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1 Introduction

The aim of this paper is to provide an introduction into
the theory of characteristic classes and its application in
theoretical physics. However, first, a brief introduction
into cohomology theory and fibre bundles is presented.
Our interest is the study of topological properties of
manifolds and its fibre bundles, that is the properties
of these objects as a whole, which are then related to
local properties coming from differential geometry. We
mainly follow [I] and [2] with the help of the other ref-
erences in certain sections as specifically noted.

1.1 Basic topological definitions

We begin by introducing a few definitions we will need
in this exposition.

Definition 1.1 Define the following.

(a) A relation R defined in a set X is a subset of X?:
R C X2. If a point (a,b) € X? is in R then we may
write a R b.

(b) A relation is called an equivalence relation ~ if
1t 18:
(i) reflective: a ~ a,
(ii) symmetric: if a ~ b, then b ~ a,

(iti) transitive: if a ~b and b ~ ¢, then a ~ c.

Definition 1.2 Let a set X have a defined equivalence
relation ~. Then, we have a partition of X into mu-
tually disjoint subsets called equivalence classes. An
equivalence class [a] is then:

[a] = {x € X |z ~ a}.

It can be shown that if a ~ b, then [a] = [b], that is, an
equivalence class does not depend on its representa-
tive. The family of all classes is called the quotient
space, X/ ~.

Definition 1.3 Define the following.

(a) A topological space X is connected if it cannot be
written as X = X1UX5 for X1 and Xo both disjoint
and nonempty.

(b) A topological space X is arcwise connected if, for
any points x,y € X, there exists a continuous map
f:00,1] = X such that f(0) =z and f(1) = y.

(c) A loop in a topological space X is a continuous
map f:[0,1] = X such that f(0) = f(1).

(d) A topological space X is simply connected if any
loop in X can be continuously shrunken to a point.

Definition 1.4 Let X and X be connected topologi-

cal spaces. X or (X,p) is called a covering space
if p: X — X is a continuous map such that:

(i) p is a surjection,

(i) Ve € X | AU C X, x € U connected and open,
such that p~1(U) is a disjoint union of open sets
in X, each one homeomorphically mapped onto U
by p.
If X is simply connected then it is called the universal
covering space of X.

1.2 Topological invariants

In topology the equivalence of two spaces is defined by
continuous deformations; if one can be continuously de-
formed into the other it is said they are topologically
equivalent. Therefore we define the notion of homeo-
morphisms.

Definition 1.5 Let X7 and Xs be topological spaces. A
map f: X7 — Xo is a« homeomorphism if it is con-
tinuous and has a continuous inverse f~!: Xy — X.
It can be shown that a homeomorphism is an equiva-
lence relation. If such a map exists, X1 and Xo are
said to be homeomorphic or topologically equivalent.

We are now interested in characterizing the equivalence
classes of homeomorphisms. It is highly nontrivial to
explicitly construct homeomorphisms between topolog-
ical spaces in general, therefore we construct quanti-
ties conserved under homeomorphisms called topolog-
ical invariants which if different indicate the spaces
in question are not homeomorphic. The complete set
of topological invariants, if known, would specify the
equivalence classes fully. One of the most popular topo-
logical invariants is the Euler characteristic which we
define now.

Definition 1.6 Let X be a subset of R, which is
homeomorphic to a polyhedron K. Then the Euler
characteristic x(X) is defined by:

X(X) =v—e+ fa

where v, e and f are the number of vertices, edges and
faces, respectively.



2 Homology and Cohomology

As we have seen, topological invariants are extremely
important in topologically classifying spaces. We now
build on the idea of Euler characteristics by introduc-
ing the homology group from which it will be trivial to
read out the Euler characteristic. On the other hand
we have manifolds and its fibre bundles on which differ-
ential forms are studied. In analogy with homology we
define the cohomology of forms. The relation between
homology and the cohomology of forms comes from de
Rham’s theorem stated later. Additionally to [I] and
[2], in this section [3] is used.

2.1 Preliminaries from group theory

Before we can delve into homology, a few definitions
and properties from group theory are necessary.

Definition 2.1 Let G be a group and H be a subgroup
of G. If g,g' € G we introduce an equivalence relation
~ such that g ~ ¢' if ¢ = gh, h € H. The equivalence
class [g] = gH = {gh|h € H} is called a left coset of
H. The quotient space G/H is a group if and only
if H is a normal subgroup of G, that is if

gHg ' =H, Vged.

Definition 2.2 Let f : G; — G2 be a homomorphism.
Define the:

(a) kernel of f
ker f = {z € G1| f(z) = 0},
a subgroup of Gy ;
(b) image of f:
im f = {z = f(g1) | f(G1) € G2,Vg1 € G1},
a subgroup of Gs.

Theorem 2.1 (Fundamental theorem of homo-
morphisms) Let f : G; — G2 be a homomorphism.
Then,

G1/ker f = im f.

Definition 2.3 Let G be a group. G is called finitely
generated if every element of G can be written as a
group operation combination of finitely many elements
of a finite set S C G, with elements of S the genera-
tors of the group.

Definition 2.4 If an Abelian group G is finitely gen-
erated by r linearly independent elements, G is called a
free Abelian group of rank r.

Definition 2.5 A cyclic group G is an Abelian group
generated by one element x:

G =10, +x,+2z,...}.

If nx #£0, Vn € Z— {0}, G is an infinite cyclic group,
otherwise it is a finite cyclic group. Any infinite cyclic
group is isomorphic to Z and any finite cyclic group is
isomorphic to Zy, for some 1 < k € N, otherwise trivial.

2.2 Chains, cycles and boundaries

Just as when we considered the Euler characteristic we
must now construct polyhedrons homeomorphic to the
topological space (manifold) we want to classify. To
do this we define the building blocks of a polyhedron —
simplexes in Euclidean space first and then generalize
to arbitrary manifolds.

Definition 2.6 Let points pg,...,p, be geometrically
independent points in R™ with m > r. An r-simplex
or ={(po...pr) is then:

xzzr:cipi, c; >0, zr:ci: 1}.

1=0 i=0

oTz{xERm

An oriented r-simplex (pg...pr) is an equivalence
class of even permutations of {po,...,pr} in (Po...pr).
Therefore,

(Piy ---pi,) =sgn P (po...pr),

where sgn P is the sign of the permutation of

{pi07-~'7pir}'

Definition 2.7 Let K be a set of a finite number of
simplezes in R™. K is a simplicial complex if the
following are satisfied:

(i) ifoc € K and o’ <o then o' € K;
& or both

(i1) if 0,0’ € K then either 0 N o’ =
cNo' <o andono <o

It is time to define chains and its subgroups: cycles and
boundaries. These are the key ingredients needed in
defining the homology group later.

Definition 2.8 The r-chain group C,.(K) of a sim-
plicial complex K is a free Abelian group generated by
I, oriented r-simplexes in K. C.(K) is defined to be:
{0}, Vr > dim KE Elements ¢ € Cr(K) are called r-
chains:

I
c= E CiOri, C;€ 7.
=0

IThe element 0 is understood as the identity element of an additive group, so {0} is the trivial group.



Definition 2.9 If 0, = (po...pr) is an oriented r-
simplex, then we define the boundary 0,0, of o, as
an (r — 1)-chain:

T

8TO'T = Z(*l)i(p0~~~piflpi+l~~'pr)7 VT’ > 0,
i=0

Oopo = 0.
Definition 2.10 Define the boundary operator ho-

momorphism 0, : Cp(K) — Cr_1(K) as a linear opera-
tor:

arC = ZCiarO'r,i c C»,‘,l(K)’ Cc = Zciar,i & CT(K)

The boundary operator is nilpotent, that is,
87« O 8r+1 =0.

Therefore the boundary operator defines an exact se-
quence called the chain complex C(K):

Or—1

0— Co(K) L O 1 (K) 25 - 25 0 (K) 225 0.

Moving from Euclidean space to general m-dimensional
manifolds, we have.

Definition 2.11 An  r-simplex on a m-
dimensional manifold (also called a singular r-
simplex) M is the equivalence class of pairs s, =

[(or, ©)], where o, is the Fuclidean r-simplex and
©:0-M, 0, COCR"

a smooth map over an open neighbourhood O of O'TE
defined by the equivalence relation:

(07”’ 0) ~ (x(or), @/)

for some affine transformation x of the Euclidean sim-
plex.

& =0 oy,

Definition 2.12 A linear combination of r-simplices
in M with real coefficients is an r-chain on an m-
dimensional manifold (or singular r-chain) c¢. The
space of all chains ¢ is the (singular) r-chain group
Cr(M) on M.

Definition 2.13 The boundary operator on a
manifold?] 9 : C.(M) — C,_1(M) is defined by the

© map as:

dc=20 (Z cism) = Z ;08 i,

0s, = 9(0(0,)) = 6(90,.).
As in the Euclidean case it too is nilpotent:

8% =0.

Definition 2.14 Let M be an m-dimensional manifold
and c € C.(M), then if

dc =0,

¢ is called an (singular) r-cycle. The set of all cycles
of a given r-chain is denoted Z,.(M).

Z, (M) =kerd, ={ce C.(M)|0c =0}

is a subgroup of Cr(M) and is called the (singular) r-
cycle group.

Definition 2.15 Let ¢ € C.(M), then if there exists
some d € Cry1(M) such that:

c=0d,

¢ is called an (singular) r-boundary. The set of all
boundaries of a given r-chain

B, (M) = imd,,,
={ceC.(M)|3d € Cr11(M); 8d = c}

is a subgroup of C.(M) called the (singular) r-
boundary group.

Theorem 2.2 If Z.(M) is the r-cycle group and
B, (M) the boundary group then:

By(M) € Z,(M) € C.(M).

2.3 Homology group

All the groups we have defined so far: B,.(M), Z.(M)
and C,(M) fail to be topological invariants. Therefore,
we must construct, out of these, a new group that will,
in fact, be a topological invariant. This turns out to be
the homology group defined below.

Definition 2.16 Let M be an m-dimensional manifold

and Z.(M) and B, (M) the r-cycle group and the bound-

ary group, respectively, then
H.(M)=Z.(M)/B.(M), 0<r<m

is the r-th homology grou;ﬂ Forr>mandr <0
we define the homology group to be H,.(M) = {0}.

21t is worth noting that this map may not be one-to-one in general and is thus not a triangularization of M, hence the term singular.

3The index of the boundary operator 8, and r-chain ¢, will be omitted wherever possible as it is usually implicit from context, this
notation choice is purely so the analogy with differential forms is more elegant since the exterior derivative operator is conventionally
written without an index, as will be shown below.



As we have seen in definition H.(M) is a set of
equivalence classes:

H.(M) ={[z]| z € Z,(M)},
defined by the equivalence relation:

z—2 € B.(M).

/

zn~Zz =

The equivalence class [z] is called a homology class
and z and 2’ are said to be homologous to each other.

Theorem 2.3 Homology groups are topological invari-
ants.

Definition 2.17 The r-th Betti number b,.(M) is
the dimension of the r-th homology group,

b-(M) =dim H.(M).

Theorem 2.4 (Euler-Poincaré) If M is an m-
dimensional topological space then:

X(M) = (=1)"b.(M),

r=0

where x(M) is the Euler characteristic from definition

L4

2.4 Stokes theorem and the de Rham
cohomology group

We now move our focus to the calculation of integrals.
As we know, only integrals of volume forms w(z) on
an m-dimensional manifold (maximal formsEL forms of
degree m), are well defined. Instead of integrating over
the entire manifold we can integrate over an r-chain
¢ € Cp (M), however as before this means that we can
only integrate r-forms. To define such an object our
aim is to define it via integrals over simplices in R".
Definition 2.18 Let ¢ € C.(M), w € Q" (M), o, be
an oriented r-simplez in R™ and © : o, — O(0,) = s,
be the map defining singular r-simplices in M, then we
define the integral of an r-form on M over an r-
chain in M :

o [ oS forse ] -

YiciSr,i 6(07‘1
chl/G*
—Zcz/f Ydat AL A da”

—chff

as O*w is an r—form imn R”.

Definition 2.19 If ¢ € C.(M) and w € Q"(M), then
we define an inner product ( , ) : Cp(M)xQ"(M) - R

as: . /Cw'

Due to the additivity of an integral with respect to the
domain of integration and the linearity of the operator,
this inmer product is bilinear,

c,w— (¢,

(c1+c2,wi+ws) = (c1,w1)+(c2,wa)+(c1,wa)+ (2, w1),

and non-degenerate with respect to the chain.

Now that we have defined integration over chains in M,
we can state one of the most important theorems of this

paper.

Theorem 2.5 (Stokes) Let w € Q"M

C.(M), then:
/dw:/ w
c dc

Or, written using the inner product just defined:

) and ¢ €

(¢, dw) = (Je, w).

Therefore, in the sense of this inner product, the exte-
rior derivative operator d and the boundary operator 0
are mutually adjoint.

Definition 2.20 Let M be an m-dimensional mani-
fold. Defined are the:

(a) r-th cocycle group:

Z"(M)=ker d, = {w e Q" (M) | dw = 0},

(b) r-th coboundary group:

B'(M)

im dr—l

= {we Q" (M

)T e QY dy = w)
Since d? = 0 it follows that B"(M) C Z"(M). It can

also be shown that:

(i) if w € Z"(M) and o € Z°(M), then w A €
ZT+S(M);

(ii) if w € Z"(M) and ¢ € B*(M), then w Ay €
B™ts5(M);

(iii) if w € B"(M) and ¢ € B*(M), then w A ¢ €
B™ts(M).

41t is implicit here that the coefficients of the r-chain are real numbers since our homology group is over a manifold, that is

H,(M)
the space in question.

= H,(M;R). However in general this need not be the case as the coefficients can be Z or even Zy elements depending on

5Volume forms other than being maximal, must also be globally defined and nonvanishing everywhere on M.



Definition 2.21 The r-th de Rham cohomology
group is the quotient group of the r-th cocycle group
by the r-th coboundary group:

H™(M) = Z"(M)/B"(M).

Forr > m and r < 0 we define the homology group to
be trivial, H"(M) = 0.

Just as homology, cohomology too is a set of equivalence
classes (cohomology classes):

H"(M) = {[w]|w € Z" (M)},
with the equivalence relation:
wr~w' & w-—w e B(M).

In complete analogy, w and w’ are called cohomologous.
It is not difficult to see the meaning of the 0-th cohomol-
ogy group HY(M). Since all forms of negative degree
are defined as 0 this implies that H°(M) = Z°(M), so
we are looking for all O-forms (scalar functions) on M
whose gradient is 0. These are of course the constant
functions of which there are R (every function is its
own class since B®(M) = 0), therefore for n connected
components there are n times R classes and the 0-th de
Rham cohomology group is:

H'M)=2 R@---®R

n connected components

Next is to show that the inner product from definition
induces an inner product A between elements of
H.(M) and H"(M).

Definition 2.22 Let [c] € H.(M) and [w] € H"(M).
Define the inner product A : H,.(M) x H"(M) — R:

Al fo]) = () = [ w
This product is well defined due to Stokes’ theorem:
(c+ 0 ,w) = (c,w) + (¢, dw) = (c,w), ¢ € Cri1(M),

(Caw + d"/)) = (C7w) + (3071@ = (Caw)a e Qril(M)v

since dw = 0 and dc = 0 as they are elements of a
cohomology and homology class, respectively.

Theorem 2.6 (de Rham) If M is a compact mani-
fold, then H,.(M) and H"(M) are finite dimensional.
Inner product A is then bilinear and non-degenerate.
Therefore, H"(M) = H.(M) are dual vector spaces.

Because of this isomorphism the dimensions are the
same:

b"(M)=dimH" (M) =dim H.(M) = b,.(M),

so the Betti number is the same with upper or lower
indices and the Euler characteristic:
m

X(M) = (=1)7b"(M).

r=0

The last point to make about the de Rham cohomology
group is the relation between H" (M) and H™ "(M)
given by the following.

Definition 2.23 (Poincaré duality) Define an inner
product { , ):H"(M)x H™"(M) = R,

<w,n>z/an.

This product is bilinear and non-singular and so defines
the duality H"(M) = H™ "(M).

This means that the Betti numbers are also the same
br == bm—rv

and that the Euler characteristic of odd-dimensional
spaces vanishes.

Definition 2.24 The cohomology ring of an m-
dimensional manifold M, H*(M) is defined as:

with the exterior product as the multiplicationﬁ

AN:H* (M) x H* (M) = H* (M), [w]Aln]=[wAn],

and the direct sum as the addition.

If we have a smooth map between manifolds f : M —
N, then its pullback f* : Q"(N) — Q"(M) natu-
rally induces a linear map H"(N) — H"(M) since
the pullback map commutes with the exterior deriva-
tive, f*d = df*. This linear map also preserves
the algebraic structure of the cohomology ring since:

frlwnAn) = frwn f.

3 Lie groups and Lie algebras

Groups are extremely important structures in almost
all areas of physics and mathematics and are so also in
the study of characteristic classes. The most important
type of group relevant to this topic is the Lie group
defined next.

6This product is well-defined because if we chose w’ = w + di) as the representative,

WA = [(w+ dy) Anl = [wAn+ d(y An)] = [wAn],

since 7 is closed (as is w).



3.1 Lie groups

Definition 3.1 A Lie group G is a group that is also
a manifold, such that it is compatible with the smooth
structure of the manifold; the following maps must be
smooth.:

(a) composition:

0:GxG—G, (g91,92) — g10° ga,

(b) inverse:

1

1G>G, g—gh

It is useful to note that the set of all transformations of
an arbitrary set X constitute a group with respect to
the composition of transformations. If we add structure
to this set (X, s) then all transformations that preserve
s (automorphisms)[] form a group G, a subgroup of the
group of all transformations of set X. A few important
examples of these are given below.

Example 3.1 Let (X,s) be a (finite-dimensional)
(complex) real vector space V. The group of automor-
phisms of V: AwtV = GL(V). It is the group of in-
vertible linear operators on'V and is (non-canomcallyﬁ
isomorphic to (GL(n,C)) GL(n,R), the group of non-
singular (complex) real n X n matrices.

Example 3.2 Let (X,s) = (V,g) be a vector space V
with a defined bilinear map g : V xV — R that is sym-
metm’tﬂ and non—degenemtﬂ (a metric tensor in V)
with signature (r,s). The group of automorphisms of
this structure (invertible linear operators A that satisfy:
g(Au, Av) = g(u,v)) AwtV = O(r,s) is the pseudo-
orthogonal group isomorphic to the pseudo-orthogonal
matrix group.

Example 3.3 Let (X,s) = (V,w) be a vector space V
with a defined volume form w. The group of automor-
phisms of this structure (invertible linear operators A
such that: w(Avy, ..., Av,) = w(uy, ..., u,)) is denoted
SL(V) (isomorphic to SL(n,R)) and called the special
linear group of V.

The following can be shown for A € O(r, s):
(i) det A = +1;

(ii) there is a bijection between the two connected
components of O(r, s); det A =1 and det A = —1;

(iii) the det A =1 component is a subgroup of O(r, s)
designated SO(r, s) and called the special (pseudo)
orthogonal group;

(iv) SO(r,s) = O(r,s) NSL(r + s, R).

Example 3.4 Let (X,s) = (V,0) be a vector space V
with a defined orientation. Then G, the group of auto-
morphisms (those invertible linear operators A such that
if E = {eq} is a right-handed basis, then E' = {Ae,}
is also a right-handed basis), is denoted GL4 (V') (iso-
morphic to GLi(n,R), the matriz group of n x n real
non-singular matrices with det A > 0, A € GL(n,R)).

It is known that complex numbers can be written as
elements of R?, the same can be done for elements of
C" in R?". Define the map p:

p: GL(n,C) — GL4(2n,R),

- B —C

p is then an injective homomorphism with imp C
GL(2n,R). C" can also be thought of as R?" with a
linear complex structure, this is because ¢, the imagi-
nary unit, commutes with real numbers and is distribu-
tive with respect to vector addition. Therefore, we can

write{™]
GL(n,C) = {A € GL(2n,R) | AJ = JA; T = (° ~5")}.

Theorem 3.1 (Cartan) Any topologically closed sub-
group of a Lie group is a Lie group.

Theorem 3.2 The universal covering of a connected
Lie group is a Lie group.

We now move our attention to invariant fields of Lie
groups and define the following.

Definition 3.2 For any element g € G we define:
(a) left translation L, : G — G, h — Lsh = gh;
(b) right translation R, : G — G, h+— Ryh = hg.

7An automorphism is an isomorphism from an object onto itself. See section

8 A map is canonical if it is uniquely determined by construction.

In linear algebra, the most important example of a non-canonical isomorphism is the isomorphism between a vector space V and
its dual space V*. This isomorphism depends on the choice of a basis in V.
In topology, non-canonical isomorphisms often arise between bundles because the fibres of bundles are homeomorphic but the home-
omorphisms are not canonical; the canonicity of the homeomorphisms between fibres implies the triviality of the bundle. Therefore,
the homotopy and homology groups of different fibres are isomorphic, but the isomorphisms are not always canonical because the
products of the base and the fibres may be twisted. [3]

91f g is, instead, antisymmetric (a non-degenerate 2-form in V*), then the group becomes the symplectic group Sp(m,R), where V/
must be even dimensional (dim V' = 2m).

10Non-degenerate in the sense that if g(u,v) = 0, Yu € V, then v = 0.

111 A anticommutes with J then it corresponds to an antilinear operator on C", so any matrix in GL(2n,R) corresponds uniquely

to a sum of a linear and an antilinear operator on C".



Translations are diffeomorphisms with the following
properties:

Lgh :LgOLh Rgh ZRhORg;
-1 -1
Ly =Lg R;" =Ry
Since L, is a diffeomorphism (for each g), L7, its pull-

back, can be applied to any tensor field on G with the
result being in G again. Therefore of interest are fields
that remain unchanged under this pullback.

Definition 3.3 A tensor T on a Lie group G is said
to be left-invariant if

LiT=T, YgeG.

Left-invariant fields are smooth and uniquely specified
by their value at a single point in G.

Three points can be made for T € Tp2(G), a left-
invariant tensor field generated by (say) its value at
the identity e:

(i) since T is completely determined by T'(e), there is
an isomorphism between the space of all (p, q) ten-
sors at e ((7e)?) and the space of all left-invariant
(p, q) type tensor fields on G,

(ii) because of this isomorphism the dimension of the
space of all left-invariant (p, q) type tensor fields
on G is (dim G)PTY;

(iii) the space of all left-invariant scalar functions is
the space of all constant functions on G.

It is useful to look at left-invariant vectors and 1-forms
in more detail.

Example 3.5 Let {E,} be a basis of T.(G) and denote
by {e.} the set of left-invariant vector fields generated
by {E.}, €a(9) = Ly E,. Then:

(i) {ea} is a global frame field on G,

(ii) therefore any Lie group must be parallelizable and
orientable;

(#i3) left-invariant wvector fields V. = V%, have
constant components (V) with respect to left-
mwvariant frame fields.

Example 3.6 Let {E®} be a basis of TX(G) dual to
{E.} and denote by {e} the set of left-invariant 1-form
fields generated by {E“}, e*(g) = (L;')*E*. Then:

12 Two trivial examples are consequences of this:
(@) G=UQ): 57 fla+ B)da = [§7 f(a)da;

(b) G=GLULR): [ fan)® = [ f()e.

(i) {ea} is a global coframe field on G;
(ii) {ea} and {e®} are dual to each other;

(ii1) left-invariant 1-form fields w = wqe® have

constant components (w,) with respect to left-
imwvariant coframe fields;

(i)

if and only if iyvw = const. for all left-invariant
vector (1-form) fields V' (w) then w (V') is left-
1mvariant too.

Theorem 3.3 Let f : G — H be a homomorphism of
Lie groups and w a left-invariant form field on H, then
f*w is a left-invariant form field on G.

Definition 3.4 If G is a Lie group then a left-
invariant volume form always exists and is defined

uniquely up to a non-zero constant factor:
wr=Xel A A€e", 0#NeER,

where {€*} is a left-invariant coframe field and n =
dim G.

Then, the integral

/G fur, = /G (fo Lywr

is called left—invariant@

3.2 Lie algebras

Definition 3.5 A Lie algebra g is a vector space over
a field K together with the Lie bracket map [ , | :
g x g — g, that is antisymmetric, alternating, bilinear
and satisfies the Jacobi identity:

[(v.W],U] + [W.U), V] + [[U, V], W] =0.

Definition 3.6 Let X,Y € T.(G) = g and Lx,Ly €
XL(G) so X = Lx(e) and Y = Ly(e)E We define
the Lie bracket on g as the value of the commutator of
vector fields Lx and Ly at e:

[Xv Y] = [LXv LY](6)7
or alternatively as:
Lixy) = [Lx, Ly].

g together with this Lie bracket now defines a Lie al-
gebra called the Lie algebra of (associated to) Lie
group G.

One can also define a right-invariant volume form and, consequently, a right-invariant integral over G. Which does not, in general,

coincide with the left-invariant integral.



Lie algebras of Lie groups (usually called just Lie alge-
bras for short) have the following property: if {E,} is
the basis of a Lie algebra g (also called the generators
of g) then they satisfy:

[Eau Eb] = C;bEc7

where C¢, are called the structure constants of g.
Structure constants:

i) constitute components of a left-invariant tensor
p
field:

1
C=5Cu (" NeP) ®@e. € Q1 (G) @ XL(G);

(ii) are anholonomy coefficients of left-invariant frame
fields and since left-invariant fields are uniquely
defined by one point (e) it follows that structure
constants contain almost all information about the
Lie group G;

(iii) satisfy the Maurer-Cartan structure equation:
a 1 a b c
de® + iCbce Nec =0

(iv) satisfy:

Cf

d
d[aCbC] — 0

Definition 3.7 If G is a Lie group and g its Lie alge-
bra then we define the g-valued canonical or Maurer-

Cartan 1-form 0 € QY(G,g) by:
0:T,G—+T.G=g; X (L;").X, XeT,G.

This Maurer-Cartan one-form has the following prop-
erties:

(1) it is left-invariant Lg.0 = 0;

(if)

if {E,} is the basis of g and {e®} the left-invariant
coframe field, then # can be written as:

0 =e"Ey;

(iil) it satisfies the Maurer-Cartan equation:
d9+%[9/\0} =0,
where we define for w,n € Q'(G, g):
wAn = (@A) @ [Ea, B].

Definition 3.8 One-parameter subgroups are
curves y(t) on a Lie group G defined by the property:

(s +1t) =7(s)y(t), ~(0) =e,

It can also be thought of as the image of the homomor-
phism v : (R, +) — G.

s,t € R.

Now, we have a one-to-one correspondence between the
following concepts:

(i) element X of a Lie algebra g of group G;
(ii) left-invariant vector field on G generated by X;

(iii) one-parameter subgroup with 4(0) = X.
Definition 3.9 An exponential map is defined by:

exp:g— G, X —expX =~%(1),

where vX (t) is the one-parameter subgroup generated by
X eg.

Because the one-parameter subgroup satisfies:
X (kt) = ¥*X(t), for k € R, we can express the one-
parameter subgroup via the exponential map:

X (t) = exptX,

which means one-parameter curves correspond to
straight lines in g. The exponential map has also the
following properties:

exp0 =ce,
exp—X = (exp X) 1,
exp(s +t)X =expsXexptX.

Definition 3.10 Let f : G — H be a homomorphism
of Lie groups, then the map

ffrag—=h,

is called a derived homomorphism of Lie algebras.

X (X)) = £.X

Definition 3.11 An ideal i of Lie algebra g is a subal-
gebra such that the Lie bracket of any element in i and
g is again an element of i, [i,g] C iE

Definition 3.12 Define (inductively) two descending

chains of subalgebras:

(a) lower central series:

De=19.9l, Zno =9, Zk19};

(b) derived series:

P2'a=[g.0, Z2"g=[2""'9, 7" g

Before we move on to actions we give a rough classifi-
cation of Lie algebras.

Definition 3.13 Lie algebra g is:

13X (M) denotes the space of all vector fields on a manifold M. The index L in X7,(G) indicates the subset of all left-invariant vector

fields on the Lie group G.

14The symbolic Lie bracket of two Lie algebras a and b: [a, b], designates also all linear combinations of such brackets.



(a) nilpotent if P.g = {0} for some k;
(b) solvable if P*g = {0} for some k;

(c) perfect if the commutator subalgebra P9 = P1g =
P'g=g;

(d) simple if g has no non-trivial ideals and dimg > 1;
(e) semisimple if g has no non-zero solvable ideals.
Note here that no semisimple Lie algebra can ever be

solvable.

3.3 Representations

Since representations fall into the much more general
category of actions, we therefore define actions in gen-
eral first. Using also [4], [5], [6], [7] and [8].

Definition 3.14 Let G be a Lie group and M a man-
ifold, then the (right) left action of G on M is a
diffeomorphism (Ry) L, such that Vg, h € G:

Ly:M—M
Ry:M—M

Lgn = LgyoLy
Rgh = Rh ORg

L. =idas;
R, =1id),.

Actions can also be thought of as maps L, R: G x M —
M that satisfy:

L(g,z) =L
R(g,z) = Ryx

g L(gh,z) = L(g, L(h,x));
g

R(x,gh) = R(R(x,g),h).

A manifold M with a (right) left action of group G is
called a (right) left G-space.

Definition 3.15 If M is a G-space, then if any two
points on M can be connected by an action of G, the
action is called tramsitive. A G-space with a transi-
tive action is called a homogeneous space.

Definition 3.16 Let M be a G-space and x € M. The
subgroup G, C G that contains only elements g € G
that leave a point fized is called the stabilizer or little
group (or stationary subgroup) of x. In other words,

Gy ={9€G|Lygx =2z} or Gy={g€G|Ryx=u},
depending on whether it is a left or right G-space.

Definition 3.17 An action of a group on a G-space M
1s free if the stabilizer of every point is trivial,

Vee M, G,=/{e}

and effective if there exists at least one point in which
the stabilizer is trivial,

JxeM, G,={e}.

Before moving to representations we define one very im-
portant object of an action, the fundamental field.

Definition 3.18 The fundamental field (or genera-
tor) of the right action Ry on a manifold M is o vector
field defined for X € g and p € M as:

d

fX(p) = @Rexp txXp = 7(0)3

t=0

v(t) = pexptX.

Now, if we restrict ourselves to manifolds that are vec-
tor spaces V', actions on such manifolds are a very spe-
cial class of actions called representations defined be-
low. Before this, however, it is important to clarify the
spaces associated to linear maps of spaces onto them-
selves. Endomorphisms are maps from an object onto
itself, the set of all endomorphisms of an object V,
End V, is naturally endowed with an associative algebra
structure. Endomorphisms that are invertible are called
automorphisms, Aut V', and have a group structure in-
stead. Therefore, if we are interested in linear maps that
are homomorphisms from a Lie group G, they cannot
be to EndV but to Aut V' C End V instead.

Definition 3.19 A homomorphis
p:G—AutV =GL(V) CEndV, p(99') = p(g)p(9)

is called a representation of group G in vector
space V. The dimension of V is called the dimen-
sion of representation p. Thus, a representation is
a left linear action.

As was needed for representations of groups to have
group structure which lead to automorphisms, endo-
morphisms constitute an associative algebra and are
thus used to represent Lie algebras.

Definition 3.20 A representation of a Lie algebra
g in a vector space V 1is a maﬂ

f:g—EndV =gl(V)
satisfying two linearities:
JIXHAY) = f(X) + Af(Y);
FIXY]) = [f(X), f(V)] = F(X)F(Y) = fF(V)F(X).

As expected, linear operators, representations of basis
vectors of g (generators of the representation), p; =
f(E;), satisfy the same commutation relations:

[Ea, Eb] = CCbEc :>

a

C

[p:m p;)] = Cabpé'

Definition 3.21 Let G be a Lie group and p its repre-
sentation, then the derived homomorphism p':

p(expX) =expp'(X), p(X)= %exp(tX)

is a representation of g and is called a derived repre-
sentation of g.

t=0

151f G is a Lie group, then, obviously, the representation map G x V — V, (g,v) + p(g)v must be smooth.

16 A Lie algebra homomorphism.



Definition 3.22 Let p : G — AutV be a representa-
tion of Lie group G. Define p: G — Aut V*E

(plg)w, X) = (w, p(g~ 1) X),

called the dual representation.

weV*, XeV,

If we define a basis {v,} and {v*} of V and V* respec-
tively, and {E;} of g, then a representation of G and its
dual, and the derived representation and its dual can
be expressed as matrix elements:

= (A7)t

a b
~Ppi¥ -

p(g)va = Abvy = (9)

U(l
P (Ei)v"

P (Ei)va = PZz‘Ub =

Definition 3.23 A representation p of Lie group G (or
p' of Lie algebra g) is said to be faithful if p : G —
AutV (or p' : g = EndV) is injective. If a represen-
tation is faithful then G is isomorphic to the subgroup
imp C Aut V[

Definition 3.24 Let G be a Lie group with representa-
tion p in an inner product space (V) h). If action p and
the inner product h are compatible in the sense that:

h(p(g)v, p(g)w) = h(v,w),

then h is said to be a p-invariant inner product.

v,weV, geQq,

If we have a p-invariant inner product h of type (r, s)
in V, then it can be shown that operators p(g) must be
(pseudo) orthogonal,

p:G—0O(r,s) = Aut(V,h) CAwtV, r+4+s=dimV.

Obviously operators of the derived representation of g
must satisfy:

h(p (X)v,w) = =(v, ' (X)w), X €g,

and are therefore (pseudo) antisymmetric operators,
pig—o(r,s) CEndV.

Expressed in matrix notation (in a defined basis) this
means:

Pabi = —Pbai Pabi = hacpgi-

In case of a complex inner product space, instead of the
orthogonal representation, we get the unitary represen-
tation of G and derived antihermitian representation of
g.

17Here we have used the bracket notation for contraction (w, X) =

Definition 3.25 Let (p,V) be a representation of
group G. Define an invariant subspace W C V as
one that is closed with respect to all transformations of
representation p,
pP(GWCW o weW=plgweW, Vgea.
If W can only be trivial (W =V or W = {0}) then
(p, V) is said to be an irreducible representation
otherwise it is called reducible. Furthermore, say
there exists a non-trivial invariant subspace W, if there
exists another invariant subspace W such that it is the
complement of W: V.= W @ W, then (p,V) is called
completely reducible or decomposable.

A few properties on the reducibility of representations
of Lie groups:

(i) reducibility or complete reducibility of p carries
over to the derived representation p’;

(ii) if there is a invariant inner product then reducibil-
ity necessarily implies decomposability;

(iii) for compact groups reducibility necessarily implies
decomposability.

Definition 3.26 Two representations (p1,V1) and
(p2,Va) are said to be equivalent if there exists an
isomorphism A such that:

p2(g9) = Ap1(9)A~", Vg eG.

This implies that if V' has a p-invariant inner product,
then the dual representation p is equivalent to the rep-
resentation p itself.

Theorem 3.4 (First Schur’s lemma)lﬂLet (p1, V1)
and (p2, Va) be two irreducible representations of group
G and A a linear map such that:

AV = Vo, Api(g) = pa(g)A.
Then:

(i) either p1 and ps are inequivalent and A = 0 or
they are equivalent and A is an isomorphism;

(i) if p1 and py are equivalent complex representations
then A is unique up to a scalar factor € C.

ixwfor X € Vand w e V*.

18A well known, however, rarely emphasised, faithful representation is the (non-canonical see footnote on page @) isomorphism
between the abstract general linear group GL(V) (where V is an n-dimensional vector space above field K) and GL(n, K), the
space of all n X n invertible matrices. Because this representation is faithful a distinction between these spaces is very rarely made
and matrices, elements of GL(n, K), are understood as group elements of matrix group GL(n, K). The same is valid for the
corresponding Lie algebra gl(n, K) that consists of all n X n matrices. [12]

191t is important to note that Schur’s lemma applies to any family of operators that act irreducibly and commute with the whole

family, not just representations of groups.
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Theorem 3.5 (Second Schur’s lemma)ﬂ Let
(p, V) be an irreducible complex representation and A a
linear operator in V' that commutes with all operators
of the representation:

[4,p(9)] =0, VgeG.
A must then be of the form:
A=X1, XeC.

Definition 3.27 Define the conjugation map I, : G —
G (a bijective homomorphism) which maps h — ghg™1.

The derived homomorphism
Ady =14 : G — Autyg

or,
1

expAdy X =gexpXg™', X eg;

s a representation called the adjoint representation
or inner automorphism.

Since the adjoint representation uses g as the carrier
space it is not only linear but also preserves the Lie
bracket,

Ady[X,Y] =[Ady X,Ad, Y], X, Y eg.
Adjoint representations arise when right-translating left
invariant objects and when considering relations be-
tween right and left-invariant fields. Let Lx be a left-
invariant vector field generated by X at e € G, also let
{E;} and {E'} be bases of g and g*, respectively, and
{e;} and {e'} the corresponding left-invariant frame and
coframe fields. Then the following holds:

LyLx =Lx RyLx = Laq, x,
or for the frame and coframe fields:

Rzei = (Adg)z‘eﬁ
Rie' = (Adg-1)le;.

LZei = €;

LZ(zi =¢;

If 6 is the Maurer-Cartan 1-form on GG then we have:
L;G =0

R;H =Ady1 0

(L;6")E; = 0'E;
(R;0")E; = (Ady—1)507 E;.

Definition 3.28 Let p = Ad be the adjoint represen-
tation of G in g, then the derived adjoint represen-
tation ad is:

P =Ad =ad:g— Endg, Adepx =expady.

This is a representation of g in g with the following
properties:

(i) adx Y = [X,Y];

11

adx+ay = adx + Aady;
ad[x y] = [adx,ady];

if {E;} is a basis of g then the representation ma-
trix elements are given by the structure constants
of g:

adp, E; = (adg,)YEy, = C}Ey.

Definition 3.29 If G is a Lie group and g is its Lie
algebra, then we define a bilinear symmetric form K :
gxg—R
K:(X,)Y)~ K(X,Y) =tr(adx ady)
= (F' adx ady E;),

where E; and E' are basis vectors of g and g* respec-
tively. K s called the Killing-Cartan form.

The Killing-Cartan form has very useful properties:
(i) the matrix components in basis F; € g
kij = K(E;, E;) = CfiCly

satisfy:

kij = (Adg)L(Adg)] = kys;

K(X,Y) is invariant to all automorphisms of

group G,
K(AX),A(Y))=K(X,Y), AcAutg

(including Ad-invariance: A = Ad,);

Ad-invariance can be stated in infinitesimal form

(iii)

as: K(adz X,Y) = —K(X,adz Y),
or: K([Z,X),Y)=-K(X,[Z,Y)),
or:

Ciji +Cjir, =0, Cyp = kilcjl'k;
we can therefore construct a 3-form with compo-
nents Cjji:
C=1Cu B AEAEF
= g3y Ciik AV AW I
that is also Ad-invariant,

C(Ad, X,Ad, Y, Ad, Z) = C(X,Y, Z).

The Killing-Cartan form is not always non-degenerate,
however, and does not always define an invariant scalar
product in g.

Theorem 3.6 A Lie algebra g is semisimple if and
only if:

(i) (Cartan’s criterion) the Killing-Cartan form on
g is non-degenerate;

(ii) g = g1 - -Bgm, where g; are simple Lie algebras.



Theorem 3.7 A Lie algebra g is solvable if and only
if its Killing-Cartan form K satisfies:

(i) (Cartan’s criterion)

K(X,)Y)=0, VXeg VY €[g g

(ii) K(g,7g) = 0;

(’LZZ) K(adX7adX):0, VX €g.

We are now interested in the tensor field induced by the
Killing-Cartan metric in g (if g is semisimple). Since K
is non-degenerate so must the tensor field be, thus we
have a metric tensor on G: K. K is by construction
left-invariant, however, it is also right-invariant:

szijei@)ej, kij EK(E“EJ),

LK=K, RK=K.

Returning to volume forms, let wy, = e' A --- A e™ and
wr = fYA - A f™ be left and right-invariant volume
forms (we denote the right-invariant coframe field by
{f%}). It can be shown that they are related by:

wr(g) = det Adgwr(g).

Theorem 3.8 Let G be a compact Lie group. All
(right) left-invariant volume forms are also (left) right-
tmvariant.

Theorem 3.9 There always exists a positive-definite
Ad-invariant metric tensor on the Lie algebra of a com-
pact Lie group.

Definition 3.30 A Lie algebra with a positive-definite
Ad-invariant metric tensor is called a compact Lie
algebra. Compact Lie algebras correspond to compact
Lie groups.

And lastly, we move our focus to the dual Lie algebra

g*.

Definition 3.31 Let G be a Lie group and Ady its ad-
joint representation. The coadjoint representation
Ad; is then the dual representation to Adgm

(Ady X*,Y) =(X",Ad,1Y), X" cg" Yecg

The coadjoint representation has the following proper-
ties:

(i) if there exists a non-degenerate Ad-invariant
scalar product in g, then the coadjoint represen-
tation is equivalent to the adjoint;

(i) Adj Ei= Ej(Adg—l)é-;
(iii) in the derived representation ad the generators
are given by:
<ad§( Z*aY> = _<Z*a [Xa YDv
adj, B’ = (ad}, )i E* = —CJ, E".

To finish off this section we go back to actions of groups
on manifolds. Let £x be a fundamental field on man-
ifold M, then it can be shown that £x behaves with
respect to the right action as:

Riéx =éaq, x, Riép = Ri& = (Ady)lg;.

Two statements are valid:

(1) [€X7£Y] = g[X,Y]a [5275]] = Czkjé-kh

(ii) the prescription X — p'(X) = £x is a representa-
tion of the Lie algebra g in F(M) = 72(M) ]

Definition 3.32 Let A € 7] (M) be a tensor field on
a right G-space M, then the prescription

A p(g)A=R;A, A p/(X) = £ A

defines a representation of G in T (M) and the derived
representation of g@

Say we have a set of N tensor fields A* € T (M),
a =1,...,N such that upon the action R} of G they
mix only amongst themselves and this mixing is defined
by matrix rf: R} A®* = r{(g)A®, then:

(i) the prescription g — rf(g) is a right action (an
antirepresentation);

(ii) the prescription g — r(g~') = p¥(g) is a repre-
sentation;

(iii) if A® is a component of a V-valued tensor field
then p is a representation in space V with basis
{E.}: p(g)E, = pl(g)E}p then the right action is:

(RgA")Eq = A*(p(g™" ) Ea)

)

RyA® = fy(g7")A".

201t is important to note that, had we defined the coadjoint representation by:

(AdE X*,Y) = (X*,AdgY),

we would have arrived at a right linear action and Ad; would, therefore, have been an antirepresentation (one where the commutator

has opposite sign).

211t is actually just the derived representation of the representation of G in F(M) defined by the prescription: 1 — p(g)y = 1 0 Ry.
This representation also has an interesting property, it preserves the product: p(g)(v¢) = (p(9)¥)(p(9)9).
22The Lie derivative is denoted as £x : T (M) — T (M) for X € X(M).



Definition 3.33 Let A be a (V, p)-valued tensor field.
If A satisfies:

* ~ro—1
Ry A= p(g7 )4,

then it is called o tensor field of type p.

We can now explicitly state the representation p for
(V, p)-valued tensors in 7. (M, V).

Definition 3.34 The prescription:

p(g) = plg) o Ry = Ry @ p(g)

=

p(9)A = p(9)(A"Es) = (R;A")(p(9) Ea)-

is the representation of (V, p)-valued tensors in

T (M, V).

It then follows that tensor fields of type p are just fields
that are invariant with respect to representation p,

plg)A = A.

The derived representation of p is then:

p(X) = Lex+ P/ (X)

)

§(X)A = p(X)(A“E,) = (£ey A")E, + A*(§/(X)E,).

The requirement that a field be of type p can now be
written as:

Loy A= —p/(X)A.

Now that we have introduced the very basics of Lie
groups and algebras we move on to more complicated
geometrical objects on manifolds.

4 Fibre bundles and connections

A basic differential manifold is a very rich structure,
however, from it an even richer manifold can be con-
structed, a fibre bundle. Fibre bundles play an ex-
tremely important role in mathematical physics but
can also be applied to almost all branches of physics.
Therefore, this section is dedicated to the study of fibre
bundles and a special additional structure that can be
placed on them called a connection.

4.1 Fibre bundles

(differential)  fibre  bundle
E — M for short, is a collec-

Definition 4.1 A
(E,m, M,F,G) or 7 :
tion of

(i) the total space, a differentiable manifold EE
(i)
(iii)
(i)

the base manifold, a differentiable manifold M ;
the fibre, a differentiable manifold F';

the projection, a surjection m : E — M with the
inverse m~1(p) = F, 2 F;

the structure group, a groug*>| G which acts on
the fibre from the left;

(v)

(vi) the local trivialization, a diffeomorphisms ¢; :
Uy x F — 7= YU;) such that ©o ¢;(p, f) = p,

Vf € F, where {U;} is an open covering of M ;

(vii) the transition functions, smooth maps t;;
UinU; = G ifU;NU; # @ such that ¢;(p, ) =
¢i(p: tij (p)f)-

So a fibre bundle is, essentially, an, in general,“twisted”
product manifold M x F. The transition functions
t;; 1 Uy NU; — G must satisfy:

1

tii(p) )
tij(p) = t;i(p)
tij(p)tjx(p) = tix(p)

-1

Y
These transition functions are not unique as they de-
pend on the chosen local trivializations, t;; = (;5;1 ° ;.
If all transition functions can be chosen to be identity
maps, then the bundle is globally a product bundle (in
general bundles are only locally product structures) also
called a trivial bundle. Fibre bundles are often called
according to some additional structure the fibre mani-
fold has, such as a vector bundl@ if the fibre is a vector
space or a principal bundle if the fibre is the structure
Lie group.

Definition 4.2 Let m : E — M be a fibre bundle. A
map

c:M2DOU—FE, moo=idy,

is called o local section, obviously, o(p) € F, =
7 Yp). If U = M then the section is said to be global,
though not all fibre bundles admit global sections. The
set of all local sections on U is denoted by T'(U, F)E

23Gtrictly mathematically, a fibre bundle cannot depend on the choice of open covering {U,} so this definition is more precisely a

coordinate bundle (E,m, M, F,G,{U;},{$:})-

Two coordinate bundles (E,m, M, F,G,{U;},{¢:}) and (E,n, M, F,G,{V;},{v¥;})

are said to be equivalent if (E, 7, M, F,G,{U;}U{V;},{#¢;}U{®;}) is again a fibre bundle. Then, an equivalence class of coordinate
bundles is a fibre bundle. In a physical context a covering is usually implicitly defined so this distinction is ignored.

24F itself is often referred to as the fibre bundle.
25Most often a Lie group.

26For example, the tangent bundle TM and cotangent bundle T* M are vector bundles.
27For example, the set of all vector fields X(M) = I'(M, TM) or 1-form fields Q' (M) = T'(M, T* M).



Definition 4.3 Let 7 : E — M and «’ : E' — M’ be
fibre bundles. A pair of smooth maps f : E' — E and
f:M' — M is called a bundle map if 7’ o f = fom,
that is, f maps each fibre F,, of E" onto F, of E. Two
bundles are equivalent if there exists a bundle map
such that f is a diffeomorphism and f is an identity
map.

Definition 4.4 If 7 : E — M s a fibre bundle and
f: N — M, then we define a new bundle f*E called a
pullback bundle:

fTE=A{(p,u) € N x E[f(p) = m(u)},

with the maps ™ : f*E — N and o : f*FE — FE.
The transition functions of a pullback bundle are then:

t;(p) = ti; (f(p))-

Theorem 4.1 Fibre bundle m : E — M is trivial if M
s contractible to a point.

Definition 4.5 Let 7 : E — M and 7 : E' — M’ be
vector bundles over M. The tensor product bundle
E®E' is a bundle with fibre F,oF),Vpe M. If Q" E
is a tensor product bundle and {e,} is a basis of fibre F,
then the fibre of Q" E is spanned by {eq, ®- - ~®ea7‘}l§|

Definition 4.6 A principal bundle is a fibre bundle
P(M,G)=mn: P — M where the fibre is diffeomorphic
to the structure group G. Other than the left action of
the transition functions, there is also a defined free and
transitive Tight action:

Ry:P— P, Ryg,=RhpoR;, moR,;=m,

with the requirement that the local trivialization satisfy:

¢i : UixG — 77 (U;);  (p,hg) — ug = Ryu, Vg€ G.
If a section o;(p) is given, we can always construct a lo-
cal trivialization ¢;(p,e) = o;(p) called the canonical

local trivialization.

For two principal bundles to be equivalent there is an-
other requirement stemming from the additional right
action defined on them: if P(M,G) and P'(M,G) are
two G-bundles over the same base space M they are
equivalent if there exists a diffeomorphism
f:P— P, Rof=foR, xof=m.

Therefore if there exists such a diffeomorphism between
a principal bundle P and M x G, it is a global trivial-
ization and so P is trivial.

Theorem 4.2 A principal bundle is trivial if and only
if it admits a global section.

4.2 Vertical subspaces and lifts

Definition 4.7 Let 7 : E — M be a fibre bundle. The
existence of a projection mapping T means that there is
always a special subspace of the tangent space T, E:

VuE CT,E, V,=Kkermy,,

called a vertical subspace. Thus, a vector W € T, E
is said to be vertical if 7, W = 0 (written WY or
ver W ).

Geometrically, if a vector is vertical this means that it
is tangent to the fibre at that point. If our fibre bundle
is a principal bundle then for the added structure of
right action we have:

RyuVuP = Vg P.

Definition 4.8 If 7 : E — M 1is a fibre bundle then a
lift is in general a pmcedur@ which assigns to a ge-
ometrical object of the base manifold M a geometrical
object on the total space E of the bundle.

We introduce the concept of lifts through two examples
of the tangent and cotangent bundles.

Example 4.1 (Curves in M) Let

v:R—=M, t—~(t)
be a curve in M, then:
AR —=TM, t5(t),

is a lift called the natural lift of v to TM. It can be
shown that this lift is always exactly over y: wo 4 = .

Example 4.2 (Vectors on TM) Letu € T,M = 7~ 1(p)
be a vector on M (point in T,M ). Define a curve in fi-
bre 7= 1(p):

Yt)=u+tweT,M,

for point w € 7r*1(p). Then, the tangent vector to curve
2,

- i(uﬂw)‘ € V,,TM C T,TM
dt t=0

is called a vertical lift of vector u inp tow € TM. If
u € X(M) is a vector field, then we can simply define
its vertical lift at every point by the previous construc-
tion and obtain the vertical lift of the vector ﬁeldm u,
u’ € X(TM)P]

28We can also define the A”E bundle with respect to the antisymmetrised tensor product A, therefore, Q" (M) = T'(M, A"T* M).

29Most certainly not unique.
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Let us take the canonical coordinates of a coordinate
patch U of the tangent bundle TM (dim M = m) given
by its local trivialization:

¢ : Rgm[‘rlv"'ammavlw"vvm] — W_l(U)'

This means that at a point v € TU

9 o0 9 9
dxt’ " Gz vl um

span T, TU. It trivially follows that {%,...,&%}
span the vertical subspace V,,TU C T, TU. It is now
natural to assume {%, ey % spans a “horizontal”
subspace, however this is false in the sense that this sub-
space depends on the choice of coordinates. If we take
a change of coordinates z° — z!(p) we see that {%}
transform amongst themselves and therefore still span
the same space, whereas { 82/1‘ } contain 821‘ terms and
thus no longer span the complementary space we called
“horizontal”. This implies that it is impossible to canon-
ically decompose an arbitrary vector w € T,,TM into
its “vertical” and “horizontal” components. This triv-
ially generalises to arbitrary fibre bundles. The only
way to define a horizontal space in a coordinate inde-
pendent way is by adding additional structure to the
bundle, this structure is called a connection and is de-
fined next.

4.3 Connections and curvature on prin-
cipal G-bundles

One way to define a connection on a vector bundle is to
start by defining one on a principal bundle first. This
is the construction that will be used here.

Definition 4.9 A connection on a principle G-bundle
s a unique separation of the tangent space T, P into the
vertical V, P and horizontal H, P subspaces such that:

(i) T,P =V,P& H,P;

(ii) a smooth vector field X on P is decomposed into
smooth vector fields X© € V,P and X" € H,P,
X = X 4 X";

(tii) HygP = Ry H,P,Yu € P and g € G.

Definition 4.10 Let P(M,G) be a principle G-bundle
and v : [0,1] = M be a curve in M, then its horizon-
tal lift is a curve 5 : [0,1] — P such that 1oy =~ and
tangent vector

d

@’?(t/) . . 6 H’?(t)P

/—

Theorem 4.3 Let v : [0,1] — M be a curve in M,
then:

(i) if ug € 7= 1(7(0)) there exists a unique horizontal
lift 5(t) in P such that 7(0) = uo;

(i) if there are two horizontal lifts 4 and 4 such
that 4'(0) = #(0)g, it follows that 7' (¢t) = F(t)g,
vVt € [0,1] and g € G.

Definition 4.11 Define function ¥, :
U, :g— VP, X &x(u),

where X € g and £x is the fundamental field of action
Ry on P.

One can show two properties:
(i) ¥, is a linear isomorphism;

(ii) any vertical vector at point u € P can always
be written as a certain fundamental field in that
point, that is, there is always an element X € g
such that V = ver V = £x (u).

Definition 4.12 Define at point u € P a Lie algebra
valued 1-form w, by the property:

(wa, W) = T (ver W),

or:
wy =0 lover: T,P — g.

A connection 1-form (Ehresmann connection) is a
smooth 1-form field on P w € Q' (P, g) such that w(u) =
Wy, Yu € P.

A connection 1-form has the following properties:
(i) if W = W" = hor W, then (w,, W) =0,
(ii) H,P = kerw,[”]

(iii) Rjw = Adg-1 w, this means that w is of type Ad:
w € QY(P,Ad),

(iv) (w,&x) = X;

or infinitesimally:
(i) £eyw=—adxw,
(ii) e w = X,

(iil) tey dw = —[X,w].

Therefore, the connection 1-form is just the projection
operator onto the the vertical subspace V,, P & g.

Definition 4.13 Define
form o € QP(P) as:

the horizontal part of a p-

(hor )(U,V,...) = a(horU,hor V.. .).

30Notice that this construction of lifted fields is pointwise. In general, however, this need not be.
31 Analogous to this construction is the vertical lift of a 1-form (field) in T* M.
32This is sometimes regarded as the definition of a horizontal subspace.
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This map, hor
properties:

: QP(P) — QP(P), has the following

(i) it is a projection:

hor ohor = hor, iyer v hora = 0;

(ii) the connection form is
horw = 0;

completely vertical:

(iii) it is an endomorphism of the Cartan algebra Q(P),
its image defines a subalgebra

Q(P) = imhor C Q(P);
(iv) it preserves the type p of the form.

Definition 4.14 The exterior covariant derivative
1s defined as:
Da = hor da.

It is a differential operator D : QP(P) — QP(P) of de-
gree +1 that preserves the type of forms.

Definition 4.15 Curvature is a g-valued 2-form de-
fined as the exterior covariant derivative of the connec-
tion 1-form w,

Q) = Dw = hor dw.
The curvature has the following properties:

(i) it can also be expressed as:
1
Q= dw+ §[w/\w];

(ii) it is a horizontal 2-form of type Ad,
horQ=Q, R Q= Adg-1
(iii) it satisfies the Bianchi identity:
DQ = DDw =0.
Definition 4.16 Let o be a Lie algebra g-valued p-
form and B a q-form with values in representation space
(W, p') of g. Define the dot wedge product for a = o' E;
and B = B°E,:
) AB=aABY (E)E,.
If o = ad then ad(a) A B = [a A F].

If w = w'E; is the connection form, o = a®FE, a hor-
izontal p-form of type p, and & = ®*FE, a function of
type p then their exterior covariant derivatives can be
expressed as:

Da =
D® =

da+p/'(w) A «
d® + p'(w)®

Da=p'(Q) A o
D® = p'(Q)®.
This means that the Bianchi identity can be rewritten

in the form:
dQ+ wA Q] =0.

4.4 Local connections and local curva-
ture

Definition 4.17 Let {U;} be an open covering of the
base manifold M and o; a local section for each U,
then the local connection 1-f0rnﬁ A; is a Lie alge-
bra valued 1-form on U;:

A; = O';»kw S Ql(UZ‘,g).

Definition 4.18 Let Q be the curvature of the princi-
ple bundle P(M,G) and o; a local section on a chart
U;, then we define the local curvaturelfI onU; C M
as the pullback of the curvature by o;,

F;, = U;Q S Q2(Ui,g).

Theorem 4.4 Let A; be a g-valued 1-form on U; and
o; : U — 7= Y(U;) a section on U;, then there always
exists a connection 1-form w such that its pullback by
0 18 A = ofw.

Theorem 4.5 Let U; and U; be overlapping charts on
M and (A;) F; and (A;) F; local (connection forms)
curvatures on these patches, then on U; NU; they sat-
isfy:

Aj = t;leitij + t;jl dtyj,
Fj = Ad,~1 F;,

J

where t;; are the transition functions between the charts.

If v is a vector at point p € U C M, and ¢ and o’
two sections on U related by the function S : U — G,

o'(p) = o(p)S(p), then:
o0 = Rg.(040) + Ex (u),

where g = S(p), X = (S*0,v) and u = o(p)S(p). The
pullbacks by these sections of the connection, curvature,
a horizontal p-form of type p: A\ = o*A, and function
of type p: ¢ = o*®, transform with respect to S in the
following way:

A= Ady1 A+ 576,

F' = Ad, F,
N=p(STHA,
¢ =p(S71)o.

33In a physical context more commonly called the gauge field or potential because of its significance in gauge theory.

34 Also in physics commonly called the gauge field strength.
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Let p be a representation of G in W (the representation
space in which A, a type p horizontal p-form and ®, a
type p function have their values), then let E, and E;
be bases in W and g respectively and p’ the derived
representation of g. Then, obviously,
w=wE A=c'w=AE;,; M=c'A=)\E,
QO=QE F=0Q=FFE ¢=0"9=¢E,
are the components in these bases. In the derived repre-
sentation we denote the local connection and curvature
as:
AE, = A'p§,E. = ASE,;
FE, = F'p,E. = F{E..

Definition 4.19 Define the exterior covariant
derivative on the base space (local exterior co-
variant derivative) by:

Doo*=0"0D.
A local exterior derivative defined in this way satisfies:
(i) the Cartan structure equations,
F=DA=dA+ANA
Fy =DAy = dAj + AL N AL
(ii) the Bianchi identity,

DF =
DFy =

dF + ANF—FANA=0
AFy + A* A Fg — FO N AL = 0;

(iii) the action on horizontal p-forms and functions of
type p:
D= d 4+ AAX DX = dX\* + AZ AN,
Do = do+ Ao D¢ = de® + AN,
(iv) the Ricci identity:

DDA =F AN
DD$ = Fo

DDA = FE AN,
DD¢" = Fi¢".

This concludes our study of connections and curvatures
on principal bundles. Next we will see how to move
on from principal bundles and its connections to vector
bundles.

4.5 Associated bundles

Definition 4.20 Let P(M,G) be a principal bundle.
An associated fibre bundle (E,n, M, G, F, P) is the
quotient space,

Px,F=(PxF)/G,
in which a point is an equivalence class,

[(u, )] ~ [(ug, p(g~ ") )],

forue P, feF, ge G andp aleft action of G on F.
The projection is given by:

g E— M, u,f]— 7(u)=p,

the transition functions by p(t;;(p)) if ti;(p) are those of
P, and the local trivialization by 1; : U; X F' — ﬂgl(Ui).

The most important associated bundle is the associated
vector bundle in which the fibre F' = V is a vector space
and (V, p) a representation of G. Notice, also, that sec-
tions of associated vector bundles can be canonically
identified with quantities of type pﬁ

Example 4.3 Let M be a manifold, then TM and
T*M are associated vector bundles to the frame bundle
LM. More generally, all tangent tensor bundles T M
are associated to LM .

Obviously we can reverse the “direction” of association;
a vector bundle F, also, induces an associated princi-
pal bundle P(E) = P(M,G) where G is the structure
group of EE Since the transition functions of the as-
sociated bundles are the same as those of the principal
bundle this implies the global topological properties of
these bundles must also coincide. In particular we have
the following.

Theorem 4.6 A vector bundle E is trivial if and only
if its associated principal bundle admits a global section
(is trivial).

Moving on now to connections on associated bundles.
A connection on P(M,G) implies a connection on E as
well defined through the use of the covariant derivative
of a section of E.

Definition 4.21 Let P(M,G) be a principal bundle
and E an vector bundle associated to it, and s : M — F,
s(p) = [04(p),n(p)] a section. Along a curve ~y : [0,1] —
M we choose s(t) = [(t),n(t)] with respect to a hori-
zontal lift of v. Then, we define a covariant deriva-
tive of section s on associated vector bundle F
along curve v at pg = v(0) by:
to)] '

Vs = | (300 Gt (0)

35Quantities of type p are a type of mapping known as equivariant maps on P, in this case they are maps that commute with the

action of G:
®:P—(V,p),

For section s :

DoRy=p(g~1)od.
M — E we can identify s(p) = [u,v] = [u, ®(u)] and since this does not depend on the choice of u over p:

[ug, ®(ug)] = [ug, p(g~ )P (u)] = [u, ®(u)] = s(p), we have a one-to-one correspondence.
Therefore, we can also say LM is the associated principal bundle of T M.
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It is very important to notice that this derivative does
not depend on the choice of horizontal lift 4. Say we
picked another lift 4'(¢t) = Y(t)g, g € G:

s(t) = [3(t), n(t)] = [¥(t), p(g~ " In(t)],
[(ﬁ’(OL %(p(g‘l)n(v(t))) L_Oﬂ

(97 T((1)

;?/

DES

Therefore, the covariant derivative can be understood
as a map:

V:I'(M,E) - T(M,E)® Q" (M), Vs(X)=Vxs,
for X € X(M) and s € T'(M, E). Moving on to the local
case, a horizontal lift of a curve can always be written
as ¥(t) = 0;9:(t), where g; : [0,1] — G is a unique func-
tion. Say the basis of V' is {E,}, then a frame field of
E along v e,(t), can be written as:

ca(t) = [03(t), Ba] = [7(t), p(gi(t) ") Ea]-

The covariant derivative in terms of the local connection
form is then:

_dat

Vxe, = [Ui7Ai(X)Ea] = E.Ab €p

ipa 09

that is:
Vea = Agaeb.

For a general section of E, s(p) = [o:(p),¢i(p)] =
¢ (p)eq, we can write:

Vxs= [(Uz'»dCi‘FAz'(X)Q )}
dt =0
_dxt (OCF o b
~at <8az“ JrA“”’Q) co

We can generalise the map V to vector valued p-forms:

V(is@n)=(Vs)An+s®dy, neQl(M).

The following can then be shown:
VVe, =€, ® ./_'.fa,

for e, = [(0i, Es)] € T(U;, E). The Ricci identity for a
section s(p) = (*(p)eq(p) is then:

VVs = e, @ Ficl.

Definition 4.22 If 7 : E — M is a vector bundle with
a symmetric inner product defined at every pointp € M
by:

gp:m (D)@ (p) = R,
37Notice that dim V' = dim M must hold.
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then a connection that preserves the inner product:

dg(s1,s2) = g(Vs1,s2) + g(s1, Vsa),

or:
dgab = Afagcb + Afbgacv

is called a metric connection.

Now we make a brief detour to the concepts of torsion
and the Levi-Civita connection with the help of [14].

Definition 4.23 Let M be a differential manifold,
P(M,G) a principal bundle on it with a connection,
(F,p) a representation space of G, Px,F an associated
vector bundle to P, and let there exist an isomorphism
k:TM — TT,M, p € M. A canonical (or solder)
form is a horizontal equivariant 1-form field on P, that
18, pointwise, a map:

0y : TP —TF; Uw—u. (s 'm.U),

where u € P is understood as a map v : F' — T, M.

Definition 4.24 If a vector bundle admits a canonical
1-form it is said to be soldered to Mﬂ

Example 4.4 A frame bundle LM and its associated
tangent bundle TM are soldered to M. In this case,
the canonical 1-form is nothing more then the form of
which the pullback by a section 0 : U C M — P 1is the
coframe field:
c* 0% = e°.

So 0 for LM is a RY™M _yalued 1-form of type id.
Since canonical 1-forms are linearly independent they
can be used as a global basis for horizontal forms on
LM. Therefore we can decompose the curvature with
respect to this basis as:

1
N
b ) )

the components QUf, constitute a global function of type
id®id®id®id. The traditional curvature tensor is the
local curvature of connection w:

a _ a — *)a
bed = Rppea = 07 Qpeq-

Definition 4.25 Let M be a differential manifold, LM
its frame bundle with a connection form w, and 6 the
canonical form, then:

© = DO = (d" + wi A 60°) E,,

is called the torsion 2-form of connection w. Compo-
nents ©f, are global functions on LM of type id ®id®id.
Local torsion (usually just called torsion) is defined by
sectiono : U C M — P:

1
TC=T=0"0% = §Tl§‘c e’ Ael.



Definition 4.26 Let E =TM and V be a metric con-
nection, then if torsion vanishes V is called a Levi-
Civita connection.

The final note to make in this section is on the re-
duction of structure groups. The structure group of
a general (real) vector bundle is GL(n,R). However, if
this bundle has additional structure the structure group
is reduced to a subgroup. Therefore, the restriction of
a structure group to one of its subgroups corresponds
to the introduction of additional structure and may not
always be possibleﬁ

Example 4.5 Say we have a manifold M, some of the
possible restrictions to LM are:

(a) O(p,q) C GL(n,R), corresponds to the introduction
of a metric tensor of signature (p,q) on M;

(b) GL+(n,R) C GL(n,R), corresponds to the intro-
duction of an orientation on M ;

(c) SL(n,R) C GL(n,R), corresponds to the introduc-
tion of a volume form on M;

(d) {e} C GL(n,R),

lelism on M.

corresponds to complete paral-

If we have a connection w on a principal bundle
P(M,G), and assume the Lie algebra is decomposable
g =bh@ . A connection on a subbundle Q(M, H) (H is
a subgroup of G) wy can be produced by the decompo-
sition:

w = wy + wr,

if [ happens to be Adg-invariant (Adg [ C [). In the
opposite direction, if we have a connection on ) we can
always extend it to P by relation: Rjw = Ad,w, from
which it follows that:

weg = Ady Ry, qg € P.

This is obviously not the most general connection on P
however it is important because it is compatible with,
that is, it preserves, the additional structure that has
arisen from the reduction of the structure group.

This ends our introduction to fibre bundles and their
connections. We now, finally, have all the basic tools
needed to start the construction of characteristic classes
in the next section.

5 Characteristic classes

We are finally ready to give an exposition of charac-
teristic classes, a bridge between algebraic topology
and differential geometry. What we are interested in
is characterising the topology of fibre bundles, that is
how “much” they differ from trivial bundles. This will

38For example, if a manifold is non-orientable then the structure group cannot be restricted to GL4 (n
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(in most cases) be expressed as de Rham cohomology
classes associated to the curvature of the bundle. It will
be seen that the geometry of a bundle is a way to com-
pute completely topological quantities. (Based also on

191.)

5.1 Invariant polynomial and Chern-
Weil theory

Definition 5.1 Let G be a Lie group and g its Lie al-
gebra. Define the space S™(g) as the vector space of all
completely symmetric, multilinear C-valued functions

on g:
P:®9—>C,

and the ring S*(g) as the formal sum

“(5) = €D 5 (0)
r=0

with the product:

PQ(X,... Xp+q)
p+q b+l ZP (Ko Xo)
'Q( Xop+1)-» Xo(pta));
where o denote permutations of {1,...,p + q}.

Definition 5.2 Let P € S"(g) and g € G, then if:

P(Ad, X,,...,Ad, X,) = P(Xy,...,X,),
P is called an Ad-invariant polynomial. The set of

all invariant polynomials of degree r is denoted I"(G).

Definition 5.3 A homogeneous invariant polyno-
mial of degree v is a map P : g — C such that
3P € I"(G) for which:

Definition 5.4 Any invariant polynomial P defines
also a symmetric, invariant and r-linear form by ex-
panding P(t1 X1 + -+ -t,X,) as a polynomial in t;. The
coefficient of the highest order term multiplied by 1/r!
is invariant and symmetric and is called the polariza-
tion P.

Definition 5.5 If P(M,G) is a principal bundle, obvi-
ously we can extend the domain of invariant polynomi-
als to g-valued p-forms on M by the definition:

P(\, ... P(E;,,...

where X € QP (M, g) and {E;} is a basis in g.

) = AT A AN Ei,),

There are two points important to make:
,R).



(i) curvature on a principal bundle is a global form,
whereas the local curvature F; is only defined with
respect to some local section. However, since
the transition between two coordinate patches is
given by the adjoint action F; = Adt;l F;, the
Ad-invariant polynomial of F' is globallgf defined
because of this invariance;

local curvature is defined with respect to some
local section (gauge). The field strength 2-form
gauge transforms adjointly, F” = Ad -1 F, there-
fore the invariant polynomial is gauge invariant
(does not depend on the choice of defining sec-
tion).

Theorem 5.1 (Chern-Weil) If P € I"(G), then:
(i) P(F) € Z*(M);

(i1) if we have two local curvatures F and F' corre-
sponding to two connections A and A’:

P(F) - P(F') € B*(M).

The first part of the theorem is obvious since P({2) is
Ad-invariant and horizontal:

R;P(Q) = P(Q) = P(Q) is of type id

dP(Q) = DP(Q)
=P(DQ,..., Q)+ -+ P(Q,...,DQ) =0
dP(F) = dP(c*Q) = o* dP(Q) = 0.

The second part is more complicated, however, it can
be shown that:

P(F') — P(F) = d{r/ol dtP(A' — A, Fy,... F)|,

where F; = F +tD(A’ — A) + (A’ — A)? is the inter-
polating field strength of A; = A +¢(A’ — A)@ This
means that an invariant polynomial defines a cohomol-
ogy class of M. From this it follows that the integral
of an invariant polynomial over a 2m-dimensional man-
ifold without a boundary (a 2m-cycle) M does not de-
pend on the connection (and then also curvature) cho-
sen,

| = [ ey = [ arpaana

= [ P.A, A)=o0.
oM

An invariant polynomial does also not depend on the
cycle it is integrated over within the same homology

class (it is invariant to transformations of the kind
Moy, — Moy, + OMay,41). Then, by construction we
have a topological invariant:

/M P(F).

Definition 5.6 A characteristic class is a mapping
X associating to each fibre bundle over a manifold M an
element of the de Rham cohomology ring H*(M) such
that if two bundles (Ey and E3) are homeomorphic to
each other xg, = XE,-

Theorem 5.2 Let P € I*(G) and E be a fibre bundle
over M with structure group G. The mapping

xe : I'(G) - H* (M)

is a homomorphism called a Weil homomorphism. A
Weil homomorphism has the following naturality prop-
erty:

XfE=f"XE

for a differentiable mapping between manifolds f.

It is obvious now that an invariant polynomial defines
a characteristic class, some examples of which will be
given in the following sections. A characteristic class
measures how much a bundle differs from a product
bundle, that is how “twisted” it is. Therefore, the fol-
lowing theorem is no surprise.

Theorem 5.3 All characteristic classes of a trivial
(product) bundle are trivial.

5.2 Pontryagin classes
Observe that the following determinant can be written
as a polynomial in A € R:

det(AL+ A) = " A"FPy(A),

k=0

where A € M, (R) is a real n x n matrix. The coeffi-
cients Py(A) of A"~F are polynomials in matrices A. A
simple example is for n = 2:

det( A1 4+ A) = A% + M tr A 4 det A.

If we understand A as an element of gl(n,R) (or any
of its subalgebras), it is trivial to show that this de-
terminant is Ad-invariant and, therefore, so must the
polynomials Py (A) be:
det(Adp(\1 + A)) = det(A\B1B~! + BAB™!)
=det(B(A1+ A)B™)
= det(Al + A).

39The expression in square brackets is called the transgression of Py, T'Py:

1
TP (A, A) = r/ AP(A — A F,,..., ).

0
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Lets examine the case of A € o(n) C gl(n,R) further,
A must be antisymmetric, AT = —A so

det(A1 + A) = det(\1 4+ A)T
= det(A1 + (—A))
= Py(A) = (-1)*Pe(~A)
= P2k+1(A) =0.

Returning to bundles; say we have a real n-dimensional
vector bundle, in general its structure group is GL(n, R)
so it has a principal GL(n,R)-bundle associated to it.
However, if we construct a fibre metric on this vec-
tor bundle then it can be reduced to O(p,q) (where
p+ g =mn). A curvature on a principal O(p, ¢)-bundle
is antisymmetric. Then, we can extend this connection
(and then the curvature) to the full bundle and, since
it is compatible with o(p, ¢) it must too be antisymmet-
ric (2T = —Q). All this consideration also descends
to the associated vector bundle (although only through
sections with values in the reduced principal bundle)@
and its curvature F [

Definition 5.7 Let w: E — M be a vector bundle with
curvature F, then:

p(E) = det (]1 - ,;) = zn:Pk(f/%) = zn:m(f),
k=0 k=0

is the total Pontryagin class where the 4j-forms,
pj(E) = Pa;i(F), are called the j-th Pontryagin
classes The integral of a Pontryagin class over a

47-cycle,
pj = /
My

1s called the j-th Pontryagin number and is a topo-
logical invariant (and always an integer).

pj(E)v

J

Obviously we need at least a 4-dimensional manifold to
benefit from Pontryagin classes. The first three Pon-

tryagin classes are given below.

po(E)= 1
1/1\?
pi(E) = 3 (27T> tr 7
1 1 ! 2\ 2 4
p2(E) = s \an ((tr F?)* — 2tr F*)
1 J
Dljj2) = (27T> det F

It can be shown that:

p(E® F)=p(E)Ap(F).

5.3 Chern classes

Lets construct a new determinant for matrix A, an an-
tihermitian square n x n matrix (AT = —A), as:

det(AL +iA) = > X"FP(iA).
k=0

This determinant is real:

det(A\1 4 A) = det(A1 +3A)T
= det(AL — iAT) = det(A\1 + iA),

and, therefore, so is the polynomial Pj(iA). Moving
on to a complex vector bundle with fibre C™ now, it
has a principal GL(n,C)-bundle P(M, GL(n,C)) asso-
ciated to it. Say we have a connection @ on it and say
Q is its curvature 2-form. The curvature is a gl(n, C)-
valued 2-form, in matrix representation over C" it is
a square n X n matrix with C-valued 2-form elements
(O = ap +iBy, ap,,,(4), By, (@) € R, u € P). Repeat-
ing the procedure of Pontryagin classes, we introduce a
Hermitian fibre metric[®] The introduction of this ad-
ditional structure induces a reduction in the structure
group GL(n,C) to U(n) to which, in matrix represen-
tation, correspond unitary matrices. Therefore we now
have a smaller U(n) principal bundle P(M,U(n)) with

40Tt was shown, however, that Ad-invariant polynomials do not depend on the choice of section.

“1Tn matrix representation over the fibre vector space F = p/(F).

42More often written as p(F) and p;(F) in literature, however this is misleading as the class does not depend on the choice of

connection.
43For details see [L1], [10] and [1].

Definition 5.8 A complex (0,2)-type tensor field g € T(E ® E)* on a vector bundle E over a(n almost) complexr manifold M is

called a Hermitian metric if it satisfies for Z,W € T'(E):

(i) 9(Z,W) =g(W,Z);
(ii) g(Z,Z) > 0, for any non-zero vector field.

Theorem 5.4 A complex manifold always admits a Hermitian metric.
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connection w and curvature 2 both u(n)-valued. In ma-
trix representation curvature € is an n xn antihermitian
matrix of 2-forms. Motivated by the determinant from
the beginning we define the following.

Definition 5.9 Let 7 : E — M be a complex vector
bundle with fibre C™. Then, the structure group G is a
subgroup of GL(n,C), the connection and curvature, A
and F, are g-valued. The total Chern class ¢(F) is
given by:

n

¢(E) = det <]1+> ZPk iF/2m) =Y ci(E)

k=0

where ¢, (E) are the k-th Chern classes. The integral
of the k-th Chern class is a topological invariant,

cp = / ck(E),
Moy,

called the Chern number.

On an m-dimensional manifold Chern classes with 2k >
m or k > n vanish identically. Again, since cx(E)
is closed, it defines an equivalence class [cx(F)] €
H?F(M). The first three Chern classes are given be-
low.

Co(E) =1
1
a(E) = %tr}"

er(E) = % (2;)2 ((tr F)? — tr F?)
cx(E) = (;ﬂ)kdet]—'

The total Chern class of a Whitney sum bundle is:
¢(E®F)=c(E)Ac(F).

Since the total Chern class of a trivial bundle is 1, the

following can be shown: if E = E1®Fs and Ej is trivial,

then:
¢i(P)=0, dimFE;+1<i<dimF;+ dim FEs.

Theorem 5.5 (Splitting principle) Let 7 : E — M
be a m-dimensional complex vector bundle. The to-
tal Chern class of E s identical to that of bundle

c(E)

= C(L1) VANRAN C(Ln)
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5.4 Chern characters and the Chern-
Simons form
Another characteristic class are the Chern characters,

important because of their appearance in the Atiyah-
Singer index theorem.

Definition 5.10 Let 7 : E — M be a complex vector
bundle with curvature F and fibre dimension n, then
the total Chern character is:

)j

ch(E) = trexp <Z2Z> r (

where we have defined the j-th Chern character

n

D

=0

n

> chy(B),

=0

The two following properties of Chern characters can
be shown:

ch(E® F) = ch(E) A
ch(E@® F) =ch(E) +

ch(F),
ch(F),
and from the splitting principle:

ch(E) = ch(L1) +

-+ 4 ch(Ly,),

where L; are complex line bundles. Finally we define
the integral of the j-th Chern character:

/M chy (B).

The Chern character can also be expressed in terms of
Chern classes:

Ch;(E) =

chy(E) = n,
Ch1 (E) = Cl(E),
ChQ(E) = % (Cl(E)2 - 202(E)) )

Definition 5.11 Let P;(E) be an arbitrary 2j-form
characteristic class. By Poincaré’s lemma, since it is
closed we can write Pj(E) locally as:

Pi(F) =dQaj—1(A,F), Q2j-1(AF) € Q¥ (M,yg).

Q2j-1(A, F) is called the Chern-Simons form of

Pi(B).

From section [5.1] it is obvious that the Chern-Simons
form can be expressed as:

1

Qa;1(A, F) = TP;(A,0) :j/ APy (A, Fry. ... F)),
0

(see footnote on page where F = tF + (12 — t). A%

It is important to note that this is valid only for a local
chart on which A’ can be set to zero; however, since a



Chern-Simons form is only defined locally this is con-
sistent. Observe the following:

PI(F) = / AQu (A F) = [ Qui(A F),
M M

oM

for dim M = 2[, this means that a Chern-Simons form is
to be understood as a characteristic class of the bound-
ary of M. We calculate the first three Chern-Simons
forms of the Chern characters. Since the polarization
is the symmetrised trace str, from the definition of the
j-th Chern character we arrive at:

Q2j-1(A, F) =

Then it follows that the first three Chern-Simons forms
of the Chern character are:

Qi(A,F) = itm,

1/i\? 2
Qs(AF) = (2’77) tr (AdA+ 3A3> ,

1/i\° s 3 3 .
QS(AJ):() tr (A(dA) +5A dA+5A>.

31\ 27

It is important to note that a Chern-Simons form is a
polynomial of both connection A and field strength F
and is therefore not necessarily gauge invariant since
a connection does not transform adjointly (remember
that A" = Adgj-+ A + S*Q)ﬁ It can be shown that
the Chern-Simons form of the Chern character gauge
transforms by a locally exact form.

5.5 Euler classes and the Gauss-Bonnet
theorem

So far we have constructed characteristic classes from
determinants and traces. There is also a third option.

Definition 5.12 Let V' be an even-dimensional vector
space (dimV = 2m) and V* its dual space with bases
{E.} and {E®} respectively. Also, let A be an antisym-
metric 2m x 2m matriz (AT = —A), then we define
2-form:

1
2
with respect to basis {E*}. The Pfaffian of matriz A
is defined by the relation:

off = ~ALE* ANEb € A*V™,

oA ANl =m!IPR(A) EY AL A EP™
The Pfaffian has the following properties:
(i) explicitly, it is given by

1

PfA=
2mm!

@102 A2m —14
4102 2m12mA

A

aiaz ’ A2m—102m

1 - J opl
W (2’;-) / dtStI‘(A,ft,...7ft).
_ | 0

(i) if B € GL(2m,R) and B is its representation in
V', then:
O‘gTA B~ O‘}jga

or:

Pf(BTA B) = det B Pf A;
(iii) (PfA)? = det A.

Because of these properties the Pfaffian can be used to
construct a characteristic class. From property we
see that if B € SO(2m):

Pf(BTAB) = Pf(B~'A B) = Pf(Adp A) = Pf A.

Therefore, if we can reduce our structure group to
SO(2m), we can use the Pfaffian to construct a char-
acteristic class for even-dimensional manifolds. Such
a reduction is made by, in addition to defining a fibre
metric, choosing an orientation in each fibre. This is
not always possible@

Definition 5.13 Let m : E — M be a real orientable

vector bundle with 2m-dimensional fibre. The Euler
class is:
]:
E)=Pf| —
e(5) =Pt )
— 1 (11(12"'(12m—1a2m]: A A ].‘
(47T)mm! ajaz ot a2m—1a2m

where Fap = OqcFy, -

The two and four-dimensional Euler classes are:

1 2
e(E) = (ﬂ) (F3Fy — FaFi + FAF3).

For the case of E = T'M since the tangent bundle is
canonically defined for a manifold M, the Euler class is
a topological characteristic over M itself, so it is often
written e(M) = e(T'M). From the expression for the
two-dimensional Euler class we get:

1
e(Ms) = %Kw,

where K is the Gaussian curvature and w the volume
element. The integral of this quantity over a closed
2-manifold is the Euler characteristic. This is known
as the Gauss-Bonnet theorem. Its generalization to
higher 2m dimensions is the following theorem.

Theorem 5.6 (Chern-Gauss-Bonnet or gener-
alised Gauss-Bonnet) For any closed and oriented 2m-
dimensional manifold M the following holds:

[ etan =xan.
M

44The precise transformation is given by Cartan’s homotopy operator which will not be given here.
45 An example of this is the Mdbius strip, understood as a vector bundle over a circle.
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5.6 Stiefel-Whitney classes

The final characteristic class is slightly different in that
it cannot be expressed in terms of the curvature of the
bundle. Its main importance is in the fact that the sec-
ond Stiefel-Whitney class determines whether a mani-
fold admits a spin or not. Therefore, we begin with the
definition of a spin group.

Definition 5.14 A spin group Spin(p, q) is the two-
sheeted covering of the SO(p, q) group. Forn=p+q >
2 it coincides with the universal covering.

Some accidental isomorphisms with the spin groups are:

Before defining Stiefel-Whitney classes we need to de-
fine spin bundles and Cech cohomology groups.

Definition 5.15 Let (M, g) be an m-dimensional ori-
entable (pseudo) Riemannian manifold. The spin
bundle SM is a principal Spin(p, q)-bundle with an
equivariant function of type p, p being the spinor rep-
resentation of group Spin(p, q) such that SM is a two-
sheeted covering of OM , the total space of the bundle
of (right-handed) orthonormal frames m: OM — M.

Let t;; be transition functions of LM, then a spin struc-
ture on M must have the following properties:

p(tiy) = tig,
titntn = 1,
tii = L

where homomorphism ¢ is the two-sheeted covering
Spin(p, ) — SO(p, q).

Definition 5.16 Let Zo = 7Z/2Z = {-1,+1} be the
multiplicative cyclic group, and let M be a manifold.
A Cech r-cochain is a totally symmetric function
f(io,...,ir) € Zso OTLUZ'OO"'QUZ'T #QQM

i),

f(io'(O)v cee ,ia(r)) = f(iOa .

where o is a permutation of {0,...,r}. The group of
all Cech r-cochains is denoted C" (M, Zs).

Definition 5.17 Define the coboundary operator
6 CT(M, Zg) — CT+1(M, ZQ) by

r+1

(6f) (05 yiry1) = H Jioy - i1, d41,-

Jj=0

i)

The coboundary operator is nilpotent:
82 f =1.
Definition 5.18 Define the:
(a) cocycle group Z"(M,Zs) by:
Z"(M,Zy) ={f € C"(M,Z3) |6 = 1},
(b) coboundary group B" (M, Zs) by:
B"(M,Zs)
={feC"(M,Zy) | f =6f', ' € C""1(M, Zy)}.

Definition 5.19 The Cech cohomology group
H"(M,Zs) is defined by:

H"(M,Z2) = ker 6,/ im 6,1
=7"(M,Zs)/B" (M, Zs).
Finally, a Stiefel-Whitney class is a characteristic class

that takes its values in H"(M,Zz). We will define the
first two.

Definition 5.20 Let (M, g) be a (pseudo) Riemannian
manifold of dimension m, then the structure group is
O(p,q). If {U;} is a simple open covering of M then
define function:

f(Z,_j) = det tij = :|:17

where t;; : Uy NU; — O(p, q) is the transition function
of the local frames, ejq = tijeqaj. The first Stiefel-
Whitney class is then:

wi(M) = [f] € H(M, ).
It is trivial to show for f € Z"(M,Zsy):
5f(l,], k’) = det tij det tjk det tki =1.

Theorem 5.7 If TM is the tangent bundle with fibre
metric, M is orientable if and only if wi(M) is trivial.

Definition 5.21 Let M be an orientable m-
dimensional manifold and T M its tangent bundle with
fibre metric. If t;; € SO(p,q) are transition functions,
define t;; € Spin(p, q) such that:

thi =1

p(tij) = tij, i

where ¢ : Spin(p, q) — SO(p, q) is the 2:1 covering ho-

momorphism. Define a Cech 2-cochain f : U;NU; N
Uk — ZQ by

tijtikti = f(i,j, k)1 € ker p = {£1}.

The equivalence class defined by f is the second
Stiefel-Whitney class wy(M) = [f] € H*(M, Zs).

Since a spin bundle must have ijtjkfki = 1 satisfied,
this is only possible if f(i,7,k) = 1. This leads us to
the following theorem.

Theorem 5.8 If TM is the tangent bundle with fibre
metric of an orientable manifold M, then there exists a
spin bundle over M if and only if wa(M) is trivial.
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5.7 Physical examples
In addition to [I] in example [13] was also used.

Example 5.1 (2D Gravity) The standard Einstein-
Hilbert action for gravity is:

Slg] ~ / Ry/lgld"z,

where R is the scalar curvature (Ricci scalar). For two-
dimensional gravity this would read:

S[g]N/R\/@d%N/Kw,

where w = \/Hd%c s the volume element, however,
this is the integral of the two-dimensional Euler class.
Therefore, since a characteristic class transforms up to
an exact form upon change of connection, this results
in a surface term not affecting the equations of motion.
This means the standard Einstein-Hilbert action does
not give dynamical results in 2D.

Example 5.2 (Dirac  monopole) The Dirac
monopole is defined on Fuclidean space with the ori-
gin removed. R — {0} (for simplicity everything is
assumed to be time-independent) is homotopic to S2,
therefore, the appropriate principal bundle is the U(1)-
bundle: P(S?,U(1)). S? is covered by two charts:

UNE{(9,¢)|og¢g2w,ogagg+e},

USE{(0,¢)|O§¢§27T,ngSGSW}.

Let w be a connection form on P, and oy and og be
sections on Uy and Ug respectively, then we have the
gauge potentials (local connection forms) given by:

ANy =onw, Ag=o5w.

Gauge potentials Any and Ag can be chosen to be of the
form:
Ay =ig(1 —cosf)dp, Ag= —ig(l+ cosh)dg,

with g the strength of the monopole. The transi-
tion function defined on an infinitesimally thick ribbon
around the equator is:

tns(¢) = exp —ia(p), «a:S' —=R.
Therefore, the gauge potentials are related by:
An = t;\,}gAsth + t;\,g diys = Ag —ida,

it follows then that:

da = i(Ay — Ag) = —2gdo.
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For the transition functions to be well defined the inte-
gral of function a over 2w must be a multiple of 27:

27 2
Aa = / da = 729/ d¢ = —4wg € 27 Z,
0 0

or —2g € Z. On the other hand we have the topological
inwvariant from the Chern character:

chP:1+£;
2w
ZBChl.P:/ ch; P
SZ

:/—isin9d6‘/\ d¢ = —2g.
S 2

2

Thus, the quantization of the magnetic monopole g is
a topological consequence, and its magnitude character-
izes the twisting of the principal P bundle.

Example 5.3 (Chiral anomaly) Let M be an even-
dimensional manifold (dim M = m = 21) (for simplicity
in this case R*) and 1 be the field of a massless Dirac
particle. The partition functional is:

Z = /CDACDMJCD@[_J exp/M Pilpy d™x,

where il = is the Dirac operator. A chiral transforma-
tion 1s:

) = e Ey(a)

dla) = d)e""

a(x)

or infinitesimally,

Y = 1p +iay™ Ty
b — ¢+ iapy™tL

Classically, the action is invariant with respect to this
chiral symmetry because of the conservation of the axial

current jh 1 (z) = (z)y™Fyrp(z):
Sl = [ Gipana

— /M vilpp d™x — i /M (@)D iy () d"
a#jfnJrl(x) =0.

In the quantum case, however, in the partition func-
tional we must also transform the path integral measures
DY and D1p. The Jacobian of this transformation can
be shown to be:

0uD) > DUDGexp =2 [ ala) 3 il (e,



where ; are the eigenstates of the Dirac operator,
iIDp; = A\ips. The full transformation of the path inte-
gral is then:

Z — /@A@?ﬁ@?ﬁ exp /M (Wﬁi/)
— iy jh 1 — QZOZZ’(/)T mtly, ) d™x,

therefore, the anomalous axial Ward identity isF‘_FI

<6M]m+1 = _22 ¢z|'7m+1|1/)z>

Calculation of the right hand side for m = 4 produces:

5 tre"™P7 R, Fpo,

(0uds) =

1672

but this is nothing other then the second Chern charac-
ter chy F'

[anre [ 3(E) (Spwirn )
Chg = — | — - v AT x
M ]\/[2| 2 2 ’
1 vpo
:/M 1672 tr etV FWFMd x

- [ @it
M

Generalising this to an arbitrary dimension m = 2l it

follows that,
E/ Cth:/ <8ﬂjﬁl+1>dmf£,
M M

the chiral anomaly (also called the azxial or Abelian
anomaly) is a topological effect of the twisting of the
spin complexr and is the consequence of the Atiyah-
Singer index theorem["]

Ch F

Example 5.4 (Euler characteristic of S2) Let
M = 52 be endowed with a Levi-Civita connection of
curvature R. Consider T'S?, if we choose the coor-
dinates on S? as (0,¢) in the standard manner, the

coframe fields, e®* = o*0%, can be chosen to be:
el = d6, e? = sin 6 de.

From this we can calculate the components of the cur-
vature:

Ry =el Ne?, R? = —e' Né?,

and then the trace:

trR? = —2(e! A e?)2.

is@

Symbolically, the first Pontryagin class of T'S?

trR? = ! (e* A e?)?

pl(TSQ) = — . )

872
1 2

= ( sin @ dé A d(b) .
2w

As the Euler class is just the square of the Pontryagin
class it is then given by:
2 L.
e(S%) = —sinfdo A do,
7r
i agreement with results from section @ for two-

dimensional manifolds: e(E) = ;=R3. Integrating the
Euler class we obtain:

1 27 T
e(S? :7/ d¢/ sinf df = 2,
Lz ( ) 27T 0 0

the Euler characteristic of a sphere as per the gener-
alised Gauss-Bonnet theorem.

Example 5.5 (Massive vector field) Let M be a
three-dimensional manifold and A a connection form on
a principal U(1)-bundle on it. The second Chern char-
acter is cho F' = 781 F N F, since the gauge group is

@ Lets find the Chern- Szmons form of this char-
acter we guess the form to be:

QSNF/\A7
dQs ~ dF AA+ F A dA = F A F;
I

Qs = ——FAA,

82

where the Bianchi identity was used (dF = 0 for U(1)).
This is in agreement with the explicit result obtained
in section for the third Chern-Simons form of the
Chern character:

1[0\ 2 .

1
=——>FNA
82 ’

46Gince the vacuum expectation value of an arbitrary operator H in the path integral formalism is:

(1) =

Z being the partition functional of the given theory.

% / H DADG;H (A, ¢;)exp S[A, ¢i];

- /HQA@@- exp S[A, ¢4],

47The complex of two eigenspaces of sections of the spin bundle (those with positive and those with negative chirality) generated by

the Dirac operator D.

481t is actually zero because one cannot have a 4-form on a two-dimensional manifold, however this is unimportant since it is only a

tool to compute the “square root” i.e. the Euler class.

49 Again, it is actually zero, but for the purposes of this calculation we pretend it is not.
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in the case of U(1). Since the Chern-Simons form of
a Chern character gauge transforms by an exact form,
we can build a gauge invariant action from it (up to
constant factors):

1 1 .
LBz = leWF’“’ B+ ZmEWPFWAv 3z

1 1
__iFA*F+ZmF/\A'

The gauge invariance trivially follows as for U(1) F
does not transform and A transforms as A — A+ df
for some function f:

1 1 1

:—%F/\*F-FimF/\A‘f'im(d(fF)_de)

1 1 1

An exact form only contributes on the boundary which
makes this action gauge invariant according to the usual
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This is nothing else but the field equation of a massive
vector field. Therefore, the Chern-Simons form of the
second Chern character describes the mass term of the
action of a massive vector field in 3D.
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