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Introduction

Group theory is a very interesting branch of mathematics whereas differential geometry is also
very interesting. Therefore it is natural to ask where the combination of these two branches leads
us. This question is answered easily: We get Lie groups!

Lie groups are not only mathematically rich of structure, but their applications reach from modern
theoretical physics to algebraic geometry. For example, in theoretical physics one can define gauge
theories with the aid of the well known representation theory of compact Lie groups. The standard
model is an example of a U;(R) x SUy(R) x SU3(R) gauge theory'. In algebraic geometry one
can look at the generalization of Lie groups which are algebraic groups.

After a brief review of categories we will begin by showing that Lie groups and so called Lie algebras
are closely related by basically looking close enough to the identity element, i.e., linearizing the
Lie group close to the identity element. This is done by looking at the tangent space at the
identity element. This precise relation is actually best expressed using category theory. Using
this relation between Lie groups and Lie algebras we will be able to completely capture all finite
dimensional representations of Lie groups such as the special linear group SLy(C) and SUsz(R).
We finish the mathematical part of this thesis by asking ourselves how homotopy theory of Lie
groups can tell us something about the structure and even about the representations of certain Lie
groups. For example, the fundamental group of the rotation group SO3(R) is closely related to its
representations. Now, in the physical part of this thesis we give an exposition of Witten’s global
anomaly in SUs(R) gauge theory. To this extent we shall briefly review some basic aspects of
gauge theories which are also known as Yang-Mills theories. The representation theory of SU3(R)
will seem very useful here.

The reader will find that the bridge between mathematics and physics is captured in the chapter
on the fourth homotopy group of SUs(R). The result of this chapter was used by E. Witten to
prove that certain SUs(R) gauge theories contain global anomalies. The reasoning used by E.
Witten uses some advanced mathematical theorems which we shall only quote. One of them is
the celebrated Atiyah-Singer index theorem.

This thesis is organized as follows.

Chapter 1: This chapter gives a very brief introduction to category theory. The reader will
find Yoneda’s Lemma and a characterization of group objects with the aid of Yoneda’s
Lemma.

Chapter 2: We introduce the notion of homotopy and study the fundamental group as a
functor. The tangent space of a real manifold is defined as the vector space of derivations
from the local ring of the manifold to R. We give the connection with the tangent space
of a submanifold of R™ so that it will become easier to compute Lie algebras of sub
Lie groups of GL,(R). Eventually we will be capable of stating the equivalence of
categories between (some subcategory of) the category of Lie groups and the category of
Lie algebras.

Chapter 3: Representations of SLa(C), SU3(R) and SO3(R) are studied. The complex
representations of SU3(R) are deduced by using those of SLy(C) and the equivalence
of categories mentioned above. The quaternion algebra of Hamilton will be used when
studying the complex representations of SO3(R).

In Dutch we say ”ijktheorie”
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INTRODUCTION

Chapter 4: We devote this chapter to the Hopf map which we obtain as a morphism of
S? to the sphere S2. This map is the generator of 73(S?) = Z and its image under the
suspension map generates 74(S?) = Z/2Z.

Chapter 5: Some basics of quantum electrodynamics (QED) as a U (R) gauge theory and
its generalizations are discussed in detail. We will introduce the Grassmann algebra in
order to make up for the noncommutative nature of fermions. Integration of Grassmann
numbers is introduced and there we shall deduce an important identity used by Witten
in his original article. The reader will also find a description of Weyl and Dirac fermions.

Chapter 6: We study the original article by Edward Witten which concerns a global anom-
aly in SU3(R) gauge theory. We fill in some technical details in the original proofs and
note on some generalizations of Witten’s anomaly.
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CHAPTER 1

Categories

In this chapter we briefly recall some basics of category theory without paying attention to logical
problems one might encounter. For a more detailed treatment of categories we refer to [Mac].

DEFINITION 1.1. We define a category C as a set of objects Ob(C), a set of morphisms Home(X,Y)
for any two objects X,Y € Ob(C), and for any X1, X5, X5 € Ob(C) a map

o: Home (X1, X2) x Home(Xs, X3) — Home (X7, X3), denoted (g, f) — go f

which satisfies the following two conditions:

Associativity: ho(go f) = (hog)o f whenever it makes sense,
Identity morphism: For every object X € Ob(C) there is a morphism idx € Hom¢ (X, X)
such that idx o f = f and g o idx = g whenever it makes sense.

DEFINITION 1.2. Given a category C we define its opposite category C°P as follows:

(1) Ob(CP) = Ob(C),
(2) VX1, X5 € Ob(C%), Homeor (X1, X2) = Home (X2, X1).

NoTATION 1.3. We fix the notations for some common categories we will use throughout this
thesis.

The category of sets is denoted by Get, the category of groups is denoted by &tp, the category of
topological spaces is denoted by Top and the category of pointed topological spaces is denoted by
Top,.

DEFINITION 1.4. Let C be a category and let f : X — Y a morphism in C. We say that f is an
isomorphism (in C), often denoted by X ~ Y| when there exists a morphism g € Home (Y, X)
such that fog =1idy and go f =idx. In case f is an isomorphism the morphism ¢ is unique and
usually denoted by f~!. We say that f is an automorphism of X if f is an isomorphism from X
to X.

DEFINITION 1.5. (Functor) A functor, or morphism of categories, F from a category C to a
category D, denoted by F : C — D, consists of a map Ob(C) — Ob(D), denoted by X — F(X),
and for all X,Y € Ob(C) a map Home(X,Y) — Homp (F(X), F(Y)), still denoted by f — F(f),
satisfying F(go f) = F(g) o F(f).

EXAMPLE 1.6. Let C be a category and let X € Ob(C) be an object of C. Then we define the functor
Home (X, —) : C — Get which takes any object Y € Ob(C) to Home(X,Y) and any morphisms
f:+Z — Z' between objects Z, Z’ € Ob(C) to the morphism of sets Hom¢ (X, f) : Home (X, Z) —
Home (X, Z’) given by g — f o g. Another example is given by the functor U : &tp — Set which
assigns to each group G its underlying set UG and to each morphism f : G — H of groups the
same morphism, regarded just as a morphism of sets. We call U a forgetful functor since it forgets
some of the structure on the objects.

DEFINITION 1.7. (Natural Transformations) Let C and D be two categories. Given two functors
F:C — D and G:C — D a natural transformation, or morphism of functors, a : F — G consists
for all objects X € C of a morphism «(X) : F(X) — G(X) in D such that for any morphism
f: X1 —>XoinC, a(X2)o F(f) =G(f)oa(X1).

1



2 1. CATEGORIES

ProposITION 1.8. For any two categories C and D the set of functors from C to D forms a category,
denoted by D¢, whose morphisms are natural transformations. O

DEFINITION 1.9. Let C and D be two categories. Let F': C — D be a functor. We say that F is
an equivalence of categories if there exists a functor G : D — C such that the composition F'G is
isomorphic to idp in PP and the composition GF is isomorphic to ide in C€.

NOTATION 1.10. Let C be a category. We denote the category (Set)” of functors C%? — Get by
CV. The category (Set°?)¢” is denoted by C”. Note that C” is the opposite category of GetC.

NoOTATION 1.11. Given a category C let by : C — CY be the functor given by h¥ (X) = Home(—, X)
and let h} : C — C” be the functor given by hj(X) = Home (X, —).

PRrROPOSITION 1.12. (Yoneda’s Lemma) Let C be a category. Then for any F' € C¥ and X € C,
Homev (hy(X), F) ~ F(X). Also, for any F € C" and X € C, Homen (F, h{ (X)) ~ F(X). Con-
sequently, for any two objects X and Y in C, Homev (h¢(X), ¢ (Y) ~ hg(Y)(X) = Home(X,Y),
and Homen (bl (X), hp(Y) ~ hp(Y)(X) = Home (X, Y).

PRrOOF. [Dor, Proposition 2.4.9, pages 64-65]. O

DEerINITIONS 1.13. Let C be a category. The product of two objects X7 and Xs in C is a triple
(X3, p1,p2) where X3 is an object of C and py : X3 — X; and ps : X35 — X5 are two morphisms
such that for any object Z and any two morphisms f; : Z — X; and f5 : Z — X5 there exists a
unique morphism f : Z — X3 such that p; o f = f; and py o f = f5. Note that if the product
of two objects exists it is unique up to a unique isomorphism. The coproduct of two objects Y;
and Y3 in C is the product of Y; and Y5 in the opposite category C°?. An object X € C is called
a terminal object if VY € C, Home(X,Y) is a set with one element. A group object of C is a pair
(G, ) where G is an object in C and 7 : C°? — &tp is a functor whose composite with the forgetful
functor &rp — Get equals hY(G). A cogroup object of C is a pair (G,w) such that (G,w) is a
group object of CP.

Let C be a category with a terminal object, denoted by {pt}, and suppose that for any two objects
X7 and X5 in C their product exists. By Yoneda’s Lemma we have the following Proposition.

PROPOSITION 1.14. To give a group object (G,7) in C is to give three morphisms in C, mg :
G x G — G (multiplication), i¢ : G — G (inversion) and e : {pt} — G (identity). Denoting the
product of G with G by (G x G, p1,p2) these maps are required to satisfy mg o (eg X idg) = idg
(left identity), (idg X eg) omg = idg (right identity), mg o (mg xidg) = (idg x mag) X mg (group
associativity) and such that the following diagrams (left and right inverse)

G—A>GXGLMG>GXG

{pt} o G
and
G & L GxG—2 L gxa
N s
{pt} = G
are commutative. Here A : G — G x G is the unique morphism such that p; o A =idg for i =1
and ¢ = 2. O

DEFINITION 1.15. A morphism of two group objects (G, mg,iq,eq) and (H,myg,ipg,eq) of C is
a morphism f: G — H in C such that fomg =mpg o (f x f).



CHAPTER 2

Lie groups and Lie algebras

1. Sub Lie groups of GL,(R)

We shall always assume n to be some positive integer.

By a (real) differentiable map we shall always mean a C* map, i.e all derivatives exist and are
continuous. By a complex analytic map we shall always mean a map which is locally given by a
convergent power series.

NOTATION 2.1. Let F be a field and m be some integer. The F-vector space of all (m x n)-matrices
with coordinates in F is denoted by textrmM,, «,(F). The F-algebra of all (n X n)-matrices with
coordinates in F' is denoted by M, (F). The group of invertible elements in M, (F) is denoted by
GL,,(F). Let U C R™ be an open subset and f = (f1,..., fm) : U — R™ be a differentiable map.
Then the Jacobian (matriz) of f at x € U is

Sh(z) ... SLi(x)
Df(z):= : : € My xn(R).
Bm(z) ... Gm(a)

DEFINITION 2.2. Let k be a nonnegative integer. A subset X C R" is called a k-dimensional
submanifold of R™ if for every p € X there exists an open subset U, C R" with p € U, and a
differentiable map f = (f1,..., fu—k) : Up — R" ¥ such that f~1({0}) = X NU, and tk Df(p) =
n — k. Here rk D f(p) denotes the rank of the Jacobian of f at p. Note that a subset X C R™ is a
k-dimensional submanifold of R™ if and only if for every p € X there exists an open neighborhood
U of p and an open subset V C R™ ¥ such that U and V are diffeomorphic.

ExAMPLES 2.3. The 0-dimensional submanifolds of R™ are precisely the discrete subsets and
the n-dimensional submanifolds of R™ are precisely the open subsets. The unit sphere S*~! =
{(z1,...,2,) € R" | 21+ ...+22,, =1} C R"is an (n — 1)-dimensional submanifold of
R™ since it is the zero locus of the differentiable map f : R™® — R defined by f(z1,...,2,) =
I U L

Let X C R"™ be a k-dimensional submanifold, and p € X.

DEFINITION 2.4. A curve in X through p is a differentiable map v : U — R"™, with U C R an
open subset containing 0, v(U) C X and ~(0) = p.

REMARK 2.5. Since a curve v in X through p is differentiable as a map to R", 4(0) = %(0) e R"
is well-defined.

DEFINITION 2.6. The set T,X :={ 4(0) | v a curve in X through p } is called the tangent space
(to X at p).

PROPOSITION 2.7. Let f be as in Definition 2.2. Then T,X = ker Df(p). In particular, T,X is a
k-dimensional linear subspace of R™ and ker D f(p) is independent of the choice of f.

PROOF. Note that the rank condition on f implies that ker D f(p) is a k-dimensional linear
subspace of R". We show that R* C T, X. For any w in R* we define a curve v in X through p
by v(t) = p + tw with ¢ in some small enough open neighborhood of 0. It is clear that 4(0) = w.

3



4 2. LIE GROUPS AND LIE ALGEBRAS

We show that T, X C ker Df(p). Let v: U — R”™ be a curve in X through p and let ¥(0) be in
T,X. Let U, be as in Definition 2.2. By choosing U small enough we may assume y(U) C X NU,.
Then f o~ = 0, and hence, by the chain rule, 0 = 4 (f o y(t))|s=0 = D f(p)(%(0)). This implies
that 4(0) € ker D f(p). This proves that T, X = ker D f(p). O

EXAMPLES 2.8. By Example 2.3, S” is an n-dimensional submanifold of R"*!. The tangent space
toS™at x = (z1,...,Tn41) € S"isgiven by { y = (Y1, -, Ynt1) € R*T | 2191+ .+ Tpi1¥Yn1 =
0 }. The tangent space to an open subset U C R™ at any element of U is easily seen to be equal
to R™.

NoTATION 2.9. Let G = GL,(R). Let I, denote the (n x n)-matrix. For a matrix A we denote
the transpose of A by A!, the complex conjugate of A by A and the hermitian conjugate of A

by A* = A" = A, A matrix is called anti-symmetric when A* = —A and anti-hermitian when
A*=—A.

REMARK 2.10. Note that the determinant map is polynomial and hence continuous. Hence G =
R)\ det '{0} is open in M, (R) and the tangent space to G at any element of G' may be
identified with M, (R).

DEFINITION 2.11. A subgroup of G which is also closed in G and a submanifold of G is called a
sub Lie group of G.

PROPOSITION 2.12. The orthogonal group O,(R) ={ A€ G| AA' =1, } is an ”22’”—dimensiona1
sub Lie group of G and its tangent space at the identity element is the R-vector space of anti-
symmetric matrices in M, (R).

ProoF. Let S,(R) ={ A€ M,(R) | A= A" } be the vector space of symmetric (n X n)-

matrices with coordinates in R. This is identified with R™2 ~ by taking the coefficients on and
above the diagonal as coordinates. Note that O,(R) is the zero set of the differentiable map
f:G — S,(R) given by A — AA! — I,,. By looking at the defining equations for elements of
0O, (R) it is clear that O,(R) is closed and even compact in G. For every A in G, the Jacobian
Df(A) : Mu(R) — Tya)Sn(R) = Sp(R) is given by Df(A)(B) = AB' + BA". To prove this we
take a real number ¢ > 0 small enough such that A + ¢B is in G. This is possible since we may
compute the product (A+tB)(I, —tA~'B) = A+ O(t?) in M,,(R) to see that A+tB is invertible
for ¢ small enough. We see that

d
7 —(f(A+1tB)) |=0 = 7 (AAt +t(AB" + BA") + t*(BB' — I,) |1=o
= (AB'+ BA'+2tBB") |,
AB! + BA®.

Take now A in O,,(R) and C'in S,,(R), and define B := 2CA € M,,(R). Then B' = £ A'C, and we
get Df(A)(B) = 2(AA'C + CAA") = C. This shows that D f(A) is surjective for all A in O, (R).
This implies that rk D f(A) = dim(S,(R)) = @ By the definition of a submanifold (Definition

2.2) we may conclude that O,(R) is a submamfold of M,(R) of dimension n? — ”2% = L;”
The last part follows by ker Df(e) = { X € M,(R) | X* = —X } and Proposition 2.7. O

PRroOPOSITION 2.13. Let k£ be R or C.

(1) The special linear group SL,, (k) = { A € GL,,(k) | det(A) = 1 } is an (n?—1)-dimensional
sub Lie group of GL,, (k) and the tangent space to SL, (k) at the identity element is the
k-vector space of (n X n)-matrices with coordinates in k and trace zero.

(2) The special orthogonal group SO,(R) = { A € O,(R) | det(4) = 1 } is a compact
"25 _dimensional sub Lie group of G and the tangent space to SO, (R) at the identity
element is isomorphic to the R-vector space of antisymmetric (n X n)-matrices with trace
7Z€ero.
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(3) The unitary group U,(R) = { A € GL,(C) | AA* = I, } is a n?-dimensional real sub
Lie group of GL,(C) and the tangent space to U,(R) at the identity element is the
R-vector space of complex anti-hermitian (n X n)-matrices.

(4) The special unitary group SU,(R) = { A € U,(R) | det(4) = 1 } is a compact real
(n? — 1)-dimensional sub Lie group of GL,,(C) and the tangent space to SU,,(R) at the
identity element is isomorphic to the R-vector space of complex anti-hermitian (n x n)-
matrices with trace zero.

PROOF. The proofs are similar to the proof of Proposition 2.12. O

2. Definitions of Lie groups and Lie algebras

DEFINITIONS 2.14. Let X be a topological space and let n be a nonnegative integer. An n-
dimensional real (resp. complex) atlas for X consists of the following data: a set I, for each i an
open subset X; of X, an open subset U; of R™ (resp. C"), and a homeomorphism ¢, : U; — X;.
These data are required to satisfy the following conditions: First of all, the X; cover X, i.e.
X =, Xi. Secondly, the charts ¢; are compatible in the following sense. For ¢ and j let X; ; be
X; N X;, and let U; ; be ¢;1(Xi7j). Then we require U; ; to be open in U;, Uj; to be open in U;
and the bijection ¢;1 o ¢ilu, ; + Us,j — Uj; to be differentiable (resp. complex analytic).

A real (resp. complex) manifold is a topological space X, separated and with a countable basis
for the topology, equipped with a real (resp. complex) atlas.

Let (X,1I,n,U,¢) and (Y, J,m,V, 1) be two real (resp. complex) manifolds. Let f be a continuous
map from X to Y. Let z be in X. Then f is called differentiable at = if for every (i, j)! such that
xz € X; and f(z) € Y; the map w;lf@ from ¢; 1((f~1(Y;)) N X;) C R" (resp. C") to R™ (resp.
C™) is differentiable (resp. complex analytic) at qb;l(a:). The map f is called differentiable, or a
morphism of real (resp. complex) manifolds, if it is differentiable at all  in X.

REMARK 2.15. Since the composition of morphisms of manifolds is associative and for each man-
ifold X the identity map idx acts as the identity morphism we have the category of manifolds.

DEFINITIONS 2.16. A (real) Lie group is a group G equipped with the structure of a real (resp.
complex) manifold, such that the two maps
GxG—G,  (ry)—ay
and
G — @G, x—z !
are morphisms of real manifolds.

A (complex) Lie group is a group G equipped with the structure of a real (resp. complex) manifold,
such that the two maps above are morphisms of real manifolds.

A morphism of Lie groups is a morphism of manifolds which is also a morphism of groups.

ExaMPLE 2.17. Let k be R or C. Let V be a finite dimensional k-vector space. Let Endg(V),
or just End(V'), be the k-algebra of endomorphisms of V' endowed with its natural topology and
differentiable structure from k (or k9™ V). We already noted in Remark 2.10 that the group
of invertible endomorphisms of V', denoted by GL(V'), is an open subset of End(V). This gives
GL(V) the structure of a manifold. Since the maps

GL(V) x GL(V) — GL(V), (z,y) — xy

and
GL(V) —» GL(V), z+a*
are polynomial they are morphisms of manifolds. We conclude that GL(V) is a Lie group.

We can also require there to be only one pair (4,5). The definition does not change in that case.
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PRrROPOSITION 2.18. Any submanifold of R™ has the structure of a real differentiable manifold. In
particular, any sub Lie group of GL,,(R) is a Lie group.

PrOOF. [Lke, Theorem 1.1.4, pages 7-10]. O
DEFINITIONS 2.19. Let k be a field. Let g be a k-vector space. If g is equipped with a k-bilinear
map [-,-] : g X g — g satisfying

(1) [-,+] is alternating: [z,z] = 0 for all z in g,
(2) [-,] satisfies the Jacobi identity: [z, [y, z]] + [z, [z, y]] = —[y, [#, z]] for all z,y and z in g,

we call g a k-Lie algebra. We call the map [,-] the Lie bracket on g. If g and h are two Lie
algebras, then a morphism of Lie algebras from g to h is a k-linear map f : g — b such that for

all & and y in g one has [f(x), £(y)] = f(lz.y])-

EXAMPLE 2.20. Let (A, +,-) be an associative algebra. Then (A, +) has the structure of a Lie
algebra when we define [z,y] =2 -y —y - o = zy — yx for any z and y in A. It is easy to see that

the commutator [-,-] on A is a Lie bracket on A. Since bilinearity and alternativity are easy we
only check the Jacobi identity. For any x, y and z in A,
[, [y, 2l] + [z, [z, 9] = @(yz —2y) — (yz — zy)z + 2(2y — yz) — (2y — y2)2

= Yz — TZY — YT + YT + 2TY — YT — TYZ + Yrz
= zay—xzy —yza +yrz = (2 —x2)y — y(ze — x2) = —[y, [2, 2]].
ExXAMPLE 2.21. Let k be a field and V' a k-vector space. By Example 2.20, the underlying vector

space of the k-algebra Endy (V) has the structure of a k-Lie algebra. The Lie bracket is the
commutator [-,-] given by [f,g] = fog—go f.
EXAMPLE 2.22. Let k be a field. Let A be a k-algebra? and let M be an A-module. A derivation
D (over k) of A to M is a k-linear morphism of A to M such that the Leibniz formula

D(ab) = D(a)b+ a(Db)

holds for any a and b in A. The set Dery (A, M) of derivations of A to M is clearly a k-linear
subspace of the k-vector space Homy (A, M). Let M be A. The commutator [Dy, D3] = Dy oDy —
D5 o Dy of two derivations of A (into itself) is a derivation since for any a and b in A

(D1D3)(ab) = D1(aD3b + (D3a)b) = aD1Dsb + (D1a)(Dab) + (Daa)(D1b) + (D1 D2a)b.
Hence
[D1, Dol(ab) = (D1Ds — DyDy)(ab) = (D1D2)(ab) — (D2D1)(ab)
= aD1Dsb— aDyD1b+ (D1 Dsa)b — (Do D1a)b
= ([D1, Ds)a)b — a[D1, D2]b.
We conclude that Dery (A, A) is a k-Lie algebra; it is called the derivation algebra of A and it is
usually denoted by Der(A).

REMARK 2.23. If g is any Lie algebra, with basis (zi,...,2,) the entire multiplication table?
of g can be recovered from the structure constants ci—“j which occur in the expressions [z;, ;] =
Sory cszk. Those for which ¢ > j can even be deduced from the others due to the Jacobi identity
and the fact that [z,2] = 0 for any = in g. Turning this remark around, it is possible to define a
Lie algebra by specifying a set of structure constants {cfj} which satisfy

k k k k
cii - 0, 2(0136% + lec’g; + CliCZ;) - 0.
k
In practice we shall never construct a Lie algebra in this way, but it shows us that it is enough
to specify the basis of a Lie algebra and the Lie brackets of the basis elements to completely
determine the structure of a Lie algebra.

24 is not necessarily associative.
3The multiplication is of course the Lie bracket.
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3. Coverings and the fundamental group functor

Let I denote the closed unit interval [0,1] C R.

DEFINITIONS 2.24. (Homotopy) Two continuous maps f,g : X — Y between two topological
spaces X and Y are said to be homotopy equivalent, denoted by f ~p g, if and only if there exists
a continuous map F : X x I — Y such that F(z,0) = f(z) and F(x,1) = g(x) for all points
x € X. We say that F' is a homotopy from f to g.

We say that two morphisms f and g between pointed topological spaces are homotopic if there
exists a base point preserving homotopy from f to g.

ProrosiTION 2.25. Let X and Y be two topological spaces. Homotopy equivalence induces an
equivalence relation on the set of continuous functions between X and Y. Similarly, homotopy
equivalence induces an equivalence relation on the set of continuous maps between two pointed
topological spaces (X, z¢) and (Y, yg). Furthermore, let X,Y and Z be topological spaces. If we
have maps f,g : X — Y and h : Y — Z such that there is a homotopy F' from f to g, then
h o F is a homotopy from hf to hg. If we have maps f: X — Y and g,h : Y — Z such that
there is a homotopy G from g to h then g o f and h o f are homotopic through the homotopy
F(z,t) = G(f(z),t). We conclude that homotopy behaves well with respect to composition of
maps.

PROOF. [Arms, Lemma 5.2, 5.3 and 5.4, pages 100-101 ]. O

Let S! = { 2 = (21,22) € R? | 23 + 22 = 1 } be the unit circle in R?. Choose the base point to
be s = (1,0) € R?. We may parameterize S by x = cosf and y = sinf with 0 < 0 < 2.

DEFINITIONS 2.26. Let (X, ) be a pointed topological space. A morphism of pointed topological
spaces from (S!,s) to (X, z) is called a loop (in X based at x). Given two loops o and 3 we define
their product o - 3 : (S, s) — (X, z) by
(20 0<o<m
(o B)(0) = { 5(29(7 )271') T<0<2r
Let (o) denote the homotopy class of a loop « and let 71 (X, ) denote the set of homotopy classes
of loops in X based at z. The product on Homz,p_((S',s), (X,2)) induces a multiplication on
m1 (X, x) defined by (a) - (8) = (o - 8). This multiplication is well-defined and associative. The
homotopy class of the constant loop e at g given by e(6) = x¢ for all § € [0, 27| defines the identity
element of this multiplication. Let v be a loop in X based at zy. The inverse of the homotopy
class (y) € m (X, ) is defined by (y~1) where y~1() = ~(2m — ) for all § € [0, 27]. The identity
element and the inverse element are well-defined. We can check that (e) - (a) = (&) = (@) - () and
vy (v~ 1) = (71 - {(y) = (e) for all (o) and (v) in 71 (X, z0). This gives (X, ) the structure of
a group. Any morphism of pointed topological spaces f : (X,z) — (Y,y) induces a morphism of
groups fi : (X, x) — m1(Y,y) given by f.((a)) = (f o ). Note that for any two loops a and g,

felle)-(B)) = filla-B)) =(fola-B))=(foa) (fop)=/fl(a))  f:({B))
DEFINITION 2.27. Define the homotopy category (with base points), denoted by $HTop,, as follows:

(1) Ob(H%op,) = Ob(Zop,), see Notation 1.3,
(2) For any two pointed topological spaces (X, z) and (Y,y),

HomS’JTUP* ((X7 ;U)7 (Y7 y)) = Homgap* ((X’ JJ), (K y))/NH

NOTATION 2.28. Let h = Homgzop_ ((S',5),—) : HTop, — Set. Let U : Grp — Get be the
forgetful functor defined in Examples 1.6.

DEFINITION 2.29. The fundamental group gives a functor m : $HTop, — Brp such that the
composition of functors U o my = h. We call 71 the fundamental group functor. Note that
((S',s),71) is a cogroup object of HTop,.
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REMARK 2.30. Let °P : &tp — Grp be the functor assigning to each group G its opposite group
G°? and to each morphism f : G; — Go the morphism of groups f°? : Gi¥ — G3¥ defined by
f°P(g) = f(9~1). The morphism of groups ag : G — G°P given by ag(g) = g~ is an isomorphism.
It gives an isomorphism of functors a : idg, — .

DEFINITION 2.31. The opposite fundamental group functor is the functor 7{¥ : HTop, — Srp
defined by 7Y = ©°Pom;. Note that ((S!,z),n}F) is a group object of HTop?? and that 7¥ =
P omy ~ idgep 0 T = Ty as functors.

PROPOSITION 2.32. Let ((S',s),@) be a cogroup object of HTop,. Then w is isomorphic to m;
or m;¥ as functors from $HTop, to Grp.

PRrROOF. By Proposition 1.14, to give a group object ((S',s), @) is equivalent to give a group
structure on (S!, s) in the opposite category of HTop,, i.e. a cogroup structure on (S, s) in HTop, .
But by [Argu, Proposition 7.1, page 1679], there are only two cogroup structures on S!. This
implies that $Top, has only two cogroup objects. We already gave these two: w1 and 777. O

REMARK 2.33. It is interesting to remark that the following diagram of functors (which speaks
for itself)

1 *N>7r(1)p

e

h

is not commutative.

PROPOSITION 2.34. Let X be a path-connected topological space. Let p € X and ¢ € X be points.
Then 71 (X, p) and 71 (X, ¢) are isomorphic as groups. Therefore, for path-connected spaces X we
may speak of the fundamental group w1 (X). Also, for two path-connected topological spaces X
and Y the fundamental group m (X x Y) is isomorphic to 71 (X) x 71 (Y).

PROOF. [Arms, Theorem 5.6 and Theorem 5.14, pages 94 and 101]. O

DEFINITION 2.35. If X and Y are two manifolds, a covering map is a morphism p: Y — X of
manifolds with the property that each point of X has an open neighborhood N such that p~1(N)
is a disjoint union of open sets, each of which is mapped diffeomorphically by p onto N. Such a
covering map p is called a covering of X and Y is called a covering space of X. For manifolds
with a selected base point we require the covering map to preserve base points. A morphism of
coverings p: Y — X and q : Z — X of a manifold X is a morphism ¢ : Y — Z of manifolds such
that q o ¢ = p, i.e. such that the following diagram

y —“2>7

N

X

is commutative.

ProPOSITION 2.36. Any locally path-connected and connected topological space X is path-
connected. As a consequence, any connected manifold as path-connected.

PrOOF. For any x in X, let U, be the set of points in X such that there exists a path in X
from x to that point. It suffices to show that X = U,. Since X is locally path-connected, U, is
open. Note that the complement of U, equals |, ex\U, U,. Since this is an union of open subsets
we conclude that U, is closed. Since z is in U,, U, is nonempty. Since X is connected, U, = X.
Therefore X is path-connected. O
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THEOREM 2.37. (Unique Lifting Property) Let p : (X,29) — (Y,y0) be a covering of two
connected manifolds which preserves the base points. Let (Z, zp) be a connected pointed manifold
and f : (Z,z9) — (Y,yo) a morphism of connected manifolds which preserves the base points
such that f.(m1(Z)) C p«(m1(X)). Then there exists a unique base point preserving morphism
f: (Z,20) — (X,z0) of connected manifolds such that p o f = f, i.e. such that the following
diagram

. (X, 1‘0)
-
A
(Z, z0) - (Y, 90)
is commutative.
PRrROOF. [Ful, Proposition 13.5, pages 180-181]. O

DEFINITION 2.38. A path-connected topological space X is called simply connected if its funda-
mental group is {0}.

THEOREM 2.39. Let n be a positive integer. Let 8™ := { (z1,...,241) € R"™ |2+, 422, =
1 } be the unit n-dimensional sphere in R"*!. Then S™ is path-connected for all n and simply
connected for all n > 2. For n =1, m;(S!) = Z.

PROOF. [Arms, Theorem 5.8 and Theorem 5.12, pages 96-99). O

DEFINITION 2.40. (Universal Covering) Let X be a connected manifold. A covering XX
is called a universal covering of X if X is a connected and simply connected manifold.

THEOREM 2.41. If X is a connected manifold then X has a universal covering space. The universal
covering of a manifold is unique up to isomorphism. If we select a base point then the isomorphism
is unique.

PROOF. For the existence of a universal covering see [Ful, Theorem 13.20, page 188-189]. The
uniqueness is a direct consequence of the Unique Lifting Property, i.e. Theorem 2.37. O

EXAMPLE 2.42. Let S! be the unit circle in C*, with the induced group structure. Then R is the
universal covering of S! and the covering map R — S! is given by x — €*™®. For details we refer
to [Arms, Section 5.3, pages 96-102 |.

4. Universal covering Lie groups

THEOREM 2.43. Let G be a connected Lie group. There exists a unique (up to an 1som0rph1bm
of Lie groups) Lie group G such that G is a universal covering of G' and the covering map G—G
is a morphism of Lie groups. From now on, for every Lie group G, G will denote this universal
covering which we call the universal covering Lie group of G.

PROOF. Let G be a connected Lie group with identity element e € G. By Theorem 2.41, G
has a unique covering p : G — G with G simply connected. Let f : G x G — G be the morphism
of manifolds defined by f(c,7) = p(o )p(7)~t. Choose ¢ € p~!({e}) as a base point for G. By
Proposition 2.34, Gx G is simply connected. By Theorem 2.37, a unique mapping f GxG—G
exists such that p o f f and such that f (e €) =e. For 5 and T in G we define two operations
on G:

71=fE7)

and
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Consider the three maps o — oe, 0 — ¢o, and ¢ — 7 of G to itself. They all make the following
diagram

commute, and they all send € to €. So by the Unique Lifting Property (Theorem 2.37) we may

conclude that the three maps ¢ — ¢, 0 — €0, and idg : 0 — 0 of G — G are identical. Hence
1

Gé = ¢ = ¢ for all & in G. Similarly, it follows that 551 = 515 = ¢ and that (67)7 = 5(77)
forall o, 7,7 € G. Since fis a morphism of manifolds we conclude that G is a Lie group with the
constructed group structure. Since p(71) = p(7)~! and p(67) = p(d)p(7) for any & and 7 in G
we conclude that p : G- Gisa morphism of Lie groups. By construction G is unique up to a
unique isomorphism of Lie groups. U

DEFINITIONS 2.44. Let G be a group acting (from the left) on a manifold X. The action of G
on X is said to be differentiable if the map from X to itself given by x — gz is a diffeomorphism
for any g in G. We say that G acts evenly on X if each point x € X has an open neighborhood
U which satisfies U N g(U) = 0 for all g € G — {e}. If G acts evenly on X and U is an open
neighborhood for z in X such that U N g(U) = 0 for all g € G — {e} we say that U is an even
neighborhood for x. The orbit of an element x in X, denoted by G - x, is defined to be the set
{y€ X |gzr=yforsome gin G }. The orbit space, denoted by X/G, is the set of orbits. There
is a canonical projection p : X — X/G that maps a point to its orbit.

REMARK 2.45. Let G be a group acting evenly on a manifold X and assume the action to be
differentiable. The canonical projection p : X — X/G is continuous and open when the orbit space
X/@ is given the quotient topology. Furthermore, we can give X/G a differentiable structure such
that the projection p : X — X/G is a local diffeomorphism.

LEMMA 2.46. Let G act evenly on a manifold X and assume the action to be differentiable. Then
the canonical projection p : X — X/G is a covering map.

PROOF. Given y € X/G, we choose a point z € p~!(y) and an even neighborhood U of z in
X. The quotient map p identifies all disjoint sets { g(U) | g € G } to a single open set p(U). By
the definition of the differentiable structure on X/G, p restricts to a diffeomorphism from ¢(U)
onto p(U) for each g in G. O

THEOREM 2.47. If a group G acts evenly on a connected and simply connected manifold X, then
7m1(X/@Q) is isomorphic to G.

PROOF. Let p: X — X/G be the canonical projection. Fix a point z¢p € X. Since X is path
connected we can, given g € G, join xg to gzg by a path 7. Note that po~ is a loop in X/G based
at p(xg). Let ¢ : G — 7 (X/G, p(xo)) be the map defined by ¢(g) = (po~). Since X is simply
connected ¢ is well-defined.

For g1 and g2 in G join z to gizo by a path v and z¢ to gaxzg by a path v2. Let Iy, : 2 — gix
denote the left multiplication by g; on X. Note that v - ({5, 07y2) is a path joining z to gigazo.
This implies that ¢ is a morphism of groups.

By Lemma 2.46, the projection p : X — X/G is a covering map of connected manifolds. Let
(a) € m(X/G,p(xg)) be the class of a loop o in X/G based at p(zg). By Theorem 2.37, there is a
path v in X which begins at z¢ and satisfies p o v = a. The endpoint (1) lies in the orbit of z,
so there is an element g in G such that gzg = v(1). By construction ¢(g) = (a). This shows that
¢ is surjective. Let g be an element of G in the kernel of ¢, i.e. assume that the loop po~y, with
a path joining z( to gz, is homotopic to the constant loop in X/G based at p(xp). By Theorem
2.37, there is a homotopy from v to the constant loop in X based at xy. By the uniqueness part
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of Theorem 2.37, v must be the constant loop. This implies that gzy = xg. Since G acts evenly
on X we may conclude that g is the identity element of G. This shows that ¢ is injective. (]

PROPOSITION 2.48. Let n be a a positive integer and let Z/2Z = {1,—1} act on the unit n-
dimensional sphere S™ by —1 -z = —z for any x in S™. By definition the orbit space S™/(Z/2Z)
is the n-dimensional real projective space P%. The quotient map S™ — PF is a double covering,
i.e. every fiber of the covering map has 2 elements, of the n-dimensional projective space over R.
Moreover, for any n > 2 the fundamental group 7 (Pg) is isomorphic to Z/2Z.

PROOF. Let n be a positive integer. For any point x of S™ take U to be a hemisphere of
S™ containing x. This is clearly an even neighborhood of z. By Lemma 2.46, the quotient map
S™ — P% is a double covering. Since S™ is connected and simply connected for n > 2 the last
part follows by applying Theorem 2.47. O

PROPOSITION 2.49. The Lie groups SL,,(C), GL,(C), SO, (R), U,(R) and SU,,(R)) are connected.
The groups O, (R) and GL,(R) consist of two connected components distinguished by the sign
of the determinant.

PROOF. [Onis, Proposition 4.4 of Chapter 1, page 21]. U

5. The Lie algebra of a Lie group

Let k be R or C. Let X be a manifold over k, and let p € X.

DEFINITIONS 2.50. We denote by O(X) the k-algebra of all differentiable maps (Definitions 2.14)
from X to k. Two maps f and g defined on open sets of X containing p are said to have the same
germ at p if they agree on some neighborhood of p. This introduces an equivalence relation on the
set of differentiable maps defined on open neighborhoods of p, two differentiable functions being
equivalent if and only if they have the same germ. The equivalence classes are called germs, and
we denote the set of germs at p by Op x. If f is a differentiable function on a neighborhood of p,
then f will denote its germ. The operations of addition, scalar multiplication, and multiplication
of functions induce on O, x the structure of a k-algebra. A germ f has a well-defined value f(p)
at p, namely, the value at p of any representative of the germ. Note that O, x is a local ring.
Its (unique) maximal ideal, denoted by my,, is the set of germs vanishing at p. The residue field
Op,x /my is isomorphic to k. Since m, is an O, x-module, m,/m2 is an O x /my-module, i.e. a
k-vector space.

DEFINITION 2.51. The tangent space to X at p, denoted by T}, X, is defined to be the k-vectorspace
Der (O, x, k) (Example 2.22). Elements of T, X are called tangent vectors (to X at p).

PROPOSITION 2.52. The tangent space T, X and (m,/m2)* are naturally isomorphic as k-vector
spaces. (The symbol * denotes dual vector space.)

Proor. If v € T, X, it is clear that v is a linear function on m, vanishing on mf,. Conversely,
for I in (my/m2)*, we define a tangent vector v; at p by setting v;(f) = I([f — f(m)]). Here f(m)
denotes the germ of the function with the constant value f(m), and [ | is used to denote cosets
in my, /mf,. It is easy to see that v; is a derivation and that the obtained mappings are inverse to
each other. O

ProrosITioN 2.53. It holds that dim 7, X = dim X.

PROOF. Since the question is local, we may suppose that X is an open subset of R" for
some positive integer n and p = 0 C R". For ¢ = 1,...,n define 9; to be the element of
ToX = Dery(Op,x, k) that sends f (or just f) to its ith partial derivative at 0 and let z; be the
jth coordinate function from X to R. The elements 9; are linearly independent because of the
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relations 0;(z;) = 6; ;. Here §; ; denotes the Kronecker symbol. We show that 0 = Z O(x;)0; for
i=1
any 0 in TpX. To prove the identity, let f be in Op x. Rewriting the identity

/01 <5tf W) dt = f(x) = /(0),

with = in some neighborhood of 0, gives

f(z) = f(0)+ Zai(f)fﬂi + Z%gi(x),

i=1 i=1

where the g; are differentiable, and 9(x;g;) = 0 for each . The identity d = Z O(x;)0; follows by
i=1
applying 6 to f. This completes the proof. O

REMARK 2.54. We will treat tangent vectors as operating on functions rather than on their germs.
If f is a differentiable function defined on a neighborhood of p, and v € T, X, we define v(f) = v(f).

DEFINITION 2.55. Let f : X — Y be a morphism of manifolds, and let p € X. Let f* denote
the induced morphism f* : O(Y) — O(X) given by f*(g) = go f. The tangent map (of f at p),
denoted by T, f, is the linear map T}, f : T, X — Ty(,)Y defined by T}, f(v) : g — v(f*(g)) for any
vin T,X. For g : Y — X a morphism of manifolds, T,,(go f) =Tpg0 T, f.

REMARK 2.56. We have a functor from the category of manifolds (with base points) to the category
of vector spaces. To each manifold we assign the tangent space to the manifold at the base point
and to each morphism of manifolds we assign the tangent map at the base point.

REMARK 2.57. Let X be a submanifold of R™, p € X and f be as in Definition 2.2. Then the
map

ker Df(p) — Der(Op x,R), z— |g—g'(p)- f”}

is a natural isomorphism. Here ¢'(p) denotes the (well-defined) derivative %g(p). Consequently,
the notions of tangent space for a submanifold and manifold coincide.

REMARK 2.58. Let G be a group (resp. Lie group). For g in G the left multiplication by g,
denoted by I, : G — G, is a group (resp. Lie group) automorphism of G.

EXAMPLE 2.59. For g in GL, (k) the tangent map of I, at the identity element e of GL, (k) is
given by left multiplication on M, (k), i.e. Tel, : a — ga.

Let G be a Lie group.

LEMMA 2.60. The group of Lie group automorphisms Aut(G) of G acts (linearly) on the derivation
algebra Der(O(G)) (Example 2.22): for f in Aut(G) and D in Der(O(G)), fD = (f~')* o Do f*.
Consequently, the set { D € Der(O(G)) | ly(D) = D for all f in Aut(G) } is a sub Lie algebra of
Der(O(G)).

ProoF. This is an easy verification. O

DEFINITION 2.61. A derivation D on O(G) is called left invariant if g - D := ;D = D for all g in
G.

PROPOSITION 2.62. Let g denote the k-Lie algebra of left invariant derivations on O(G). Let T.G
be the tangent space to G at the identity. Then the map a : g — T.G defined by «(D) : f —
(D(f))e for any D € g is an isomorphism of k-vector spaces. Consequently, dim g = dim 7,G =
dim G and T.l; 0o : g — T,G is an isomorphism of k-vector spaces for any g in G.
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PROOF. It is clear that « is linear. We show that « is injective. Suppose that D € g is in the
kernel of «, i.e. D(f)(e) =0 for any morphism f in O(G). In view of the left invariance of G, for
any morphism f in O(G) and any g in G,

(D(f))g = ((g- D)(f))g = (D(f o ly) o lg-1)g = (D(f oly))e = 0.
This implies that D = 0 and that « is injective. We show that « is surjective. Let v be in T.G. Let
D, : O(G) — O(G) be defined by D,(f) : g — ((Telg)(v))f for any f in O(G). Then a(D,) = v.
It remains to show that D, is left invariant. For any ¢ in G, f in O(G) and z in G,
((g- D)()e = (Du(f olg) 0 Ly-1)z = (Do(f 0 1)) g~ "2) = (Telg12(0) ) (f 0 1y).
By the definition of the tangent map

(9= D)) =v(f olyoly1a) = v(f 0 L) = (Tela(v) ) f = (Dol ) .

DEFINITION 2.63. For v in T.G let D, denote the unique left invariant derivation given by wv.
Recall that D, was defined by D,(f) : g — ((Telg)(v))f for any f in O(G). The Lie algebra of
G, denoted by Lie(G), is the tangent space T.G equipped with the Lie bracket:

) LG X TG = LG, (a,b) = [v.w] = |g = (Do, Dul(g))e]-
Clearly Lie(G) is a Lie algebra and [D.,, Dy] = Dpy o)

6. The Lie functor

Let &k be R or C.

PROPOSITION 2.64. We have a functor, denoted by Lie, from the category of Lie groups (over k)
to the category of (k-)Lie algebras assigning to each Lie group G its Lie algebra Lie(G) and to
each morphism f : G; — Gs of Lie groups the Lie algebra morphism T, f : Lie(G;) — Lie(G>).

PROOF. Let f : Gy — G2 be a morphism of Lie groups. Let v be in Lie(Gy) and let v' = T, f (v)
be in Lie(Gs). Let D, denote the unique left invariant derivation given by v and let D,  denote
the unique left invariant derivation given by v’.

Since f is a morphism of groups f ol; = Iy, o f for any g in G1. Hence f* ol =150 f* for
any g in G1. For F' in O(G>) and g in Gy,
(o Dy)F)g = (Du(F))(f(9)) = (Tl () F = v (Lj) F)
= (T @) W) F) = o(f* L) F)) = ot (f F)

= (L)) F) = (Du(F F))g = (D, o £)F)g.

We show that v’ is the unique element of Lie(G2) such that D, o f* = f* o D,s. Let v be an
element of Gy such that D, o f* = f* o Dyn. Let Eval, : O(G1) — k be the evaluation map at
e € Gy given by h +— h(e). Then v = Eval, o D, o f* = Eval. o f* o D,y ="

Let w be another element in Lie(G;) and let w’ = T, f(w) be in Lie(G2). It suffices to show that
[v,w]" := Te f([v,w]) = [v',w']. Note that f* o Dy, ) = [Dy, Dy] o f* and that

ffoDpwy = DyoDyof*—DyoDyof*=Dyof* oDy —Dyof oDy
= f* o D’U’ o Dw/ — f* o Dw/ o DUI = f* [©] [D’U'a Dw/] = f* o D[’U’,w’]'
By the uniqueness of [v, w]’ we may conclude that [v,w] = [v/, w']. O

THEOREM 2.65. The functor Lie from Lie groups (over k) to (k-)Lie algebras induces an equiva-
lence of categories from the category of connected and simply connected Lie groups to the category
of finite dimensional Lie algebras.
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Proor. [Edix, Chapter 6, pages 38-43]. O

PROPOSITION 2.66. Let n be a nonnegative integer. The Lie algebra of GL, (k) is isomorphic to
the Lie algebra M, (k) of (n X n)-matrices with coordinates in k. Furthermore, the Lie algebra of
a sub Lie group of GL, (k) is a sub Lie algebra of M,, (k).

PRrROOF. Let G = GL, (k). Let L denote the tangent space T.G = M, (k) of G at the identity
element e. Let a be in L. There is a unique left invariant derivation D, on O(G) such that
a(f) = (Dg(f))e for any f in O(G). For any ¢ in G and f in O(G),

(Da(£)g = ({9 Da)(F))g = (Dalf o lg))e = a(f oly) = (Tedy(a) ) £ = (9a)(F).

Here ga denotes the product of g and a in L. Let x; ; be the coordinate functions on M,, (k). We
compute Dg(z;,5). For g in G and € > 0 a real number

z; (g + €ga) = (g + €ga)i; = gi; + €(ga)ij = i j(g) +¢€ Zgikakj~
k

We conclude Dg(x; ;) = >, i kar;. Applying this identity twice gives

(D Db T4, = D <Z Zq kbkj> Z-rz k/ak’kbk] sz k! ab)k’ = Dabxz NE

k,k’

Hence [Dq, Dy]2ij = Dap—bai,j = Diqp2ij. Two derivations D and E such that Dx; ; = Ex; ;
for all ¢ and j are necessarily equal so we may conclude that [D,, Dy] = Dy, ). We conclude that
the Lie bracket on L is just the ordinary commutator of matrices.

Let H be a sub Lie group of G. The inclusion H — G clearly induces an inclusion Lie(H) — M, (k).

From the functoriality of the Lie algebra it follows that the Lie bracket for Lie(H) is the restriction
of the one for M, (k). O

From Remark 2.57 and our computations done in Proposition 2.13 we get the following Corollary.

COROLLARY 2.67. The Lie algebra of SL,, (k) is the k-Lie algebra of elements in M,, (k) with trace
zero and the Lie algebra of SU, (R) is the R-Lie algebra of anti-hermitian elements in M,,(C) with
trace zero. (]

PROPOSITION 2.68. Let G be a sub Lie group of GL,, (k) and g C M,, (k) its Lie algebra. For g in G
let ¢, : z +— gzg~! denote the conjugation on G by g. It is clear that G acts on itself by conjugation
since ¢4 is an automorphism of G (as a Lie group) for any g in G. For any g in G the conjugation
¢g : G — G induces (Section 6) a linear diffeomorphism Lie(cy) : g — g of the Lie algebra g given
by Lie(cy)(X) = gX g~ ! for any X in g. Furthermore, the morphism of Lie groups Ad : G — GL(g)
given by g — Lie(cg) induces a morphism of Lie algebras ad := Lie(p) : g — End(g) given by

ad(z) = {y = [z, y] =2y — yx}
PROOF. Let e be the identity element of G. For any X in g and any real number ¢ > 0 we

may compute the product (e + eX)(e — eX) = e + O(€?) in M, (k). So for € > 0 small enough
e+ eX is in G. For € > 0 small enough

cyle+eX)=gle+eX)g™ ' =gg " +9eXg ' =e+egXg™
for any X in g. This shows that Lie(c,)(X) = gXg~!

By Proposition 2.66, the Lie algebra of GL(g) is End(g). Let x be an element of g and let € > 0
be a real number. We already noted that e + ex is in G if € is small enough. For y in g and € small
enough

Ad(e +ex)(y) = (e + ex)y(e +ex) ™t = (e + ex)y(e — ex + O(e?)) = e + e(xy — yx) + O(€?).

1

This shows that ad(z) = {y — [z,y] = zy — ym} for any z in g. O



CHAPTER 3

Representations

1. Definitions

DEFINITIONS 3.1. Let k be a field. A group representation (over k) of a group G is a pair
(p, V) where V is a k-vector space and p : G — GL(V) is a morphism of groups. A Lie algebra
representation (over k) of a k-Lie algebra g is a pair (V,p) where V is a k-vector space and
p: g — Endg(V) is a morphism of k-Lie algebras.

A morphism of two group representations (p, V) and (o, W) is a k-linear map f : V — W such
that o(g) o f = f o p(g), i.e. the following diagram

f

\%4
p(g)l ld(g)

V?W

is commutative for all g in G. Morphisms of Lie algebra representations for g are defined similarly.

DEFINITION 3.2. Let G be a Lie group and (p, V') be a finite dimensional group representation of
the underlying abstract group of G. Then (p, V) is differentiable if the map G x V' — V given by
(9,v) — (p(g))(v) = gv is a morphism of manifolds. We shall always assume finite dimensional
group representations of Lie groups to be differentiable.

ExaMPLE 3.3. Let k be R or C. For any finite dimensional vector space V over k the natural
action of GL(V) on V gives us a (differentiable) group representation over k of GL(V) on V.

ExAMPLE 3.4. With notation from Proposition 2.68, (Ad, g) is called the adjoint group represen-
tation of G and (ad, g) is called the adjoint Lie algebra representation.

DEFINITION 3.5. Let G be a group and let V' be a group representation of G. A subspace W C V/
is 4nvariant under the action of G if {g-w € V | g € G, w € W} C W. We call a group
representation V' of G irreducible if V' has exactly two linear subspaces which are invariant under
the action of G: {0} and V.

We have a similar definition for Lie algebra representations.

2. Representations of SLy(C) and its Lie algebra

Let k be a field and let d be a nonnegative integer. Let k[z, y|4 denote the set of homogeneous poly-
nomials in k[z,y] of degree d. Note that k[x,y]q is a k-vector space with basis (z¢, 291y, ..., y?).

Let k be an infinite field. Since £ is infinite we may identify k[z,y] = @, k[x,y]s with the set of
polynomial functions on k% to k. Now, consider the natural action of SLy(k) on k? as in Example
3.3.

PROPOSITION 3.6. Let d be a nonnegative integer. Let pg : SLa(k) — GL(k[z,y]q) be the map

given by (pa(g)(f))(v)) = f(g'v) for all g in SLa(k), f in k[z,yla and v in k2. Then (pg, k[x,y]a)
is a group representation of SLa (k).

15
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PROOF. For g and h in SLy(k) we have, for f in k[z,y]q and v in k2,
(palgh)(N) (@) = F((gh)'v) = F(h'g") = (pa(m)(N))(g'0) = ((palg) @ paW)(f)) (). O

By Corollary 2.67, the Lie algebra of SL2(C) is the Lie algebra of trace zero elements in My (C).
Let k be a (not necessarily infinite) field. Let L denote the k-Lie algebra of trace zero elements in
My (k). Note that L has a k-basis (h, a4, a_) where

1 0 0 1 0 0
h_(O _1>,a+—<00)anda_—<10>.
The Lie bracket on L is given by:

[h,ay] =2ay, [h,a_] =—2a_, [a},a_] = h.

PROPOSITION 3.7. The action of SLa(k) on k[x,y] induces a Lie algebra representation over k of
L on k[z,y]. The endomorphisms of the k-vector space k[x,y] given by h, a; and a_ are given by
ha'y! = (i — j)z'y’, aya'y! = ja Ty aaly! = iat Tyt

for any two nonnegative integers ¢ and j.

PROOF. Let a be in L and let € > 0 be a small real number such that 1+ ea is in SLa(k). We
have (1+ ea)f = f + e(af) + O(€?). For i and j two nonnegative integers we have:

(1+eh)z'y? = (1 +€)z) (1 — e)y)! = z'y? +e(i — j)a'y’ + O(e?).
This shows that ha'y’ = (i — j)2'y’. The computations for ay and a_ are similar. O

REMARK 3.8. The basis elements h,ay,a_ of L act as derivations on k[z,y] since for all f in

C|z,y] we have:!
0 0 0 0
= (ags vz £ o= (o) 1 0= () 7

THEOREM 3.9. The Lie algebra representation k[z,y]q of L is irreducible for all nonnegative
integers d if and only if %k is of characteristic zero. When k is an infinite field we have a similar
statement for the group representation k[x,y]q of SLa(k).

PROOF. Let k be of characteristic zero. We show that the Lie algebra representation k[z, y]4
of L is irreducible. Let d be a nonnegative integer. Let V' # 0 be an invariant subspace of k[z, y]4.
We show that V = k[x,y]s. Assume that z¢ is in V. By Proposition 3.7 a_ - 2¢ = dz?~'y. From
this, and the fact that k is of characteristic zero, it follows that 2%~'y € V. Repeating this process
gives us that z'y/ € V for all nonnegative integers i and j. This shows that V = k[x,]4.

We show that ¢ € V. Since V # 0 there is an element v in V such that v # 0. Since a basis
for k[x,ylq is given by (z?, 29 1y,...,y?) there exist scalars v; € k for i = 0,...,d such that
v = wvoy? +vizy?' + ... +vgz?. There is a minimal i € {0,...,d} such that v; # 0. Applying
the matrix ay exactly d — i times to v gives us that ai‘iv is nonzero, since k is of characteristic
zero. Moreover a‘i_iv € kx?. This shows that z¢ € V.

Let k be of characteristic p > 0. It is not hard to see from the identities in Proposition 3.7 that the
subspace generated by xP and yP of k[z,y], is invariant under the action of L. Even better, the
action of L on this subspace is trivial. This shows that k[x,y]4 is not irreducible for all nonnegative
integers d and finishes the first part of the theorem.?

The last part of the theorem follows from the observation that any nonzero subspace of k[z,yl4
which is stable under the action of SLy(k) is stable under the (induced) action of L. O

1Differentiating polynomials makes sense over any field.
2Actually, it is not hard to see that k[x,yl]y is irreducible for all nonnegative integers d < p since the same
argument used when k is of characteristic zero applies.
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From now on, let k be a field of characteristic zero and let L denote the Lie algebra of trace zero
elements in M3(k). Recall that L has a basis (h,ay,a_) as above.

DEFINITION 3.10. For V a finite dimensional Lie algebra representation over k of L and for A in
k we say that an element v of V is of weight X if hv = Av. Note that 0 € V is of any weight. We
denote the subspace of V' of elements of weight A by V(A).

ProrosITION 3.11. Let V be a finite dimensional Lie algebra representation of L and let v be
a nonzero element of V' of some weight A. For ¢ a nonnegative integer let v; := a* v. Note that
vg = v. Then

(1) ayv e V(A +2),

(2) a_v e V(A —2),

(3) v; € V(A —2i) for all i >0,

(4) if ayv = 0 then ayv; = i(A — i+ 1)v;—1 for all nonnegative integers 7 and there exists a
nonnegative integer d such that the weight A of v equals d, and the subrepresentation of
V generated by v is isomorphic to k[z, yla.

PROOF. From the relation [h,a;] = 2a4 it follows that
h(a4v) = aq(hv) 4+ 2a1v = (A + 2)av.

For the second identity the computation is similar. The third identity follows by induction on 4.
Assume that ayv = 0. We show that a;v; = i(A—i+1)v;—1 by induction on i. The case i = 0 being
true by assumption we let ¢ be a positive integer and assume that ayv;_; = (i — 1)(A — i+ 2)v;_o.
Since h = [a4,a—] we have

ayv; = (h+a_ap)viog =hvig+a_ayvio1 =A=2(—1)vi—1 +a—(i —1)(A— i+ 2)v;_9

= A+2-2i4+ (@ —-1)AN—i+2)vi 1 = (A —i>+i)v;_1 = i(A—i+ 1v_1.

We used the third identity and the induction hypothesis in obtaining the second line. Note that
the nonzero v; are all linearly independent by the first identity. Since V is finite dimensional there

exists a smallest integer d such that vy # 0 and a;v4 = v441 = 0. Evidently v4y; = 0 for all
positive integers j. By the fourth identity,

0=av441=(d+1)A—=(d+ 1)+ Dvg = (d+ 1)(A — d)vg.

This implies that A = d. Now, (vg,v1,va,...,v4) is a basis for the subrepresentation of V' generated
by v = vg. Let (v) denote the Lie algebra representation of L generated by v. Consider the k-linear
map (v) — kz, y]a given by

¢ = wvw=1g
2@y v
y? = Vd
By Proposition 3.7, this map is an isomorphism of Lie algebra representations of L. O

COROLLARY 3.12. Let V be an irreducible finite dimensional Lie algebra representation of L. The
roots of the characteristic polynomial of A acting on V are all integers.

PRrOOF. For now (and only now) let L¥ denote the Lie algebra of 2 x 2 matrices with trace
zero and coordinates in k, i.e. L* ~ kh®kay ®ka_. Let k C k’ be a field extension. By properties
of the tensor product k' ®; LF and L* are isomorphic as Lie algebras.® Let V be an irreducible
finite dimensional Lie algebra representation over k of L*. Consider the roots of the characteristic
polynomial of the action of h € L¥ on V. Let A be such a root and denote the endomorphism
v+ v of V (also) by A. For k — k an algebraic closure of k we have that k ®; V is a finite
dimensional Lie algebra representation over k of L*. Consider this Lie algebra representation and

let v € ker(h — A), i.e. the eigenspace belonging to A\. There is an ¢ such that aijlv = 0 and

3This is called extension of scalars.
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ai_’u # 0. Apply Proposition 3.11 to the element aj_v to see that A (or actually A 4 2i) is an
integer. O

DEFINITION 3.13. Let V' be an irreducible finite dimensional Lie algebra representation of L. Let
d be the largest among the roots of the characteristic polynomial of h acting on V. Then d is
called the highest weight of V. Any nonzero vector v in V(d) is called a mazimal vector of V.

ProPOSITION 3.14. Let V' be an irreducible finite dimensional Lie algebra representation over k
of L. Then V is isomorphic to some k[z, y]4.

PROOF. Let d be the highest weight of V. By Corollary 3.12, d is an integer. Let v in V(d)
be a maximal vector. By Proposition 3.11, ajv is in V(d + 2). This implies that ayv = 0. Again
by Proposition 3.11, there is an injective morphism of Lie algebra representations f : k[z,ylq —
V sending ¢ to v since the subrepresentation generated by v is isomorphic to k[z,y]s. The
irreducibility of k[z, y]q and V implies that f is an isomorphism of Lie algebra representations. [

ProrosITION 3.15. Each representation V' of L is isomorphic to a direct sum of irreducible
representations.

Proor. [Edix, Proposition 10.4.6, pages 58-60]. O

The following theorem is an application of all the results in this section.

THEOREM 3.16. Every finite dimensional Lie algebra representation of L is isomorphic to a direct
sum of copies of the k[z,y]q. For k is R or C every finite dimensional group representation over
k of SLsy(k) is isomorphic to a direct sum of copies of the k[z, y]q. O

COROLLARY 3.17. Let V be a (not necessarily finite-dimensional) representation of L, and suppose
that each vector v € V lies in a finite-dimensional invariant subspace. Then V is the (possibly
infinite) direct sum of finite-dimensional invariant subspaces on which L acts irreducibly.

PrROOF. By hypothesis and Proposition 3.15 each member of V lies in a finite direct sum
of irreducible invariant spaces. Thus V = Zse g Us where S is some index set and each Uy is
an irreducible invariant subspace. We show that this sum is a direct sum. A subset R of S is
said to be independent when the sum ) _, U, is a direct sum. It is clear that the union of
any increasing chain of independent subsets of S is itself independent. By Zorn’s Lemma there
is a maximal independent subset T" of S. By definition the sum ), ., U; is direct. We shall
show that V = ZteT U;. It suffices to show that U, C ZteT U; for any s € S. For s € T it is
clear, so suppose that s ¢ T. Then the maximality of T implies that T'U {s} is not independent.
Consequently the sum Ug + >, . Uy is not direct, and we must have Us N Y, Uy # (0). But
this intersection is an invariant subspace of U. Since Uj is irreducible Ug ﬂzteT U; = U showing
that Us C >, Ut O

3. Quaternions

We define elements in Mz (C) by:

Ce (50) (e ) (N ) (),

Note that i2 = j2 = k? = ijk = —1. These equations imply that ij = k, ji = —k, jk =i, kj = —1,
ki = j and ik = —j. We conclude that the subspace with basis (1,14, 7, k) is a sub R-algebra of
My (C). This algebra is called the real quaternion algebra of Hamilton and is denoted by H. Note
that R — H canonically. Multiplying two elements

a+bi cH+di )

a+bi+tcj+dk= ( et di a—bi
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and
. . _ e+ fi g+ hi
(e+ fi+gj+hk)= < gt hi e—fi )
of H gives ae — bf — cg — dh + (af + be + ch — dg)i + (ag — bh + ce + df )j + (ah + bg — cf + de)k
for any a, b, ¢, d, e, f, g and h in R. Another way to describe H is to say that it is a R-vector
space with (1,4, 7, k) and an associative multiplication defined by i2 = j? = k% = ijk = —1.

For z in C let z denote the complex conjugate of z. The elements of H are precisely the matrices

of the form ( Z _ab ) with a,b € C. Since the determinant of an element ( Z _Eb ) in H
b\ .

in H. We
a

equals | a [ 4+ | b |? any nonzero element in H is invertible with inverse < fb
conclude that the quaternion algebra H is a division algebra.

t

For z in H let 2* = 7' = 2! denote the hermitian conjugate of z. Let % : H — H be the R-linear

map given by x — x*.
PROPOSITION 3.18. The linear map * is an involution and (zy)* = y*a* for any x and y in H.
PROOF. It is clear that  is an involution since (z!)! = 2z and T = z for any x in H. The

second part follows from the observation that for any x and y in H it holds that (zy)* = (zy)! =
ytat =yt - ot = yro*. O

Let N : H — R be the map defined by N(z) = det(z).

PROPOSITION 3.19. The map N defines a norm on H.

PrOOF. The underlying vector space of H may be identified with R* by identifying a + bi +
cj+dk in H with (a, b, ¢, d) in R*. Tt is clear that the norm N under this identification is the usual
Euclidean norm (squared) on R*, i.e. N(a+ bi+cj+dk) =|(a,b,c,d)|* =a? +b>+ 2 +d*>. O

REMARK 3.20. The above norm is a quadratic form and gives us an inner product

N(z+y) = N(z) - N(y)
2

(z,y) =
¥y +y*x
—

PROPOSITION 3.21. The groups { x € H| N(z) =1 } ¢ H* and SU(R) C H* are isomorphic.
Note that { € H| N(z) =1 } = { (a,b) € C? | |a|* + [b|?> = 1 } is the unit sphere S* C C2.

on H. One can show by direct computation that (z,y) =

PROOF. Since zz* = det(x) for any x in H it is clear that { z € H| N(x) =1 } C SU2(R).

Let z = ( Z Z ) be an element of SUy(R). It suffices to show that x is in H since z* = 27!

and det(x) = ad — bc = 1. Note that a* = % 2 ) = ( jlc _ab ) = 27! implies that
T = ( Z _ab ) We conclude that x is an element of H. O

We end this section with the following remark.

REMARK 3.22. By Example 2.20, H has the structure of a R-Lie algebra. The Lie bracket on H
is given by [z,y] = xy — yx. Since H* is open in H the group H* is a real Lie group with Lie
algebra H.
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4. Complex representations of SU3(R)

Let L be the C-Lie algebra of trace zero elements in My(C), i.e. the Lie algebra of SLy(C). Let
L’ be the Lie algebra of SU3(R), i.e. the R-Lie algebra of anti-hermitian elements in Ms(C) with
trace zero. Note that L’ has a basis (I, J, K) where

i 0 0 1 0 4
(o %)= (50 )w=(00)
The Lie bracket on L’ is given by:
[I,J] =2K, [J,K]=2I, [K,I]=2J.

LEMMA 3.23. The inclusion of L’ in L induces an isomorphism of Lie algebras from the complex-
ification Ly = L’ @r C of L’ to L.

Proor. Note that h = —il, a; = J_ziK and a_ = —#. These identities imply that
I,J and K form a C-basis for L. Thus applying the functor — ®g C to the injective morphism
i: L' — L gives us an isomorphism ic : Ly — L of complex Lie algebras. O

PROPOSITION 3.24. Restriction from L to L’ induces an isomorphism from the category of finite
dimensional representations over C of L to that of L’. By Theorem 3.16, every finite dimensional
complex vector space with an action of SU3(R) is isomorphic to a direct sum of copies of the
C[.I, y]d

PROOF. Giving a representation over C of L’ is the same as giving a representation over C of
the complexification L. By Lemma 3.23, the representations over C of L’ are the same as those
of L. O

LEMMA 3.25. Let F' : C — D be an equivalence of categories. Then for all X, Y € C the morphism
of sets Home (X,Y) — Homp (F(X), F(Y)) is bijective.

PRrROOF. Let F : C — D be an equivalence of categories. Then there exists a functor G : D — C
and an isomorphism of functors a : GF — id¢*. Let X and Y be two objects of C. For any
f € Home(X,Y), we have f = a(Y) o GF(f) o a(X)~! since the following diagram

arx)—Y L qy
oc(X)\L la(Y)
X 7 Y

is commutative. Hence the morphism of sets Homeo(X,Y) — Homp(F(X), F(Y) is injective.
Likewise we can show that the morphism of sets Homp(X,Y) — Home(G(X), G(Y) is injective.
Moreover, let g € Homp(X,Y). Define a morphism f : X — X by f = a(Y)oG(g)oa(X)~!. Since
the morphism of sets Homp (X,Y) — Hom¢(G(X), G(Y) is injective, we have F'(f) = ¢ if and only
if GF(f) = G(g). Since a : GF — idc is a natural transformation GF(f) = a(Y) ! o f o a(X).
By the definition of f, G(g) = GF(f). This implies that F(f) = ¢g and that the morphism of sets
Home(X,Y) — Homp (F(X), F(Y) is surjective. O

THEOREM 3.26. Let V be a finite dimensional complex vector space with an action of SU3(R).
Then V is isomorphic to a direct sum of copies of the C[z, y]q4.

Proor. By Proposition 3.21, SU3(R) is connected and simply connected so the theorem
follows by Theorem 2.65 and Lemma 3.25. O

4We shall not need the isomorphism of functors FFG — idp.
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5. Complex representations of SO3(R)

Let H be the real quaternion algebra of Hamilton. We showed that H is a normed space. Let V'
be the orthogonal complement of R. Consider the orthogonal decomposition H =R V. Note
that V = Ri & Rj & Rk is a three-dimensional normed space which we call the space of pure
quaternions.

For € H*, let the conjugation by z from H to itself be given by ¢, : y — zyz~'. Note that
the center of H is equal to R. For, assume that z is in H and commutes with all elements of

H. Since elements that commute with ¢ = < é i)z > have to be diagonal and diagonal matrices

. 0
that commute with j = 10
with R.

Consider the adjoint group representation Ad : H* — GL(H) of H*. Since the center of H is R
restricting ¢, to (0) @ V = V gives us a morphism Ad : H* — GL(V) given by = — ¢,. Since
N(cp(y)) = N(zyz~t) = N(z)N(y)N(z~!) = N(2)N(y)N(x)~t = N(y) for all y in H, the map
¢ 1s orthogonal. Let O(V') denote the group of orthogonal endomorphisms of V. Restriction of Ad
to the subgroup SUz(R) of H* gives us a representation (again) denoted by Ad : SUz(R) — O(V)
of SUz(R) on V.

LEMMA 3.27. The image of Ad is contained in SO(V).

) have to be scalar matrices we may identify the center of H

PROOF. Choosing the orthogonal basis (i, j, k) for V gives us a (non-unique) isomorphism of
SO(V) with SO3(R). Therefore SO(V) is connected. Note that SO(V') and the set of orthogonal
maps with determinant -1 are the two connected components of O(V). Since SU3(R) ~ S? is
connected, Ad maps SU3(R) into the connected component of O(V') containing the identity. This
is precisely SO(V). O

LEMMA 3.28. The sub Lie algebra V' of H is the Lie algebra of SUs(R). In particular, Ad :
SU2(R) — O(V) is the adjoint group representation of SUz(R).

PRrROOF. This follows from the fact that ij — ji = 2k, jk — kj = 2i and ki — ik = 2j. O

PROPOSITION 3.29. The (induced) morphism ad from V to the Lie algebra of SO(V) is an iso-
morphism of Lie algebras.

PROOF. Since SU3(R) and SO(V) are both Lie groups of dimension three it suffices to show
that the kernel of the induced morphism ad is trivial. By Proposition ??, ad(y) = [v — YU — vy]
for all y in V. Let y be in V' and assume that ad(y) = 0. Then yv — vy = 0 for all v in V. Since
the center of H is R we must have that y is in R. But this implies that y = 0, since V is the
orthogonal complement of R. O

LEMMA 3.30. Let G be a connected Lie group. Let U be an open neighborhood of e and let U™
consist of all n-fold products of elements of U. Then G = | J7—, U™

PROOF. Let V.= UNU"! where U"' = { g7 | g € U} Let H= )2, V" Then
H c |J;—, U™, H is an abstract subgroup of G and an open subset of G since hV C H for all h
in H. By the latter each coset mod H is open in G. Now H is the complement of the union of

all these cosets and therefore H is a closed subset of H. Since H is nonempty we conclude that
H = G. This shows that G = J,, U™. O

LEMMA 3.31. Let G and H be connected Lie groups and let g (respectively §) be the Lie algebra
of G (respectively H). A morphism of Lie groups ¢ : G — H is surjective if the induced morphism
Lie(¢) : g — b is an isomorphism of Lie algebras.’

5We can actually prove that ¢ is a covering map, but since we do not need this we shall not give the proof.
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PROOF. Suppose that Lie(¢) : g — b is an isomorphism of Lie algebras. Then ¢ is everywhere
a local diffeomorphism. Thus, by Lemma 3.30, ¢ maps G onto H since ¢ is a morphism of Lie
groups and since ¢(G) contains a neighborhood of the identity in the connected Lie group H. O

THEOREM 3.32. The map Ad : SUz(R) — SO(V) is surjective with kernel {1, -1} C SU3(R). We
conclude that SU2(R)/{1, —1} and SO(V) are isomorphic as Lie groups.

ProoOF. By Lemma 3.31, Ad is surjective. The kernel is given by the intersection R N
SUL(R) = {1, -1}. O

COROLLARY 3.33. The map Ad : SU3(R) — SO(V) is a double covering of SO(V). We conclude
that SU2(R) is the universal covering Lie group of SO3(R) and that 71 (SO3(R)) = Z/2Z.

PROOF. This is an application of Proposition 2.48. O

Since SO3(R) is isomorphic to the quotient of SUs(R) by its subgroup {1,—1} we have the
following theorem.

THEOREM 3.34. The irreducible complex representations of SO3(R) are the C|xz,y|q with d > 0
even. All finite dimensional complex representations of SO3(R) are direct sums of irreducible
representations.

ProoF. Counsider the action of SU3(R) on Clz,y|q. For any nonnegative integer i,
1. xiyd—i — (_x)i(_y)d—i — (_1)i+d—ixiyd—i — (—1)d.riyd_i.
Since any morphism of groups f : G — G’ factors uniquely through the quotient G/H if H is

a normal subgroup contained in the kernel of f, giving a representation of SO3(R) is to give a
representation of SUz(R) that is trivial on {—1, —1}. O

6. Résumé

In this section we briefly summarize what we did in this chapter. Please note that we do not make
very precise statements and we shall be very informal in this section.

Basically, the first thing we did was define a representation of SLy(C). This gave us a represen-
tation of its Lie algebra L. Working with this Lie algebra turned out to be much easier since the
representations of L are direct sums of exactly those representations induced by SLo(C). This
means that translating this back to SLy(C) we get a complete description of the representations
of SLy(C). Now, what about the representations of SUa(R)? Well, before obtaining those we
studied quaternions. Basically, the quaternions are C x C with a multiplication defined on its
elements. The quaternions show a lot of similarity with C, which is just R x R with a multi-
plication defined on its elements. For example, we have the notion of pure quaternions just like
we have imaginary numbers. Furthermore, the norm of a quaternion can be compared with the
modulus of a complex number. Anyway, one of the main purposes quaternions served is showing
that SU,(R) is homeomorphic to S*. Now since S? is connected and simply connected, giving
representations of SUs(R) isn’t hard with the aid of the equivalence of categories of the category
of connected and simply connected Lie groups and the category of Lie algebras. As a last subject
we turned to the representations of the rotation group SO3(R). We found these by looking at the
adjoint representation of the Lie group H*. The main idea is showing that this representation
induces an isomorphism of Lie groups SU2(R)/{1, —1} ~ SO3(R). Hence to give representations
of SO3(R) is to give a representation of SUs(R) where —1 acts trivially. For the physicists among
us, the theory of the (relativistic) electron should be recognizable in the fact that SO3(R) has no
representations of odd dimension.



CHAPTER 4

Homotopy groups of SU5(R)

In this chapter we briefly study the homotopy groups of SU2(R). For a more detailed treatment
of the material in this section we refer to [Hat, Chapter 4].

1. Definitions

DEFINITION 4.1. (Wedge Sum) The wedge sum of two pointed topological spaces (X, ) and
(Y,y), denoted by X VY, is defined to be the quotient of the disjoint union X [TY obtained by
identifying x with y. Its base point is the class of x (or y).

REMARK 4.2. The wedge sum is the coproduct in the category of pointed topological spaces Top, .
This implies that X V — is actually a functor from Top, to itself for any X € Top,.

DEFINITION 4.3. (Higher Homotopy Groups) Let n be a positive integer and let (X, ) be a
pointed topological space. Choose sy to be the base point of S™. The set of homotopy classes of
maps f : (S™,s0) — (X, z) is denoted by 7, (X, zo). It has a group structure defined as follows:
for two maps f,g: S™ — (X, x¢) the sum f + g is the composition S* % S" v S” IY9, X where
¢ collapses the equator S”~! in S™ to a point and we choose the base point to lie in this equator.
We call 7, (X, z) the n-th homotopy group of X based at z. Note that 7, (X, ) is the fundamental
group of X based at x for n = 1.

REMARK 4.4. The n-th homotopy functor can be defined similarly to the fundamental group
functor as

T = Homggep, ((S",5), —) : HT0p, — Brp.

REMARK 4.5. The group 7, (X, ) is abelian for n > 2 and independent of  when X is path-
connected.

PROPOSITION 4.6. Let p : X — X be the universal covering of a connected manifold X. Then
mn(X) and 7, (X) are isomorphic groups for any positive integer n > 2. In particular, the n-th
homotopy group 7, (S!) = {0} for any integer n > 2.

PrOOF. Let f:S™ — X be a morphism. By Theorem 2.37 and since 8" is simply connected
for all n > 2, there exists a unique morphism f : 8™ — X such that po f = f, i.e. the following

diagram
) S ip

is commutative. This shows that the induced morphism of groups m,(p) : Tn(X) — m(X) is
bijective for all n > 2. The second part follows by the fact that the universal cover of S! is R.
Since R is contractible, 7, (R) = 0 for any positive integer n. More explicitly, let f : S™ — R be a
morphism. Then the morphism F : 8™ x [0,1] — R given by F(z,t) = f(z)t is a homotopy from
f to the constant map S™ — R given by x — 0 € R. O

23
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DEFINITION 4.7. (Suspension) Let X be a topological space. We define an equivalence relation,
denoted by ~, on the product space X x [-1,1] by (x,—1) ~ (y,—1) and (z,1) ~ (y,1) for
any z and y in X. The suspension of X, denoted by XX, is defined to be the quotient space
nx =X x[=1, 1]/N. We denote the equivalence class of an element (x,¢) in X x [—1,1] by [, ¢].
The suspension of a morphism f : X — Y, denoted by X f, is the map X f : ¥X — XY defined by
Sf[z,t] = [f(x),t]. Note that X is a functor from the category of topological spaces to itself.

PROPOSITION 4.8. Let S™ be the unit n-dimensional sphere in R®*!. The suspension ¥S" is
homeomorphic to S"*1.

PROOF. Let a: 8™ x [~1,1] — S™*! be the map defined by

a(xl,...,xn+1,t) = (\/ 1 —t21‘1,...,\/ 1 —tgxn_,_l,t).

It is clear that « is surjective and continuous. Since « is constant on the boundary of [—1,1]
it factors through the quotient. Since S™ and [—1, 1] are compact separated spaces « induces a
homeomorphism 8" = §+1, O

2. The Hopf map

Let V = Ri ® Rj ® Rk be the space of pure quaternions. Let

Ad:SU2(R) — SO(V), z+— ¢y
be the surjective map studied in Section 5. Let Eval; : SO(V) — V be the evaluation map given by
f+ f(i). The composition Eval; o Ad is denoted by H. It is given by H(x) = ziz~! for any z in

SU3(R). Since 4 has unit norm the image of H is contained in the space of pure quaternions. It is
clear that we have isomorphisms S? ~ SU3(R) and S2 ~ { x € V | N(z) =1 }. The composition

R'5>S* S SULR) L {2eV |Nax) =1} 582 CR?
is denoted by H and is called the Hopf map.
It is easy to see that the Hopf map H : S® — S? can be given explicitly by H(a,b,c,d) =
(a® +b% — ¢® — d?,2(ad — be), 2(bd + ac)).
View S! as the unit circle in C* and view S? as the unit sphere in C?. Consider P as the
quotient space of S® under the equivalence relation (z,w) ~ A(z,w) for any A\ € S. Identifying

S? with P¢ the Hopf map can be taken to be the projection map p : S3 — P¢ which sends (z, w)
to its equivalence class [z, w].

Identify S? with the Riemann sphere C U {oc}. The Hopf map H : S* — S? can be taken to be
H(z,w) = Z.

DEFINITION 4.9. Let F' be a manifold. A fiber bundle structure on a manifold F, with fiber
F, consists of a surjective morphism of manifolds p : E — B such that each point of B has a
neighborhood U for which there is a diffeomorphism h : p~1(U) — U x F making the diagram

pU)—L>UxF

SO

U
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or equivalently the diagram

UxF—>UxgE——>EFE

o

U———8B

commutative. Here pr; is the projection on the first factor and U xp E is the fiber product of
U and FE over B. The manifold B is called the base space, and F is called the total space. We
usually denote fiber bundles as ”exact sequences of manifolds”: FF — E — B.

REMARK 4.10. With notation as in Definition 4.9. Commutativity of the following diagram

p’(U)*h>U><F

S

U

means that h carries each fiber F, = p~1(b) diffeomorphically onto the copy {b} x F of F. Thus
the fibers F;, are arranged locally as in the product of the bundle. Since the first coordinate of h
is just p, h is determined by its second coordinate, a map p~!(U) — F which is a diffeomorphism
on each fiber Fj.

ExXAMPLE 4.11. A fiber bundle with fiber a discrete space is a covering map. Conversely, a covering
map whose fibers all have the same cardinality is a fiber bundle with discrete fiber.

LEMMA 4.12. The Hopf map H : 8> — S? is a fiber bundle with fiber S'. We denote this bundle
by S' — 8% — 82 and call it the Hopf bundle.

PROOF. Viewing the Hopf map H : S* — S? as the projection p : S* — Pg it is easy to see
that the fibers are copies of S'. Define U; C Pg for i = 1,2 to be the open set of equivalence
classes [21, 2] with 2z; # 0. Define h; : p~Y(U;) — U; x S! by hi(21,22) = ([zl,z'g],é—z‘). This
map takes fibers to fibers, and is a diffeomorphism since its inverse is the map ([z1, 22],A) —
Mzilzi (21, 22)- O

REMARK 4.13. There are only three other fiber bundles with base, fiber and total space spheres.
These are also called Hopf bundles. They are S° — S* — S, 83 — 87 — S% and S” — S5 — S8,
For a proof we refer the reader to [Adams].

3. my(S?) = Z/2Z.

THEOREM 4.14. (Freudenthal suspension theorem) The suspension map ;(S™) — ;41 (S™*!)
is an isomorphism for i < 2n — 1 and a surjection for i = 2n — 1.

PrOOF. [Hat, Corollary 4.24, pages 360-361]. O

THEOREM 4.15. Every fiber bundle F' — E — B of connected manifolds gives rise to a long exact
sequence of groups

= T (F) = 1o (E) = mp(B) = mp—1(F) — ... — m(B) — {0}.
ProOOF. [Hat, Theorem 4.41 and Proposition 4.48, pages 376-380 |. O

THEOREM 4.16. The homotopy group 73(S?) is isomorphic to Z and generated by the homotopy
class of H.
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PRrOOF. By Theorem 4.15, the Hopf bundle gives a long exact sequence:
c—= T (SY) = (S?) — ma(S?) — w1 (ST — ... — m (St — {0}
By this long exact sequence and Proposition 4.6, we have the exact sequence
0 — m2(S?) — m(S?) — 71 (SY) — m(S®) — ...

Since S? is simply connected, 7 (S?) = {0}. By the Freudenthal suspension theorem the suspen-
sion map induces an isomorphism 71 (S?) ~ m2(S?). Since S? is simply connected we may conclude
that mo(S?) = {0}. We get a short exact sequence

0 — m(S?) — m(S') — 0.

This implies that 72(S?) ~ m;(S!) ~ Z. Now, consider the suspension map m2(S?) — m3(S®). By
the Freudenthal suspension theorem this map is an isomorphism. We conclude that 73(S3) = Z.
Again by the above long exact sequence and Proposition 4.6, we have the short exact sequence of
abelian groups

0 — m3(S3) — m3(S?) — 0.
Hence 73(S?) ~ 73(S?) = Z and 73(S?) is generated by the Hopf map H.! This completes the
proof of the theorem. O

THEOREM 4.17. The image of H under the suspension map 73(S?) — m,(S?) generates 74(S?)
and is of order two.

PROOF. Apply the Freudenthal suspension theorem to see that the suspension map 73(S?) —
74(S?) is surjective (it is not an isomorphism). Therefore 74(S3) is a cyclic group generated by
the image of the Hopf map under the suspension map m3(S2?) — m4(S?). It remains to show that
the image of H under this suspension map is of order two in 74(S?). This is left to the reader as
a (very difficult) exercise. O

1Actually it is not clear why the Hopf map generates m3(S2). Let us just remark that it follows from the
definition of the connection maps in the long exact sequence.



CHAPTER 5

Introduction to Yang-Mills theories

1. Intermezzo

We have reached the "physical” part of this thesis. In this short section we briefly note on notation
that is commonly used in physics. We will also give a theorem that links matriz groups to their
Lie algebra through the matriz exponential.

Let us first note that from now on all Lie groups are defined over real manifolds. Thus when we
speak of a Lie group we shall mean a real Lie group.

The notation we used for Lie groups such as the unimodular group U; (R) will no longer be used.
Instead we shall denote the Uy (R) by U(1) and denote the group SU3(R) by SU(2).

Since we shall only work with matrix groups we briefly introduce the (matrix) exponential map
in order to easily communicate between a Lie group and its Lie algebra. For any (n X n)-matrix
A we define the exponential of A to be

A2 A3 . Ak

et =exp(A)=T+A+ —+—+...=) —.
2! 6 k!
k=0

We shall not concern ourselves to convergence problems. We do note that exp(A) is well defined
for any matrix A.

Let O be the zero matrix. It is easy to see that exp(O) = 1. If the matrices A and B commute,
then
exp(A + B) = exp(A) exp(B).

We will just indicate a proof by looking at the first few terms.

A2 B? A* A’B B?
Az A3 B? B3
exp(A)exp(B) = (I+A+7+?+...)(I+B+7+F+...)
A2 B? A* A’B B?
+—+...

= I+A+B+—+AB+— + -
A+ B+ -+ AB+ ot

Note that this implies that exp(A) is nonsingular with inverse exp(—A) for any (n x n)-matrix.
Therefore exp maps the Lie algebra of all (n x n)-matrices on the Lie group of invertible matrices.

When two matrices A and B do not commute one must invoke the so called Campbell-Hausdorff*
formula. The Campbell-Hausdorff formula gives a formula for C' where exp(A) exp(B) = exp(C),
in terms of repeated commutators of A and B such as [A, B], [4, [4, B]], [B, [A4, B]], [A,[B, [4, Bl
etc. We give the formula up to order 3. This will give us the insight that the Lie bracket is, up to
a factor %, the quadratic term.

THEOREM 5.1. For any two (n X n)-matrices A and B it holds that exp(A)exp(B) = exp(C),
where

1 1
C=A+B+ i[A’B] + E([A’ [A,B]]+ [B,[B,A]]) +....
PROOF. [Serre]. The proof given there applies to any Lie group. O

n some texts this formula is also called the Baker-Campbell-Hausdorff formula.

27
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The following theorem links a Lie group to its Lie algebra by using the exponential map.

THEOREM 5.2. Let G C GL,(R) be a (matrix) Lie group. The Lie algebra of G is given by
{X € M,,(R)|exp(tX) € G for all t € R}. A similar statement holds for a Lie group G C GL,,(C).

Proor. [Edix, Chapter 3, pages 27-30]. The proof given there applies to any Lie group. 0O

An important example of a Lie group is SU(2). In the preceding chapters we saw that the
(mathematical) Lie algebra of SU(2) is the real vector space with basis (io3,i0?,iot). Here

7ia-7
L (01 s (0 —i s (1 0
”‘(10 2=\ o0 ) 2 7o -1

are the Pauli-matrices. This is easily confirmed by Theorem 5.2 when one uses the equations

AAT = ATA, exp(A)T = exp(AT), det(exp(tA)) = exp(ttr(A)).
The generators of SU(2) are given by (=303, —10%, —10') and can be replaced by (10, 352, £0%).
It is easy to see that the structure constants are given by fi/% = ¢i/*,
Now, since we shall not be doing any explicit calculations it is easier and more convenient to let

h=c=1.

We conclude with some final remarks on prerequisites. We shall assume the reader to have some
familiarity with classical electrodynamics, relativity and classical quantum mechanics. We refer
the reader to [Grifl] and [Grif2] for a basic overview. Furthermore, the Einstein summation
convention is used. We also assume the reader to be comfortable with representation theory since
we shall abuse the standard language sometimes. For example, when we say that x is an element
of the adjoint representation of SU(2) we shall mean that z is an element of C? transforming
under the adjoint action of SU(2).

2. Electrodynamics and relativity

In this section we give a formulation of Mazwell’s equations in terms of the electromagnetic field
tensor Fy,,. In this formulation it is clear that the Mazwell equations are Lorentz-invariant and
above all are gauge invariant.

Since we shall only consider the electromagnetic field in vacuum we use the so-called rationalized
cgs units where ¢ = 1 and pg = 1.

Let
E B,
E=E(x,t)=| F2 |, respectively B=B(x,t)=| By |,
Es B,
be the electric, respectively magnetic, field. The homogeneous Maxwell equations are given by
0B
V-B=0, V><E+§:0,

The first equation excludes the existence of magnetic monopoles while the second expresses Fara-
day’s law of induction.

Let p = p(x,t) be the electric charge density and let J = J(x,t) be the current density. The
inhomogeneous Maxwell equations are given by

OE
V- E= VxB—-—=17.
P, ot
It is well known that the continuity equation % +V-J = 0is a consequence of the inhomogeneous
Maxwell equations. Moreover, Gauss’s law follows by applying the integral theorem of Gauss to
the equation V- E = p. The homogeneous and inhomogeneous Maxwell equations give a complete
description of classical electrodynamics when we add Lorentz’s force law F = ¢(E + v x B).
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To solve the homogeneous Maxwell equations we can express the electric field and the magnetic
field in terms of a scalar potential ¢ = ¢(x,t) and a vector potential A = (A,, A,, A.). Indeed,
the homogeneous equations are satisfied for

0A
E=-Vo——, B=VxA.
¢ 8t ) X
We have a four-vector potential A, = (A,i¢) = (A;, Ay, A.,i¢) which possesses a certain gauge
freedom. Under a gauge transformation

A, — A, +0.8(x)

the electric and magnetic fields are unchanged. The parameter £(z) in this gauge transformation
is an arbitrary function of x and t. Due to this gauge freedom A, (z) is generally called a gauge
field and Maxwell’s theory of electromagnetism is just the simplest example of a gauge theory.
Under the same gauge transformation the field tensor F,, defined by

Fu = 0,A, —0,A, (v =1,2,3,4)
is also unchanged. Therefore it might be interesting to try and understand F},, more.

It is clear that F},, is antisymmetric, i.e. F,,, = —F},,. In particular, F},,, = 0 for all u = 0,1, 2, 3.
Furthermore, it is easy to see that
) 0A }

F12 = 81A2 — 82141 = (v X A)z = Bz7 F41 = 84A1 — 81A4 = Z(—V¢ — E)w = ZEl.
Determining all other components of F},,, is completely similar. Since F},, is a second-rank tensor
we may express it as a matrix

0 Bs; —By —iE
—Bs 0 By  —iFEs
B, —B; 0 —iFs
iEy  iFEs  iEj3 0

o=

One can check that the homogeneous Maxwell equations can be obtained from the equations
8MFM>\ + a,,F,\H + a,\FW, = 0.

Introducing the four-vector current J* = (J,ip) = (Jg, Jy, Jz,ip) we can easily check that the
equation 0, F,,, = J" implies the inhomogeneous Maxwell equations. Note that under the as-
sumption that A* and J* transform as four-vectors it is immediate that the Maxwell equations
are Lorentz invariant.

Our next objective is to study quantum electrodynamics, i.e. the unification of Maxwell’s theory
and the theory of particles with spin % We will see that quantum electrodynamics is a ”simple”
case of a Yang-Mills theory.

3. Particles with spin %

Particles with spin % obey the Dirac equation. The solutions to the Dirac equation are called Dirac
spinors. The Lagrangian that produces the Dirac equation will turn out to play an important role
later on.

In particle mechanics one introduces Lagrangians L as functions of the (generalized) coordinates ¢;
and their time derivatives ¢;. In field theory we work with a Lagrangian (technically, a Lagrangian
density) £, which is a function of the fields ¢; and their z, y, z and ¢ derivatives: 0,¢;. The
Euler-Lagrange equations generalize to

oL oL .
Opsr——=7— (t=12,...).
a(6u¢i) lofon
We are going to give the Lagrangian that produces the so called Dirac equation. The Dirac
equation describes (in quantum field theory) a particle of spin % and mass m. Before giving the
Dirac equation we need to introduce the gamma matrices.
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The gamma matrices are denoted by 7°, ', 42 and 3. They are (4 x 4)-matrices that satisfy

{7} = 29"

Here
1 0 0 0
0 -1 0 0
pro_
=10 0o -1 0

o 0 0 -1
is the Minkowski metric and curly brackets denote the anticommutator: {4, B} = AB + BA.
We are now ready to give the Dirac equation:
iy O — my = 0.
Here m denotes the mass of the particle and the wave function 1 is a four-element column matrix

Y1
(C»
U3
Y4

We call it a Dirac spinor.

If ¢ is a Dirac spinor one might suspect i to be a four-vector, but this is not the case. Since we
shall not need it, the explicit (relativistic) transformation formula for 1) when you go from one
inertial system to another will not be given here. We just note that under a Lorentz transformation
it transforms as the the four-dimensional § @ 3 representation of Lie(SL2(C). More on this in

section 7. Note that when we let 1T be the Hermitian conjugate of ¢» and define the adjoint spinor
of ¢ by?

¥ ="""")a
we can form a relativistic invariant (Lorentz scalar): 1,1, = 9. Of course we can not justify
this without the explicit transformation formula. In the standard representation of the gamma

matrices?, i.c.
1 0 0 ok
0 _ kE_
7_(0_1>’ ’Y—<_O_]g O)a

this reads Yo =| 1 [* + | 2 [* — | ¢3 [* — | ¢a [? since ¥, = ¥ = (45, ¢1, —¢3, —¢3) in
the standard representation. Another useful hermitian (4 x 4)-matrix is v° = i7%y'y%4?® which
satisfies {7*,7%} = 0 and may be expressed as

0 1
5 _
in the standard representation. Introducing the matrices

ot = _iihﬁu 'Yu]

we see that (1,75, v, v#45, 0" is a basis for the vector space of (4 x 4) complex matrices.

Note we have another relativistic invariant given by
DY = 0o (VW )apths = =051z — Vs + 3001 + P3iba.
Now, consider the (relativistic) Lagrangian

£Dirac = Eﬂ”a;ﬂ# - m@?ﬂ

2Note that the notation 2 was used to denote the complex conjugate. Here it is something completely different.
3Here 1 denotes the (2 x 2) identity matrix and o are the Pauli spin matrices.
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We treat ¢ and 1) as independent field variables. This is exactly what characterizes Dirac fermions.
Applying the (generalized) Euler-Lagrange equations to v, we find

8‘CDirac _ 8‘CDirac

000u) o

)

= V“ia;ﬂb —my

so that

Y10 — my = 0.
This is the Dirac equation. Meanwhile, if we apply the Euler-Lagrange equations to ¥ we obtain
the adjoint of the Dirac equation:*

B(=ir" 3y —m) = 0.

We conclude this section by making the observation that the Lagrangian £ p;,q. is invariant under
the following phase transformations

v - e,

vo— e
Here « is an arbitrary real number. Elence the Lagrangian L p;qc is invariant under the action of
the group U(1) on the fields 1 and 1. Recall that U(1) is homeomorphic to the unit circle St in

C*. Since this symmetry is independent of the position we say that this is a global symmetry of
L.

4. The electromagnetic field

In this section we give the field theoretic Lagrangian that produces the Maxwell equations in vac-
uum. For completeness we also give the Mazwell Lagrangian for a massless vector field with
source.

The electromagnetic field A, is a massless vector field. Instead of just giving this Lagrangian we
start with Lagrangian that describes particles with spin 1 and mass m. That is, we look at vector
fields V,, with mass m and free Lagrangian given by the so called Proca Lagrangian

1 2 1 27,2
EProca = 71(8#‘/1/ - ayV#) — im V#.

It is well known (See [WitSm)]) that this Lagrangian describes a particle of spin 1 with mass m.
The Euler-Lagrange equations yield the so called Proca equation

0u(0,V, — 0, V) + m*V¥ = 0.

Now, the idea is to take the massless limit and see if this leads us to Maxwells equations. Putting
m = 0 and identifying V,, with the electromagnetic field A, one gets the Maxwell equations for
empty space, i.e.

1 1

i(@MA,, —0,A,)% = _ZF;%V

is the Maxwell Lagrangian. When one introduces a source J* the complete Lagrangian would be

L=—

1
L= Fh = T"A,.

The Euler-Lagrange equations correctly yield the Maxwell equations given by
0 F, = J".
In the following section the goal will be to merge the Lagrangian for a spin % particle and the

Lagrangian for the electromagnetic field. This way we will be able to give a description of the
interaction of Dirac fields with Maxwell fields. First we will need the notion of renormalization.

4The arrow on the differential operator means one has to apply the operator to the function on the left, i.e.

f(a::auf
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5. Gauging the Dirac equation

We already saw that the Lagrangian
L = iy d,1b — mapp.

produces the Dirac equation. We also observed that L is invariant under the (simultaneous) global
U(1) transformations

b= ey,
T T
By "gauging” the Dirac equation we mean that we look at how we have to change our Lagrangian
in order to be invariant under the local phase transformation (or ”gauge transformation”) given
by
w _ eia(r)¢,
E N @efia(a:).
We shall see that the result will turn out to be very interesting.

Our goal® is to construct the most general renormalizable® Lagrangian invariant under the (simul-
taneous) local transformations

w N eia(m)w,
E _ @e—ia(w),
starting from the Dirac Lagrangian. The difference here with the global symmetries being that

the phase factor a may depend on x. It is easily seen that £ is not invariant under the local
transformations

w N 6ia(z) w’
@ _ @e—ia(x)
since we pick up a term ~ d,a(x). More precisely,
L — L= du(a(z))pry.
Now the remedy for our Lagrangian £ to be invariant under the local phase transformation (also

called gauge transformation) is to add a new field A, a so called gauge field, in such a way that
the new Lagrangian

)

L = [hin"0uh — mypp] + (g Ay,

is invariant under the gauge transformation. Note that we added a coupling constant q. Also note
the similar notation we used for the vector potential in the section on electrodynamics. By letting
D, =0, —iqA, we can write our Lagrangian as

L = pin* Dytp — mapp
showing the resemblance with the Lagrangian we started with. The combination D, = d,, —iqA,,
is called the covariant derivative. The name is well chosen since the transformation law for D,
(actually D,) should be the same as the one for ¢ if we want our Lagrangian to be gauge
invariant, i.e. D, should transform as

D;ﬂ/} N eia(m)DHw

or in operator language

Du _ eia(m)DMe—ia(r).
The covariance requirement on D,

D, — D), =0, +iAl, =™ (9, +iA,)e "
5Apparently ”localizing” global symmetries might be interesting.

6Informally speaking, a theory is renormalizable if one can get rid of all infinities that appear at each order of
perturbation theory.
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becomes a transformation property of A,. We conclude that the gauge field A, transforms as
1
A, — AL+ gaua(x)

which is exactly what we need for our "new and improved” Lagrangian to be invariant under the
gauge transformation.

In order to clarify the notion of the covariant derivative more we briefly take on a more geometric
approach. We introduce a scalar function U(z,y) which transforms as

Ulz,y) — exp(ia(z))U (2, y) exp(—ia(y))

and satisfies U(z,x) = 1. We call U a comparator. Given a vector n*, we look for the generalization
of a ”directional derivative” for a Dirac field ¢ in the direction of n*. The ordinary definition is

1
W0, = i (Y + en) — ()
As a pure formal statement, an interesting object would be
1
n* D, = liH(l) E(w(x +en) —U(z + en, 2)Y(x)).

Note that we added the comparator to this definition in order to make 1 and the object n*D v
have the same transformation law. Expanding in the small parameter € gives us

Uz + en,x) = U(z,z) + en*0,U(z + en, x) |e=o +O(€?) = 1 + en” 0, U (z + en, x) |—o +O(€?).
Introducing a new vector field A, satisfying en*0,U(z + en, z) |c=o= igen''A,,, it holds that

WD = lim L+ en) — U+ en, 2)(x)
- i %(w(x ten) — (L+ end,U(x + en, z) o +O(e2))d(x))

=l Sl + en) — () — ign" Ay = (0, — ig A,y

By construction D, = 0, — igA, has the same transformation law as 1. We have therefore con-
structed the covariant derivative in a much more geometric setting. In the language of differential
geometry, the vector field A, is known as a connection. The transformation law for A, follows
from the transformation law for the comparator. We have that

) ) 1
Uz + en,z) — @YU (z + en, z)e @) = 1 — igent (Au + qaﬂa(a:)> + O(%).

From this it follows that
1
A, — A, + ?%a(m).

So we found a ”better” Lagrangian which is invariant under any gauge transformation. The
covariant derivative along with the gauge field were introduced ad hoc and from a geometric point
of view.

Now let’s ”improve” our Lagrangian even more. Let’s turn our attention momentarily to vector
fields. In particular, consider a vector field V,, whose free Lagrangian is given by the Proca
Lagrangian

1 2 1 27,2
L:Proca = _Z(a,uvu - 81/‘/;1,) - §m V#’

Now, it is easily seen that the massless limit fi(auvy — 81,VM)2 of Lprocq 18 invariant under the
gauge transformation and that the mass term violates gauge invariance. Going back to our gauge
field A,,, which is a vector field, and introducing the field strength tensor

ELV = a/LAl/ - auA/L
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it is easy to see that we can add a ”free” part to our Lagrangian to get a "newer and improved”
Lagrangian
_ _ 1 .
L =iyt Dy —mapyp — EFWFH .
The reason we mention the Proca Lagrangian is to emphasize the fact that there could be a

possibility of our gauge field to be taken massive, but A, is forced to be massless in order for
gauge invariance of the Lagrangian to hold.

Can we improve our Lagrangian any further? The answer to this question is no. The proof is based
on the fact that operators of dimension larger than four enforce coupling constants with negative
mass dimension. And since any theory with coupling constants of negative mass dimension is
non-renormalizable we can not add any more (nontrivial) terms to our Lagrangian.

The last term we might add to our Lagrangian would be eaﬁ’“’FaﬁFW, which is invariant under
the gauge transformation and is also renormalizable. But this term is not invariant under parity
and therefore we choose not to add it to our Lagrangian.

We conclude that the most general Lagrangian invariant under parity and the gauge transformation
,w _ eia(x)w7
G oo e,
1
A, — A+ gaua(a:),

is given by
_ — 1
L =iyt Dy —mypyp — ZF’“'FW'

Now, what does this Lagrangian describe? The answer is beautiful and very surprising. The
Lagrangian produces the Maxwell equations, with the four-current being J* = ¢(1)v*), and the
Dirac equation. Thus we have found the Lagrangian for quantum electrodynamics: electrons and

positrons interacting with photons! Or better said, Dirac fields interacting with Maxwell fields:

_ _ -1 , =
£ = Bin"0up = mit) + —= Fyu ™ + (q07"$) A
—_——— —_———

Dirac Mazwell Interaction
Note that our coupling constant ¢ comes into play here. For electrons ¢ = —e and for protons

g = +e. The gauge field A, is the wave function of the photon.

Recall that we started from the observation that the action of U(1) on the fields 1 and 1) left the
Dirac Lagrangian (globally) invariant. Then we made the extra assumption that this invariance
should hold locally, i.e. we localized the global symmetry, and we altered our Lagrangian accord-
ingly. Then we saw that the "new and improved” Lagrangian produces quantum electrodynamics.
This was our first example of a Yang-Mills theory: the U(1) Yang-Mills theory.

The physics behind what we just did can be seen as follows. We started with the Dirac Lagrangian
which basically describes all matter. In particular, electrons and protons. One then sees that we
can add a free part to this Lagrangian which produces the Maxwell equations, i.e. the electro-
magnetic field. Therefore U(1) can be identified with the electromagnetic field. When we impose
gauge invariance we see that we must add a gauge field (or force carrier) which is just the elec-
tromagnetic force. Therefore we could state that gauge invariance leads us to forces. The idea of
the next section will be to impose gauge invariance on the action of SU(2) on two-particle fields.
This will lead us to a description of the electroweak force. In short, U(1) is the electromagnetic
field and gauge invariance under U(1) gives us the electromagnetic force.

6. SU(2) Yang-Mills theory

In this section we introduce Yang-Mills theories. We do this from a general point of view, i.e. we
giwe a mathematical approach. FEvery Yang-Mills theory is characterized by a gauge group which
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is always a compact Lie group. There are two gauge groups of major interest to us and those are

U(1) and SU(2).

Our goal will be to give a general description of a Yang-Mills theory. To make this general idea of
Yang-Mills theories clear we study the important example of a SU(2) Yang-Mills theory. Firstly,
let us motivate why an SU(2) Yang-Mills theory would be interesting.

Suppose that we have two spin—% fields 1 and v with mass m; and mass ms, respectively. The
Lagrangian, in the absence of any interactions, is given by

L = [riy"8upr — mirn] + [haiy" 8u1pa — mathatha].
Applying the Euler-Lagrange equations to £ shows that ¢; and 1y obey the Dirac equation with
the appropriate mass. By combining 1; and v into a two-component column vector”

_ %)
¢‘(w
we can write our Lagrangian much more compactly
L = iy d1p — Y Mp.
Here 1 is the adjoint spinor given by -
¥ = (1 ¢¥2)

and M denotes the so called mass matrix given by

o mi 0
u=(m 0.

Now, it starts to get interesting when we assume m, and ms to be equal. We speak of a so called
doublet 1 and our Lagrangian equals

L = iy d,1b — mapnp.
But this looks exactly like the one-particle Dirac Lagrangian we had been studying earlier.

We already saw that the one-particle Dirac Lagrangian is globally invariant under the action of
U(1) on the (one-particle) fields ¢ and 1, i.e. under the global phase transformation given by

Y —=Uy
with U in U(1). Our new (two-particle Dirac) Lagrangian is invariant under the action of U(2)
on the (two-particle) fields ¢ and v, i.e. under the global phase transformation given by

Y —=Uy
with U in U(2). This is easily seen from the fact that any unitary matrix satisfies UTU = 1 and
therefore the transformation

¢ — Ut
leaves the combination 1) invariant. Analogously to the U(1) Yang-Mills theory, the idea will be
to gauge this global invariance and construct a (most general) Lagrangian invariant under gauge
transformations.

Recall that for any unitary matrix U there exists an hermitian matrix H such that® U = 7.

Also, since any hermitian matrix H can be written as H = 01 + a*o* we may write U as

U= eié‘eiakak

Since we have already explored the implications of phase transformations given by e? all there
remains is to look at the global SU(2) transformations

k _k
w — 62a o w
The latter is exactly what Yang and Mills did in their original paper [YaMi].
"Note that 9 actually consists of 8 entries. Therefore we could use a double index notation to label the particle

and the spinor component. We choose not to do this since it is not necessary for our purposes.
8The Lie algebra of U(2) is given by the space of (2x2) anti-hermitian matrices, i.e. {X € M2(C) | Xt = —X}.
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Let us begin constructing the most general renormalizable Lagrangian invariant under SU(2)
gauge transformations and parity. Let us recall some basic facts about SU(2).
We have already seen in Section 4 of Chapter 3 that the generators of SU(2) are given by
leio_l T2210'2 T‘j:l(f&
277 277 27
The Lie bracket is given by
[T, 7% =413, [T?,7% =T, [T3 T =iT?

as can be easily checked. By definition, for any X in SU(2) there exist real numbers 6y, 62 and
93 such that X = exp(i01T1 + i02T2 + 203T3)

Let
(¥
w‘(%)

k
1) — exp <i0k02> .

Note the resemblance with the previous section where the transformation looked like ¢ — e*®1).
The exponential map is always used to write the action of a Lie group in terms of the generators
of the Lie algebra. In this case there are three generators and in the case of U(1) there was only
one generator. The idea is again to extend this global symmetry to a local symmetry by letting
6% — 0% (x). This means that the fields transform according to

be a doublet, which transforms as

ok
1 — exp (i@k(a:)2> .
Noting that the Lagrangian is not invariant under this gauge transformation we start with con-
structing the covariant derivative. Using the geometric approach this goes completely analogous
to just before with the only difference being that the comparator U(z,y) is now a (2 X 2)-matrix,

since 1 is a two-component object. Letting V(z) = exp (19’“(:6)% the comparator has the trans-

formation property U(z,y) — V(2)U(z,y)V(y)" and satisfies U(x,z) = 1. Here 1 denotes the
(2 x 2) identity matrix. Expanding the comparator in € we find

k
U(z,y) =1+ igen“Aﬁ% +O(e?),

k
o
where g is a (coupling) constant. Thus, the covariant derivative becomes D, = 0, — igAﬁ;. We

see that we have three gauge fields, i.e. every generator of the group SU(2) gives a gauge field.
Again we can read of the transformation law for the gauge fields from the transformation law of

the comparator. Thus, we find
k k k k l

This is seen to correspond to the fact that
A, — A, +D,6.

The field strength tensor F ,’jy also has to be modified in order for gauge invariance to hold. One

finds that

ok

k k
k _ kO kO ;
Fp.l/? = 3#141,7 — 81,14#? — 'Lg[A

ok

k 1 o
#?7141,—].

This can be written as
Fl, = 0,AL —0,A, + g AL A
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when we use the commutation relations [o%, o!] = 2ie

not gauge invariant. But since

klm o™

5 Note that Fny is gauge covariant and

(%, 297 = Lk y2
nr Ty AN

is gauge invariant we conclude that the most general renormalizable Lagrangian invariant under
the SU(2) symmetry is

_ 1 _
L = iy Dyt — Z(E’jy)2 — map.

Notice the similar ”form” of this Lagrangian and the QED Lagrangian. Before exploring general
Yang-Mills theories we comment on our Lagrangian.

Note that we have a Lagrangian L» pjapwenr = %(F l’fl,)z which resembles the Maxwell Lagrangian
and when we ”7add” fermions (in our case a single doublet of fermions) to our theory we should
add the interaction term and work with the Lagrangian given by

L= B Dy — (F)? — iy = Bl — (B, — mips

Note that we introduced the Feynman slash notation, i.e. ¥#D, = I). We have found a gener-
alization of electrodynamics as a U(1) Yang-Mills theory. The ”generalized” Maxwell equations
now involve three charge densities, three current densities, three scalar potentials, three vector
potentials, three ”electric” fields and three "magnetic” fields in this theory.

Summarizing SU(2) Yang-Mills theory (also called SU(2) gauge theory) we have the following. We
k

have a doublet of Dirac fermions %, a covariant derivative D, = 9, — igAﬁ%, three gauge fields

Aﬁ, three field strength tensors F/fl, = aﬂA’; — &,AL + geklmALA’V” and a Lagrangian consisting of

a generalized Maxwell Lagrangian, a generalized Dirac Lagrangian and a generalized interaction
Lagrangian, given by

_ _ -1 _
L= i 0 — mipnp+ —=(F,)* + (997" 0) Ay
—_— , S

» Dirac” » Interaction”
irac nteraction
? M axwell”

Therefore SU(2) gauge theory describes two equal-mass Dirac fields in interaction with three
massless vector gauge fields.

The physics in this theory can be seen as follows. Just as was the case with U(1) Yang-Mills
theory we can identify the terms in our Lagrangian by fields and forces. In this case the group
SU(2) can be identified with the weak field and the gauge fields are the well known W+, W~
and Z bosons. They are the force carriers. Again we make the identification where SU(2) can be
identified with the field(s) and gauge invariance gives the forces.

We now give the general idea of a Yang-Mills theory.

Consider a compact Lie group G, which we call the gauge group, with generators T* and structure
constants ¢ given by

[Ta, Tb} _ ifabCTc.
Suppose we have fields transforming according to an irreducible representation p of G. The first
step is to replace the ”derivative” in our Lagrangian with a ”covariant derivative” which one finds
to have the general form (summation over a implied)

D, =0, —igA;T".
Then we define a field strength tensor

Fo, = 0u A — D, A + g f™ A% A

and give the most general renormalizable Lagrangian invariant under parity and gauge transfor-
mations

— — 1
L = iv' Dy — maypyp — ZFSVF‘”“’.
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We speak of G gauge theory. As we have already shown taking G = U(1) reproduces quantum
electrodynamics. This is easily seen since we have only one generator. Therefore we have only one
gauge field and all structure constants are zero. From a physical point of view, this can be seen
as the fact that we have only one force carrier: the photon. In case G = SU(2) we have three
generators, three gauge fields and structure constants given by fo°¢ = €. We already noted that
the theory describes the weak force in this case.

Note that until now we are using the fundamental (spinor) representation of the Lie group to
define the action on the fields. Later we shall consider SU(2) gauge theories with higher SU(2)
representations.

Yang and Mills started from the assumption that there exist two elementary spin—% particles of
equal mass and had a very nice application in mind. It was the nucleon (proton and neutron)
system which they were trying to understand. The small difference in the mass of the proton and
the mass of the neutron would be attributed to electromagnetic symmetry-breaking. Unfortu-
nately, their model for the nucleon system did not hold. So in its original form Yang-Mills theory
turned out to be of little use. So the identifications we made here weren’t done by Yang and Mills
themselves. But is was definitely their idea of "gauging” global symmetries which was late used
in the context of color SU(3) symmetry and weak isospin-hypercharge (SU(2) ® U(1)) symmetry
in the weak interactions.

To conclude this section we note on the color SU(3) symmetry mentioned above. Differently
put we will discuss quantum chromodynamics, i.e. SU(3) gauge theory. The fields are the color
triplets blue, green, red. Since SU(3) is an eight-dimensional Lie group we have eight gauge fields
which are just the gluons. The gluons are thus the force carriers. For the last time we note that
we see that we can make the following identification: SU(3) represents the colors (fields) and the
gauge invariance represents the forces.

7. Helicity and chirality

We give a short introduction to Weyl and Dirac fermions. We also discuss chirality.

Let us go back to the complex representation theory of SU(2) studied in Section 4 of Chapter 3.
As we know all representations of SU(2) are characterized by their highest weight. The highest
weight d of a representation for SU(2) is either an integer or half-integer, i.e. d = 0, %, 1, %, e
The highest weight for the fundamental/spinor representation equals % The dimension of a

representation of highest weight d for SU(2) equals 2d + 1.

We can label representations of the well known Lorentz group as (j, ;) since the Lie algebra of
the Lorentz group is isomorphic to the Lie algebra of SU(2) x SU(2). Here j and j' are elements
of {0,3,1,3,...}.

We already noted in Section 3 that Dirac fermions transform as (1, 1) under a Lorentz transforma-
tion. Now, we define a left handed fermion to be a solution of the Dirac equation that transforms
as (3,0) and a right handed fermion a solution that transforms as (0, 1) under a Lorentz trans-
formation. Note that this is just a label, and not real handedness. Note that it is clear that left
handed fermions transform into right handed fermions under a parity transform and vice versa.
Equivalently, we can use the v° matrix to define the handedness. The v° matrix has eigenvalues
+1. Therefore, when we apply the projection operator %(1 —7%) (respectively %(1 +7°)) to our
Dirac fermion we project out the left handed (respectively right handed) component. The hand-
edness of a Dirac fermion is called chirality in this case. Therefore left handed (and right handed)
fermions are called chiral or Weyl fermions.

We end this short section with some final remarks. First of all, for some unknown reason, it turns
out that only Weyl fermions are coupled to the weak force. Also note that Weyl fermions are given
by irreducible representations whereas Dirac fermions are given by reducible representations. An
important fact that we shall use is that a doublet of left handed Weyl fermions is the same as a
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Dirac fermion in an SU(2) gauge theory. Finally, for any general field ¢ we shall use the notation

Yo =5 -7

and

YR = %(1 + 7).

8. Berezin integration

We generalize the notion of a Feynman path integral to field theory for fermions. To this extent
we shall define the Grasmman algebra and an operation on it called Berezin integration.

It is important to note that all spinor fields take their values in the so called Grassmann alge-
bra. The Grassmann algebra consists of so called Grassmann numbers which are to be treated
as regular (real or complex) numbers with the difference being that all Grassmann numbers anti-
commute. This fact is exactly what characterizes the difference between path integrals for bosons
and fermions. In the literature Grassmann numbers are also called anti-commuting variables or
g-numbers.

The Grassmann algebra consists of Grassmann numbers 6 that mutually anticommute. Thus, for
any Grassmann number it holds that §2 = 0. When our field is not of characteristic 2 it holds
that #2 = 0 for all Grassmann numbers 6 if and only if 8¢’ = —#'6 for all Grassmann numbers
0 and #'. In particular, over R and C the two conditions are equivalent. We shall consider the
Grassmann algebra as an (infinite dimensional) algebra over C. Therefore Grassmann numbers
commute with complex numbers. We wish to define integration over Grassmann numbers, such
that the normalization of the wave function ¢ is as usual

(W 1) =l a2 | + | a? |= /dew*w)ww).

Since we wish to study spinor fields we consider (smooth) functions of a single Grassmann number.
Let f(f) be a function of a Grassmann variable. Since 62 = 0, this function has a finite Taylor
series given by f(6) = ag+a16. Since ag and a; are complex numbers this shows that f(6) actually
spans a two dimensional complex vector space.

Now, we will define a certain operation on this space which we shall call Berezin integration. The
name indicates that this is like usual Lesbesque integration on a space, but this is not the case.
But as the reader will see, Berezin integration does resemble usual integration in some ways.

The first thing we really want is that when we integrate a function f(0) = ag+ a16 with respect to
the Grassmann variable § we want to get a;. Therefore it seems plausible to define the integration

on Grassmann numbers by
/d@ﬁ:l, /d91:0.

Demanding linearity of Berezin integration we see that the function f(#) does integrate to a;. We
note that df is considered as an independent Grassmann number. This implies that when one
considers multiple Grassmann integrations (as we shall do in a moment) one may must strictly
take in account the order of integration. We work out some examples for the readers convenience.

EXAMPLE 5.3. It is clear from the definition that for a a regular number and b a Grassmann
number it holds that

/de(a+0b):/d9a+/d9(9b):o+(/d99)b:1.b:b.

Note that the ordering of b with respect to 6 is important. With the opposite ordering one would

obtain
/d@(be) - /de(—eb) .
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EXAMPLE 5.4. Since 62 = 0 for any Grassmann number, for any Grassmann number z, it holds

that
0 2.2
/d@exp(@x)z/d0(1+ﬂx+ Z?I—i-...):/dﬁ(l—&—ﬁa:—o; —|—...):/d9(1—|—0x):a:.

Note that the ordering of x with respect to 6 is important. With the opposite ordering one would
obtain

/d9 exp(xf) = /d9(1 +20) = /dé)(l —0z) = —x.

EXAMPLE 5.5. Let y be a regular number and x be a Grassmann number. It holds that

/d@ exp(fz + y) = zexp(y).

The reader can easily verify this by using the identity

exp(fz +y) = Z E(Qm +y)" = Z oyt Oz Z my ' = exp(y) + Oz exp(y).
n=0 n=0 n=1 :
Let us consider multiple Berezin integration, i.e. take 6,,60s,...,60, to be Grassmann numbers for

which
/d@il =0, /d@iei =1 (¢ not summed), i=1,2,...,n.

When the measure of integration and integrand involve more than one variable, as is the case here,
one performs the integration according to a nested procedure. Thus, for instance

/d&l/d929192 = /dGl (/d029192) = /d91 (/d92 —9291>
= /d&l —_ 91 = —1

In general we shall avoid writing multiple integral signs. Hence the above integral will be denoted

by
/ db; / d020105 = / d01dB46,05.

The following examples will prove to be the most important examples of Berezin integration.

EXAMPLE 5.6. We recall that we use the Einstein summation convention. Consider 2n independent
Grassmann numbers 11, 7y, - - -, 1, 7,,- For any (nxn)-matrix A = (A;;)}';_; with complex entries
it holds that

[ . T exp(Asny) = det(4).
To prove this identity we consider the Taylor expansion
(miAin;)? (i Aijn;)"
SLak A PRSI A T
2 n!
Note that terms of order higher than n are zero. They all contain more than n Grassmann numbers
implying that they contain at least one square of a Grassmann number. Furthermore, all terms
of order smaller than n integrate to zero since the integrand in that case will be independent of

at least one Grassmann variable. Therefore, the only terms that contribute to the integral are the
terms of order n .i.e.

/dmdﬁ---dnndWeXP(EAijnj) = /dmdﬁ---dnndn?

exp(MiAijn;) = 1+ M Aiyn; + +....

(M Aijng)"
n!

1 j— (o n

Since the square of a Grassmann number equals zero the only terms that do not integrate to zero
are of the form

/dﬂldﬂau) e ey Aro(1) - - Ano(n)MTo(1) - - - Tl (n)
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where o € S, is a permutation of the set {1,2,...,n}. Since there are n! ways of permuting the
set {1,2,...} there are exactly n! terms of this form. Noting that

/dmd%u) e M (Mo (1) - - - M To(n) = Sign(o)
we have that

_ 1 - - .
/dmdﬁ---dnnd%exp(mflijm) = E/dnldna(l)“-dnndna(n) Z A1) - Ane()MTo(1) - - - Tnllo(n)
: gESy

= Z Ato1) -+ Ano(n) /dmdnau)---Undna(n)mnau)~-~77n770(n)

oES,
= Z Aio(1) -+ - Apo(nsign(o) = det(A).
oESy,
EXAMPLE 5.7. Given any n Grassmann numbers 61, ...,0, and antisymmetric (n x n)-matrix A

with complex coordinates it holds that

2
det(A) = </ d91 N dOn exp(;&A”H])) y
implying that .
:t\/ det(A) = /d91 e d@n exp(§91A”9])

To this extent we substitute 17; = %(01 +i6;) and 7, = %(91 —i6;) for all i = 1,...,n in the
identity of Example 5.6. Note that ¢ denotes the imaginary number when it is not used as an

index. The reader may verify that

1 __ __ __ __
dmdny ...dnndn, = ——=—~d61db; ...d0,d0, = ——-db1db; ...d0,db,
mam Nn A7) det(B,) 1401 (i) 1001

with B, the (2n) x (2n) transformation matrix given by

1 1 0 0

1
1

1 —2 0 0
0 0 1 i
B, = 0 0 1
V(2) . A . :
1 i
1 —
It holds that
_ 1 1— — 1 — 1
niAijT}j = 507147]6] —+ 597147]9] — z§9¢A¢jt9j + 15 7A7J9J
1 1— — 1 1
= iﬁzAU&J —+ 59“4”9] + Z§0inj9i -+ zieiAijGj
1 1— — 1 1
= 502142]0] -+ 50114”0] — 2501-141-]-9]- + zieiAiij
1 1

since A is antisymmetric and Grassmann numbers anticommute. This shows that
— 1 — — 1 1—
det(A) = /d’lhdm . dnpdny, exp(mAijnj) = W /d01d91 ...do,do, exp(§01A1303+§0LA”0])

Now we invoke the Campbell-Hausdorff formula to see that

1 11— — 1 1— — 1.1 1—
exp(iﬁiAiij)exp(iﬁiAiﬂj) = exp(§9iAijt9j+§0iAij9j+§[§9iAij6j,§0iAij9j])

li

1 _
= exp(ieiAijGj + 201AZJ9J)
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To justify the last step it suffices to note that for any four Grassmann numbers g1, g2, g3 it holds
that

(9192)(g3) = (93)(9192)-
That is, the product of two Grassmann numbers is a regular number. Since

d6,d8; . .. d0,dB, = (—1) "~ V++1d0, . df,df; ...do, = (—1)""Fdb; ... d0nd0, .. .db,,

we may conclude that

1 — — 1 11— —
det(A) = (72)11 /d01d91 N d9nd9n exp(§9iAij0j) exp(§9iAij0j)
1 n(n—1) . [ 1 1— .
= (—7,)" (—1) 2 d@l . d@ndel N d9n exp(§9iAij€j) exp(§9iAij€j)
1 n(n=1) 1 — 1—
= (_1)71 (—1) 2 d91 A d@n exp(§9iAij0j) d91 A d@n exp(§9iAij9j)

1 n(n—1)

= ST (/ s ...do, exp(;eiAijej))Q.

When n is odd it holds that det(A) = 0, since det(A4) = det(A?) = det(—A) = (—1)"det(A4) =
—det(A). Therefore the identity

2

holds. When n is even we may conclude that

_ n(n—1)

(=)™ (=1)" "= det(A) = (—1)"’% det(A) = det(A) = (/ do,...do, exp(;GiAijGj)) .

Examples 5.6 and 5.7 can be generalized to operators. For all operators A = A that will be of
interest to us we have the (formal) equalities

. 1 2
det(A) = /d?’]ldm .. d?’]nd’f}n QXp(mAij’/]j) = (/ d01 N dﬁn exp(QGiAinj)> .

The determinant is taken to be the formal product of all the eigenvalues of A. In most cases this
product shall have to be regularized in order for the integral to be able to be defined properly.

The next chapter builds on the fact that formally one has

1
++/ det(A) = /d91 ce dGn exp(§0,-Aij0j).

We will actually see that the square root of the determinant can not be defined satisfactorily in
some cases. This is what leads to Witten’s anomaly.



CHAPTER 6

Witten’s global SU(2) anomaly

1. Towards Witten’s anomaly

In this chapter we consider the Yang-Mills theory with gauge group SU(2) in Minkowski space.
In chapter 4 we showed that m4(SU(2)) is nontrivial and equals Z/27Z. The nontrivial element
of m4(SU(2)) gives us a topologically nontrivial gauge transformation. We will show that due
to the existence of this gauge transformation we cannot have an odd number of doublets (in the
fundamental representation) of Weyl fermions in our theory. If we do have an odd number of
Weyl doublets the theory will be mathematically inconsistent. We shall use a result on Berezin
integration, the Schwinger-Dyson equations and the Atiyah-Singer index theorem. We shall also
discuss generalizations of this so called anomaly to other Yang-Mills theories and study SU(2)
gauge theories with higher SU(2) representations.

Spontaneous chiral symmetry breaking in an SU(2) gauge theory permits massless Weyl fermions
to pair up and become massive Dirac fermions. This fact suggests there might be something
strange to an SU(2) gauge theory with just one doublet of Weyl fermions. As we shall see this
strange fact shall translate itself into mathematical inconsistency of the theorem. We say that the
theory contains an anomaly, i.e. a breakdown of a (classical) symmetry. This anomaly is called
Witten’s anomaly. See [Witt].

The reader shall see that Witten’s anomaly arises from a problem somewhat analogous to the
Adler-Bell-Jackiw anomaly. The Adler-Bell-Jackiw causes the fact that the Weyl Lagrangian

1 .
Lyyey, = —ﬁtf F2, + YL ot (O +iAu(2)vr
is not renormalizable. In other words, coupling the gauge field A,, gauge invariantly to a lefthanded
Weyl fermion doublet leads to a non renormalizable theory. As a consequence the theory is
inconsistent. But as we have seen the Dirac Lagrangian

1 .
LDiTac = —ngtr Fﬁll + WLU“(QH + ZAM(QL‘))’Lb
on the contrary is renormalizable and gives us quantum electrodynamics. In other words, coupling
A,, gauge invariantly to a Dirac four component field leads to QED when A,, is identified with the
photon, ¥ with the electron and g with the electric charge.

Witten’s anomaly causes the fact that an SU(2) theory with a single doublet of Weyl fermions
is ill-defined. Just as is the case with the Adler-Bell-Jackiw anomaly, the theory is well-defined
when the gauge fields are coupled to Dirac fermions.

Although the Adler-Bell-Jackiw anomaly has been used to make an analogy with Witten’s anomaly
we must state that the latter is of a different nature. It is caused by the existence of a topologically
non-trivial gauge transformation, i.e. it is topological of nature. As will be clarified later on, we
can categorize gauge transformations in an SU(2) gauge theory by being small or large. This is
reflected in the fact that m4(SU(2)) = Z/2Z. Since all higher homotopy groups of U(1) are trivial
it is easy to see that the Adler-Bell-Jackiw anomaly, which is seen to arise in U(1) gauge theories,
is not topological (or homotopic) of nature.

43
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2. A topologically non-trivial gauge transformation

We may characterize all gauge transformations in SU(2) gauge theory by the fourth homotopy
group of SU(2). Since the fourth homotopy group of SU(2) was seen to be Z/2Z we may charac-
terize gauge transformations topologically by being “small” or "large”.

It can be shown that all gauge transformations in an SU(2) gauge theory can be classified by the
fourth homotopy group of SU(2) = S3. The reader may look at [Bar|. Since m4(SU(2)) = Z/27Z
a gauge transformation either belongs to the class 0 or 1. A gauge transformation is said to be
small when it can be connected to the identity, i.e. when it belongs to the class 0. A gauge
transformation is said to be large when it can not be connected to the identity, i.e. when it
belongs to the class 1. That is, in addition to null-homotopic gauge transformations we have
gauge transformations that wrap around SU(2) in such a way that when we wrap them around
SU(2) twice they are null-homotopic. Note that we let gauge transformations take their values
in the gauge group instead of the Lie algebra of the gauge group. This goes through the adjoint
representation of course. Large gauge transformations are also said to be topologically nontrivial.

Let A, be a gauge field. Let U(z) be a topologically nontrivial element of m4(SU(2)). A gauge
transformation looks like A, — U™'A4,U —iU~'9,U. The latter is called the conjugate gauge
field (of A,) and is denoted by Ag = U"'4,U —iU~'9,U. Note that this notation hides the
fact that the action of U is the adjoint action of the Lie group on its Lie algebra. For example,
U(x)A, should be seen as the adjoint action of U(z) € SU(2) on A,. We already noted A,, takes
its values in the Lie algebra of SU(2).

3. Intuitive approach

We elucidate the properties of an SU(2) gauge theory with a single doublet of Weyl fermions in
the fundamental representation. We shall see that this theory is mathematically inconsistent. The
mathematical details are discussed in the next section.

We start with the partition function for an SU(2) gauge theory with a single doublet of Weyl
fermions

_ 1 —,
Z = /dzﬁdw/dAu X exp (—/d4m[292trF3V + QMW]) .
Let us recall that ) = v#D,, is the Dirac operator and that the action integral is carried out
over Euclidean four-space. We would like to integrate out the (Weyl) fermions and discuss the

effective theory with the fermions eliminated. The basic integral, for a theory with a doublet of
Weyl fermions, is

eyt = / () weyt exp(ily).

Since the gauge group is SU(2) a single doublet of Dirac fermions is the same as two Weyl fermions.
Therefore we expect the basic integral, for a theory with a doublet of Dirac fermions, to be

Ioirae = [ (@00 pivac xp(Tiy) = ( [y expwimf — B

It is well known that for a theory with a doublet of Dirac fermions the basic integral equals®
Ipirae = det(iD)).
Here the determinant is the formal product of all of its eigenvalues, i.e.
det(ip) = 1T A
A eigenvalue of ip

Since a doublet of Dirac fermions could have a gauge invariant bare mass we may regularize the
above expression with the aid of Pauli-Villars regularization. This process is performed by adding

LSee the section on Berezin integration, i.e. Section 8 of Chapter 5. In that section we proved this equality for
matrices. This equality is a generalization to operators.
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auxiliary massive particles to the Lagrangian. This is possible due to spontaneous chiral symmetry
breaking, i.e. since a doublet of Dirac fermions could have a gauge invariant bare mass. Having
defined the determinant in this way it becomes completely gauge invariant, i.e. invariant under
small and large gauge transformations. We conclude that an SU(2) theory with a single doublet
of Dirac fermions can be defined satisfactorily.

Going back to SU(2) theories with a single doublet of Weyl fermions, the fermion integration with
a single doublet of Weyl fermions would give

/ (dpdd)wey exp(GilP)) = £/ pirac = £ det(i]D)?.

Note the ambiguity in the sign of the square root. Given a gauge field A, we are free to define the
sign of the square root in an arbitrary way for A,,. The Schwinger-Dyson equations imply that

/ dAuaiu (det(ilZ)(A#))éewip(Au)w)

/ dA, ( ai det(il)(A, ))é> VA / dA, det(i]Z)(A#))éeiw“p(Aﬂ)waiM(wiﬂ(A#)dz)

0

— <8‘Z det(zzp(AH))%> +i <det(zp(A#))5 &(wilD(Au)¢)> :

When we demand smooth gauge field dependence, by the Schwinger-Dyson equations, which can
be seen as a sort of Gauss’s Law for functional integrals, there is no further freedom after we
choose the sign. We must define the fermion integral det(ilD)% to vary smoothly as A, is varied.
More precisely, suppose we have fixed the sign. When we perform a gauge transformation the
second term

<det(ilD(Au))5 aiﬂ(mﬂ(@)@

either changes sign or does not change at all. As a consequence, the first term in the above equation
must change accordingly. Since that term is nothing but the derivative of our determinant this
implies that as our determinant changes its derivative changes accordingly.

Let us discuss the effect of small and large gauge transformations on the fermion integral. First
of all, it is easy to see that the fermion integral is invariant under small gauge transformations.
Under a small gauge transformation

A, — AL =A,—D,f(x),
the covariant derivative transforms as
Dytp — exp (i0(x)) Dyp.

This implies that det(ilD)% is certainly gauge invariant under small gauge transformations - since
the sign does not change abruptly. On the other hand, as will be explained the effect of large
gauge transformations leads to a change of sign in the fermion integral.

THEOREM 6.1. Let U be a nontrivial element of 74(SU(2)). For any gauge field A,, it holds that
[det iJ)(A,)]2 = —[det i AY)]z.

The proof of Theorem 6.2 is postponed until the next section. For now, we discuss its implications.

The partition function for SU(2) gauge theory with a single doublet of Weyl fermions is

/ dipdyp / dA, x exp ( / d*z [%mﬂ +w¢1ﬂ¢])

1

/ dA,(det iIA,))2 e ( / d*z —trFZ mm]) =

Z
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since the contribution of any gauge field A,, is exactly cancelled by the equal and opposite contri-
bution of Ag. Also, given a gauge invariant operator X the path integral

Zx = /dA,L(det iﬂ))%Xexp </d4x[2;2trFﬁu+wilD¢)])

Zx
Z

identically equals zero. On these grounds Witten concluded that expectation values (X) =
are indeterminate and that the theory is mathematically inconsistent or ill-defined.

olo

What is the remedy for this anomaly? First of all, since the problem lies within the the sign of
(det le)% we could, in order to avoid the anomaly, define the fermion integral as the absolute value
of (det 2@)% Unfortunately the resulting theory would not obey the Schwinger-Dyson equations
because there will be a Delta delta function in the equation. So this will not not work. Second of
all, we could try to avoid integrating over that part of field space which contains Ag. But since
A, and Ag are continuously connected, i.e. A, and AI’{ lie in the same sector of field space, this is
not possible. Finally, we already noted that the theory with a single doublet of Dirac fermions can
be defined satisfactorily with the aid of Pauli-Villars regularization. Since two doublets of Weyl
fermions are the same as a single doublet of Dirac fermions one can expect that our theory should
contain an even number of doublets of Weyl fermions. We will comment on this more detailed in
Section 5.

In the next section we provide the proof for Theorem 6.2. This is the only gap left in establishing
the global SU(2) anomaly in an SU(2) gauge theory with a single doublet of Weyl fermions. After
that we will consider generalizations to other Yang-Mills theories and discuss theories with other
SU(2) representations.

4. Mathematical details

We provide a mathematical proof for Theorem 6.2. In the course of doing this we shall use a
certain form of the Atiyah-Singer index theorem for a certain five-dimensional Dirac operator.

For the readers convenience we repeat Theorem 6.2.

THEOREM 6.2. Let U be a nontrivial element of m4(SU(2)). For any gauge field A,, it holds that
[det i)(A,)]% = —[det i AY)]%.

To prove this theorem we shall study the complete eigenvalue spectrum of the (4-dimensional)
Dirac operator iJ)A,) = iJpin a given gauge field A,. Let us recall that we are studying SU(2)
gauge theory in Minkowski space. Taking space-time to be a large enough sphere, with a coupled
point at infinity, will force the eigenvalue spectrum of i]) to be discrete. Since P is nothing but
the Hamiltonian operator one can compare this reasoning to the case of a particle in a box. In
the case of a particle in a box of length L the momentum operator p = % = "Th is seen to have a
discrete eigenvalue spectrum due to similar reasons. Since i) is an Hermitian operator all of its
eigenvalues are real. Let A be an eigenvalue of iJp with eigenfunction ,

Dy = .
Since [)y® = —y° it holds that
iPyy) = =7 (i) = =A(V°9).
Therefore we may conclude that for any eigenvalue X of i) with eigenfunction ¢ we have that —A
is also an eigenvalue of i]D only with eigenfunction 7%, i.e. all nonzero eigenvalues come in pairs
(A, =)). Note that when iJp has a zero eigenvalue Theorem 6.2 is automatically true. Therefore

we may exclude any zero eigenvalues and satisfactorily define the square root of the determinant
detiJXA,) = detilp as the product of all its positive eigenvalues,

(det(i]p)? = 11 A

A positive eigenvalue of i]p
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Note that this is equivalent to picking out only ”half” of the eigenvalues. That is, for any pair of
eigenvalues (A, —A) one chooses the positive one when taking the square root.

Now we consider a smooth path from A, to its conjugate gauge field Af{ and study the spectral
flow. Let 0 <t <1 and define AZ =(1-t)A,+ tAg. We recall that Ag defines a topologically
nontrivial gauge transformation. By gauge invariance it must hold that the eigenvalue spectrum
of ip in the gauge field Ag = A, does not differ from the eigenvalue spectrum of i) in the gauge
field A}L = Ag. Although the eigenvalue spectrum is not different at ¢ = 0 and ¢t = 1 it might
rearrange itself. Thanks to a very deep theorem in mathematics we know exactly what kind of
rearrangements are not allowed.

It is the Atiyah-Singer index theorem (see [AtiSin]) which tells us what kind of rearrangements
may occur.
Let A1, A2, ... be the positive eigenvalues of iJ). A possible rearrangement of the eigenvalue
spectrum might be
M(E=1) = Mt =0) = -\

Ai(t=1)= X\ (t=0) foralli> 2.
One sees that solely one positive eigenvalue flows to its negative partner. When one calculates
the determinant one sees that there will be a sign change. An example of a rearrangement which
is not allowed by the Atiyah-Singer index theorem is given by

Ai(t=1)= X\ (t=0) forall i > 3.
In this case there is no sign change since two eigenvalues change sign. Now, although the Atiyah-
Singer index theorem allows very complicated rearrangements we may assume that all rearrange-
ments look like?
Ait=1)=£X(t=0).
Therefore it is clear that when one studies the spectral flow of i]) that the ambiguity of the sign
arises from the fact that (apparently) only an odd number of eigenvalues may change sign.

Let v be the number of eigenvalues (of iJP) which have changed sign from positive to negative (or
from negative to positive). This number being finite follows from the fact that i) is a so called
elliptic operator. Note that it is clear that

[det il A,)]% = (—1)"[deti)(AY)]2.
THEOREM 6.3. Consider an SU(2) gauge theory with a single doublet of Weyl fermions. It holds

that ¥ = 1 (mod 2), i.e. the number of eigenvalues that change sign from positive to negative is
odd. As a consequence Theorem 6.2 follows.

Before we give the proof we introduce the five-dimensional Dirac operator I’ defined by

5 3
»=> (ai - ZA?T“) :
i=1 a=1

Recall that T, T?, T? are the generators of SU(2). The five-dimensional Dirac equation is by

definition given by
5 3
Po=3 <ai + ZA?T“> b=
i=1 a=1

Note that the spinor ¥ has eight components, the gamma matrices can be taken to be real,
symmetric 8 X 8 matrices and the anti-hermitian generators T* of SU(2) can be taken to be real,
anti-symmetric matrices. This can be seen from the fact that the spinor representation of O(4)
is a four-dimensional pseudoreal representation and the spinor representation of SU(2) is a two-
dimensional pseudoreal representation. Hence the spinor representation of O(4) ®g SU(2) is real.

2This is actually not true. But the reader should just keep in mind that v (which will be defined shortly) is
finite and therefore what really counts is just how many eigenvalues change their sign.
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One could also take 1 to be an element of the H x H where H is the quaternion algebra and act on
the left by a U(H) = O(4) and on the right by U; (H) = SU(2). Both arguments let us conclude
that the five-dimensional Dirac operator I/’ for an SU(2) doublet is a real, anti-symmetric operator
acting on an infinite-dimensional space.

Let T be a real, antisymmetric operator acting on an infinite-dimensional space. Suppose that
Ty = M. Since T is real and antisymmetric, A* = —A. Therefore all eigenvalues are imaginary.
We conclude that the eigenvalues of T' either vanish or are imaginary and occur in complex
conjugate pairs.

DEFINITION 6.4. The mod two index of T is the number of zero eigenvalues of T' modulo 2.

Consider the five-dimensional cylinder S* x R. We denote an element of S* x R by (27, 7) where
o =1,2,3,4. The idea is to define an instanton-like gauge field (A,(z%,7), A;) on S* x R such
that at ”one side” of the cylinder we have A, and at the ”other side” we have Ag‘ Thus, for
all (z7,7) € S* x R we take A, = 0. Furthermore, we define A4, (z°,7) for p = 1,2,3,4 to
be, for any fixed 7, a four-dimensional gauge field described as follows. For 7 — —oo we make
A, (x?,7) approach the four-dimensional gauge field A, = A,(t = 0). For 7 — oo we make
A, (x?,7) approach the four-dimensional gauge field Ag = A,(t = 1). Finally, we assume that as
7 varies from —oo to co the five-dimensional gauge field A, (z%,7) varies adiabatically from A,
to its conjugate Ag. One might wonder why we did not consider the cylinder S* x [0, 1] instead
of 8* x R and let the gauge field vary from 7 = 0 to 7 = 1. This is because we need a smooth
interval without boundaries since we wish to differentiate with respect to 7.

PROPOSITION 6.5. The mod two index of [P is a topological invariant and, in the five-dimensional
gauge field (A4, (z7,7), A;) defined above, equals 1.

PRrROOF. To show that the mod two index of I/’ is a topological invariant it suffices to note
that the number of zero eigenvalues of [P changes if and only if a complex conjugate pair of
eigenvalues move away or towards the origin. For the second part of this proposition we refer the
reader to the Atiyah-Singer index theorem in [AtiSin]. The proof is based on the fact that [P
belongs to a special class of operators called elliptic operators. O

PrROOF. (Theorem 6.3) By Proposition 6.5, it suffices to show that the mod two index of
IPP equals v modulo 2. Note that we do not show that v equals the mod two index of I/’ which is
generally not true. They solely belong to the same class of Z/2Z.

Let us begin by noting that the Dirac equation 1) = 0 can be written as

4 3
Z%ngﬁﬁﬁwh-a+zmww—ﬂw
=1 a=1

since the fifth coordinate is the ”time” 7 and A, was chosen to be zero. Introducing the four-
dimensional Dirac operator

4 4 3
Py o -3 (a3 ar)
pn=1 i=1 a=1
we can write the Dirac equation as
d .
df¢ =7 W¢
-

since y7y™ = 1. Since A,(z7,T) evolves adiabatically we may solve the Dirac equation in the
adiabatic approximation. Let ¢™(a*) be a smoothly evolving solution of the eigenvalue equation

VPG () = A(7)eT (2").
Substituting ¢ (z*, 7) = F(7)¢" (z,) in the Dirac equation shows us that

9 () (@h) = ¢ (2*) L F(r) = T PHEE)S (a4) = —F )y P (ah) = — A7) F(r)" (o).

dr dT
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Therefore in the adiabatic limit the Dirac equation reduces to

d
L R(r) = A1) F(7).
£ F(r) = -AD)F(7)
The latter can be written as
dF(r)
F0r) = —\(7)dr
showing that
log(F(7))+C = — Mhdr!

The solution therefore yields

F(r) = F(0) exp (— /0 ' A(T’)dT') .

When trying to normalize this one sees that the eigenvalue A(7) should be positive when 7 — oo.
Conversely one must have that A(7) is negative when 7 — —oo. Now, recall that for 7 — oo
our gauge field is equal to Ag whereas when 7 — —oo our gauge field equals A,. Since A(7) is
continuous, the equation A\(7) = 0 has a solution implying that as we pass from A, to AZ] our
eigenvalue changes sign.

Thus to give a solution of the Dirac equation is the same as to say that our eigenvalue A\(7) changes
sign. In other words we have that in the adiabatic approximation the number of zero eigenvalues
of IIP, i.e. the number of solutions to the Dirac equation, is exactly equal to v. When we make
corrections to our solution we see that the number of zero eigenvalues can only be counted modulo
two. Therefore we lose the exact equality and only keep the equality modulo 2, i.e. the number
of zero eigenvalues of I/ is equal to v modulo two. O

5. Generalizations

We start with generalizing the result of Section 3 to an SU(2) gauge theory with an arbitrary
number of doublets of Weyl fermions. We shall see that only the theories for which the number of
doublets of Weyl fermions is odd are anomalous. Also, we shall consider other gauge theories and
determine whether the global anomaly is absent or not. We conclude with a result on theories that
contain higher dimensional SU(2) representations.

Consider an SU(2) theory with m doublets of Dirac fermions. The fermion integral is easily seen
to be equal to

Ipirac = /(dwldﬂl e oy dtpp) Dirac exp(ilD)) = det(ilD)™.

As before, in this case the theory may be defined satisfactorily with the aid of Pauli-Villars
regularization. Now, consider an SU(2) theory with n doublets of Weyl fermions. The fermion
integral in this case is analogously to before seen to equal (det i]))2. When n is even the fermion
integral equals some integer power of det(iJ)) and we may again use Pauli-Villars regularization to
define this expression satisfactorily. When n is odd the theory suffers from the same inconsistency
as before. More precisely, given a gauge field A4,,, it holds that

[det i)(A,)]7 = (1) [det i AY)]?.

We conclude that the theories for which n is even are anomaly free and the theories for which n is
odd are anomalous. In sum, the global SU(2) anomaly is absent for any number of Dirac fermions
and only arises for an odd number of Weyl fermions.

We have shown that a pure SU(2) gauge theory is inconsistent if the number of Weyl fermion
doublets is odd. Since the fermion integration in this case is necessarily either even or odd under
the large gauge transformation U, if it is odd under U in a pure SU(2) gauge theory, it remains
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odd under U if additional gauge® or Yukawa* couplings are smoothly switched on. Let us consider
the standard SU(3) x SU(2) x U(1) model of strong, weak, and electromagnetic interaction. By
the above the standard model would be ill-defined, i.e. contain a global anomaly, if the number of
Weyl fermion doublets were odd. Evidently the standard model is consistent and all there remains
is to check the number of Weyl fermions. Firstly we note that the SU(3) part is harmless because
the coupling of the quark currents to the gluonic gauge fields is vector-like so that, effectively, only
Dirac fermions are involved. For the electroweak subgroup of the standard group, SU(2) x U(1),
the total number of weak isospin doublets - for the quarks and leptons of a single generation -
equals 4. For example, for the quarks and leptons of the (d,u) generation we have 3 lefthanded
chiral quark doublets (red, blue and green) and 1 is a lefthanded lepton doublet (one ”color”
per lepton). So for each generation of quarks and leptons, the numbers of chiral (weak isospin)
doublets are separately odd but the total number is even so that Witten’s anomaly is absent.

Recall that the key point in obtaining the global anomaly was Theorem 6.2. Therefore we expect
non-trivial conditions in gauge theories for which the fourth homotopy group of the gauge group
equals Z/2Z to be anomalous. Since 74(Sp(N)) = Z/2Z we conclude that non-trivial conditions
arise for Sp(IN) gauge theories. Note that Sp(1) = SU(2). Since m4(SU(N)) = 0 for any N > 2
and m4(O(N)) = 0 for any N > 5 we do not expect global anomalies in these gauge theories. As
a consequence theories such as quantum electrodynamics and quantum chromodynamics do not
contain Witten’s global anomaly.

It has been shown that an SU(2) gauge theory with a single doublet of Weyl fermions in the
fundamental® representation is anomalous. Let us turn to SU(2) theories with a single doublet, of
Weyl fermions in a higher dimensional representation. Among the three generators of SU(2) we
normalize the diagonal generator T3 such that the trace of its square tr T5 = % in the fundamental
representation. More explicitly, we normalize T3 such that

Lo
n=(3 4)
2

in the fundamental representation. Let us now consider an SU(2) theory with a single doublet of
Weyl fermions in the representation with highest weight d. The Atiyah-Singer index theorem (See
[AtiSin]) gives us that only those representations for which

2tr Tf =1 (mod 2)

are anomalous. This agrees perfectly with the fact that the fundamental representation is anoma-
lous since 2tr T2 = 1 =1 (mod 2) in the fundamental representation.

THEOREM 6.6. The representations for which the highest weight d = 21 + % (1=0,1,2,...) are
anomalous. For all other representations the anomaly is absent.

PRrOOF. With the above normalization the diagonal generator T3 acts as

d 0 ... 0

0 d-—1 ... 0
Tg/d: . . . .

0 0 ... —d

in the representation of highest weight d. Note that we added a d in the index to emphasize that
we are working in the representation of highest weight d. It holds that

2 o -\ 2 4 3 2 2
20 T3, =2 (d—i)* = 3@ +2d% + 2d.
=0

3In this case we mean additional U(1) gauge and SU(3) gauge couplings.

4Given two spin % fields we can form either a spin 0 or a spin 1 combination. The couplings to a spin 0 field
are the Yukawa couplings.

5The two-dimensional representation. This representation coincides with the spinor representation. The action
of SU(2) on this two-dimensional space is just the natural action.
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By the result above, only those representations for which 2tr T3 ¢ = 1 (mod 2) are anomalous. Let
us begin with the representations for which d is an integer, i.e. d =0,1,2,.... Then it is easy to see
that %d?’ +2d% + %d =0 (mod 2). From this we may conclude that the integer representations are
anomaly free. Let us turn to the half-integer representations. For convenience we write d = f — %
with f =1,2,.... Substituting this in our expression gives

4, o 02 4, 1 1
SR td=of - f=—C 2) = 2).
3d +2d +3d 3f 3f 3f (mod 2) = f (mod 2)

We see that when f is odd the theory is anomalous. We conclude that only those half-integer
representations for which d = 20+1 —1 =2/+1 (1=0,1,2...) are anomalous. O

fis odd

1 5 9 13

Not only the fundamental representation with d = 3, also the representations with d = 3, 5, 5
etc. suffer from Witten’s global anomaly. One might wonder what causes only ”half” of the half-
integer representations to be anomalous. In [Bar] it is attempted to explain this unusual pattern.
One actually tries to find a general formula for the number of eigenvalues that change sign as a
function of the highest weight of the SU(2) representation. Unfortunately this is not a very easy
task.
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