth case, and let z = vy -+ v, - v, 41 € N~1(1) U N71(=1), then:
N(z) = N(vy---vr)N(vrg1) = N(v1 - vp)n(vp41, vp41) = £1
Assume that n(v,41, vr41) > 0, then
N(Vn(vrt1, vrs1)vr - vp) =0(vegr, vrga)n(vr, v1)N(v2 - - or)

=n(Vr1, n(vr+1))N(U1 T UT)
=41 (2.2.11)

The inductive hypothesis then implies that for some u; € R%* such that n(u;, u;) = +1:

VN(Vrg1, Upg1)V1 - Vp = Ug -+ - Uy

Let:
1
Up+1 = Ur+1
N(Vri1, Vry1)
then:
N(Upy1, Upy1) = 1
while:

ul...ur.ur_,’_l = V1 Uy
If n(vyt1,vr41) < 0 then replace \/N(vyr41, Vpy1) with \/—n(vp41,vp41), and £1 with F1in (2.2.11);
the same argument shows that x can be written into a product of vectors of norm +1. We thus
have that = € Pin(t, s), so:

Pin(t,s) = N"' (1) UN~!(-1)

and is therefore an embedded Lie subgroup of C1* (¢, s) by our earlier discussion. O
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Corollary 2.2.6. The following subset is a Lie subgroup of Pin(t,s):

Spin(t, s) =Pin(t,s) N CP(t, s)

={vy -+ Vo 1 v; € Sis,m >0}
We also set:

Spin(n) =Spin(0,n)
and call Spin(t, s) the spin group.

Proof. Tt is clear that Spin(t, s) is a subgroup of Pin(t, s). Note that C1°(¢, s) is a closed subset of
Cl(t, s), and that:

Pin(t,s) = Pin(t, s) N C1* (¢, s)
It follows that:
Spin(t, s) = Pin(t, s) N (C1% (¢, s) N C1°(¢, s))

Note that C1% (¢, s)NC1°(t, s) is closed in C1¥ (¢, s) by definition of the subspace topology. Therefore
Spin(t, s) is closed in Pin(t,s), and thus by Theorem 1.2.1 is an embedded Lie subgroup of
Pin(t, s). O

Corollary 2.2.7. The following subset is a Lie subgroup of Spin(t,s):
Spin™ (t,s) ={v1 - vam : m =p—+q > 0,2p of the v; € S"° and 2q of the v; € Si’s}
We call Spin™ (t,s), the orthochronus spin group.

Proof. Tt is clear that Spin™(¢,s) C Spin(t,s) is a subgroup. In particular, we note that if 2 €
Spin™ (¢, s), then x € Spin(t,s) N N~1(1), as if:

T ="v1"""V2m
and 2p of the v; satisfy n(v;,v;) = —1, then:
N(z) = n(vr,01) - 0(V2m, vam) = (1) =1
While if = € Spin(¢,s) N N=1(1) then we have:
N(z) = n(vi,v1) - n(v2m, vam) = (—1)k =1

where k is the number of v; such that 7(v;, v;) = —1. Tt follows that k is even, hence z € Spin™ (¢, 5).
This implies that:

Spin™ (¢, s) = Spin(t,s) N N~*(1)

We see that N~'(1) C Pin(t, s) is closed in Pin(t, s), so Spin™ (t,s) is closed in Spin(t, s), and is
thus an embedded Lie subgroup of Spin(t, s) by Theorem 1.2.1. O

We want to realize these groups as double covers of the pseudo orthogonal groups. We have not
touched on covering spaces in this paper, and we do not intend to, so for our purposes it is perfectly
fine to think of the double cover of a Lie group G as an other Lie group H such that there exists a
surjective Lie group homomorphism ¢ satisfying ker ¢ = Zo = {+e}. Note that this implies that for
any g € G, there exist precisely two elements h, —h € H such that ¢(h) = ¢(—h) = g. Incidentally,
we have already constructed this homomorphism. Indeed, let v, u € R»®, with n(v,v) = 41, then
v = Fu, so:

AdX(u)=+v-u-v
=+ v(—v-u—2n(v,u))

=u F 2n(v, u)v
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If v is perpendicular to w then:
AdX (u) =u
while if v is parallel to u, then we have that for some a € R, u = av, so:

Ad)X (u) =av F 2an(v, v)v
=av — 2av

=—u

This implies that Ad.X is a reflection in the hyperplane v+, so AdX € O(t,s). The composition of
any amount of reflections is still an element of O(t, s), so it follows that Ad* restricted to Pin(t, s)
is a Lie group homomorphism with image in O(t, s), as:

Ad) .., =Ad} o---0Ad)
To demonstrate that this map is a surjection with ker Ad* = Z,, we first cite the following theorem
by Cartan. The proof can be found in Hamilton’s Mathematical Gauge Theory.

Theorem 2.2.7. Every element of O(t,s) can be written as a composition of at most 2(t + s)
. . 1L . t,s
reflections in hyperplanes v;- with vectors v; € S3°.
We also need the following result:

Theorem 2.2.8. Let R in O(t,s) be a composition of reflections, in hyperplanes vi- with vectors
v; € SL°. Then:

a) R is an element of SO(t,s) if an only if the number of reflections is even.

b) R is an element of SOT(t, s) if and only both the number of vectors v; € ™ and the number

t
of vectors v; € S° are even.

However, we require this lemma;

Lemma 2.2.17. Let A, B € O(t,s), if A and B both have time orientability —1 then AB = Ao B
has time orientability +1. Furthermore, if A has time orientability —1 and B has time orientability
+1 then AB = Ao B has time orientability —1.

Proof. Let V be an arbitrary maximally negative definite subspace of R**. If A and B both have
time orientability —1, we see that the composition:

(Ao B)ly = Alpv) o Bly

is an isomorphism V' — Ao B(V). Since it is a composition of orientation reversing isomorphism’s,
the composition (Ao B)|y is orientation preserving, hence AB = Ao B has time orientability +1 by
Lemma 1.2.2. If B has time orientability +1, then this is an orientation reversing isomorphism,
so AB has time orientability —1. O

We can now prove Theorem 2.2.8:

Proof. Let R=R,, o---o R, _, where R, denotes the reflection in the hyper plane v;i-. For every
vector v; € S°, we can decompose RY® into maximally negative definite and maximally positive
definite subspaces W_ @ W, such that for a suitable change of basis matrix 4; : W_ @ W, — R>S:

-1 0 0
A7'R, A= 0 Ly O (2.2.12)
0 0 I

where the 0’s represent row and column vectors of length ¢ — 1 and s. Similarly, if v; € Sj_’s, we
can write:

A7'R, Ai=10 -1 0 (2.2.13)
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The determinant of both of these are equal to —1, implying that the determinant of any reflection
is —1. Suppose R € SO(t, s), then:
det(R) =1
However this implies that:
det(Ry,)---det(R,, ) =(-1)"=1

implying that r is even, hence then number of reflections is even. If the number of reflections is
even then:

det(R,, -+ Ry ) =(—1)"=1

so R € SO(t, s), implying a).
For brevity denote A; ' o R,, o A; by R, . We see that the restriction R, |w_ : W_ — W_ is

given by the matrix:
(-1 0
==\ o0 Iy

as by (2.2.12), R;, maps W_ to W_, so we can think of this restriction as a ¢ X ¢t matrix. Similarly
ifv; € Sj_’s we have that:

/
R,

R, =1,

It follows by Lemma 1.2.2 that if v; € Sis then R, has time orientability £1. Let R be a
composition of reflections, it then follows by Lemma 2.2.17, that if p is the number of reflections
in R which correspond to vectors in S then we can rewrite R as a composition of p time
orientation reversing transformations in SO(t, s). Suppose R in SOT(t,s), and that p = 2m + 1 is
odd, then

R=Ai0---0Aymt1
:(Al [¢] AQ) O---0 (A2m—1 [e] A2m) o A2m+1

where each A; € SO(t, s) has time orientability —1. Each pair of compositions has time orientability
+1, so this becomes:

R=Bo Ayt

where B € SOT(t,s). By Lemma 2.2.17, it follows that R has time orientability —1, a contradic-
tion, thus p must be even. Since R € SO (¢, s) it follows that R € SO(t, s), so there must be an
even amount of reflections in R corresponding to vectors in Sis. Conversely, suppose that R is a
composition of reflections, and that p = 2m and ¢ = 2n are the number of reflections corresponding
to vectors in S©° and S%° respectively. It follows that R € SO(t, s), and furthermore, that:

R=A10---0A,,
where each 4; € SO(t, s) has time orientability —1. We can rewrite this as:

R :(Al o AQ) (O (A2m—l e} Agm)
:Bl O---0 B’m

where B; € SO (t,s), hence R € SO*(t, s) which implies b). O

Corollary 2.2.8. Denote the restriction of Ad* to Pin(t,s), by X\. The following then hold:

a) The Lie group homomorphism:
A Pin(t,s) — O(t, s)

is surjective and has kernel Zo = {£1}
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b) The restriction of X to Spin(t,s) and Spin™(t,s) defines surjective Lie groups homomor-
phisms:
A Spin(t,s) — SO(t, s)
A Spin™(t,s) — SOT(t,s)

with kernel Zo = {£1}
Proof. 1t is clear that the map:
A : Pin(t,s) — O(t, s)

is surjective, by Theorem 2.2.7. We want to show that the kernel of A = 4+1. Note that
Pin(t,s) C Cl*(¢, s), and thus if:

AdX.., =1d

Uy

by Proposition 2.2.5, we have that vy - - - v, € R*. However, the only scalars in Pin(¢, s) are +1
by construction, hence ker A = Zy = {£1}, implying a).

Note that A restricted to Spin(t, s) and Spin™ (¢, s) has image in SO(t, s) and SO* (¢, s), and is
surjective by Theorem 2.2.8. Furthermore, the kernel of X restricted to Spin(t, s) and Spin+(t, s)
is clearly {£1}, by the same argument for Pin(¢, s), implying b). O

A simple fact from algebra demonstrates that for any g € O(t, s), we have that:
AHg) = {xa} =2 Ly

where z is any arbitrary element of A™1(g). This shows that for each element g € O(t,s), there
exist precisely two elements in Pin(t,s) which map to g. It can also be shown that Spin™ (¢, s) is
connected.

The following lemma will allow us to prove a variety of important properties the groups spin
groups:

Lemma 2.2.18. Let f : G — H be a surjective Lie group homomorphism such that ker f is a
discrete subgroup of G. Then the induced Lie algebra homomorphism f. : g — b is an isomorphism.

Proof. Note that the kernel of f is closed in the G, and thus by Theorem 1.2.1 is an embedded
Lie subgroup of GG. Since ker f is discrete it follows that this Lie subgroup is 0 dimensional. With
this in mind, we prove that f. is injective as follows; let X € g and suppose that f.(X) =0. We
then see by Proposition 1.2.9 that:

Flexp(tX)) = exp(tf.(X)) = en

However, this implies that the one dimensional embedded subgroup generated by X under the
exponential map lies in the kernel of f, a contradiction. Therefore, f, has trivial kernel, and is
thus injective.

We now show that f, is surjective. Let Y € b, t # 0, then exp(tY) € H, and since f is
surjective, it follows that there exists a ¢ € G such that:

J(g) = exp(tY)

Let ¢ be small enough such that tY lies in a small enough open neighborhood U of 0 such that
the exponential map is a local diffeomorphism. It follows that exp(U) is an open neighborhood of
err, and that f~1(exp(U)) is an open neighborhood of eg. If necessary, make t smaller, so that
f~1(exp(U)) is locally diffeomorphic to an open neighborhood of 0 in g. It then follows that for
some € > 0 there exists an s € (—¢,€), and X € g such that:

exp(sX) = g
hence:

fexp(sX)) = exp(sfeX) = exp(tY)
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Since the exponential map is a local diffeomorphism in both neighborhoods we have that:

sfiX =tY
Therefore:
1. (fx) —Y
t
so fy is surjective, implying the claim. O

We then immediately obtain the following result regarding the Lie algebras of the spin groups.

Corollary 2.2.9. The following Lie algebra homomorphisms are isomorphisms:

e s pin(t, s) — o(t, s)

A 1 spin(t, s) — so(t, s)

Ay @ spint (¢, s) — s0T(t,5)
In particular,
spin® (t,5) = s0(t, 5)

and the dimension of each Pin and Spin group is:

n2—n

2

where n = s + t.

Though the preceding isomorphism is certainly convenient, it is at times important to have a
description of spin (¢, s) as a subset of the Lie algebra c[* (¢, s) = Cl(t,s). We need the following
definition:

Definition 2.2.18. Let {e;} be an orthonormal basis for R"*. We denote by M (t, s) the subspace
of Cl(t, s) given by the span of the set:

{e;e; € Cl(t,s): 1 <i<j<n}

Lemma 2.2.19. The vector space M(t,s) is a Lie subalgebra of cI* (t,s) of dimension:

77,2777,

dimg M(t, s) =
where n =1+ s.
Proof. Tt follows that are n choose 2 basis vectors of M(t, s), as the set:
{e;e; € Cl(t,s): 1 <i<j<n}

spans the space by construction, and is linearly independent by Corollary 2.2.3.

We need to check that that M(t, s) is closed under the bracket operation on c[* (¢, s) given by:
[wyl=a-y—y-2
for all z,y € Cl(t,s). Let z = A¥e¢;e;, and y = B'*ejey, then:
[z,y] =AY B [e;e;, erex]
We see that:
[eiej, erex] = e;ejeier, — erexee;
Examine the second term:

erepeie; = —ey(eep + 2nin)e;

= — eejepe; — 2npere;
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Repeating this process we find that:
elepeie; = eiejeier + 2meier — 2 reie; + 2niexpe; — 2nigere;
hence:
leiej, erex] = —2myje.er + 2n,peie; — 2niene; + 2nipere;

When i = [ and j = k this is expression is zero as expected. Furthermore, if ¢ # [,k and j # [, k,
then this expression is also zero. If i = [, and j # k, then | =i < k # j :

leiej, erex]) = — 2miexe;

and if k > j, then we can reorder using the Clifford relation. Similarly if i = k then | < k =1 < j,
SO :

leiej, erex] = 2niiee;
If j=1I1theni<j=1<kso:
leiej, ereg] = —2n; eep
Finally, if j =k, and i # [ then [ # i < j = k so:
leiej, erer] = 2n;jeie

and if ¢ > [ then we can reorder as before. It follows that M(¢, s) is closed under the Lie bracket,
and thus a Lie subalgebra of cI* (¢, s). O

We now show that M (t, s) is actually to spin™ (¢, s):
Proposition 2.2.7. For all s,t > 0, the following identity holds:

spin(t,s) = M(t,s)

Proof. If we can show that M (t, s) is a subspace of spin™ (¢, s) then since dimg M (¢, s) = dimg spin™ (¢, s)
we are done.

Suppose that e;e; satisfy 7;; = 17;;. Then the curve:
~(t) = ei(—ni; cos(t)e; + sin(t)e;)
is a smooth curve in Spin™ (¢, s) as:
n(—nii cos(t)e; + sin(t)ej, —ni; cos(t)e; + sin(t)e;) =n3, cos®(t) + sin?(t)n;;
=n;; cos®(t) + sin®(t)n;;
=Mii
Similarly, if n;; # n;;, then n; = —n;;, so the curve
~(t) = e;(—ny; cosh(t)e; + sinh(t)e;)
lies in Spin™ (¢, s) as:
n(—n;i cosh(t)e; + sinh(t)ej, —n;; cosh(t)e; + sinh(t)e;) =ni; cosh?(t) + sinh?(t)n;;
=MNii COSh2 (t) — sinh2 (t)?’]“
=Mii

At t = 0, it s clear that both curves go through the identity, as sinh(0) = sin(0) = 0, and
—niie; = €, L Taking the derivative at ¢ = 0, we find that in both cases:

4(0) = esej € 5pin+(t, s)

for all 1 <4 < j < s+ t. Therefore, M(t,s) C spin™ (¢, s), implying the claim. O
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In particular, the above proposition implies that the spanning set of M (¢, s) given in Definition
2.2.18 is a basis for spin™ (t,s). We wish to find the the image of this set under the isomorphism
Ax

Proposition 2.2.8. Let {e;} be an orthonormal basis for RY®, then for all 1 <i < j < s+1, the
Lie algebra isomorphism:

Ay @ spint(t,8) — s0T(t,5)
satisfies:

where there is no summation over i and j, and E; is the (s +t) X (s +t) matriz with a 1 in the
ith column of the jth row, and zeroes elsewhere. In other words:

E; =e'® €;
where {e} is the basis dual to {e;}.
Proof. Note that the map in the case of Spin"'(t7 s) we have that:
Ax)(y) = AdY (y) = az)ye ™" = aya™" = Ad,(y)
for all z € Spin™(¢,s) and all y € spin™ (£, s). It follows from Theorem 1.2.7, that:
A, s spinT(t,s) — soT (¢, 5)
satisfies:
Ac(@)(y) = [, 9]

for all z € spint(¢,s) and y € Cl(t,s). Suppose that y € R“* C Cl(t, s), and let y = y™e,,, then
since 7, = 0 unless m = ¢ we have:

Ai(eiej)(em) =leiej, y™em)
=y"eiejem — Yy emeie;
=2(—y"njmei + Y Nime;)
:2(—yjnjjei + yim‘iej)

where there is no implied summation over j and i. Let {e‘} denote the dual basis to {e;}, then
the matrix:

niE} — n;; B
can be written as:
nie’ @ e; — njjej X e;
where again there is no implied summation over 7 and j. It follows that:
2(miie’ @ ej — i€’ © ei)(y) =2(y"niie’ (em) @ e — n55¢7 (em) @ €;)
=2(y"niie; — y'njjei)
Hence:

A (eie;) =2(ni B} — ni; )
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It should be clear from Example 1.2.11 that A, (e;e;) does indeed lie in s0™ (¢, s). Furthermore,
for brevity, we sometimes write:

¢ij = N B} —nj; B

Now that we have sufficiently characterized the Lie algebra 5pin+(t, s), we turn to our second
application of Lemma 2.2.18. Specifically, can obtain the following result regarding the quotients
of the spin groups by the kernel of .

Proposition 2.2.9. There exist unique Lie group isomorphisms:

Pin(t,s)/Zs = O(t, s)
Spin(t, s)/Zo = SO(t, s)
Spin™(t,5)/ 7y = SO (1, s)
Proof. Let G denote any of the groups Pin(t,s), Spin(t,s), or Spin™(¢,s), and H denote the
corresponding image.

Note that ker A\ = Zs, so Zs is a closed, normal subgroup of G. In particular, Zs is a compact
embedded Lie subgroup of each group, thus the natural right action of Z, on each group is proper.
This action is easily seen to be free, as for any g € G, and any hy, he € Zo we have that:

dg(h1) =g h1=g-ha = ¢¢(h2)
implies that:
hy = ho

as we can apply ¢g—' on the left to both sides. Corollary 1.2.8 and Theorem 1.2.4 then tell us
that G/Zs, has the structure of a smooth manifold such that projection 7 is a smooth submersion.

However, this smooth manifold also has a well defined group structure as Zs is a normal
subgroup. The group structure is given by:

l9]-[M] =[g-h] =7(g-h)

Let s1,82 : U — G be two smooth local sections of 7, then we have that sy X s : U XU — G X G.
The multiplication map on G/Zs is then given locally by:

,U,:’/T(Sl'SQ)

which is a composition of smooth maps and thus smooth. Lemma 1.2.3 then implies that G/Zs
is a Lie group. By the universal property of quotient groups,”’ there thus exists a unique group
homomorphism:

¢ : G/ZQ — H
such that:
Ppom=A (2.2.14)

By Lemma 1.2.10, we have that v is a smooth surjective, and thus a surjective Lie group
homomorphism. It is also injective since ker m = ker A\. The induced Lie algebra homomorphism is
thus an isomorphism by Lemma 2.2.18, so at all points g € G the differential:

Dg¢ = DeLw(g) o Dew
is an isomorphism as it is a composition of isomorphisms. It follows that v is a Lie group ho-

momorphism which is also a diffeomorphism, and thus a Lie group isomorphism, implying the
claim. O

27Quotient groups have a similar universal property as algebras.
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Corollary 2.2.10. The Lie group homomorphisms:

At Pin(t,s) — O(t, s)
Az Spin(t,s) — SO(t, s)
A : SpinT(t,s) — SOT(t,s)

are open surjective submersions.

Proof. This follows from (2.2.14), as the composition of open submersions is an open submersion.
O

With this corollary, we can determine when Spin"’(t7 s) is a connected Lie group.

Proposition 2.2.10. Ift > 2 or s > 2, then Spin™(t,s) is connected.

Proof. Recall that if f : X — Y is a continuous open surjective map between topological spaces,
and Y is connected, then X is connected if any two points x1,x2 € X such that f(z1) = f(x2) lie
in a connected subset of X. Since every connected manifold is path connected, it suffices to show
that for any = € Spin™ (¢, s) we can find a path connecting x to —x.

Suppose that t > 2, and let = € Spin™ (¢, s), and consider the curve:
~v(0) =x(eq cos(0) + ea sin(0)) (e cos(f) — ez sin(h))
We see that this is indeed in Spin™ (¢, s) as:

n(eq cos(8) + ez sin(f), ey cos(8) + ez sin(h)) = — cos®(t) — sin?(t)
=1

and similarly for the second term. This curve is smooth, and connects = to —x as:

(0) =z
V(7m/2) =—u

Meanwhile, if s > 2, the curve:
¥(0) =x(ety1 cos(8) + ety sin(f))(es41 cos(f) — er2 sin(6))

lies in Spin™ (¢, s) by a similar argument, and satisfies:

so Spin™ (¢, s) is connected. O

Before ending with an explicit description of Spin™(1,3), we wish to develop the spinor rep-
resentation of Spin™(t,s). Note that Spin™(¢,s) c Cl°(t,s) C CI°(t,s), and thus restriction of
the representation discussed in Corollary 2.2.5 and Proposition 2.2.3 to Spin™ (¢, s) yields an
induced representation of Spin™ (¢, s) on A, ;.

Definition 2.2.19. Let s + ¢ = n, we denote by:
K : SpinT (t,5) — GL(A,)

the spinor representation induced by the restriction of the even Clifford algebra Clo(t7 s)

Proposition 2.2.11. The spinor representation of Spin™ (t,s) is compatible with Clifford multi-
plication in the following way:

for all g € Spint(t,s), x € R and ¢ € A,,. Here \(g) - x is shorthand for pso+(\(g)) - x, where
pso+ 1s the standard representation of SOT(t,s) on RS,
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Proof. Let p denote the representation:
p:Cl(t,s) — A,

where n = s +¢. Then:

k(g)(x - ) =p(g)p(x)
=p(gz)p(g~"g) - ¥
=p(gzg")p(g) - ¥
=(Xg) - x)(k(g) - ¥)
as desired. 0

As mentioned earlier, we now end with an explicit description of Spin™(1,3). Specifically, as
this next example shows, Spin™(1,3) can be identified with the Lie group SLo(C).

Example 2.2.6. Let SLy(C) denote the subset:
SLy(C) = {A € GLy(C) : det(A) =1}

Via similar methods in Example 1.2.2, one can show that this is a Lie group of real dimension
2.4 —2 = 6, as the determinant maps to C? which has real dimension 2, and Matax2(C) has
real dimension 2 -4 = 8. We wish to show that SLy(C) is the double cover of SO (1,3) and thus
satisfies”®:

SLy(C) = Spint (1, 3)
We write a vector v € R1? as:

(b 2.y, 2) s X — (t—i—z x—2y>

r+iy t—=z

Note that this matrix lies in the four dimensional real vector space H3(C) of Hermitian 2 X 2
matrices”’, which, as a real vector spaces, is spanned by the Pauli spin matrices, and the identity.
Indeed, this assignment f : R“® — Hy(C) is equivalent to:

(20, 2" 22, 2%) — ato, =X

where 0g = Is. This assignment is clearly injective, and linear, so it is an isomorphism of real
vector spaces by rank-nullity. We also note that:

—det(X)=—(* =22 —2® =) =t + 27+ +2°

so —det(X) = n(x, z), where 7 is the standard Minkowski inner product of signature (— + ++).

Examine the following map:

F:SLy(C) x RY — RS
(M, X) — MXMT

where T denotes the conjugate transpose. Let:
a b
=)
for a,b,c,d € C. We want to show that F' truly has image in R!3. Note that:

MXM'" = Mato, Mt = 2" Mo, MT

281n particular this follows from the fact that Spin™ (1, 3) is the universal cover of SOt (1,3), and that SL2(C) is
simply connected, but working out these details would take us too far afield. We do note however, that Spin™ (¢, s)
is not the universal cover for most combinations of ¢, and s.

29Those which satisfy H = HT
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so it suffices to check that each Pauli matrix gets mapped to a Hermitian matrix. We do this as

follows
et =(2 ) (6 V) (¢ 8)= (R B The) e
wort = (2 ) (0 D) (2 D)= (ke ) e e
e =(0 ) (0 3) (D)= () i) emee
Mot =2 1) (3 %) (2 D)= (Ll ) e

Tt is easily seen that each matrix lies in Ho(C) by taking the conjugate transpose, hence F is a
well defined map. Furthermore, we see that if M € SLy(C) then:

—det(MXM') = —det(M) det(X) det (MT) = — det(X)

so F preserves — det(X) = n(x, z). It then follows by a similar argument to Theorem 1.2.6, that
F induces a Lie group homomorphism:

¢ : SLy(C) — O(1,3)
M — p(M) = F(M,)

We want to show that the homomorphism actually has image in SO (t, s), and to do this, we need
an inverse map Ho(C) — RY3. We define an inner product on H(C) by:

(M, N) = % Tr(MN)

It is then easily verifiable that the Pauli spin matrices are orthonormal:
<Uu7 oy) = Opv
hence the map:
X — ((X,00),...(X,03))
is easily seen to be the inverse of R'® — Hy(C) as:
(2%, 2, 22, 23) — ato, — (29,21, 22, 2%)
is the identity. We then see that
FH@M) (")) =2t f~ (Mo, MT)
:x“(<MaMMT,UO>, e <M0'HMT, 03))

Since we prefer to think about column vectors when talking of linear transformation, this implies
that the matrix corresponding to ¢(M) is given by:

<_]\4-00.Z\4]L 00> <J\4'01.]\4]L 00> <MO'2MT O'0> <M0’3MT,O'0>
¢(M) _ <J\40’0]\4]L 0’1> <M0’2MT,(71> <M(71MT,(70> <MO’3MT,O’1>
<J\40’0]\4Jr 2> <M0'2MT,0'2> <MO'2MT,O'2> <MO'3MT,O'2>
<M0'0MT 0’3> <]\4O'2]\4]L O'3> <]\40'2]\4]L O'3> <M0'3MT,0'3>

We easily see that:

1
(MooMT, 00) = S (|al* + [b]* + |*] + |d])
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so det(¢(M)11) > 0, hence ¢(M) € OF(t,s). Furthermore, under the assumption that M €
SLy(C), we obtain that if a # 0:

1+ be
d

det(M)=1=a=
A lengthy calculation, if done by hand, then demonstrates that:
det(p(M)) =1

We can repeat this process for each entry in M, and obtain the same result, so since we can’t have
a=b=c=d=0, ¢ has image in SO (1,3). One could also argue that since SLy(C) is simply
connected, that it’s image must be connected, hence ¢ takes image in SOT(1, 3).

Let M € ker ¢, then for all x € R'3 we have that:
MXM' =X
If 2 = (¢,0,0,0), this implies that:
MM =1,
so M € ker ¢ implies that M is unitary. In particular, we have that:
MX =XM

for all X € Hy(C). Examining this relationship on the Pauli spin matrices o1 and o3 gives us:

b a\ (c d
d ¢/ \a b
a —=b\ [(a b
¢ —d) \—-c —d
The second condition implies that ¢ = d = 0, while the first condition implies that ¢« = d. Since

det(M) = 1, we conclude that M = +1I5, thus ker ¢ = {£5} = Z.

It follows from our work in Lemma 2.2.18 that ¢, is an injective Lie algebra homomorphism,
so since dimg SL2(C) = dimg SO (1, 3) we have that ¢. is an isomorphism. In particular, ¢, is
surjective, so by Proposition 1.2.9, ¢ is a surjection onto an open neighborhood of the identity of
SO™(1,3). However, SOT(1,3) is connected, and an open neighborhood of the identity generates

the connected component of the identity’’, so ¢ is surjective as it is a group homomorphism. It

follows that:
Spin™(1,3) = SLy(C)
In particular, we have that:
SLy(C)/Zy = SO™(1,3)

by Proposition 2.2.7

2.2.6 The Dirac Form

Definition 2.2.20. Let A,, be the complex vector space with the spinor representation of Cl(t, s),
where n = s +t. We fix a constant § = 1, and call a nondegenerate R-bilinear form:

() Ay x A, = C
a Dirac form if it satisfies the following conditions:
a) (v-1,¢) =5(,v- @) for all v € R4 and all 1, ¢ € A,,.

b) (¢, ¢) = (¢, ) for all P, ¢ € A,,.
c) (W, cd) = (v, py = (e, @) for all v, € A, and all ¢ € C.

30This is not difficult to see, just show that the subgroup generated by U is both open and closed.
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Note that we do not assume that (-, ) is positive definite.

Lemma 2.2.20. Let {x;} be a complex basis for A, and define the matriz A by:
Aij = (Xis Xj)

If we write the column vectors as ¥, € Ay, as ¢ = ¢'x;, and * = x;, then:
(¥, ¢) = 9T A

Furthermore, if v, are the mathematical gamma matrices for the representation of Cl(t,s) on A,
then a) and b) are equivalent to:

i) ’y]; =0Av, A7 foralla=1,...,s+t.
i) At = A.

Proof. We see that by property c¢) in Definition 2.2.20:

(W'xi, #x) =0 (xi, x;)

='¢) Ay (2.2.15)
We see that:
(xt:x1) - (X1 xn)
A= : . :
<Xn7X1> <XnaXn>
Tt follows that sum in (2.2.15) is equivalent to:
(¥, ¢) =T A

To prove i) note that:

<€a -, ¢> =(Va - ¥, ¢>
=(7a - ¥)14¢
=T - 7lAg

Property a) in Definition 2.2.20 then implies that for all ¥, ¢ € A,,:
Wi (r{A)e = 6uT(Ara)¢

Since this holds for all ¢, ¢, we can choose basis elements for 1, ¢ and pick out the components of
the matrices (y!A) and 6(Av,), implying that:

YA =64,
Since (-, -) is nondegenerate, it follows that A is invertible, hence:
v =04y, A
Finally, to prove ii) we see that by condition b) of Definition 2.2.20:
Ay = A,
implying that:
A=At
as the ijth component of AT is precisely flji. O

Lemma 2.2.21. Every Dirac form is invariant under the action of Spin™ (t,s).
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Proof. Let (-,-) be a Dirac from. Then condition a) of Definition 2.2.20 implies that:
<U ' ¢7 i ¢> :5@’ (U ' ’U)¢>
It follows that for an element vy - - - vo, € Spin™ (¢, s) that:

(V1 vgp - 01+ Vg - ) =02 (Y, Vg -0y - VLV - )

=, ¢)

as (v1 -+ vg)t is the inverse of vy - - va,. O

Definition 2.2.21. A complex representation of Cl(¢,s) is called basis unitary if all of the
gamma matrices are unitary.

Corollary 2.2.11. Every complex representation of Cl(t,s) admits a basis unitary representation.

Proof. Let Cl(t, s) be the spinor representation on A,, equipped with the standard Hermitian inner
product

(¥, 0) =T

Let {e;} be an orthonormal basis for R%* and examine the subgroup of C1*(¢,s) generated by
{e1,...,es4¢}. Tt follows that this subgroup is closed and compact, as it has 2™ elements, and is
thus a compact Lie subgroup of C1* (¢, s). The claim then follows from an extension of Theorem
1.2.5. In particular, the new Hermitian inner product is given by:

(W, ) = (p(9)¢,p(9)¢)

geG

where G is the subgroup generated by {ey,...,e1s}. With this new Hermitian inner product, the
gamma matrices are clearly basis unitary. O

Proposition 2.2.12. For any basis unitary representation of Cl(t,s), there exists a Dirac form
given by the matrix:

A=ely---T,
where § = (—1)*1 and ¢ € C satisfies:
g = (—1)tt+D/2
There also exists a Dirac form:
A=elpyr--Tigg
where 6 = (—1)° and € € C satisfies:
€= (—1)*(=1/2

Proof. We prove the first statement, as the second follows from the same argument. First note
that since I'y, = —i7, that the physical gamma matrices must satisfy:

F(Tz :(_Z"Ya)T
=iy
=i§ Ay, A1

=§AT,A!
We also see that:

1—‘1:1 = naara
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Furthermore, since -, is unitary, it follows that —iv, is unitary, so I', is unitary. This implies that
F(TI = naara
Ift+1<a<s-+t, then:

I, A=(—1)'AT,
= — (=) AT,
= 6A7a

Applying A~ to both sides on the right we obtain:

I, =—-0AT,A!
Since 14, = 1, we have that ', = Ffl, So:

Il = —6AT,A7!
IF 1 <a <t then:

AT, =el' Ty - Ty
=(—1)""%y Tyl Ty
:(_1)17a+t7aA1-\a

=(-1)*tAr,
=0ATl,

It follows that I, = —T'F, so:
—AI'l =6 AT,

=T =—-0Ar, A"
Furthermore:
A=el'y--- Ty
while:

At =(=1)!+D /2] .1l

-1 t(t+1)/2(_1)tert Ty

(=1)
(1)
(_1)t(t+1)/2(_1)t(_1)t(t71)/2€1ﬂ1 Ty
(1)

so A is unitary. It follows that the nondegenerate inner product defined by:
(¥, ¢) =T A
defines a Dirac form as desired. O

Given the Dirac form (-, -), a spinor 1, we want to construct ‘dual spinors’ w which satisfy:

w($) = (¥, 9)

for all € A,,. This is however easy, as any Dirac form can be viewed as an element of A* ® A,
so we are essentially performing a contraction in the first entry.
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Definition 2.2.22. Let (-,-) be a Dirac form, and ¢ € A, a spinor. The Dirac Conjugate of
1, denoted 1 is the complex linear map:

v:A—C
¢ (1, 9)

In other words ¢ is the contraction of the Dirac form in the first entry::

We see that given a basis {x;} for A,, and the matrix A corresponding to the Dirac form, that M
is given by:

) =y'A

We also employ the following notation:

(¢, ) = o

We end with the following example:

Example 2.2.7. Recall from Example 2.2.5 that the spinor representation of Cl(1, 3) on C* was
given by the mathematical gamma matrices:

(0 -
70 - _I2 O
L 0 —0;
Yi = o 0

The physical Gamma matrices are then given by:

(0 il
To = <i[2 0 )
0 iO’i
Li= <—iai 0 )

We see that this representation is basis unitary as:
+ (0 il 0 —ils\ (I, O
Fol'o = (uz 0 ) (uz 0 ) \0 I
Firj _ ( 0 zaz> < 0 ) ’LO’i) _ <JZUZ» 0 T)
—to; 0 —io; 0 0 o0

Each Pauli spin matrix is Hermitian, so o; = oj , and each satisfies 01-2 = I, hence F,TI = 1Iy. The
physical chirality element is given by:
I'5 = — T Tals
(-1 O
N0 I
implying that first two components of any spinor are right handed Weyl spinors, and the second
two components are left handed Weyl spinors. We can thus decompose any 1 into:

Y=vYr+YL

Furthermore, we could define the Dirac form as:

AZEFO
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however, this would give us § = (—1)!™! = 1, and for reasons which will be clear in chapter 3 we
do not want this. Indeed, if § = 1, it is easy to see that the Dirac equation found in Theorem
3.1.13 demands trivial spinor fields. Instead, we define A by:

A=4ToIs
(0 Tl
ERE=1 0
It follows that for ¥ = ¥r + ¥r.:
Tt 0 Fil
’(/) _(vawL) (:tl] 0 )
= (i}, Fivh)
so:
U = Eihr F ivhyr

Note that the Dirac form is not positive definite. Indeed, both right handed and left handed spinors
are null.

2.2.7 Spinor Bundles

Recall that given a smooth manifold M an orientation on M was a pointwise orientation for each
tangent such that such that for all p € M there existed a smooth local frame which agreed with
the pointwise orientation. Equivalently, M could be covered by coordinate charts such that the
Jacobian of each transition function was positive. Note that this implies that the frame bundle
of M can be reduced to a principal GL; (R) C GL,(R) bundle, where GL; (R) is the subgroup
consisting invertible linear transformations with positive determinants. Furthermore, recall that
if (M, g) is a pseudo-Riemannian manifold, then the frame bundle can be reduced to a principal
O(t, s) bundle, as every neighborhood admits an orthonormal frame. With this in mind we turn
to the following definition:
Definition 2.2.23. Let (M, g) be a pseudo-Riemannian manifold, then:

a) (M, g) is called orientable if the frame bundle can be reduced to a principal SO(t, s) bundle
under the embedding SO(t, s) — O(t, s).

b) (M, g) is called time orientable if the frame bundle can be reduced to a principal O (¢, s)
bundle under the embedding O (¢, s) < O(t, s).

¢) (M,g) is called orientable and time orientable if the frame bundle can be reduced to a
principal SO (¢, s) bundle under the embedding SO (t,s) < O(t, s).

We call (M, g) oriented, time oriented, or oriented and time oriented once a choice of
reduction has been made.

Equivalently, in the Lorentzian signature (1,n — 1) case, we have that a Lorentzian manifold is
time orientable if there exists a nowhere vanishing time like vector field.

Suppose that M is oriented, and time oriented, we denote by SO* (M) the the SO™(t, s) frame
bundle:

Tso+ - SO+(t7S) — M

Definition 2.2.24. A spin structure on a pseudo-Riemannian manifold (M, g) is a Spin + (¢, s)
principal bundle:

TrSpin* : Sp1n+(M) — M
with a double covering:
A : Spin™ (M) — SO™ (M)

such that the following diagram commutes:
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Spin™ (M) x Spin™ (¢, s) Spin™ (M)
w
A XA A M
%
SOt (M) x SO*(t,s) SO (M)

where X is the Lie group homomorphism Spin™ (t,s), and the horizontal arrows denote the group
action on each principal bundle.

Note that a spin structure on M is a equivalent to A-equivariant bundle homomorphism A :
Spin™ (M) — SO* (M), and thus a A-reduction of SOt (M).

Definition 2.2.25. Two spin structures A : Spin™ (M) — SO (M), A’ : Spin™ (M)’ — SO+ (M),
are called isomorphic if there exists Spin™ (¢, s) equivariant bundle isomorphism:

F : Spin™ (M) — Spin™ (M)’
such that:
A=ANoF

We note that the existence of spin structure on a pseudo Riemannian manifold is not guaranteed.
There are obvious obstructions, such as the orientability and time orientability of (M, g), however,
there are in fact deeper topological restrictions to the existence of a spin structure. Indeed the
existence of a spin structure is intimately related to characteristic classes of vector bundles. In
particular the vanishing of the second Stiefel-Whitney class of TM is a necessary and sufficient
condition for SOT (M) to admit a spin structure. One can also show that the first vanishing of
the first Stiefel-Whitney class of M is a necessary and sufficient condition for M to be orientable,
So a spin structure can be thought of as a generalized orientability condition on M. Moreover,
spin structures are in general not unique, but instead are related to the cohomology group of M.
To the interested reader, we recommend Milnor’s Characteristic Classes for an in depth treatment
of Stiefel-Whitney classes, and Michelsohn and Lawson’s Spin Geometry for a treatment of spin
structures in the Riemannian case.

Note that every principal bundle over R%* is trivial, and that R%* is trivially a orientable and
time orientable manifold. It follows that SOT(R"*) admits a spin structure:

Spin™ (R"*) = R"* x Spin™ (¢, s)
where the map A is given by Idg:s X A, as:
SOT(R"*) = R"* x SOT(t,s)
Going forward we assume that (M, g) is oriented, time oriented, and that SO* (M) admits a spin
structure.

Definition 2.2.26. A local section e = (e1,--- ,e,) of SOT(M) is a veilbein, and corresponds
to an oriented, and time oriented orthonormal frame of T'M

Lemma 2.2.22. Suppose we have chosen a spin structure on (M, g), then for every veilbein on
a contractible open set of U C M there exist precisely two local sections e+ of Spin™(t,s) over U
such that A oeyx = e.

Proof. Note that the e is an injective immersion, and that wgo+ restricted to im e is a continuous
inverse of e : U — im e, so e is an embedding. It follows that im e is an embedded submanifold of
SO*(M), and thus contractible. The restriction of the double covering:

Alp=1Gm eyt A7 (ime) — im e

is then a trivial two sheeted covering of im e which admits precisely two sections. Denote these
sections by s4. It follows that:

€L =84 0¢

are sections of Spin™ (M) satisfying A o ex = e. O
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Definition 2.2.27. Let Spin™ (M) — M be a spin structure on an n dimensional pseudo Rieman-
nian spin manifold M and:

K : Spin (t,5) — GL(A,)
the spinor representation. The Dirac spinor bundle is then the associated complex vector bundle:
S = Spint (M) x,. A,

over M. Sections of this bundle are called spinor fields or spinors.

Proposition 2.2.13. Let S — M be a Dirac spinor bundle associated to a spin structure Spin™ (M) —
M of an n dimensional pseudo Riemannian manifold M. Then the following hold:

a) There exists a well defined bilinear Clifford multiplication:

TM xS — S
(X, 0)— X -0

on the level bundles, which restricts to a bilinear map T, M X S, — Sy for all x € M. This
map also induces well-defined Clifford multiplication of forms with spinors.

b) If n is even, then S splits into a direct sum of Weyl Spinor Bundles S = S ® S_ defined
by:

Sy = Spint (M) %, AF

Proof. We begin with a). Recall that if pgo+ is the standard representation of SO (t,s) on Rb$
then the tangent bundle of M is given by:

TM = SO (M) x Rb*

Pso+
We can then define the map:
(SOT (M) X peort R™*) x (Spin™ (M) x, A™) — Spint (M) x, A"
([A(p), 0], [P, ) /= [p, v - ¢]

where p € Spin™ (M), v € R*®, and ¢ € A,. Note that since p € Spin™ (M) we have that
A(p) € SOT(M), and both lie in a fibre over mgp,+ (p). To see that this map is well defined, let
g € Spint(t,s), and ¢ = p- g, and ¢ = k(g) "' - ¢, then:

[qa‘ﬁ} - UQ' gafi(g)Ail '1D] - hjaLb]
Furthermore, we have that A(p- g) = A(p) - A(g9), so if w = pgo+(A\(g))~
[A(), w] = [A(p) - M(9), pso+ (Mg) ™) - 0] = [A(p), v]

Hence by Proposition 2.2.11:

[Alq), w] - [g, 0] =[p,w - ¢]
[
[

L. », we have that:

P9, (pso+(\g) ") - v)(r(g) ™" - )]
=[p-g,6(9) " (v )]

:[pa v w]

so the map is well defined. By examining local sections, it is easy to see that this map is smooth,
and moreover when restricting the map to the fibre T, M X S, for x € M it is clear we obtain a
bilinear map between vector spaces, implying the claim.

Note that there is an induced representation pg,; of SOT(t,s) on AF(R"*) given by:

Psor(9)- D (wiy A= ANoi) = Y (pso+(9) - vi) A+ A (pso+(9) - viy)

AR [ARER7*
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One can then easily show that:

AF(TM) = SOT (M) Xp, . AR (t,s)

and the same argument demonstrates that the map:
(SO (M) Xploo AF(RY%)) x (Spin™ (M) x,, A™) — Spint (M) x,, A"
([A(p),wl; [P, ¥)) — [p,w - )]

is well defined; here w- is given by Definition 2.2.14, Furthermore, the metric g induces a canon-
ical bundle isomorphism F : A*(T*M) — A*¥(T M), so we can define the Clifford multiplication of
differential k£ forms, by composing Clifford multiplication with the isomorphism F.

To prove b) recall that M is orientable, in particular M admits a nowhere vanishing volume
form given in any orthonormal frame by:

dvolg:el/\-~-/\e"

Under the isomorphism A™(T*M) — A™(TM) induced by g, we obtain a nowhere vanishing element
a of A™(T'M) which in any orthonormal frame is given by:

a=e N---Ney
Define £ € A™(TM) ® C by:
¢ =—itTla
It follows that for any spinor ¥ = [p, 1] € S, and any orthonormal basis {e;} for R"*:
& - W =[A(p), —i"* ey Ao Nen] - [p, ¢

=[p, —i"/2+t(61 A Nen) Y]
where w is the chirality element. With this in mind, we can think of the action of £ on S as the
action of the chirality element on the Spinor bundle. Since £ is well defined, i.e. independent of
our orthonormal frame, and nowhere vanishing it follows that the map:

w:S— 8

is a well defined global bundle automorphism, that satisfies w? = Idg. The following bundle map:
F:S—S8tas™
[pv 1/1] — ([p7 ’(/}R]a [P, 1pL])

is then a well defined global bundle isomorphism, since every ¥ € S can be decomposed into the
+1d eigenspaces of w : S — S. In particular, we have that:

S* = ker(w F Id,)
which are smooth subbundles of S as the kernel of w F Id, has constant rank. O

As Dirac spinor bundles are in essence vector bundles, we can construct bundle metrics on
them. In particular we are interested in a specific class of bundle metrics defined below:

Definition 2.2.28. A Dirac bundle metric is a bundle metric (-, -)s on the associated complex
vector bundle Spin* (M) X ,. A, satisfying the following properties:

a) (X -0, ®)g =06(V, X ®)g, forall X € T,M, and all ¥, d € S,.
b) (V,®)s: = (¢,10) g forall U, & € S,.
c) (U, cP)s, = (¥, D)g, = (¥, P)g, forall ¥, ® € S, and all ¢ € C.
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Note that since bundle metrics are C*°(M) bilinear, similar conditions follow for vector fields,
spinor fields, and complex valued functions on M

From Lemma 2.2.21 and Proposition 2.1.13 we have the following corollary:
Corollary 2.2.12. Let M be an oriented and time oriented pseudo Riemannian manifold with

spin structure SpinT (M). Then, S = Spint (M) X ,. A, admits a Dirac bundle metric.

Proof. Choose a basis unitary representation of Cl(¢,s) on A,,, then there exists a Dirac form by
Proposition 2.2.12. By Lemma 2.2.21 the Dirac form is invariant under the action of Spin(¢, s),
so the claim follows by Proposition 2.2.13. O

As mentioned earlier, given two vector bundles E and F over M, we can define a new vector
bundle E ® F', where the fibres are given by the tensor product E, ® F,. We are interested in the
following specific case of this construction:

Definition 2.2.29. Let M an oriented and time oriented pseudo Riemannian manifold with spin
structure Spin™ (M), m: P — M be a principal bundle with structure group G, and E = P X,V
be a complex vector bundle associated to the complex representation p : G — GL(V'). The vector
bundle:

S®FE

is called the twisted spinor bundle or gauge multiplet spinor bundle.

We want to show that the twisted spinor bundle is a vector bundle associated to a principal
SpinT(¢,s) X G bundle. However, it should be clear that Spin* (M) x P does not fit the bill.
Instead we need the following construction:

Definition 2.2.30. The fibre product of Spin* (M) and 7 : P — M is the disjoint union:
.+ _ —1 -1
Spin (M) xp P = ] w5 (@) x 77 ()
zeM

Equivalently the fibre product is the set:

Spin™ (M) X py P ={(p,q) € Spin™ (M) X P : wg+(p) = 7(q)}

Proposition 2.2.14. The fibre product of Spin®t (M) and P has the structure of a principal
Spin™ (t,s) x G principal bundle.

Proof. The disjoint union:

Spin™ (M) X P = ] mghoe(2) x 77" (2)
xeM

comes equipped with a natural projection map 7y : Spin™ (M) X 5y P — M. We want to construct
a smoothly compatible fibre bundle atlas. Let {U;}; be and open cover of M such that each U;
is contained in a coordinate chart. It follows that each U; is contractible and diffeomorphic to an
open set of R™, and thus Spin™ (M Ju, and Py, are trivial, hence we have principal bundle atlases

i

{U;, ¢;} and {U;, 4} for Spin™ (M) and P respectively. Define charts by:
bi Xar Yi sy (Us) — U X (Spin™ (¢, 5) X G)
(p7 q) — (W(Q)7 7TSpin+ (t,s) © ¢l(p>7 reRs: '(/)z (Q))

where Tgpin+(1,5) and g are the projections onto Spin™ (t,s) and G in their respective trivializa-
tions. This map has an inverse given by:

(¢i Xar ¥3) "' 1 U X (Spint (M) X G) — 7 (Us)
(,5,9) — (67 (z,5), 9 (2, 9))

It should be clear that these are indeed inverses of another from the fact that m(q) = mgpin+ (),
and that ¢; L and U, 1 are smooth inverses of ¢; and ;. It is also easy to see that the transition
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functions are smooth, as they are smooth in each component. From Theorem 2.1.1 it follows
that Spin™ (M) X, P is a fibre bundle over M. In particular, we obtain a smooth right action of
Spin™(t,s) x G on Spin™ (M) X 5; P given by:

® : (SpinT (M) x ps P) X (Spin™(t,s) X G) — Spin™ (M) X »; P
((p,q): (5,9)) — (P, @) - (5,9) = (5,4 9)

Since the separate actions of Spin™ (¢, s) and G on Spin* (M) and P are free and transitive on the
respective fibres, it follows that this action is free and transitive on the fibres of Spin™ (M) X 5, P
as:

(Spin™ (M) X s P). Lo (x) x 7 ()

- 7TSpin‘*’

by construction. Moreover, since the separate actions preserve the fibres, we have that this action
preserves the fibres of Spin™ (M) x5, P, again by construction. By Proposition 2.1.5, we have
that Spin™ (M) X »; P is a principal bundle with structure group Spin™ (¢, s) x G. O

Corollary 2.2.13. Let wg,;,+(p) = 7(q), then T, o) (Spin™ (M) X o P) C T,Spin™ (M) X T,P is
the subspace defined by:

W = {(X,,Y,) € T,Spin™ (M) X T, P : Tgpim+oXp = T Yy}

Proof. Let Z € T, 4 (Spin™ (M) X p; P), be the tangent vector to a curve  : I — Spin™ (M) X 5, P,
such that v(0) = (p,q) and ¥(0) = Z. It follows that v can be written as:

Y(t) = (vspin+ (), 7P (1))
where Ygpin+(0) = p, vp(0) = ¢ and for all t € I:
Tspint (Yspin+t (1)) = w(yp (1))
If Agpin+ (0) = X, and 4p(0) = Yy, then Z = (X,,Y,) € T,Spin" (M) x T, P, such that:
TSpint«Xp = Tx Yy
therefore:
Tip,q)(SPIn™ (M) x5y P) C W

We note that the dimension of T(p)q)(SpinJr (M) X s P) is dim M + dim Spin(¢, s) + dim G, while
dimension of T,Spin™ (M) x T, P is dim M + dim T{;, ,(Spin* (M) X 5; P). Via a principal bundle
chart, we can construct an isomorphism:

T,Spin™ (M) x T,P = T,M & T,Spin* (M), & T,M & T, P,

Let W' = W be the image of W under this isomorphism. The condition that Tgpin+ (M) * Xp = MYy
will force that W’ is the vector subspace consisting of vectors where the T, M components are the
same. We can thus construct an isomorphism:

W' =T, M & T,Spin* (M), & T,P,

implying that W', and thus W, has the same dimension as T(, 4 (Spin™ (M) x 5; P). It follows that
W =T (Spin™ (M) X s P). O

We can now show the following

Proposition 2.2.15. The twisted spinor bundle S® E is a vector bundle associated to the principal
bundle Spin™ (M) X 5 P.

Proof. Consider the representation x ® p of Spin™ (¢, s) X G on A,, ® V given on simple tensors by:

k® p(s,9) (Y @v) = kK(s) @ p(g)v
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It should be clear that this a representation, as it is a smooth map, and and homomorphism, and
thus a Lie group homomorphism:

SpinT(t,s) x G — GL(A, ®@V)
Let & be the associated vector bundle:
& = (Spin™ (M) Xy P) X wap (Ap @ V)
and define the smooth map given on simple tensors by:

F:&—SQF
(P, 9), ¥ @] — [p,¥] ® [g, 4]

We check that this map is well defined, first note that for any (s,g) € Spin™(t,s) X G, we have
that:

[(p.q) - (5,9), k@ p(s,9) P @v] =[(p-5,q-9), k@ p(s™, g7 @]
=[(p-s,q-9), ()" Y@ plg) "]

Hence:

F([(p,q) - (5,9), k@ p(s,9) "0 @v]) =[p-s,k(s) "¢ @[q- g,p(9)" 0]
=[p, Y] ® [q, 9]

It is also clear that this satisfies:
Tsgr 0 F'= mx

as p and ¢ both project down to the same z € M. The restriction of F' to the fibre &, is clearly
linear and surjective as for any:

S [pathi] @ 0,01 € (S © E),

i

we have that:

a= [(p7Q)7Z¢l ® v;

satisfies :

Fo(a) = [p,i] ® [g,vi]

7

Since dim¢ &, = dim¢(S @ E),, we have that F}, is a linear isomorphism for all z € M, and thus
a vector bundle isomorphism. O

Proposition 2.2.16. Let dim¢cV =r, and {;} be a local frame for Ey. Then any ¥ € T(S® E)
can be written locally as:

Uy = Z ¥, @7
=1

where 1; are local sections of S. Equivalently:
= [e x 5,0
where € and s are local sections of Spin+(M) and P, and ) is the multiplet:

(G}
Y= :11:U—=4,0C"
Py

Here each 1; is a smooth map U — A,,.
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Proof. Let ¥ be a spinor field, then for all z € U, we have that ¥, € S, ® F,. Any tensor product
can be decomposed into a sum of simple tensors, so:

\Ifm:Z\I/j@'Uj
J

for some ¥; € S, and v; € E,. Since {7;} is a local frame, it follows that 7,, forms a basis for E,,
hence we can write this as:

U, =) Uewn, (2.2.16)
i=1

where we have absorbed the coefficients of each v; into new elements 1; € S;. Doing this for all
x € U we obtain maps ¥; : U — Sy, which must be smooth as each 7;, is smooth and linearly
independent, and V| is smooth. It follows that:

Up=> V07
=1

To proceed with the second part of the proof we note that for local sections ¢ : U — Spin™ (M),
and s : U — Py, the smooth map:

e X s: U — Spin™ (M) x5 P
z— (e(x), 5(x))

is a local section of (Spin™ (M) X 5y P)y. It then follows that for smooth maps 1 : U — A,, and
¢ : U — V the smooth map:

\I/‘UU'—>(S®E)U
x> [e Xpy 5(2), ¢h(x) © ¢(x)]

Let the local frame 7; be given by:
Ti = [s,vi]

where {v;} forms a basis for V. Representing each v; as the column vector with a 1 in the ith
column, and 0’s in the rest, we can represent any smooth map:

v:U—->A,QF

can be written as:

(G
b= hi®u=|:
' (8
where each v; is a smooth map U — A,,. Suppose that each v; satisfies:
[67 wl] = \II’L

where U; are the maps defined in (2.2.16). We then have that:

T

[e X s,] :Z[e X 8,1; @ vy

3

Under the isomorphism F' : & — S ® E we obtain:

F(le x s,1]) :Z[e,wi] ® [s,v;]

:Zwi@)ﬂ‘

so the two constructions are equivalent. O
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2.2.8 The Spin Covariant Derivative and the Dirac Operator

Definition 2.2.31. Let (M, g) be a pseudo Riemannian manifold, then the Levi-Civita connec-
tion is the unique covariant derivative on the tangent bundle T'M which is torsion free, i.e.

VxY - VyX =[X,Y]
for all X,Y,Z € X(M), and metric compatible:

Vg=20

We will prove the existence and uniqueness of the Levi-Civita connection in a later chapter,
with the use of a soldering form, and a connection on SOT(M). We will also prove the more
standard method found in most textbooks on Riemannian geometry.Furthermore, note that the
covariant derivative of a (0,2) tensor field & is defined implicitly by:

(Vx§(Y,2) = Vx (Y, 2)) = &(VxY, Z) = §(Y, Vx Z)
Since Vx (£(X,Y)) = Zx(&(Y, Z)), we see that the metric compatible condition is given by:
Lx(9(Y,2)) = 9(VxY,Z) +g(Y,Vx Z)

which is exactly equivalent to Proposition 2.1.23. To give away the plot a bit, one can use the
metric compatible condition, and the torsion free condition to demonstrate that the Levi-Civita
connection is uniquely determined by the Koszul formula:

20(VxY,Z2)=%x9(Y,Z)+ L 9(Z,X) — L79(X,Y)
+9([X, Y], Z) — g([Y, Z], X) + 9([Z, X],Y) (2.2.17)

Using this, one can also show that V satisfies the properties of a covariant derivative, a result we
will explicitly demonstrate in chapter 3.2.

Proposition 2.2.17. In any local orthonormal frame {e;} for TMy the Levi Civita connection
satisfies:

Vea = Eap™ @ €.
where &, are one forms that satisfy:
Eab = —ba

and the components of ) are the components of the standard metric tensor on RS,
Proof. Note that V is a map X(M) — Q'(M,TM). It follows that locally, we can write:

Ve, =§, ®ec
where £ are one forms on U. Note that:

9(€a;€p) = Tav

is constant on U since e, and e; are orthonormal. The metric compatible condition then states
that for any arbitrary X € X(M):

9(Vxeq,en) = —g(eq, Vxen)
We see that:
9(Vxea,en) = g(§5(X)ee, ep) = nepés (X)
while:

g(eaa vXeb) = nadfg(X)
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It follows that:
Nev6(X) = —1aaés (X)
Define one forms by:
§ab=Emer and  Gpa = & Nda
we then obtain that:
Eab = —&ba

Furthermore, we see that:

Eap™ ® ec =napéin®® @ e,
=0560 @ ec
=£; Qe

so the Levi-Civita connection can be written as:
Vea = 52 X e, = fabnbc X ec
where £, is antisymmetric in the indices a and b, as desired. O

We now want to show that these one forms are uniquely determined in any local orthonormal
frame.

Definition 2.2.32. The anaholonomy coefficients of a local orthonormal frame are defined by:

_ c
o =
[eas €] = Qgpec

Proposition 2.2.18. In a local orthonormal frame the one forms &, are uniquely determined by
the formula:

1
gab(ec) = 5 (Qcab — Qape + cha)
where Qgpe = ngndc.

Proof. This is follows from the Koszul equation; we have that:

Furthermore, since {e;} is a local orthonormal frame we have that:
Ze.g(eq, ) =2, g(ev,ec) = Lo, (€c,eq) =0
as the inner product is constant. Now note that:
9([ec; eal,€r) = g(Qgeas er) = Qbynap = Qeas
It those follows from (2.2.17) that:
28ap(ec) = Qeab — Qave + Qca
implying the claim. O

As mentioned earlier, in chapter 3 we will demonstrate the existence and uniqueness of a
connection one form on SO* (M) which corresponds to the Levi-Civita connection. For now, we
show the following converse:
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Proposition 2.2.19. The Levi-Civita connection induces a unique connection one form Ago+ €
QY SOT(M),s0t(t,s)).
Proof. Note that the tangent bundle T'M is the associated bundle:

TM = SO™ (M) x, R"

where p is the standard representation of SOT (¢, s) on R%*. Since p is the standard representation
of SOT(t,s), it follows that the induced representation p, of s0™ (£, s) on R"* is given by:

p«(X)v = Xv
where X is any matrix satisfying:
XTn+nX =0 (2.2.18)

Let {e;} be an local oriented and time oriented orthonormal frame for an open neighborhood U of
x € M, then Proposition 2.2.17 implies that that:

77cb§2 + nacfg =0

so the one forms £ are the components of a one form valued in the Lie algebra so™ (¢, s), i.e. a
matrix valued one form which satisfies (2.2.18). Let {f;} be the standard orthonormal basis of
R%S then if e : U — SOT(M) is the frame (eq,...,e,), we have that by Example 2.1.4:

€; = [6, fl]
as f; is the standard column vector with a 1 in the ith entry, and a 0 in all others. Let:
TLJ =fi® f’

where {f7} is the basis dual to {f;}, then we see that in the coordinates {x'} the matrix valued
one form

€= (€,da") @ T/

satisfies:

which is precisely equal to Vxe.. We thus define the local connection one form on U by:
e (Aso+) =¢
Let ¢ be the trivialization corresponding to e, then we define a one form on U x SO™ (¢, s) by:
W (X, Y)(2,9)) = Adg-1 0 §(Xa) + pso+ (Yy) (2.2.19)

for all (X,Y),,, € T.U ® T,S0% (¢, S). Note that this is smooth as the above definition of w® is
equivalent to setting:

Wip,g) = Adg-1 0 (T[€s) + TG0+ (1,5 M5O+

We define A locally by:

Aso+|r1(v) = ¢*w° (2.2.20)
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As a sanity check, let us pull this local form back by e. Note that ¢ o e(z) = (x,1d,), so for all
X eT,U:

(poe)(X)=(X,0)
It follows that:
e (Aso+ lr—1(1))2(X) = Wiy 10,1 (X, 0) = &(X)

hence:

e (Aso+ 1)) = ¢

as desired. We now show that this Ago+|r-1(1) satisfies the properties of a connection one form.
First, let X €€ g, and let X be the associated vertical vector field, then:

¢*(X)(x,g) = (Oza Xg)

where 0, is the zero vector in T, M, and X, is evaluated at g. Therefore:

Aso+|ﬂ—1(U)(Xp) = Uso+ (Xg) =X

Finally, for p € P let ¢(p) = (x,9), and set ¢.(Z,) = (X,Y,) for Z, € T, P, then, for all h € H
we have that by the SO (¢, s) equivariance of ¢:

(RhLAso+ ‘W‘(U))P(Zp) =((¢o Rh)*we)p(zp)
=((Rn o ¢) 'w)p(Zp)
:(R?Lw(e%g))(Xw’ Yt‘])

=R} (Adg-1 0 §)(Xy) + (Rpuso+)(Yy)
:Adh—lg—l o f(Xx) + Adh—l o lLso+ (Yg)
=Ady-1 0 (Adg-1 0 §(X) + pso+ (Yy))
=Adj,-10 (ASO+|7r*(U))p(Zp)

Hence A|;-1(y) is Ad invariant, and it follows that (2.2.20) defines a unique connection one form
~1
on 7+ (U).

Now let € : V' — SOT(M) be another local section such that UNV # 0, and v it’s corresponding
trivialization. Then & defines a a so™ (¢, s) valued one form on ¢ satisfying:

V(é.) =& ®eé.

With € instead of &, and 1 instead of ¢, we define w®, and As0+|x-1(v), as in 2.2.19 and 2.2.20
respectively. In order for Ago+ to be globally defined, we thus need to show that on 7=1(U N V)
both definition of Agp+ agree, i.e.

P W = Pruf
which is equivalent to showing that:
w' = (poyh) W
Let h: UNV — SO™(t,s) be the physical gauge transformation satisfying:
e=e-h

then since h is a matrix of functions on U NV we have that:

e-h=(hies ..., hie;)
hence:

éi = hgej
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Therefore, by the Leibniz rule for covariant derivatives:
V(éq) =h.Ve; + dhl @ e;
=hit! @e; +dhl ® e,
Note that:

ej = (h™")}éx

so:
V(éa) =hp& (b @ e + (b 1)kdh) @ é
=(he& (W5 + (h1)}dh)) © &,
It follows that the kth component is given by:
V(ea)* = (h1)jelhy + (h™h)5dh,
Therefore:
ck i k j
& = (W kelnl + (hh)kany,

hence we obtain that:
€= (h"Y)¢h +h~tdh
In our usual notation, this is equivalent to:
€=Adp-10&+h*uso+ (2.2.21)

Moreover, since:

Y7z, g) = é(2) g = e(x) - (h(x) - g)

we have that:
(@ov™)(z,9) = (z,h(z) - g)
Since h(x) - g is the composition of maps:
F:UNV)xG—GxG—G

where the first map is (h,Idg), and the second is multiplication in G, we have that:

(¢ 0y™)u(X,Y) = (X, Ry (Doh(X)) + LpsY)
for all (X,Y) € T,(UNV) & T,G. We thus have that:

(00 Y™ 1) W) (2,9) (X, Y) =W, payg) (X; Rgu(Dah(X)) + Li(a)=Y)
=(Adg-1 0 Adp(z)-1) 0 (£(X)) + pso+ (Rgx Duh(X) 4 Lpa)«Y)
=Adg-1 0 (Adp()1£(X) + P uso+ (X)) + pa(Y)
=Ady-1 0 {(X) + pa(Y)
:w(é%g) (X,Y)

implying the claim. O

Note that in the preceding proof, we never used the fact that the Levi-Civita connection is
torsion free, so this result applies to any metric compatible covariant derivative on an oriented
and time oriented pseudo-Riemannian manifold. If instead (M, g) is just a pseudo-Riemannian
manifold, and not assumed to be orientable and time orientable, we could perform the same
process to obtain the more general result that any metric compatible covariant derivative induces
a principal connection on O(M). This is clearly due to the fact that o(t,s) = sot(¢,s). In fact,
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in greater generality, one can take any covariant derivative on an arbitrary vector bundle F, and
find a unique connection one form in the bundle of linear frames of E.

Note that by Proposition 2.2.17, we have in any local oriented and time oriented orthonormal
frame e:

(ASo+); = &6 = Ean™

Including the inverse matrix 1n°¢ will prove convenient for our purposes.
Proposition 2.2.20. Let:

A : Spin™ (M) — SO (M)
be the covering map given by the spin structure. Then:
Aspint = (/\*)_1 o A*(Aso+)
s a connection one form on sz’rﬁ(M), called the spin connection.

Proof. We need to show that this define a connection one form Spin™(M). Let g € Spin™ (¢, s),
then using the A equivariance of the spin structure:

AORg :R/\(g) oA
we see that since A, is a Lie algebra isomorphism spin™ (¢, s) — so™ (¢, s):
RZASpm ()‘ ) Yo R* (ASO+)
(M) o (Ao Ry)*(Aso+)
(A~ o (Ra(g) © A)"(Aso+)
(Ae)™
(Ae)™

*

*

Lo A* RA (ASO+)
* 1 OAd)\(g) 1 OA (ASO+)

We introduce the identity transformation A, o ()\*)’1 and obtain that:
RZASpin+ =(A *)_ o Ady(g)-1 0 Ax o(A ) o A" (Aso+)
:( *) o Ad)\(g)—l o )\* o ASpin+

Note that since A is a group homomorphism:

Ad/\(g)—l o Ay Z(C/\( y-1 0 )\)
(R)\(g) e] L)\ -1 0 A)
—(AoRyo Lg—1>*
=\ 0 (6;1)*
:)\* 9 Adg71
hence:
]%;;‘ASpinJr :(A*)_l © A* © Adg*1 © "4SpinJr
:Adg—l [¢] ASpin"’

as desired. Now let X € spin™ (¢, s), and recall that for any p € Spin™ (M), we have that the
vertical vector field X at p is given by:

X,=—| p-exp(tY)
=0

With:

ASpin+ (Xp) = ()‘*)_1 © ASO+(A*Xp)



2.2. SPINORS 223

we see that:

- d
AX, ==|._ A(p-exp(tX))
d
=2t |, AP) - exp(tA« (X))
=M (X))
hence:
. . —
Agyint (%) =) 0 Asor (A(X)a(y))
—(A) o A (X)
=X
implying the claim. O

Note that this implies that the Levi-Civita connection induces a connection Agp;,+ on Spin™ (M).
We will use this connection to define the spin covariant derivative.

Definition 2.2.33. We call the covariant derivative on the spinor bundle S induced by the spin
connection the spin covariant derivative, which we also denote by V.

Given a section € : U — Spin™ (M)y, and a section v : U — A,, we write sections of S locally
as:

U =6, 9]
The spin covariant derivative then acts as usual:
Vx¥ = [e, Vx|
where:
Vxtp = dip(X) + Agpin+(X) - ¢

and Agpin+(X) acts on ¢ through the induced spinor representation . : spin® (t,5) — End(A,,).

Lemma 2.2.23. Write the components of a matriz A € so™ (t,s) as:
AZ = u}abnbC
then the map:
kw0 (M) s0T (8, 8) — End(A,,)

s given by:

) o,
K*(A*) 1(A) = Zwa57 b

Proof. Recall from Proposition 2.2.7 that for any orthonormal basis {e;} of R"* a basis for the
Lie algebra is given by:

5pin+(t7s) ={ee; €Cl(t,s):1<i<j<n}
and from Proposition 2.2.8 that’':
Aleies) = 2(niTh — 0y T7)
where if {e'} is the basis dual to {e;}:

i i .
T; =e' ®e¢;

31'We used E; in the Proposition 2.2.8, but to stay consistent with the notation of this section, we write T;
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and there is no implied summation. Let z € spin™ (¢, s), then:

z= E z%eqe.

a<c

for some real coefficients z¢, so:

Ae(2) = Z 2% (eqee)

a<c

=2 Z 2% (Uaan - ncch)

a<c

Note that for any k& we have that:
(MaaT)er = Naa€® (er) @ €c = diNaaec
which is only non zero when k£ = a. This implies that:
N(Ax(eaee)eas €c) = 2naan(ec, €c) = 2Naalee
We deduce that:
N(A«(eate)eas €c)NaamecCate = 2€qec

It follows that:

1
Z= 9 kzdn(/\*(z)%ez)nkkmlekel

We now write A as:
A= wabanTf

Since A is in the image of \., we can find (\.)"1(A) by:

1
(M) 7HA) =3 Z n(Aey, er)mkkmiexer

k<l
We see that:
Aej, =wapn"e(ex) ® e
=wipnec
hence:

) 1 .
(A) 1A =5 > wien"n(ec, en)mmrnuerer
<l

1
=5 D wkl etk miexer
k<l

1
=5 Z WINkkTNLEKEL
k<l

If we sum over all possible k and [ we over count by a factor of 2 so:

1
(A)7HA) =1 > wrmkknuerer
ol

Furthermore, we see that ege; = —ejeg, so we can obtain an other factor of 2 and write:

1
(A)7H(A) =3 > wianeker, nexel]
ol

224
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Note that r is just the restriction of the spinor representation of Cl(t,s) to Spin'(¢,s), so if we

have mathematical gamma matrices ,, then:

k(e er]) = [ve, ]

hence:

1
Fe 0 (M) TH(A) =3 > wa [k, mv]
k.l

Since 7 is diagonal it follows that 7, = 1", and that the sum:
7= 1"

only nonzero a = b, hence:

) 1
w0 (M) 7H(A) =2 D wra ™ 1]
k,l

1
LS bt
k,l

1 Kl
—4wm7

as desired.

From this lemma we obtain the following result:

Proposition 2.2.21. The spin covariant derivative is locally given by:

Vi =d(X) + 3 (X)an™

—dp(X) - (Ol

Proof. Let € be a section which under A maps to the oriented and time oriented orthonormal frame

e. We have that in this frame:

(AS0+)s = Eap®™
Then it follows that:
Agpin+ =€" Agpin+
=" (()\*)71 ° A*(Aso+))
= (/\*)_1 o(Aoe) Aso+
(A) o€ Agor

In any local orthonormal frame A%, is given by the one forms:

(AS0+(X))g = Ean (X"

or any X € X(M). It follows from Lemma 2.2.23 that:

a0 () 0 (501 ) (X) = ga (X"

Therefore, for some smooth map ¢ : U — A,,, since Ag,;,+ acts on ¢ through s, we have:

Vxy :dw(X) + AgpinJr (X)’Qb

—dp(X) + 1a(X)y"
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Furthermore, since:

ab _ _Fab
we obtain:

Vi =d(X) - 3 (X)T

From this proposition we obtain the following result:

Corollary 2.2.14. If the dimension, n, of M is even, then the spin covariant derivative preserves
the splitting of the spinor bundle S into the Weyl spinor bundles S*. This means that if U € S*
then:

VxW¥ e (5%)
for all X € X(M)

Proof. Recall from Proposition 2.2.13that there exists a global bundle automorphism w on S
which preserves the subbundles S*. Tt follows that locally, given a section e : U — Spin™ (M), this
global bundle automorphism is given by:

Wl = [, I g
for some smooth map v : U — A,,, and where:
[+l — _n/241pl | prtl
From Lemma 2.2.10 we obtain that:
(D71, peb] = [P per?] — [P+ Tbre] = o
Therefore, if ¥ € I'(S*):
w-Vx¥ = [e, 7" dip(X) — ifab(X)F”“rabqf

e see that clearly |e, S , SO since preserves the subspaces , we have that
W h lear] d(X S+ i rrett h b Af h h
[e, T" Ldyp(X)] € SE. Furthermore, since [["+1,T%] = 0, we have that:

[rHipaby, — 4 Paby,
hence:
e, T"HLT%y] = [, £T%y]
implying the claim. O

We also have that Clifford multiplication on the level of bundles is compatible with the spin
covariant derivative and Levi-Civita connection in the following sense:

Proposition 2.2.22. For all vector fields X,Y € X(M), and all ¥ € T'(S) we have that:
VxY  -¥)=(VxY) - U+Y . (VxV)
where VxY denotes the Levi-Civita connection, and V x U denotes the spin covariant derivative.

Proof. We need only prove this locally. We have that for some smooth maps ¢ : U — R%®, and
¢ :U — A, and a section € : U — Spin™ (M) that:

Y =[A(e),¢] and U =]ed]
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It follows from Proposition 2.2.13 that:
YU =le¢-y
It follows that:
Vx (Y- ¥) =[e, (do(X)) - ¢ + ¢ - (dp(X)) + AGp+ (X) (¢ - ¥)]
We have that A§p1n+ (X) acts on A,, through the representation k.. We see that by :
K(9)(0-¢) = (Mg) - 9)(r(9) - ¥)
Taking the derivative at e € Spin™ (¢, s) we obtain that for z € spin™ (¢, s):
Fx(2)(0- 1) = (Mu(2) - 9) -+ @ hu(2) - ¢
Since:
A(AGpin+) = ASo+

where e = A o ¢, we thus have that:

Vx (Y- V) =[e, (dp(X)) - ¥ + ¢ - dip(X) + (Agp+ (X)@) - ¥ + ¢ - AG;4 (X))
[e,do(X)) - ¢ + (AS0+(X)9) - ¢] + [€, ¢ - dp(X) + ¢ - AGi+ (X)Y]
(VxY) - T 4+Y . (Vx0)

implying the claim. O

By Proposition 2.1.23 we clearly have the following result:

Corollary 2.2.15. For any spinor bundle equipped with a Dirac bundle metric, a connection in
A € QY(Spint (M), spin™ (t,s)) induces a metric compatible covariant derivative. In particular,
the spin connection, induced by the Levi-Civita connection, induces a metric compatible covariant
derivative on the spinor bundle.

We now define the Dirac operator in terms of the spin covariant derivative.

Definition 2.2.34. The Dirac operator, denoted D : I'(S) — I'(S) is given in a local oriented
orthonormal frame by:

DU = 5%, -V, VU
If we let ¥ = [¢, 4], for some ¢ : U — Spin™ (M) satisfying A o € = e, we have that:
DV =[e, Dy)]

=[e,7"Ve, ¥

= e (dwten) + et )|

= [e,ira (dw<ea) - igbc(ea)r”%ﬂ
Proposition 2.2.23. The Dirac operator is independent of the local oriented and time oriented
orthonormal frame {e;}.
Proof. Let {f;} be another local oriented and time oriented orthonormal frame, then:

fi= Bﬁ €j

for some matrix of functions B valued in SO (t,s). It follows that:

D =77“bfa Vi ¥
—U(Ble;) Vg, ¥
=" (Be;)By - Ve, ¥
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Note that since n = n~1:

BTn—lB _ n—l
we have:
DV =(Bin®Bf)e; - V., ¥
:njkej : vek\Il
implying the claim. O

This implies that the Dirac operator D is indeed well defined. Furthermore, the Dirac operator
is a first order differential operator on the sections of S. Clearly, if the dimension of M is even,
since Clifford multiplication of a vector maps A,il to AF, and since V preserves the subbundles
S*, we obtain the following corollary:

Corollary 2.2.16. If the dimension of M is even, then the Dirac operator is a map:
D :T(S%) — T(ST)
Example 2.2.8. Let (M,g) = (R%*,n), then in global coordinates z*, Levi-Civita connection is
given by
VxY =dY(X) = X'0;,Y79,
as the metric is constant. One can directly verify this by use of Proposition 2.2.18, and the fact

the coordinate vector fields are orthonormal, and commute. It follows that on S = R%® X Az,
that we can define a Dirac operator in any global orthonormal frame {e;} by:

D:'}/a'vea

Note that if we just the standard basis, then the coordinate frame is orthonormal normal, so setting
e; = 0; gives the following for any spinor field ¥ : R%® — RS X A;y,:
DV =y -V, ¥
o
ox®

It follows that:

ov
D*¥ =" V., (7“ )

" Oza
_b_.a 82\:[]
Ozbza

02
xbra

1 a
=520
a,b
Note that:

%7 =nn™{ve, va}
I 2ncandb

= — 5P
ab

nedl

hence, with the fact 7 = 7, = 0 unless a = b obtain:

0w
DZ\I/ - _ ba
; T pubya

S 00
= e nbba(.’l’,’b)Q

implying that D? is the Laplacian, so D is the "square root” of the Laplacian as desired.
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We now wish to extend the spin covariant derivative, and Dirac operator to sections of twisted
spinor bundles, i.e. S ® E, where E is a vector bundle associated to some principal G bundle
m: P — M. We first need the following lemmas:

Lemma 2.2.24. Let k ® p be the representation of Spin™ (t,s) X G on the vector space A, @V,
given on simple tensors by:

£ ® p(s,9)(¥ ®v) = k(s)y @ p(g)v

for all s,g € Spin™(t,5) X G, and v € V, ) € A,,. Then the induced Lie algebra representation is
given on simple tensors by:

(5 ® P)u(X, V) (0 @0) = ma (X)$ @ 0+ ® pu (V)
for all (X,Y) € spin™(t,5) @ g.

Proof. This follows trivially by taking the derivative at t = 0 as follows:

(KJ ® p)*(Xv Y)(¢ ® U) :it =0

=] exp(tX))0 @ plexp())(0)
=k (X)) @v+ 1Y R p.(Y)v

Kk @ p(exp(tX),exp(tY))(y @ v)

O

Lemma 2.2.25. If A is a connection one form P, and Ag,;,+"" is a connection one form on
Spin™ (M), then the following defines a connection one form on Spint (M) Xy P:

(ASpin+(M) S A) (va Yq) = ("45’171%Jr (Xp)a A(Yq)) € 5pi1’1+ (tv S) Dy
for all (X,,Yy) € T,Spin®™ (M) X T,P, such that wg,+(p) = 7(q), and Tepm+.(X,) = m(Yy).
Proof. The fact that Agpi,+ar) ® A is an element of Q! (Spin™ (M) X, P, spin™ (¢, s) @ g) is clear.

We thus need to check that this indeed a connection one form. Let (s,g) € Spin™(¢,s) X G, and
recall that:

Rig o) =(p-5,99)
) € T,Spint (M) x T, P, where (p,q) € Spin™ (M) X 5; P:
R(syg)*(Xqu) = (Rs*va Rg*Yq)

It follows that for (X,Y), q

Therefore:

(R?s,g)(ASpin+(M) ® A))(p,q)(Xp,Yq) :(ASpin+(M) S2) A)(ps,q-g)(Rs*Xp, Rg*Y:;)
=(Aspintp-s(RsxXp), Ag.s(RgaYq))
=(Ad;-1 0 Agpin+(Xp), Adg-1 0 Ag(Yy))
=C(s,9)=1 © (Aspin+p(Xp), Aq(¥y))
=Ad(s,9)-1 © (Agpin+ () © A)(Xp, Yy)
50 (Agpin+(ar) ® A) is Ad invariant. Furthermore, we see that for any (X,Y) € spin™(t,s) ® g, the
fundamental vector filed Z associated to this Lie algebra element is defined by:

d
L) =g |,_o (@) - (exp(tX), exp(tY))

:(Xm }7!1)
hence:
(ASpiIﬁ(M) & A)(p,q) (Z) :(ASpirI*p(Xp)’ Aq( ~q))
=(X,Y)
implying that (Agpin+(ar) @ A) is a connection one form on Spint (M) X P O

32Not necessarily the spin connection induced by the Levi-Civita connection
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We can show the following;:

Proposition 2.2.24. The connection one form (Agy;+ ) @A) induces a covariant derivative on
S ® E defined in the usual manner:

VAU = [e X 51 5, VU] (2.2.22)

where € X 31 s 18 a local section U — Spin+(M) Xar Py, and ¢ : U — A, ®V is a smooth map as
given in Proposition 2.2.16. Furthermore,

Vit = dH(X) — Ea(X)T0 + . (A(X)0 (2.2.23)

Here £45, are the one forms defining the Levi-Civita connection, and I'®® acts on the spinor compo-
nents of ¥, and p.(As)(X) acts on the vector part of 1, i.e mizes the multiplet ).

Proof. The fact that (2.2.22) is a covariant derivative, and independent of the sections e and s
is evident from Lemma 2.2.25. In particular, we could make a gauge transformation on either
component €, or s, and obtain a gauge invariant quantity, as the group action is a product group
action.

To pull back (Agpint+ © A) by € X s s, we first note that:
€ Xy 5(x) = (e(x), s(x))
hence for any vector X € T, M:
(€ Xar 8)" (Aspin+ ® A)o(X) =(Aspin+ (€:X), A(5..X))
=(Agpim+(X), A5(X))
Now let {v;} be any basis for V, and decompose 1) as:
Y=v'
We see that (2.2.24) then follows from Lemma 2.2.24 as follows:
Vit =dip(X) + (£ @ p)e (A5 (X), As(X)) (8" @ v3)
=d(X) + i (Agpin+ (X)W @ v + 9" @ pu(As(X))vs
=d¢(X) - fab(X)Fab'(/Ji ® v + W ® p*(As(X))Ui
implying the claim. O
Definition 2.2.35. The covariant derivative on S ® E induced by the connection Agpi,+ @ A,

where Agp;,+ is the spin connection, and A is any connection on P is called the twisted spin
covariant derivative.

Note that for a fixed vector field X, V4 is still a map I'(S ® E) — I'(S ® E), hence if we can
perform Clifford multiplication on S ® E, then we can define a Dirac operator on I'(S ® E) in a
similar manner to Definition 2.2.34.

Lemma 2.2.26. Let S ® E = (Spin® (M) Xy P) X g, (A, ® V), then there exists a well defined
bilinear Clifford multiplication:

TM X (S®FE)— S®F

(X, 9)— X - ¥
on the level of bundles, which restricts to a bilinear map T,M X (S ® E); — (S ® E), for all
x € M. This map also induces a well-defined Clifford multiplication of forms with twisted spinors.

Proof. We define the map on simple tensors:
(SOt (M) x RS X (S®FE) — S®FE
([A(p), 2], [(p. @), ¥ @ v]) — [(p. @), (z - ) @]

and extend linearly. It follows from the same argument in Proposition 2.2.13 that this map is
well defined, as it is only acting on the spinor part of an element in S ® FE. Furthermore, the a
similar construction as in Proposition 2.2.13 yields a well defined Clifford multiplication with
twisted forms. O

Pso+
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With this we obtain the following corollary:
Corollary 2.2.17. The map Dy :T(S® E) - T'(S® E) given in any orthonormal frame by:

DAV =ne, - V4T
where ¥ € T'(S ® E) is well defined, and independent of the local frame e, .

Proof. This follows from Lemma 2.2.26 and the same argument as applied in Proposition
2.2.23. O

Due to the importance of this map, we give the following definition:

Definition 2.2.36. The map Dy : T'(S® F) — I'(S ® E) is called the twisted Dirac operator,
and is locally given by:

DAV = [e X pr 5, Dat)]

where:

D = (blea) + {aelen)r®s + po(Aufea))v

=" (d¢(6a) - ifbc(ea)Fbcw =+ P (As (ea))w>

As we shall see in the section on QED, the twisted Dirac operator will play an important role in
defining the Yang-Mills-Dirac Lagrangian, by giving us a way to couple the gauge field to fermion
fields. Physically, our connection will play the role of the electromagnetic potential, and we want
the dynamics of our fermionic fields to be determined by this potential. Without the coupling given
by the twisted Dirac operator, the dynamics of the fermionic fields would be like that of a free
particle, hence the importance. Mathematically, the Dirac operator gives rise to a large number
of deep results in geometric analysis. To the interested reader, we recommend the following texts:
Friedrich’s Dirac Operators in Riemannian Geometry, Jost’s Riemannian Geometry and Geometric
Analysis, and Michelsohn and Lawson’s Spin Geometry.
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3.1 Yang-Mills and Electromagnetism

In Example 2.1.15 we demonstrated how a connection one form on R* x U(1) satisfies the gauge
transformation rules for electromagnetism. However, how does one choose a connection such that
the dynamics of electromagnetism are obtained? The purpose of this chapter is to explore this
question in detail. As we will see, at least in the case of source free electromagnetism, the answer
is given by finding a connection which leaves the Yang-Mills action stationary. In other words, we
will want the connection to be a critical point of the Yang-Mills action.

That being said, there is still some legwork which must be done in order to get to this point.
We first need to be able to write the Yang-Mills action down; this action involves the L? inner
product on Q2 (M, Ad(P)) induced by a (pseudo)-Riemannian metric on the base manifold, and thus
unavoidably relies on the chosen geometry of M. Furthermore, in order to find the aforementioned
stationary points, we will need to develop a formal adjoint to the covariant derivative with respect
to this L? inner product, called the covariant codifferential. We spend the first part of this section
constructing these two operations.

Once, we are able to write down the Yang-Mills action, we will spend the remainder of the
section deriving the Yang-Mills equation, and modifying the action so that the stationary points
yield a complete theory of classical electromagnetism which incorporates sources. We will also see
how to obtain the classical field equations for quantum electrodynamics, which will involve the
fermionic matter fields for electrons and positrons, as opposed to a classical charge density.

We continue to draw inspiration from Hamilton’s Mathematical Gauge Theory, though some
of our conventions may differ.

3.1.1 The Hodge Star Operator and the Codifferential

Let (M, g) be a (pseudo)-Riemannian manifold. Recall from Proposition 1.1.17 that the (pseudo)-
Riemannian metric ¢ induces a bundle isomorphism o : TM — T*M. We define an inner product*’
on Ty M for all p € M by:

(wimp = gp (a7 (), 0™ (1) (3.1.1)

Let 2 be a coordinate system, and let w = w;dx?, and n = njdxj, then:

(w,m) =gi; (9" wk, g’'m)
=5fw/cgj 'y
:w]n]
so the inner product on T;yM is just the contraction of of w with a~'(n). Furthermore, it is
clear from (3.1.1) that (-,-) is symmetric, smooth and non degenerate. If g is positive definite,
then (-,-) is positive definite, and thus defines a Euclidean bundle metric on T*M. If g is pseudo

Riemannian, and M is connected, then (-,-) defines a pseudo Euclidean bundle metric on T*M of
the same signature as g.

Proposition 3.1.1. Let (M, g) be a (pseudo)-Riemannian manifold. Then there exists a natural
(pseudo)-Fuclidean bundle metric on the vector bundle TORN . If M is connected, and g is
(pseudo)-Riemannian, then the signature of the bundle metric is well defined.

Proof. Forall p € M, we have that any element of T} ,EO”“)M can be written as a finite sum of simple
tensors. That is, for w € TZEOJC)M we have that™':

CU:WICYil ® @
where each a;, € T M. Hence, for all p € M we define an inner product on simple tensors by:

<al®'“®ak7ﬁl®“'®ﬁk>§ = <a17ﬁ1>1)”'<al761>11

33We are being mildly loose with our definition of an inner product. In this section, an inner product is just a
symmetric, bilinear, non- degenerate, scalar valued map.

34Gince these are general not alternating tensors, the sum wyo
ones.

I'is over all possible multi indexes, not just ordered
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which we then extend to T,SO”“)M bi-linearly by
(wral s B7)y =wmyla, 87y

where of, 87 are indexed sets of simple tensors in ngo’k)M . It then follows that for all p € M,

(-, )’; is symmetric, and bilinear. It suffices to check that the inner product is non degenerate on

simple tensors since they generate the space. Fix a set of k covectors o, then if:
<a1®...®ak’ﬂ1®...®3k>§:0
for all simple tensors B! @ --- ® B* € ngo’k)M it follows that:

(at, 81y, - (a*, BF), = 0 (3.1.2)

for all B* € TyM. Since the induced inner product on T M is non degenerate, fix §* for i < k
such that (af, B%) # 0, then we see that (3.1.2) is equivalent to:

<O‘k7 Bk>p =0

for all g% € T5 M, a contradiction so (-, >]; is nondegenerate. If g is Riemannian, it is clear that

(-,)k is positive definite.

We have constructed an inner product on each fibre of T(%*) M; to prove that (-, -)* is a bundle

metric, we need to show it is smooth. Let 2% be a coordinate system for an open set U C M, then
for the tensor fields w and 7 we see that:

(W, =wi, iy gy (™ ddt) - - - (dx®™ | dadv)
=Wy i My g0 g (3.1.3)

which is smooth as it is the product of smooth functions. Importantly, in the line above, we
are summing over all possible multi indices i1, .. .45, not just ordered ones, as these are general
covariant tensors so there are no restrictions on the coefficients w;, ..., .

If (M,g) is connected and pseudo Riemannian it follows that for all p € M (-, >7; has a well
defined signature. The signature of (-,-)¥ is then the same as the signature of (o,o)’;, and is
independent of the choice of p by a similar argument to Theorem 1.1.11 O

Note that this inner product also induces a bundle isomorphism 7% M — T®:0) M Explicitly,
in a local co-frame dz?, the tensor field:

W= Wiy dz @ - - @ da'
is mapped to the tensor field:
ot = wiln-ikgiljl .. .gikjkajl ® - ® 0
which for brevity we denote by:
wh =W @ @0,
We see that with this notation (3.1.3) can be rewritten as:

<w7 ’r]>k = wil"'ikniln.ik

As we shall see shortly, the restriction of (-, -)* to the vector subbundle A*(T'M) defines a bundle
metric on A¥(TM). In particular, one should check that such a restriction is nondegenerate, as
{-,-)* is pseudo Euclidean. Indeed, the restriction of (-,-)* induces a symmetric bilinear map:

QF (M) x Q¥ (M) — C>=(M)

(w, ) — (w,n)*
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In coordinates:

dz A - Adazt = Z sgn(a)dma(il) ® - ® dgo i)
€Sk

hence the inner product is given by:

(dz™ A - Ada™ da?t A - A da?*)F = Z Z sgn(o)sgn(a)g?aUr) ... golix)al)

0€SK aESy
So, for arbitrary k forms:
w = wrdx’ and n = nydz’
we have that:
<w777>k — Z Wa(il)-~o(ik)77a(j1)ma(jk)ga(ma(jl) .. .gU(i1)~~a(J‘k) (3.1.4)

o,a€ESy

It is important to note that there are technically four sums in the line above. We are first summing
over the ordered multi indices i1 < -+ < i and j; < --- < ji, then for each multi index, we are
summing over all possible permutations of each multi index. Note that:

W (iy)-+-0 (i) = SER(0)Wiy iy, and Na(jy)-alx) = SER(Q) N,

so using our notation for raising and lowering indices, we can rewrite (3.1.4) as a sum over « and
the multi indices I:

<wa77>k = Z wg(il).“U(ik)na(il)'“a(ik)
oc€Sy

- Z Sgn(o—)zwil-“ik nilmik

€Sk

:k' . wil...ik_nilmik
Hence an orthonormal frame of of TyM, (, -Y* has the unfortunate property that:
(@A~ A QA A aiky; = If!g;”1 > ~g§,’“ik

where each g;}“ = £6%%. The above demonstrates that (-, -)* is indeed a bundle metric on A*(T'M),
as the set:

{0i Ao Ao iy < e <)

is then a local orthogonal frame for A*(T*M). However, our lives would be easier if a local
orthonormal basis for TM induced a local orthonormal frame of A¥(T'M). To fix this, we define a
new bundle metric, (-, -), by:

() = bt

It will be clear from context which rank of form we are taking the inner product of so we neglect
to include the k in the notation. In particular, this inner product satisfies:

<w7 77) =Wiy iy, 77i1 T

:E Z wl'l‘..ik'r}’bl vk
ik

where the second line is a sum over all unordered multi indices. Furthermore, for complex valued
k-forms, w,n € QF(M,C) = QF(M) @ C we set:

<w7 77> = @Z1anlllk
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Definition 3.1.1. Let (M, g) be an orientable (pseudo) Riemannian manifold, where g has signa-
ture (¢,s). The Hodge Star Operator:

*: QF (M) — Q" F (M)
is the linear map defined by:
(w,mydvoly = w A *n
for all w,n € Q¥(M). For complex valued k-forms we have that:
(w,mdvoly = @ A *n
Lemma 3.1.1. In a local oriented orthornormal coframe {c;}, the Hodge star operator is given
by:

KA ANQ) =g g R e i i T A A

where there is no summation over the indices, {ix11 -+ ,in} is a complimentary set to {iy,--- ,ix},
and € is totally antisymmetric with:

€123..n = +1

In particular:
xdvol, = (—1)" and * (1) = dwvol,
Proof. By construction, the set:
{a" A Naf iy <o <y}
is an orthornormal frame for Q¥ (U), hence for any arbitrary k form w we have that:
(W, A= Aoty =wj g (@0 A Aadk alt A A )
=Wiy i g g
1

where the is no implied summation over the indices. According to Definition 3.1.1 and Theorem
1.1.12:

WAX(@T A At =wy, g, g g R A A Q™
:wil...ikg““ coeg e Lol Ao A Q™
There exists a permutation o € S,, such that for all j < k, o(j) = 4;, hence:
WAR( A AR =wi g g g R e sgn(o)att A At Aa?FD AL A o)
Since e is totally antisymmetric:
€o(1)-o(n) = SEN(0)€1.n
thus:
WAX(QT A Aa™) =wy g, oA (g“il . -gi’“ikeil...ikg(k+1),..g(n)a"(k“) ARERWA a“(”))
o(k+1),...,0(n) is a set complimentary to iy, ..., i, and since w is a k form, and a®*+D A ... A

a?™ is an n — k form, the only component of w that appears in the wedge product is the Wiy eeip
component. Relabeling a(k + j) by ix4; we find:
wAKR(@ A Aa®) =w A (g7 g i CF T A A )
Since this holds for arbitrary w, we have:
* AN ANa) =g g e A A
as desired. Furthermore:
*(1) = €1..na A+ A" = dvol,
and:

x(dvoly) = g't -+ g™ er.y = (—1)F
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With the lemma above we can prove the following:

Proposition 3.1.2. Let (M,g) be an n-dimensional, orientable, (pseudo)-Riemannian manifold
of signature (t,s). The map :

*ok 2 QF (M) — QF(M)
s a linear isomorphism given by:
ok — (_1)t+k(nfk)

Proof. Since * is linear, we need only check this for an arbitrary & form w written in an orthonormal
dual basis {a'}:

w=a""A---Aa™*

From Lemma 3.1.1, we see that:

*W = gm1m1 . 'gmkmkeml"'mkmk+1"'7nnamk+l A Aa™mn
Applying the x again, we see that:
xxw = gt g T e ey my X (QTEEE A A )
where:
* (amk+1 e amn> :gmk+1mk+1 T gmnmn6mk+1---mnml---mkam1 Ao ANk

If ¢ has signature (s, t), then:
g g (1) (1) = (1)
Furthermore, since ¢;...,, is totally antisymmetric, we have:

_(_1\n—k
Empesr-mumi-mirr =(— 1) Emump gy mmy-my,

:(_l)k(n—k)

= Empyrmpmaemy Emy-mpmpgrmy,

and since:
Emy - mpmppr - mn = T1
we see that:

*xw =(=1)t(=1)Fr=Rgm A A Q™

:(71)t+k(n7k)w

Therefore:

ok — (_1)t+k(n—k)

as desired.
O

Definition 3.1.2. Let (M, g) be an orientable (pseudo)-Riemannian manifold. We define the L?
Inner Product on differential k£ forms with compact support by:

(w2 = / {w, m)dvol,,
M

:/ w A *n
M

If M is compact, then this defines an inner product on all of Q¥(M).
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We want to check that this is indeed an inner product. It is clear that the L? inner product is
symmetric and bilinear; we prove that it is nondegenerate below.

Proposition 3.1.3. Let (M, g) be an orientable (pseudo)-Riemannian manifold of signature (¢, s).
The L? inner product on k forms with compact support is nondegenerate.

Proof. We proceed by contradiction; suppose the L? inner product is degenerate, then there exists
a k form w with compact support on M such that:

<(U, 77>L2 =0

for all n € Q¥(M) with compact support. Let supp w = K C M for some compact set K; let
z € int K, and U be an open neighborhood of x. Since K is the closure of an open set in M, it
follows that U C K. The open neighborhood U then admits an orthornormal frame of & forms:

{a" A Naf iy <o <y}
In this frame let:
w= wil...ikail Ao Aatk

where w;,...;, are smooth functions on U.

There exists a positively oriented coordinate chart ¢ such that ¢(z) = 0 and ¢(U) is an open
ball of radius r in R™ centered at 0. The closed ball B™ of radius ry < r is then a nonempty
compact subset of ¢(U), and by continuity of =1, L = ¢=}(B™) C K is then a compact set in
M. We construct a smooth bump function on U by first defining the smooth function f on ¢(U)
by:

flx) = eXp (m_(wl)zr_—o_w> for (2244 (@")2 <1
0 otherwise

¢* f is then a smooth function on U, satisfying supp ¢*f = L. This function can be smoothly
extended to all of M, by defining:

0 otherwise

o*f(p) for pelU

hip) = { )
Clearly, supp h = L as well, hence we construct global k forms with compact support equal to L
by:

N = hwg g aft A Aath
where there are is no implied summation in the line above. We then see that for all 47 < -+ < 4:

(w,n™ ) 2 :/ <w,ni1”'i’“>dvolg
M

= /¢>(U) o7 (h wjpjywig iy (@7 Ao AadE @™ - )dvoly)
= i/ ¢~ (h-w} ..;, dvoly)
¢ (U)

where the sign depends on (-, -). We have that h > 0 on L by construction, and clearly wi,,,ik >0,
for all 41 < --- < ig. Furthermore, w;,...;, can’t be identically zero for all i; < --- < iy on L as

L CU Cint K, thus by Theorem 1.1.5 there exists an ordered multi index 41, ..., i such that:

/ ¢~ (h-w? .. dvoly) >0
»(U)

A contradiction, therefore, (-,-)r2 is non degenerate and thus defines an inner product of k forms
on M with compact support, as desired. O
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We wish to extend the work above to k-forms twisted with a sections of a vector bundle. If E
is a K = C,R linear vector bundle over M, equipped with a bundle metric (-,-) g, then a similar
argument to Proposition 3.1.1 shows that there is a bundle metric on A*(TM) ® E induced by
the (pseudo)-Riemannian metric g, and the bundle metric (-, -)g. We commit the mild notational
sin of denoting this bundle metric by (-, -) g, and see that pointwise it is given by:

(Alw' @ v, Bin* @ w) g, = Al BL{w',1%),(v;, wi)E,

for all Aw’ ® v;, Bin* ® w; € (AF(TM) ® E),.

Definition 3.1.3. The bundle metric (-,-)g on A¥(T*M) ® E induces an inner product on
twisted k forms:

(Vg QY(M,E) x Q*(M,E) — C*°(M, E)
Given a local frame e; for E over U C M, then for w,n € QF(M, E), we have that:
w=w'®e; and n=n"Qe
where w’, ' € QF(M,K). The inner product is then given by:
(wme = (W' n) - (eie)n

which is independent of our choice of frame. Furthermore, the Hodge star operator on twisted
differential forms:

*x: QF(M,E) — Q" *(M, E)
is given by:
*w = (xw') ® e;
Finally, we have an L? inner product on twisted differential forms with compact support

given by:

(w,mE,L2 =/ (w,n)pdvoly
M

which is nondegenerate by a similar argument to Proposition 3.1.2.

Recall that the exterior derivative d is a linear map from k forms to k+1 forms, so if w € Q¥ (M)
and € QFF1(M) both have compact support, it makes sense to take the following L? inner
product:

(dw,n) 2 :/ (dw, m)dvol,
M

Similarly, if V is a covariant derivative on the vector bundle E, and w € Q¥(M,E) and 7 €
QF+1(M, E) both have compact support, we can take’”:

<dVWa77>L2,E:/ (dvw,nydvol,
M

As mentioned earlier, our goal is to now develop a formal adjoint to d, and dv, which will clearly
have to be a map a from k forms to £ — 1 forms.

Definition 3.1.4. Let (M, g) be an n-dimensional, orientable, (pseudo)-Riemannian manifold of
signature (¢, s). We define the codifferential:

d* Q¥ (M) — QFH(M)
by:

d* = (_1)t+nk+1 * dx

354y is the exterior covariant induced by a general covariant derivative. The definition is the same as Definition
2.1.30
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Example 3.1.1. The above definition allows one extend the notion of the Laplacian, V2, on
functions on R™ to k forms on orientable (pseudo)- Riemannian manifolds. Indeed, the Laplace-
de Rham operator is defined as:

A =dd*+d*d

Then if we set M = R"™ with the standard Euclidean metric on R™, then for f € C*(R"™) we have
that:

Af =dd* f + d*df
=(=1)d*d(fdvoly) + (—1)""" x d x (8; fdz")

The first term goes to 0 as dvol, is a top form; taking the Hodge star of df then gives:
*(0; fda') = Oy fdxt A - NdZTA - A da™

where d#? denotes the deletion of the ith component. Taking the exterior derivative we obtain:
d(x0; fda') = O? fdx* A--- Ada' A - A dx™

Finally, taking the Hodge star again we have that:
— n+1 Z 82 n+1v2f

so the general Laplace-de Rham operator agrees with the Laplacian on smooth functions on R",
up to a sign.

Theorem 3.1.1. Let M be an orientable, (pseudo)-Riemannian manifold without boundary of
signature (t,s). Then the codifferential d* is the formal adjoint of d with respect to the L? inner
product on k forms with compact support, i.e.

<dwv n>L2 = <W7 d*77>L2
or all w € Q¥ (M) and n € QF T (M) with compact support.
f n P pp
Proof. We have that by Proposition 3.1.2:

({(dw,n) — (w,d*n)) dvoly =(dw) A xn —w A *(d*n)

(dw) A*n — (=1)FF TG A x(kd % 1)
(dw) A #1p + (=1)2F2F= K420 A (d %)
(dw) A*n+ (=1)~ kzw/\(d*n)

)
)
)
)

Note that k is an integer, hence if k is even —k? is even, and if k is odd —k&? is odd so:

((dw,n) — (w, d*ny) dvoly, =(dw) A *n+ (—1)*w A (d*n)
=d(w A *n)

By Theorem 1.1.7, i.e. Stoke’s Theorem, we obtain:

/ (dw,n) — (w, d*n)dvol, :/ d(w A *n)
M M
:/ w A*n
oM
=0
as M has empty boundary. O

As before, we can extend these results to forms twisted with E.
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Definition 3.1.5. Let E be K = C,R linear vector bundle over a an n dimensional, orientable,
(pseudo)-Riemannian manifold signature of (¢,s), and V a covariant derivative on E. We define
the covariant codifferential:

ds : Q¥ (M, E) — Q" 1(M, E)
by:

d* _ (_1)t+nk+1

v * dv*

We will also need the following definition:

Definition 3.1.6. Let 7 : E — M be K = C,R linear vector bundle with a bundle metric (-, ).
The inner product of forms twisted with E and sections of E:

(Vg QF(M,E) x T(E) — QF(M)
by choosing a local frame as did before, and setting:
(wi & €, ¢j€j>E = wiqﬁj(ei, 6j>E

This inner product is independent of the choice of frame.

Lemma 3.1.2. Let E be a vector bundle over M, with bundle metric (-,-)g, and a covariant
derivative V which respects the metric, then in any local frame e;:

d({w, ®)) = (dw'){es, @) + (1) " A ((Ves, ®)p + (e, VO) )
for allw € Q*(M, E) and ® € T(E).

Proof. We see that:

Furthermore, for any X € X(M):

(d(ei, ®)p)(X) =ZLx(ei, P)
=(Vxe;, @) + (6, VxP)p

hence:
d((w, ®)) = (dw') (e, D) + (=1)*w’ A ((Ves, ®)p + (e, VO) )
as desired. 0

Theorem 3.1.2. Let E be a K = C,R linear vector bundle over an n dimensional, orientable,
(pseudo)-Riemannian manifold without boundary of signature (t,s), and V a covariant derivative
on E. Suppose E is equipped with the bundle metric (-,-)g, and that V is metric compatible, then:

<dVWa77>E,L2 = <wvd*v77>E,L2
for allw € Q*(M, E) and n € Q*1 (M) with compact support.
Proof. Let ¢! be a local frame for E over U C M, such that:
w=w' Qe and n=n'®e;
Then:

v =0T s dy (o) © ;)
=(—1)""* 5 (d(xn') @ €; + (—1)"F 1 (xn") A Ve;)
(d*nz) ®e; + (_1)t+nk+n—k * ((*ni) A Vez)
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hence by Proposition 3.1.3:
*dgn =(=1)*Hdx ') @ e; + (=1)"(xn") A Ve,

If we can show that the integral:
[ (et @ e @ 65} — (' s di o © ¢5)) m)avoly =0
U

in any local frame e; over U, then a partition of unity argument clearly proves the claim. We see
that:
(dy(w' @ e;), 17 @ ej)pdvol, =(d(w') ® e; + (—1)*w’ A Ve;, 7 @ e;) pdvol,
=(dw' Axn){es, e5) + (—1)F(w' A Ve, ! @ e;) pdvol,, (3.1.5)
Note that:
Ve, =of @ ey

k

for some one forms o;’ on M, so:

(W' A Ve, @ e;)pdvol, =(w' A of @ ex, n’ ® e;) pdvol,

w' Aot i) ex, e;) pdvol,

=(w*
{
(W' A af) AP (er, ej)E
(=
(=

k= 1(wi/\*nj)/\<afg®ek,ej>E
l)n k- 1(wi/\*nj)/\<Vei,ej>E

hence (3.1.5) becomes:
(dy(w' @ e;), 77 @ ej)pdvol, =(dw’ Axn?){ei,e;)m + (=1)" " Hw' A*x?) A (Ve ej)p  (3.1.6)
Furthermore:
(W' @ s, dy (1 @ ej))p =(w' @ei (A7) @ e + (=1 o (') A Ves))
== A (dxn')eise)m
+ (=)W @ e, % ((317) A Vej)) pdvol, (3.1.7)
In a similar manner we see that:
(W'® e;,* ((*ni) A Vej)>Edvolg =(W' ® e, % (( *1") A 0;-“) ® ex) gdvolg
=(w, (( H Aok ))(ei,ek>Edv01g
=(— 1)t+k(" Blwh A (*n’ /\af)(ei,ek>E
=(—1)"F=R (W A x?) A eq, Vey) B
hence (3.1.7) becomes:
(W' ® e, d5 () ® ej)) pdvol, =(—1)" Wi A (dxnf) (e ej)p
—i—(—l)"(w A xn ) <€i, V€j>E (318)
The difference of (3.1.7) and (3.1.18) then yields:
({dvw,m) e — (w, dgn))dvoly =(dw’ A xn’){e;, 6j>E + (=D 0 A (dx ) eisej)m
+ (=)W A A ((Vei,e5)p + <6u Ve;i)e)
=d(w" A ) (e i) + (=1)" 1w’ Axn? A ((Ves, ¢5) + (eq, Vey)
Note that w? A 17 is an n — 1 form for all 4, j, hence by Lemma 3.1.2 we see that:
((dvw, n) s — {w, dm))dvoly =d(w’ A %1 (e, e5) )

Since U is an open submanifold of M without boundary, the claim then follows from Stoke’s
theorem. O
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3.1.2 The Yang-Mills Lagrangian

We are finally in a position to define the Yang-Mill’s Lagrangian, and derive the Yang-Mill’s
equation. We fix the following data:

o An n dimensional, oriented, (pseudo) Riemannian manifold (M, g)

e A principal G bundle over M with compact structure group G

e An Ad-invariant inner product on g

e An orthonormal basis T" for g with respect to the aforementioned inner product.

Note that the compactness of G guarantees the existence of an Ad-invariant inner product by
Theorem 1.2.5. Furthermore, by Proposition 2.1.13, the Ad-invariant inner product on g
induces a bundle metric (-, -)aq(py on the adjoint bundle.

Recall that the curvature form F4 of any connection A defines a unique twisted two form
F{ € Ad(P).

Definition 3.1.7. The Yang-Mill’s Lagrangian is defined by:
Ly mlAl = (Fip, Fi)aacp)
For a fixed connection A, the Yang-Mill’s Lagrangian is a global smooth function:

XYM[A] M — R

Theorem 3.1.3. The Yang-Mill’s Lagrangian is gauge invariant, i.e. for any global bundle auto-
morphism f:

Lyulf Al = Ly mlA]
Proof. We see that by Theorem 2.1.12:
FI'A = Ad, 0 F4
This then implies that for any x € M, and X,Y € T, M:
(FZ{;A)I (X1, Xo) = [PaAdajjl(p) ° F,§4(Y1,Y2>}

=[p-o;1(p), FA(Y1, Y2)]
=[f"'(p), F'(11,Y2)]

where 7(p) = 2 and 7, X; = Y;. Therefore:
Fl = R

where f~!- denotes the action of ¢(P) on Ad(P) defined in Theorem 2.1.5. F} takes values
in Ad(P), so we have that f~! acts on Fj} via the adjoint action, and, since the bundle metric on
Ad(P) is Ad invariant by construction, it follows that:

<FJ©’FJ©>Ad(P) =~ P 'FI\I?[>Ad(P)
Thus:
Lym[Al = LrmfA]
as desired. O

Definition 3.1.8. Let 7 (P) denote the set of connections on P. As mentioned earlier, this set is
an affine space over the vector space:

e (P, ) = Q'(M, Ad(P))

For any a € Qf (P, )4, we denote by apr € Q' (M, Ad(P)) the image of a under the isomorphism
constructed in Theorem 2.1.18.



3.1. YANG-MILLS AND ELECTROMAGNETISM 244

We now assume M to be a closed manifold, i.e. compact and without boundary.

Definition 3.1.9. The Yang-Mill’s Action on P is a smooth map:
o (P) — R
given by:

1
Sym[A] =— B /M <Fﬁ,Fﬁ>Ad(P) dvol,

1
2

The integral is well defined because M is compact.

(F{y, Fiy)

Ad(P),L2

Our goal is to determine the stationary points of the above action.

Definition 3.1.10. We call a connection A a stationary or critical point of the Yang-Mill’s
action if:

d
— A4 tal =
dt t:oSYM[ +te]=0

for all a € QL (P, g)Ad.

hor

We denote the covariant codifferential on Ad(P) associated to A by d%.
Theorem 3.1.4. The stationary points of the Yang-Mill’s actions satisfy:

“EFi =0 (3.1.9)
FEquivalently:
daxF{i =0 (3.1.10)
Both (3.1.9) and (3.1.10) are called the Yang-Mills Equation.
Proof. We first note that:
FATI —dA + tdo + %[A, Al +t[A o] + %t2[a, al
=F" +tda + t[A, o] + %t2[a,a]
Note for any local gauge s : U — Py:

(daanr)s =dos + pa(Ag)a
:dOés + [A57 045]

hence under the isomorphism constructed in Theorem 2.1.18 we obtain:
1
F]C‘[J'_ta = Fﬁ +tdaaps + itQ[OéM,OzM]
This then implies that:

1
LrmlA+ta] =—3 (Fi1, Fip) aqepy — t(daaas, Fip) o g py +O(%)

Hence:

Sy m[A + tal :—/ <dAaM7FI\I£}I>Ad(P) dvol,

il
dt lt=0 M

which by Theorem 3.1.2 gives:

d A
%‘tZOSYM[A +ta] = — /M (anr, 3 F) s g py dvolg

Since the L? inner product is nondegenerate, we conclude that in order for the action to be
stationary at A:

WE =0
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Example 3.1.2. Recall from Example 1.1.26 that the curvature form of the connection:

1 _ _ _
A = 5 (21011 — 2101 + 29010 — 22a2)

on the Hopf fibration S? — S? was given by:
i
F§2 = §dV01g

where dvol, is the volume associated to the usual round metric on S?. Furthermore, note that
since S! is an abelian Lie group, we have that for all local gauge’s s : U — S}, and all form’s
w € QF(S?, Ad(S?)) that:

(daw)s = dws + [As, ws] = dws

hence:

We then see that:

so A is a Yang-Mill’s connections on the Hopf fibration.

3.1.3 Source Free Electromagnetism
For the moment, we fix P = RY? x U(1)"°, and in any global gauge s : R — P we write A, as:
Ay =i (=Vdt+ M;da')

where V, M; are all smooth functions on R13. We also choose an orientation, such that in the
standard coordinates, the global four form:

dt Ndx Ndy Ndz

is our orientation/volume form. Our goal is to first show that the Yang-Mill’s equation, and the
Bianchi identity yield Maxwell’s field equations in a vacuum, implying that Electromagnetism is a
U(1) gauge theory. We will then move onwards to incorporating various types of matter into our
field equations, so that we obtain a full theory of classical electromagnetism.

First note that since U(1) is abelian, we have the following simplifications:
Ad(P)=R'"3 xiR and ds=d

This means that the curvature form can be thought of as a regular two form one R"3 multiplied
by the imaginary constant ¢, and that the Yang-Mill’s equation, and Bianchi Identity simplify to:

d* FRI,S =0 and dFRl,S =0
Furthermore, if F' is the curvature form of a connection A, then any global gauge determines the

element Fgis € Q(RY3,4R), as if s = s-h for some physical gauge transformation h : RY3 — U(1),
we have that:

Fy =Ady-10F, =F,

so F; is independent of our choice of gauge.

36By R1:3 we mean R* with the Minkowski metric of signature (= +,+,+)-
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Proposition 3.1.4. Let s : U — RY3 be a global gauge, and A a connection on P. If we identify
A as the electromagnetic four potential, multiplied by i then the components Fs are the components
of the physical fields E and B. In particular, if we write Fs as an antisymmetric matriz, then Fy
1s exactly © multiplied by the electromagnetic field tensor:

0 -E, —-E, —E.
p_|B 0o B -B,
E. B, —-B, 0

Proof. Note that:
E=-VV-0M and B=VxM

We need to calculate the coefficients of F in the standard (¢, z,v, 2) coordinates on RY3. We see
that:

Fy =dA,
hence, if we set:
Fuw = Fy(9,,0,)
we have that by Proposition 2.1.22:
F,, =0,A, —0,A,

We calculate:

Fi, =i (=0, V — M) = —iE,
Fyy =i (—0,V — 0, M) = —iE,
Fy, =i (_azv - 8th) = —ikE,
Fpy =i (0, M, — 0,M,) =iB,
Fy, =i (0, M, — 0,M,) = —iB,
Fy. =i (0yM. — 0.M,) = iB,
which implies the claim. O

Since F, € Q(RY3,iR) we see that the Yang-Mill’s Lagrangian in coordinates is given by:
1 v
gYM[A] == _§F;LVF
As usual, we are summing over ordered indices, y < v, and our convention in these coordinates is:

t<r<y<z

From Definition 3.1.7 it should be clear for P = R!3 x U(1), that the Yang-Mill’s Lagrangian
is Lorentz invariant, as the inner product of any two tensors is a Lorentz invariant quantity.
It is mildly less obvious that the Lagrangian is actually one of the simplest Lorentz invariant
combinations of E and B.

Proposition 3.1.5. The Yang-Mill’s Lagrangian on RY3 x U(1) is the fundamental Lorentz in-
variant quantity:

p=;(E°-B?)

DO =

where E> = E - E and B? = B - B is the usual Euclidean dot product on R3.

Proof. We see that:

FMVFMV :FuunuanyaFaa



3.1. YANG-MILLS AND ELECTROMAGNETISM 247

where 7 is the Minkowski metric of signature (—, +, 4+, +). We calculate, with no implied summa-
tion:
Fu F' =Fyu) 0™ Fup + Fyyn " Fyy + Fon'n™ Fy.
Jrme??mﬂnymz + sznwwnzszz + Fyznyynzszz
== (iB)(—iEy) — (iEy)(—iEy) — (1E:)(iE>)
+ (iB:)(=iB:) + (iBy)(—iBy) + (iB:)(—iB:)
=-E?+B?

hence:

ZLyulA] = £ (E* - B?)

1
2
0

We now wish to show our first main result of the section, that the Yang-Mill’s equation, and
the Bianchi identity yield Maxwell’s field equations vacuum.

Theorem 3.1.5. The Yang-Mill’s equation and the Bianchi identity on P = RY3 X P are equivalent
to the source free Mazxwell’s Field equations in a vacuum:

V.E=0 VXE=-0,B
V.-B=0 VxB= OE

As a result, source free classical electromagnetism in a vacuum is a U(1) Yang-Mill’s gauge theory.

Proof. Let s be a global gauge, and F be the global curvature form on R'3 with components in
the standard coordinates given by Proposition 3.1.4. We first wish to calculate the components
d * F. First note that since F is a two form on R!3, that d « F' is a three form, and thus has four
components. We begin by calculating dx of the electric field components of F":

d(x —iE.dt AN dz) =d(iEydy A dz) = i0, Eydx Ady A dz + i0:Edt A dy A dz (3.1.11)
d(* — iEydt A dy) =d(—iEydx N\ dz) = i0yEydx A dy A dz — i0; Eydt A\ dx A dz (3.1.12)
d(x —iE,dt Ndz) =d(iE,dx N dy) = i0,Edx ANdy N dz + 10 Edt A dx A dy (3.1.13)

Examining the purely spacial components of (3.1.11), (3.1.12), (3.1.13) we see that:
1 (0gEy + 0yEy + 0,E,)dx Ndy Ndz =iV - Edx A dy A dz
Since d * F' must vanish identically, we find that:
V-E=0
which is the first Maxwell equation. Continuing, with the magnetic field components of F’:

d(*iBgdy A dz) =d(iBydt A dx) = i0yB,dt A dx A\ dy + 10, Bydt A\ dx A dz
d(x — iBydz A dz) =d(iBydt A dy) = —idy Bydt A dx A dy + i, Bydt A dy A dz
d(*iB.dx A dy) =d(iB,dt A\ dz) = —i0, B, dt A dy A dz — i0yB.dt A dy A dz

Looking at the dt A dy A dz component,
1(0,By —0yB, + OEy)dt Ndy ANdz =i (—(V X B)y + OEg) dt ANdy A dz
Since d x F' vanishes identically:
(VXB), =0FE, (3.1.14)
For the dt A dz A dz component,:

i (0.By — 02B, — O, E,) dt Adx Adz =i (V x B), — 0,E,)dt Adx A dz
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hence:

(VxB), =0E, (3.1.15)
Finally, for the dt A dz A dy component,

i (0yBy — 0By + O,E.)dt Ndz Ndy =i (—(V X B), + O,E.)

thus:

(V x B). = O,E, (3.1.16)
Combining (3.1.14), (3.1.15), and (3.1.16) we obtain the fourth Maxwell equation:

V X B = 0,E

We now wish to calculate the components of dF'. We have that dF' is a three form, and thus as
four components. We begin by calculating d of the magnetic field components of F':

d(iBzdy N\ dz) =i0, Bydx A dy A dz + i0, B, dt A dy A dz (3.1.17)
d(—iBydx A dz) =i0yBydx A dy A\ dz — i0y Bydt A dx A dz (3.1.18)
d(iB,dx N dy) =i0,B.dx A dy A dz + i0;B,dt A dx A dy (3.1.19)

Combining the purely spatial components of (3.1.17), (3.1.18), and (3.1.19) we see:
(03 By +0yBy + 0.B,)dx ANdy Ndz =V - Bdz Ady A dz
Since dF must vanish identically, we obtain the third Maxwell equation:
V-B=0
We continue with the electric field components of F":

d(—iEydt Ndx) = — i0yEydt Adx Ndy —i0. Egdt Adx A dz
d(—iB,dt A dy) =id, Bydt A dx A dy — i0,Eydt A dy A dz
d(—iE,dt A dz) =i0,E,dt AN dx N\ dz + 10y E,dt A dy A dz

Examining the dt A dy A dz component:
i1 (OyE, — 0,E, + 0;Bg)dt Ndy Ndz =i (V X E), + 0, B,)
so we have:
(VXE), =-0:B, (3.1.20)
Examining the dt A dz A dz component:
1(0zE; — 0.Ey — 0yBy)dt Ndz Ndz =i (—(V X E)y — 0;By) dt ANdxz N dz
so we have:
(VxE), = -8B, (3.1.21)
Examining the dt A dz A dy component:
1 (0xEy — OyEy +OyB,)dt Ndx ANdy =i ((V X E), + 0,B,)dt ANdz N dy
so we have:
(VXE),=-0,B, (3.1.22)
Combining (3.1.20), (3.1.21), and (3.1.22) we obtain the second Maxwell equation:
VXxE=-0,B

implying the claim. O
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3.1.4 Scalar Electrodynamics Formalism

We now wish to incorporate matter into our field theory. Let us first work less precisely; in the
differential forms formalism of electromagnetism, one prescribes a current one form:

J = —pdt + jrdz + jydy + j.dz (3.1.23)
where p is the charge density, and j is the current density. We necessitate that:

d*J =d(pdx ANdy N dz — j,dt Ndy A dz + j,dt ANdz A dz — jdt Adz A dy)
=(Op+ V -j)dt Ndx Ndy N dz
-0

as this implies the continuity equation:
V-j= -0
One then writes that:

1
Lor = =P Fuy + J'A, (3.1.24)

We notice that for any A : RM3 — R:

*xd* (JN) =xd(A*xJ)
=x (dAA*T) + *(Ad * J)
=% (PO + JjzOx A + jyOy A+ J.0:N)dt ANdx ANdy A z
=—JFO,A

hence under the gauge transformation A — A + dA:
JH(A, + 0, \) = JHA, —*d* (JA)

Integrating over R*3“" we obtain by Stokes theorem:

/ (T3, \)dvol, = — / wdx (JNdvol, = [ dAxJ) = / Awd =0
RL,3 RL,3 R1,3 HR1.3

since R"? has empty boundary. So this extra term changes nothing when we find the stationary
points of the action, implying that this formalism is gauge invariant.

Ultimately, (3.1.24) is a flawed Lagrangian. Indeed, we are exploiting the fact that global
sections of RY3 x U(1) exist, so any hope of writing such a Lagrangian on a non trivial principal
bundle is immediately lost. Furthermore, the continuity equation should be a consequence of our
field theory, not a priori. We fix this by introducing a “matter field” (i.e. a section of a vector
bundle associated to some principal bundle P) which is then coupled to the gauge field via the
exterior covariant derivative. The matter field will then partially determine the gauge field, and
vice versa. But this is expected, as in electromagnetism, matter determines the electromagnetic
potential, and the electromagnetic potential determines how matter moves. Furthermore, when
we vary this new action, the matter field, and the gauge field A, will determine a current J which
satisfies the continuity equation.

We now fix the following the data:

o An n-dimensional orientable (pseudo) Riemannian manifold (M, g)

¢ A principal G bundle over M with compact structure group G

e An Ad-invariant inner product on g, and an orthonormal basis T for g.

o A complex representation p : G — GL(W) with associated complex vector bundle E =
Px,W.

o A Hermitian G invariant inner product (-, -)yr on W, with associated bundle metric (-, -)g.

37TR1L:3 is not compact, but we make the vague justification that our functions go to zero fast enough so that the
integral converges.
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Definition 3.1.11. If the dimension of W is one, then a smooth section of F is a complex
scalar field and if the dimension of W is greater than one, then a smooth section of F is called a
multiplet of complex scalar fields.

Furthermore, recall that we called non-trivial representations of g charged; we have a similar
definition for sections of E:

Definition 3.1.12. Sections ® of an associated vector bundle E = P x , W, with:
P« g — End(W)

are called charged scalars.

Indeed, the formalism of Electromagnetism we are about to derive is often called scalar elec-
trodynamics, or scalar QED. Though we are treating this theory purely classically, we note
that the Lagrangian we are about to write down corresponds to a relativistic quantum theory, i.e.
a quantum field theory. We modify the Yang-Mill’s Lagrangian in the following to incorporate
such charged scalar fields:

Definition 3.1.13. The Yang-Mills-Higgs Lagrangian for a multiplet scalar field coupled to
a gauge field is defined by:

1
Ly (@, Al = =S (Fit Fi)aap) = V (@, @)p) + (da®, da®)

where V : R — R is a smooth function.

Theorem 3.1.6. The Yang-Mills-Higgs Lagrangian is gauge invariant, i.e.
Lyunlf 1@, f*A] = Lruul®, Al
for all f € 9(P).

We need the following lemma:
Lemma 3.1.3. Let ® € T'(E), and f € Y(P), then:

dpsa (f71®)=f" (da®)
Proof. First recall that there exists a oy € C*°(P,G) such that for all p € P:

fp)=p-0s(p)

Since d 4 is independent of choice of gauge, it suffices to check this locally. Let s : U — Py be a
local gauge, then:

f(s(x)) = s(x) - 75 (s(x))

Note that o¢(s(x)) is a map U — G, and thus a physical gauge transformation, which we now
denote by h. Let ¢ : U — W be the smooth map such that:

CI)|U = [57¢]
then by Theorem 2.1.6:
f7Hou =[f71s), ¢l = [s-h7", 0] =[5, p(h™1)¢]

where h™! : U — G denotes the map satisfying h - h~! = e. Furthermore, we have that by
Theorem 2.1.8:

frA= Adg;l oA+aoiuc
Thus in our local gauge:
(f*A)s = Adp-1 0 As + W' pe
For any vector field X € X(M):

dp-a(f71- @) (X)|v = [5,d(p(h™")d)(X) + pi(Adp-1) 0 As(X) + h* e (X))p(h™)é]
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Our work from Theorem 2.1.13 demonstrates that for all x € U:

d(p(h™ 1)) (X)) = p(h™1)do(X) — pi(uc(Dah(X2))) - p(h™H) o (3.1.25)
while:

pe(Ady-1 0 A(X)+h*pe(X))p(h™1)¢ =
p(h™1) - pu(As(X2))d + pu(pa(Deh(X,))) - p(h™ 1) (3.1.26)

Adding (3.1.25) and (3.1.26) we obtain:

hence:
dp-a(f - @) (X)|o =[s, p(h~)dd(X) + p(h™1) - pu(As(X2)) o)
=[s-h7', (dag)s]
=71 (da®)|u
as desired. O]

We can now prove Theorem 3.1.6:

Proof. Note that the Yang-Mill’s part of the %y ;g is gauge invariant, so we need only argue the
other terms are gauge invariant. By Lemma 3.1.3 we have that:

Lulf~H @ ff A= -V @, f7h @) + (fT1da®, [T da®)p

Since (-, -)p is an associated bundle metric, defined by the G invariant inner product (-,-)w, we
have that:

(L@, f 1 ®)p=(®,®)p and  (f1-ds®, f ! da®)p = (da®,da®)p
hence:
Lyuulf~' @, [*Al = Lyunl®, A
as desired. O

Definition 3.1.14. The Yang-Mills-Higgs Action is defined as:

Sy mu[®, A] z/ Ly mu [P, Aldvol,
M

Note that since £y arg depends on two fields, the gauge field, and a complex scalar field we
can vary the action with respect to either field. We first vary the action with respect ®.

Theorem 3.1.7. In addition to the aforementioned fized data, let (M, g) be a closed manifold, i.e.
compact and without boundary. The variation of Sy prg with respect to ® yields the following field
equation:

d5da® =V'((®,P)p)P (3.1.27)
where V' is the derivative of V : R — R.
Proof. Let ¥ be any other section of F, then:
Lyup[@+ 1V, A= Ly — V(@ +t0, P +t0)g) + (da(P +tP),da(P+t0)) g
We see first that:

(®+1T, D +1W)p = (0, D) p + (D, V) g + (T, ®) p + O(t?)
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hence:

il (P+tU, D+ tV) g =(D, V) + (U, D)

t=0
=2Re((®, V) )

So by the chain rule:

%LZOV(@ +10, P +10)p) = 2V'((®, @) p) Re((D, ¥) i)

Furthermore, we see that:

dA P —I—t\lf) dA((I) + t\I/)>E =<dA(I),dA\I/>E + <dA\I/7dA<I)>E
:2Re(<dA‘I>,dA\I!>E)

dt ‘t—

Therefore, by Theorem 3.1.2:

a ’t OSYMH[(I) + t\I/, A] =2 Re((dAtb, dA\I/>E) — V/(<<I), (I)>E) Re((@, \I!>E)dvolg
= M

—2Re (/M<qu>,dA\1/>E V(D ®) ) (@, \I/>Edvolg>
—2Re ( /M<d;dA¢, W) — V' (@, 0) ) (@, \I!>Edvolg>

=2Re (/M< 1da® — V' ((®, D) )D, \Il>Edvolg>

Since the L? inner product of twisted forms is non degenerate, it follows that if ® is a critical point
of SYMH then:

5 da® — V' ((®,8)g)® =0
ie.,
d5da® =V'((®,P)p)®
as desired. ]

To vary the action with respect to A we will need the following two lemmas:
Lemma 3.1.4. Let ay € QY (M, Ad(P)), and ® € T'(E), then there exists a canonical twisted one
form ap - ® € QY(M,E).

Proof. Note that £ = P X, W comes equipped with a representation of G on W; we will use the
induced representation p, of g on W to define this form. First, note that for all z € M, we have
that for some w € W:

(I)(ir) = [pv w]

where p € P,. Furthermore, we have that there exists a unique o € Qhor( P, g)"4 such that for all
XeTl, M:

o (X) = [p, ap(Y)]
where 7(p) = z and 7,.Y = X. We thus define a s - @ point wise by:
(anr - )2 (X) = [p, pu(ap(Y)) - w] (3.1.28)

This is independent of our choice of Y by our work in Theorem 2.1.18, and it is independent of
our choice of p as for any ¢ = p - g we have that:

(aar - @)e(X) =[p- g, pu(pg(Y)) - (g~ )]
=[p- g,ps(Adg-1 0 ap(Y)) - p(g~ "]
=[p-g9.n(g 1)' «(op(Y)) - w]
=[p, p(ap(Y)) - w]
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hence (3.1.27) is well defined. Finally, let s: U — P be a local gauge, and ¢ : U — W be a smooth
map, such that:

® = s,
Denote s*a by as, then for all X € X(M):
(anr - ©)(X) =[5, pu(as(X)) - ]
which is smooth section of E, hence ay - ® € QY(M, E), as desired. O

Lemma 3.1.5. There exists a unique twisted one form Jy(A, ®) € QY (M, Ad(P)) such that for
all apr € QY (M, Ad(P)):

(anrr, Ja(A, @) aqcpy = 2Re((da®, an - ®)E)

Proof. Suppose that Jy exists and is not unique. Then there exists an w € Q(M, Ad(P)) such
that for all apr € QY (M, Ad(P)):

(aM,w>Ad(p) = 2Re((qu),on . (I>>E)
Then we see that for all a,;:

(anr, Ju — w)aapy ={ans, Ju) adpy — (o, W) ad(p)
:2Re (<dA(P, Qg - (I)>E) — 2Re (<dA(I),04M . <I)>E)
=0

Since (-, -)aq(p) is nondegenerate, it follows that Jy = w, hence Jy is uniquely determined.

We now wish to prove existence. Note that:
2Re({(da®,an - P)g) =(da®,an - Pyp + (an - P, daP) g
Furthermore, the assignment:
A QY M, Ad(P)) — C>°(M)
ap — (da®,ap - P) g + (o - P, daP)p

is clearly a C°°(M) linear map, thus A is a global section of TM ® Ad(P)*, where Ad(P)* is bundle
dual to Ad(P). Since the bundle metric (-,-)aq(py on T*M ® Ad(P) is non degenerate, it follows
that it induces a bundle isomorphism:

F:T"M ® Ad(P) — TM ® Ad(P)*
that satisfies:
F(w)(n) = <W777>Ad(P)

for all w,n € QY(M,Ad(P)). Setting Jy = F~!(A), then implies the claim as for all ays €
QL(M, Ad(P)):

(Ja,an)aapy =F(Ju)(anr)
ZA(OQW)
=2 Re((qu), Qg - (D>E)

O

The one form Jg is the analogue of the current one form mentioned earlier, and it is entirely
determined by the fields A and ®. To see this explicitly, we wish to find a local expression for
Ji. Let s : U — Py be a local gauge, and e; be an orthonormal frame for Ey, which for some
orthonormal basis {w;} of W can be written as:

€ = [S,wi]
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We then see that for some smooth functions ¢* : U — C:
® = [57 (blwl]
The exterior covariant derivative is then given by:

da® =[s,d¢’ @ w; + ¢'p.(As)wi]
=[s,0, ¢ dz" @ w; + (biAﬁdx“ ® pu (T )w;]

Furthermore,
an - ® =[5, ¢ alda” @ p.(T,)w;]
Hence:

(da®,an - @) =¢7 (0,0" )l (dat, dz” ) (wi, p(Ty)ws)w + &' Ald o (dat, da”) (p. (Ta)ws, p(Ty)wj) w
:¢j (aud;i)aub<wiv Px (Tb)wj>W + J)iAZijaub <P* (Ta)wia Px (Tb)wj>W

We see that p,.(T,) is an endomorphism of finite dimensional vector spaces, hence:
pe(Ta) = Thjwy @ w'
where w! is the covector dual to w; determined by (-, -)w, and each I'*, € C . We see that:
pe(Taw; = Ty
So:
(da®,an - @) p =¢7 (9,0 o (wi, Tywi)w + ¢ Aj¢? o (T iiwpn, Ty jwr)w
=7 (0,0") T} + ¢ Abat* YT
implying that:
2Re((da®, cns - ®)p) =¢7 (0,0t T}; + ¢ (0,0") M T + &' ALt I TITY: + ¢ ALar ¢/ Ty

where there is still a summation over ¢ and m despite both indices being upper. Note that we
assume g to be a real Lie algebra, hence:

flz = A}, and art = kb
With the above in mind:
2Re((da®, ans - ®)p) =(¢7 (0,0 )Ty + &7 (0u0" )Ty )t + (0 ALY TT + ¢' 07 AT )k
hence we define:
T = [5,(¢7(0.0")Th; + ¢ (0,0" )T + 6" AL Ty + ¢'¢? AGT Ty dat @ Ty (3.1.29)

where there is an implied summation over the index b, despite it being lower. Note that the above
is a one form written in terms of the local gauge field. For any:

ay = [s,aldx” @ T,
we then have that:

(anrr, Ja) ad(p) =(Jn, @ar) aap)
=(¢7(8,¢")Th; + ¢ (0,0 )T, + " AL/ LTy + ¢ ¢ ALTIT s (dat, da”' ) (T, T)
=(¢7 (00" )T} + ¢ (0,0")Th) )t + (' ALY TITh: + ¢' ) ALT T )

So (3.1.29) is a local expression for Jy as desired.
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Theorem 3.1.8. Let (M, g) be a closed (pseudo)-Riemannian manifold. The variation of Sy pu
with respect to the connection A yields the following field equation:

d\Fiy = T (A, @) (3.1.30)
Proof. Recall that:

1
Ly yu[®, Al = —§<Fﬁ7Fﬁ>Ad(p) —V({®,Q)p) + (da®,da®)p

Note that the potential V' will go to zero when we vary the action with respect to A, so we elect
to ignore it. Let a € Q}_ (P, g)"4, then for any local gauge s : U — Py, and and smooth map
¢ : U — W such that:

® = s, 9]
we have that by Lemma 3.1.4:

¢+ tp«(as)]
o] + t[s, ps (o))

dA+ta(I) :[87 d¢ + p*(AS)
:[Sa d¢ + p* (Ag)
:dA(I) + tOéM . (I)

Therefore:
<dA+taCD, dA+ta‘I>>E =<dA(I),dA(I)>E + 2tRe(<dA<I>, Qe (I)>E) + O(t2)
By Lemma 3.1.5:

datta®,daria®)p =2Re((da®,an - P)E)
=(am, Ju (A, ®))aacp)

il

From our work Theorem 3.1.4 we then find that:
d
cﬂ SymH :/ (anr, Ju (A, @) aacpy — (aar, i Fip) aacp)dvoly
tlt=0 M
= / (anr, Ja (A, @) — d% Fip) aacpydvol
M

Since the Ly inner product is nondegenerate, we have that if A is a stationary point of Sy sy then:
Ju(A,®) — dyFiy = 0= d4Fiy = Ju(A, ®)
as desired. 0

Equations (3.1.30) and (3.1.27) are often referred to as the Yang-Mills-Higgs equations,
and they play a crucial role in studying the Higgs mechanism of the Standard Model. For our
purposes however, we will use them to build a theory of scalar electrodynamics.

We now go back to the case where P = R13 x U(1), but in addition we set W = C, and choose
the representation of U(1) on C given by standard complex multiplication. This implies that:

E=Px,C=R"“xC

as every vector bundle over R™ is trivial. Furthermore, we now choose to make explicit the
imaginary character of the connection one form and the curvature, i.e. we write in some global
gauge:

iAs =i(—Vdt + Mydx')  and  iFs =i(0,A, — 0,A,)dz" A dz”
Hence for ¢ € I'(E) we write:

(dA¢)u = u¢ + iAu¢
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and for ¢ € T'(E) we have:
(dAQE)u = #(;5 - iAuqz

where the induced representation of p, on F is given by conjugation. We also fix the following
inner product induced by the standard Hermitian inner product on C:

(6,08 = ¢
for all ¢,v € T'(E). Finally, we fix the following potential:
V¢, )p) = —m?[|* = —m*¢ - ¢
for some positive constant m, which can be interpreted as the rest mass of ¢.

Theorem 3.1.9. A complex scalar field ¢ which leaves Ly ng stationary satisfies the following
field equation:

ddadp = —m?¢ (3.1.31)
Given a global gauge, and the global coordinates (t,z,y, z) we can write this as:
(0, +iA,) (0" +iA*) —m?| ¢ =0
Proof. We see that by Theorem 3.1.7:
dydap = —m?¢
Fix a global gauge s, and the global coordinates (¢, x,y, 2):

(dad)s =d¢ +iAs
=(0,¢ + iA,¢)dx" (3.1.32)

With n =4 and k =t = 1 we have that by Definition 3.1.5:
d’y = xda*
Taking the Hodge star of (3.1.32):

*x(dad)s =— (049 + iArd)dx Ndy ANdz — (0x¢ + 1A d)dt Ady N dz
+ (8,0 + iAy@)dt Adz Adz — (9.6 +iA,d)dt A dx A dy

Applying the exterior covariant derivative:
(dA * quS)S Zd(*dA(b)S + 1A A (*dA(b)s
We will calculate each term separately, beginning with the exterior derivative:

d(xdag)s = [~ (020 + 10, A1) + (926 + 10, Ar))
+ (020 +i0,Ayd) + (02¢ + 0. A.¢)] dt A dx Ady A dz
=(0,0"p + 10, (A" P)) dt Ndx Ndy N dz

Calculating the second term:

iAy A (3dad)s =(—iAy, dad)dt A dz A dy A dz
=iA, (0" P+ iA*@)dt ANdx Ndy N dz

Taking the Hodge star of both terms we obtain:

(ddad)s = — (0,06 + i0,(A")$ + 2iA1, ¢ — AP A, )
= — (B +iA,) (9" +iAM)

hence:
(0, +iA,) (0" +iA*) —m?| ¢ =0
as desired. O
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We have already calculated a local expression for the current one form Jg (A, ®), however, in
the P = RY3 x U(1) case, the unwieldy expression given by (3.1.29) reduces tremendously. Indeed,
since ¢ € C*°(RY3,C), and:

p«(ionr )¢ = iand

for all icpr € QF(RY3iR), we have no need to introduce the gamma coefficients, as everything is
just scalar multiplication. With this in mind we see that:

(dadicn - @) g = id(0ud)at + Aot
hence:

2Re ({dad, ian - 8)p) =id(Oud)0* + 240" 66 — id(Dud)a"
= (i6(00) + 24,00 — i$(0,u0)) o

implying that the coefficients of iJy are given by:

Ty =i$(00) + 24,06 — i(0,0)
=i¢p (0 — 1Aud) — i (8 + iAs0)
=i (¢(dad), — 9(dad),)

Each J,, is real, as is easily verified, so:
iJg = iJ,dz" € QYR R)
For our purposes, we have little need to further deal with the complex field ¢, hence we set:
J = Juda" = —pdt + jpdx + jydy + j.dz

where we are interpreting J; as the charge density p, and J; as the components of the current
density j.

Corollary 3.1.1. The current one form iJg (A, ¢) € QY (RY3,iR) satisfies the continuity equation:
dxJg =0
Proof. First recall that for any iay, € QF(RY3iR):
d (i) = idaps

as U(1) is an abelian Lie group. Therefore, by Theorem 3.1.8

d*iF{ = iJy
Take the Hodge star of both sides to obtain:

*x (d*iF{) = *x(Jg) = d* (iF§y) = *(Ji)

Then, since dod = 0:

d*(iJg) =0
as desired. O

The corollary above gives us exactly what we had set out to obtain: a continuity equation that
is a consequence of our theory, not a priori. Furthermore, we can extract our initial continuity
equation by noting that:

dx(iJg)=i(d*xJ)=0=dxJ =0

We end the section by demonstrating that this Lagrangian reproduces Maxwell’s fields equations
due to a source.
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Theorem 3.1.10. With P = RY3 x U(1), and E = R'3 x C, the Bianchi identity, and the second
Yang-Mills-Higgs equation:

diF3) =0  and  d*(iF{) = iJu(A,®)
are equivalent to Mazwell’s field equations in a vacuum with an arbitrary source:

V-E=p VxE= -9,B
V.-B=0 VxB=j+9E

Proof. Let s be a global gauge, and F be the global curvature form on R"3 with components in
the standard coordinates given by Proposition 3.1.4. Our work in Theorem 3.1.5 already tells
us that the Bianchi identity implies:

VXE=-9B and V-B=0
Furthermore:
*d*(iF) = x*xdx (iF) = dx (iF)
Hence we wish to show that:
d* (iF) =*(iJ)

implies the other two Maxwell equations. From our work at the beginning of the section, we have
that:

*(iJ) =i (pdx A dy N dz — jedt Ady A dz + jydt ANdz Adz — j.dt Adx A dy) (3.1.33)
While our work form Theorem 3.1.5 implies that:

(d=*(iF)),,, =iV -Edzx ANdy Adz

Yz
Comparing the above with (3.1.33) we have that:
V-E=p

which is the first Maxwell equation. Furthermore, we have:

(d% (iF)),,. =i (~(V X B, + &E,) = ~ija
(dx (iF)),,, =i (V x B), — 0,E,) = ij,
(d* (iF)) 4y, =i (—(V X B). + O E.) = —ij.

which implies the fourth Maxwell equation:
VxB=j+ oE

as desired. O

3.1.5 QED Formalism

Now that we understand how scalar matter fields are incorporated to our field theory, we are ready
to explore how to write field theories which incorporate fermions, i.e. spinor fields. It is important
to note that spin is a completely quantum phenomenon, but we can offer a mathematical heuristic
in the classical limit. For integer spin, mathematically, all spin refers to is how the fields isometries
on R%#. For example spin 0 particles are scalar fields, whose value at any point in space time can’t
depend on the chosen coordinates. Furthermore, spin 1 particles are one forms (or vector fields),
and transform covariantly (contravariantly) under a change of coordinates. Higher order integer
spin n particles, then transform like rank (0,7n) (or (n,0)) tensor fields.

The case of half integer spin particles is mildly more intricate, and related to the spinor rep-
resentation of the group Spin™ (¢, s) on A;,,. For example, results from physics demonstrate that
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fermions”®, particles which have spin 1/2, are spinor fields, so sections of S = Spin™ (R**) X . A;4s.
Then since any bundle over R%* is trivial, we have the any spinor field ¥ can be written as:

V() = (z,9(x))

for some smooth map 1 : R — A, .. Spin 1/2 particles then transform under the spin represen-
tation by:

U(@) — ' (x) = K(g) - ¥(Mg) ')

Note that this is a different transformation property than the bundle automorphism on S induced
by f € 4(Spin™ (R%*)). Indeed we have that any g € Spin™ (¢, s) induces a transformation on the
base space as well given by the double covering homomorphism, so Spin™ (t,s) can act on R® as
well as the spinor part of the field. This is clearly necessary given our discussion in the previous
paragraph on integer spin.

Higher order half integer spin n/2 particles can then be obtained by the induced spinor rep-
resentation of Spin™ (t,s) on tensor products of Asys, however no higher order half integer spin
particles are known to exist. It follows that integer spin particles are fields which transform under
the induced standard representations of SOT(t,s), and half integer spin fields transform under
the induced spinor representations of Spin™ (t,s). When M is not R%*, but instead an arbitrary
pseudo Riemannian spin manifold, the above discussion only holds locally.

Obviously, to incorporate spinor fields into a Lagrangian, we need extra constraints on the base
manifold M, implying that such Lagrangians are harder to come by than the previous two we have
studied. We thus fix the following data:

+ An n dimensional (pseudo) Riemannian spin manifold (M, g).

- A spin structure Spin™ (M) on M.

« A principal G bundle over M with compact structure group G.

- An Ad-invariant inner product on g, and an orthonormal basis T for g.

« A complex representation p : G — GL(V) with associated complex vector bundle E =
Px,V.

+ A Hermitian G invariant inner product (-,-)y on V, with associated bundle metric (-, -)g
« A Dirac form (-, -) on the Dirac spinor space A,, with Dirac bundle metric (-, -)s.

We note that on the twisted spinor bundle S ® E, we can obtain a Hermitian scalar product
(-, )ser given for all U, & € (S® E), at all x € M by:

(U, 9)s05 = (¥, &) s - (1, 7))
where 7; is any basis for F,. We also set the following notation:
Ud = (U, D) ggp

Let € X 3 s be a local section U — S ® Ey, and let 7; be the local orthonormal frame of S ® Ey,
then, we can write that:

TP = Z Ui
i

Definition 3.1.15. The Yang-Mills-Dirac Lagrangian for a twisted spinor field of mass m
coupled to a gauge field is:

1
Lyupl¥, Al = — Z(F, Fip)aacpy — m{¥, W) sgp + Re (¥, DaV¥)sep)

N

== §<Fﬁ7Fﬁ>Ad(P) —mU¥ + Re (D4 V)

Just as before, this Lagrangian is gauge invariant:

38In full generality, fermions must be elements of S ® E so that they can be coupled to a gauge field, but in a free
theory of fermions the discussion holds. Generalizing this statement to section of S ® E is not difficult.
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Theorem 3.1.11. The Yang-Mills-Dirac Lagrangian satisfies:
Lymplf @, f*Al = Lrupl®, A
for all f € 9(P).

Proof. Note that Yang-Mills, and mass terms, are automatically gauge invariant by our work in
previous sections. We thus need to show that:

Dpoa(f710) = f71DaY
We see that since f € 4(P), f acts on Spint (M) x P by:

f((p,2) =, f(@) = (,q-07(q) = (p,q) - (e,07(q))

Since D 4 is independent of our choice of gauge, it suffices to check this locally. Let € X 5y s : U —
(Spin™ (M) X 3; P)y be a local gauge, then for some basis v; of V', and smooth maps ¢ : U — A,,,
we can write:

Uly = [e Xar 5,9" @ vy
Then:
fle X s(x)) = (e Xar s(x)) - (e,0(s(x)))
Denote the physical gauge transformation o(s(x)) : U — G by h. Then by Theorem 2.1.6:

fH Wy =[e X s 8, (k@ p)(e, h 1) @ vy
=[e Xar 5,9" @ p(h™ v

By Theorem 2.2.18, and our work in Lemma 3.1.3, we have that:
(f*A)s = Adh*1 o As + h*uG
We thus have for any local oriented and time oriented orthonormal frame e, of T'My that:

Dypea(f~1 - W)|y =Dya [€ X ar 5,9%" @ p(h™ )]
= [e Xar 5, Dp-at)’ @ p(h™1)¢]

We have that:
Dya(¥' @ p(h™)v;) =
i (A0 o) = (el T01 @ p(h o4 0 8 (A 0 ) + 1 (e ol o )
We note that by our work in Lemma 3.1.3, for all x € U we have:
d(¥' @ vi)(ea) = dy'(ea) ® p(h™1)vi + ¥' @ pu(uc(Dah(ea))) - p(h™" s
We can thus split Dy« 4(¢* @ p(h~'v;)) into a “spin” part:
Qg = il (dwi(ea) - iﬁbc(ea)Fb%i> @ p(h~ " ui

and a gauge part:

Q4= irawi(@ (P« (1 (Dzh(eq))) + pe(Adp-1 0 As(eq) + h g (eq))) p(h_l)vi
Our work in Lemma 3.1.3 tells us that the gauge part can be reduced to:

Qq = lTa?/’i ® P(hil)ﬁ'* (As(eq))vi
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hence:
Q4+ Qs = (k@ p)(e, h1)il* - (dwi(ea) ®v; — ifbc(ea)rbcw Qui+ ¢ ® P*(As(ea))vi>
Since:
d(') ®@ v; = d(p* @ v;)
it follows that:

Q4+ Qs =(k @ p)(e,h ") Da(y’ @ v;)

Therefore:
Dya(f~1-W)|u =[(e Xar 8), (k@ p)(e, ) Da(¥' @ vy)]
=" [e X 5, Da(y’ @ v;)]
=f~'-Da¥ly
implying the claim. O

Denote the sections of S® E with compact support by I'(S® E)¢. To define the Yang-Mills-Higgs
action, we need the following construction:

Definition 3.1.16. The L? inner product on (S®E)¢ with compact support denoted by (-, ) sg .12,
is given on all &, ¥ € T'(S ® E)¢ by:

<\I’,(I)>L2,S®E:/ <\I',<I>>S®Edvolg
M

Note that this is essentially the same construction as the L? inner product on differential k¥ forms,
and twisted k forms. In particular, a similar argument to Proposition 3.1.3 demonstrates that
this inner product is nondegenerate.

Given that d% is the formal adjoint of d4, it should not surprise the reader that we obtain a
similar, if not more convenient result for the twisted Dirac operator D 4:

Theorem 3.1.12. Let M be a manifold without boundary. If the Dirac form satisfies § = —1,
then the twisted Dirac operator is formally self adjoint with respect to the L? inner product on
I'(S ® E)°. In other words, for all ®,¥ € T'(S ® E)° we have that:

/<DA\I/,(I)>S®ECZ’UOZ :/ <\I/,DA¢>S®Ed’UOZg
M M

We will need the following sequence of lemmas to prove this claim:

Lemma 3.1.6. Let VA be a covariant derivative on an associated vector bundle E, then there exists
a canonical covariant derivative on E* defined implicitly for all ®* € T'(E*) and all ¥ € T(E) by:

(Vx®)(¥) = Zx (27(¥)) — 2" (Vx (V)

Proof. Note that if p is the representation of G on V', then there is an induced representation p’
on V* defined implicitly by:

(P'(9) - w)(v) = w(pg™) - v)
forall g e G, w € V*, and v € V. We then have that:
E*=Px, V* (3.1.34)

It follows by differentiating (p(exp(tX)) - w)(v) at t = 0, that the induced representation pl, : g —
End(V*) is also defined implicitly by:

(PL(X) - w)(v) = —w(pl(X) -v)
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We also see, for some:

" =[p¢7] and  V=I[p,9]
where 7(p) = x, ¢* € V* and ¢ € V, that the pairing:

O*(V) = ¢"(v)
is well defined. Indeed, for some g € G, we have that:
® =[p-g.p(g7") ¢ ] and  ¥=lpp(g) v

so:

(V) = p'(g7 8" (p(9)¥) = ¢* (¥)

It suffices to prove the claim in a local gauge, as the covariant derivative is independent of our
choice of a local gauge. Let s : U — Py be a local gauge, and ¢* : U — V* ¢ : U — V be smooth
maps. Then:

<
ES
<
=
=
I
<
*
>
=
+
Y
N
e
>
5
=
=

We note that:

hence:
(V&™) (¥) =d(¢* (1))(X) — " (dp(X)) — ¢* (pu(As(X))¥)
=d(¢*())(X) = 6" (V&)
It follows that:
(Vi[s,0™]) =d(¢* (¥))(X) — ¢* (V5 D)
=Zx(D*(V)) — (Vi D))
as desired. 0

Lemma 3.1.7. Let V be the Levi-Civita connection on (M, g), and w € Q' (M), then if Vw = 0,
w is closed, i.e dw = 0.

Proof. Note that by the preceding lemma, for all X, Y € X(M):
(Vxw)(Y) =Zx (w(Y)) —w(VxY)
Furthermore, we have that:
dw(X,Y) = Lx (w(Y)) — L (w(X)) —w (ZxY)
Since the Levi-Civita connection is torsion free:
w(VxY)=w(VyX) 4+ w(ZLxY)
However, since Vw = 0 we have that:
w(VyX) = Zy (w(X)) = (Vyw) (X) = Ly (w(X))
hence:

(Vxw)(YV) =Zx(w(Y)) = (& (w(X)) + w (ZxY))
=Zx(w(Y)) - Ly (w(X)) —w (ZxY)
—dw(X,Y)

but Vw = 0 thus for all X,Y € X(M):
dw(X,Y) =0

therefore w is closed. O
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Lemma 3.1.8. Let w € QY (M), x € M a point, and ey, ..., e, a local oriented and time oriented
orthonormal frame for an open neighborhood U of x such that (Ve;)(x) = 0 for alli. Let w; = w(e;),
and define w' = n'w;, where there is no summation as, in this frame g = 0, i.e. standard metric
on RYS. Then at the point x:

(rdxw)(@) = (~1)' 3 Lo,w'(2)
Proof. Let €' be the frame ¢ dual to e;, and is thus an orthonormal coframe. It follows that since
in this frame g = n:
9i5 = Nij = 77”

Furthermore,

We can find @; by:
wj = wle;) =we’ (¢;)
=W;Nij
=Wjnjj

implying that in this coframe:

n
w= Z win'e!
i=1

In a coordinate neighborhood around = € M:

dw; = 0j(w;)dax?
which for some matrix of functions such that:

de! = X,zek

can be written as:

dw; = 0j(wi) X} e" (3.1.35)

It follows from Lemma 3.1.1 that:

We now note that, by the Leibniz property of V, for all Y € X(M) :
(Vxe)(Y) =2Zx(e'(Y)) = e'(VxY)
=Zx(Y'el(ej)) — ' (VxYey)
=Y7e'(Vxe,)
hence at z € M:
(Vxe')(Y)=0
So by Lemma 3.1.7, (de®)(z) = 0. It follows that at x:

n
8wi j
= O kCil-im
i=1

d(*w) FANEl AN NN e
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unless k = 4, the term is zero hence:

n
Ow; , ,
1) =3 2 X R A A
i=1

where there is no second implied summation over ¢. Note that:

eNe' A NEEA e = (—1)" tdvol,

while:
€i1.5-m (_1)1_1
hence:
n
8(.di j
d(*w) = 2 &quid olg
1=

n 8w .
=(=1)¢ L x7
(rdxe) = (-1)' Y 54 x;
i=1
We thus need to show:
375 | (@)= Y L' | (@)
i=1 i
By (3.1.34) we have that since each w; just a function:
dw;(e;) = Lo,wi = nii 57 Xje

multiplying both sided by 7% implies that:

awi ; it
%Xij =n"ZLe, (wi)

and thus the claim. O

Lemma 3.1.9. Let (-,-) be a Dirac form such that § = —1. Then for fixed ®,¥ € T'(S® E), there
exists a one form w € QY (M, C) such that:

<DA(I>, ‘IJ>S®E — <<I>7DA\I/>S®E = (—l)t(*d*w)
Proof. We define w by:
wX)=(X -2, V) ser

Tt is clear that this defines a smooth, C°°(M) linear map X(M) — C*° (M, C), and thus w is indeed
a one form.

We will prove the result by showing that for all z € M the equality holds. It is a standard fact
from Riemannian geometry that for all € M there exists a local oriented orthonormal frame for
a neighborhood of x such that (Ve;)(z) = 0°’. Let e be such a frame for some xz € M, and for
some smooth section € X 5; s, such that A oe = e set:

D =[e Xy 5,0" @y and U = [e X 8,90 @y

for some smooth maps ¢’,¢" : U — A,,, and an orthornormal basis v; for V. We then have that:

wi=Y (¢ v)

J

39This result can be found in any text on Riemannian geometry.
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hence by Definition 2.2.20:

=D == (¢ )
J J
Note that:
O’ =D Oy ¢,
J
=3 (7w W) — (&4 D))
J

From Lemma 3.1.8 we have that:

"L Qwl

(—1)(xd *w) = 83:’“

i M: i

i

Z 7 O W) — (7 0?)) XE
J

(<7 g’ (eq), ¥7) — (&, " - di (eq)))

ey

where there is now an implied summation over i. We see that at x € M:

(Da®, W)som =3 (77 o/ (e),07) + (v 67, 07) {pu(Aale)) o5, 05)y

J
while:

(P, DaV)spr = Z <¢j,7i 'd¢j(€i)> — ("¢ ) (v, p«(Aa(es))vs)y

J
Since (-,-)v is G invariant, we have that at x:

(DaA®, W)sgr — (D, DaW)sgr = »_ (7' d¢’(e;), %) — (¢, " - dip (e;))
J
=(-1)"(xd xw)
Since this holds for all z € M we thus have the claim. O
We can now prove Theorem 3.1.12:
Proof. We have that by Lemma 3.1.9:
(DA®, W) 505 — (@, DaV)sor =(—1)"(xd % w)
Note that since *(1) = dvoly, we have that:
*((Da®,¥)sgr — (P, Da¥)segr) =((Da®, Vsgr — (2, D4V)sgr) dvol,
So:
(Da®, W) sor — (P, DaV)sgr) dvoly, =(—1)" % (xd * w)
Note that d x w is an n form, so by Proposition 3.1.2:
xok = (=1)*
hence:

(<DA‘1), \I/>S®E — <‘I), DA\I/>S®E) dVOlg :d(*w)
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It thus follows by Stokes’ theorem that:

/ <DA\I/,(I>>S®EdV01g - / <\IJ,DA‘I)>S®EC1VOIQ :/ <DA\I/, q)>S®E - <\I’,DA(I>>S®EdV01_q
M M M
:/ (d*w)
M
=0
implying the claim. O

We can now proceed in a similar manner to the Yang-Mills-Higgs Lagrangian. We define the
following action:

Definition 3.1.17. The Yang-Mills-Dirac Action is given by:
Symp|¥,A] = /.ZYMdeolg

The action can be viewed as smooth map from I'(¢)) X &/ (P) — R. It should be clear that the
action is real valued as the Lagrangian is real valued.

We want to obtain the field equation of the twisted spinor field ¥. To do this, we vary action
with respect to ¥, just as we did with a multiplet scalar field in Theorem 3.1.7.

Theorem 3.1.13. In addition to the the aforementioned fized data, let (M, g) be a closed manifold,
and § = —1 for the Dirac bundle metric {-,-)s. The variation of Sy prp with respect to a twisted
spinor field W yields the following field equation:

DV =mU
This is known as the Dirac Equation.
Proof. Let ® be any other section of S ® F, then:
Lymua|¥ +12, Al = Ly —m(U +tD, U +tP)sgp + Re((¥ + 1P, Da¥ +tDsP)ser)
We first see that:

(U 1D, +t®) g0 =(V, Wsor + tH{TD) so5 + H{PV)sor + O(t?)
=0, W) 50 + 2t Re((¥, ®) 56 5)O(t?)

While:
(U +t®, DAV +tDs®)sor =(V, DaV) sor + (DAY, ®)sor + ¥, DA®)ser + O(t?)
It follows that by Theorem 3.1.12:

d

pri OSYMD[‘I’ +t®, A :/ Re({DaV, ®)sgr + (¥, Da®)sgr — 2m(¥, @) sgp)dvol,
= M

=Re (/ (DAY, <I)>5'®E + (¥, DA(I)>S®E — 2m<\Il, <I>>5®Edvolg>
M
=2 Re </ <DA\IJ, (I)>S®E — m<\I/, (I>>S®Edvolg)
M
=2Re </ (Da¥ —mU, <I>>dvolg>
M

Since the L? inner product is nondegenerate, we have if ¥ leaves Sy y;p stationary, then:
Ds¥ = mU¥
as desired. O

To vary the action with respect to A we need analogues of Lemma 3.1.4 and Lemma 3.1.5.
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Lemma 3.1.10. Let aps € QY(M, Ad(P)) and ¥ € T(S® E), then there exists a canonical section
ay - P e F(S@E)

Proof. This proof is similar to Lemma 3.1.4, but instead also incorporates the Clifford multipli-
cation of forms. Note that any ¢ € A,, ® E can be written as the linear combination:

Y =1 @
for some ¢ € A,,, and v; € V. Tt follows that for all z € M:

where (p, q) € (Spin™ (M) X 5; P).. Note that aps € T'(T*M ® Ad(P)), and that T*M ® Ad(P) is
the associated vector bundle:

T"M @ Ad(P) = (SOT(M) X3 P) X, gaa (R"™ @ g)

where pls . is the representation of SO (t,s) on R"** induced by the standard representation of
SO*(t,s) on RYS. Tt follows that:

aM(x) = [(A(p)v(I)vwi ® Xl]

for some w’ € R%** and X; € g. Recall that there exists a bundle isomorphism F : T*M — T M,
given by:

W uugfl

As associated vector bundles, it follows that this map is given by:

F([A(p), w]) = [A(p),wn™]

where 7 is the pseudo Euclidean inner product on R**. Denote w_n~! by v, we thus obtain an
induced bundle isomorphism:

F:T"M ® Ad(P) — TM ® Ad(P)
[(A(p)a q)a wi ® Xl] — [(A(p)p7 Q)a Vyi & Xl}
where there is still an implied summation over i. We define aj; - ¥ point wise by:
(anr - W)e =(F(an) - V)

Since aps is Ad invariant:

Flan)(x) = [(Ap - 5),a- 9); psor (A(s™H))vwr ® Adg-1(X)]

We see that this construction is well defined as by Proposition 2.2.11:

[(p-5:q-9), (pso+(A(s) o) - (5(s™ 1Y) ® pu(Adg-1 X;)p(g) ™ vj]

[(,q) - (5,9), 5(s™1) - (v - 97) @ pg™") - pa(Xi)j]
(@) - (5,9), (5@ p)(5,9) " (Vi - 7 © pul(Xi)vy)]
[(p: @), vt - %7 @ pu(Xi)v5]

It then follows that ajs - ¥ by examining smooth sections of Spin™ (M) X ,; P, implying the
claim. 0

Lemma 3.1.11. There exists a unique twisted one form Jp(¥) € QY (M, Ad(P)) such that:
(aar, Jp(V)) aacpy = Re((¥, anr - ¥))ser

Proof. This follows from the same exact argument as Lemma 3.1.5. O
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We will not find a general local expression for Jp(¥), as we did for Jy (A4, ¥), but instead will
wait until we study this Lagrangian over R1'3 with G = U(1). We can now vary the action with
respect to A:

Theorem 3.1.14. In additions to the aforementioned fizxed data, let (M,g) be closed. Then the
variation of Sy pp with respect to the connection form A yields the following field equation:

S FS = Jp () (3.1.36)
called the Yang-Mills-Dirac Equation.

Proof. Let a € Q. (P,g)", then our work in Theorem 3.1.4 demonstrates that:

L/ma pa A
LyuulV,A+ta] = ) (Fir. FM>Ad(P) —t{daaw, FM>Ad(P)
—m(¥, ¥)spp + Re((¥, Datia¥)sor) + O(t)
In any local gauge we have that:
Dayia¥ =€ Xpr 8, Dattat)]

where:

1

Diaseats =1* (65(e0) + Loelean™s + po(Au(ea) + ts(ea))
=Datp + 7" pu(as(ea))¥

Note that if {e;} is the standard basis for R%*, and {e’} is the basis 7 dual to it then we can write:

as=e'®X;

where:

SO:
'Yaas(ea) :'Yaei(ea) ® X;

= Z Y Nai ® X
i=1

= Z'YiXi
i=1

It then follows that by Lemma 3.1.10:

[e X ar 5,7 pals(ea))¥] =D _le Xar 5,7 - ¥ © pe(Xi)v)]

i=1
=(an - ¥)ly
as e'_n~! = e;, and multiplication by e; is given by mathematical clifford multiplication. We thus
have that:
Dat1aV = DV +t(ay - V)
so:

<\I/, DA+ta\I’>S®E :<\I/, DA\IJ> + t<\11, (5N \I/>q/
We now calculate, and use Lemma 3.1.11 and Theorem 3.1.2 to obtain:

d
Zl, OSYMH[‘I’,A+M] :/ —(dacns, Fip)aacp) + Re((¥, aar) sgi)dvoly
= M

:/ —{anr, 4 Fip) aacp) + (@, Jp(¥)) aacpydvol
M

= [ (@, o) = a3 Fisagrydvl,
M
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Since the L? inner product is nondegenerate, we thus have that in order for A to be a stationary
point of Sy arm:

A} Fip = Jp(¥)
as desired. 0

Now that we have derived the Dirac equation, and the Yang-Mills-Dirac equation in full general-
ity, we are ready to restrict ourselves to the case where P = R xU(1), and S®E = R»* x (A4®C).
This restriction yields the classical Lagrangian and Field equations for QED; unfortunately, we are
not particularly well equipped to deal with this in great detail, as there is not much classically to
be done here. For those interested in the quantum aspects of this theory, we recommend Peskin
and Schroeder’s An Introduction to Quantum Field Theory, and Ticciati’s Quantum Field Theory
for Mathematicians.

Note that we have chosen V' = C as U(1) admits a representation on C which lines up with
our theory electromagnetism for scalar fields. In other words, the charged representation is one
dimensional, which lines up with electric charge in electromagnetism. Furthermore, we have have
Ay ®@C =2 Ay, as Ay is the complex vector space C* by Theorem 2.2.4.

We use the spinor representation of C1(1,3) on C* given by Example 2.2.5, and a Dirac form
A given by:

A =1il'1ToT;
We also have a decomposition into Weyl spinors:
Y =1vr+vL
given by the eigenspaces of the Chirality operator:
o= )
Finally, as in the previous section, we write in some global gauge:
iAs =i(—Vdt+ Mydx')  and  iFs =i(0,A, — 0,A,)dz" A dx”

where (t,2%) = (t,z,y, ) are the global standard coordinates on R3. Note that since all bundles
are trivial, every WI'(RM® x Ay) can be written as:

V() = (z,9(x))

for some smooth ¢ : RY3 — A,. This justifies examining solely maps like 2, in the following
discussion.

Proposition 3.1.6. In the global coordinates (t,x,y, z) the Dirac operator is given by:

Dyt :'Y'u (a/ﬂ/) + iAud))
=il (Oy + 1AL)

Proof. This follows from the fact that the one forms &, vanish per Example 2.2.8. O

We wish to calculate the Dirac equation in this simplified set up.

Proposition 3.1.7. The Dirac equation:
Dy =mi
for : RY3 — Ay is equivalent to:
[il'" (0, +1iA,) —m]y =0
Proof. This follows from Proposition 3.1.6. O

We now calculate the current one form:
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Proposition 3.1.8. The current one form iJp(v) is given by:
Ip () = — YTy
Proof. Let iap € Q(RY3,4R), then we see that:
ap = toydat
It follows that:
aym ! =ian™9,(da') @ 0,
=ia;n"'0,,
Therefore:
o - =iy, - o
=i o)
The inner product satisfies:
(0, i) = iy
We see that this real as by Definition 2.2.20:
(i D) =(iouy' -, 1)
= — (oA - 9)
:<w7 iai’YZ ' 1/}>
So since iq; is purely imaginary, it follows that 1%t is also purely imaginary. We note that:
iy = —ai T
where —I") must be real. We define:
iJp () = — i
and find that:
(ianr,idp(¥)) = — a, Ity
:iaud}yulb
implying the claim. O
Note that this implies that:
JD(#’)# = mw?/;FVﬂJ
= - ﬁuzﬂ?”pwrpi/)
= 5Z1/}Fp1/1
=—yIwy
The same argument to Corollary 3.1.1 tells us that iJp (1)) satisfies the usual continuity equation:

Corollary 3.1.2. The current one form iJp(1p) € QY (RY3,4R) satisfies the continuity equation:
d*iJp(yp) =0
Finally, our work in Theorem 3.1.10 gives the following result:
Theorem 3.1.15. The Bianchi identity, and the Yang-Mills-Dirac equation can be expressed as:

V'E:JD(w)O VxE:—ﬁtB
V-B=0 V xB=j+ oE

where j = (Jp(¥)z, Jo(¥)y, JID(¥)2).
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