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Chapter 1

Introduction

1.1 The Many Faces of Symmetries

— see slides

1.1.1 The Notion of Symmetry
1.1.2 Symmetries in Nature

1.1.3 Symmetries in the Arts
1.1.4 Symmetries in Mathematics

1.1.5 Symmetries in Physical Phenomena

1.2 Symmetries of States and Invariants of Natural Laws

Symmetries . ..
e ...are the guiding principles for understanding the laws of nature

e ...also apply to the states found in nature: crystals, molecules, atoms, and sub-nuclear
particles.

e ...are important for classical physics, where the dynamics give rise to conservation laws
(invariants), and in quantum physics, where the quantum states are related by symmetries

We do not need to know the specific structure of the laws:
e they determine conserved currents and selection rules
e mathematical treatment of symmetries is an important tool for physics

To specify the last statement, we will shortly review classical and quantum physics.

1.2.1 Structure of Classical Physics

Let us review the structure of classical mechanics:
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A classical dynamical system can be described by its Lagrangian £(q, ¢), with ¢ = {¢; }i=1.. N
a set of generalized coordinates

e Typically one chooses coordinates ¢ that reflect the symmetries of the problem (e.g. polar or
spherical coordinates)

e From L we derive the equations of motion via the Euler-Lagrange equation:
d (oL oL
—(Z=)== (1.1)
dt \ 9¢ dq

e To solve for ¢(t), one has to solve complicated differential equations, which can only be done
exactly in very few cases (integrable systemsE[)

e One can however construct a family of solutions:
q(t, ¢) = geq(t) such that q(t) = q(t,0) (1.2)

e Two simple example are:

— translation symmetry: q(t,¢) = q(t) + ¢

— rotation symmetry: ¢(t) = R(¢)q(0) (with R(¢)RT(¢) = 1)

e The existence of such symmetries follows from symmetries of the Lagrangian itself, that is
the invariance under the symmetry transformation

L(q,q)dt = L(94q,94q)d(get) (1.3)

e Important: with any continuous symmetry of the Lagrangian we can associate a conserved
current (Noether’s theorem, see Sec. 77).

1.2.2 Structure of Quantum Mechanics

The above observations carry over to quantum mechanics, but here we have additional structure.
Let us review the structure of quantum mechanics:

e The states |¢) form a vector space H (Hilbert space) equipped with a scalar (inner) product

HOH — C: (|[P1),[v2) = (il2) and  (o|ir) = (P1]ih2)” (1.4)

e Physical magnitudes are operators on H, i. e. functions Q TH—=H

e The Hamilton operator H is particularly important as it features in the Schrédinger Equation
as time evolution operator:

L d 5
i) = 1) (15)

e The energy eigenstates |¢,,) are the observable, stable states: H [¥n) = Epnltbn)

I Integrable systems (those that can be solved from the initial conditions) have so many symmetries, that there
is no space for dynamics.
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e Physical properties are determined by expectation values of Hermitian operators: (Qm =

(@1Q)

Symmetries are present if ...

e ...one finds a set of operators {Qz} which commute with themselves [Qz, Q]} = 0 and commute
with the Hamilton operator: [H,Q;] =0

e The operators H , Ql then have a joint set of eigenstates.
(Linear Algebra: Matrices are simultaneous diagonalizable iff they commute pairwise)

e The degeneracy of energy eigenstates depend on their eigenstates with respect to Q;.

Why are there symmetries?

The degenerate states look “similar”

Consider the transformations of Hamiltonian:

H =9 He 9 with aeR leaves H invariant: H' = H (1.6)

(1h|Qi, 1) is a conserved quantity:

i (1 Qulw) = (11, Hl) =0 (1.7

e the Noether Theorem states: there must be a symmetry associated with Ql

Symmetries of the Hamiltonian may be broken due to spontaneous symmetry breaking (e.g.
ferromagnet)

Symmetries that are present classically may be broken by quantum effects (quantum anoma-
lies)

1.2.3 Role of Mathematics
What is the mathematics needed to describe symmetries?
e Transformations under which H is invariant form a group (second chapter).

e Degenerate eigenstates form invariant subspace of H, and are irreducible representations of the group
(third chapter)

e there are many general statements about irreducible representations (e. g. on the relation be-
tween the number or irreducible representations and the degeneracies observed in the physical
system)

1.2.4 Examples

Symmetries of crystals and molecules:

e Discrete transformations: z — z and z — —z (e.g. a symmetric potential V'(z))

e Amounts to two representations: symmetric and anti-symmetric wave functions (both one-
dimensional, no degeneracy)



8 CHAPTER 1. INTRODUCTION

“Dynamics”

Energy

> “Representation”

symmetric antisymmetric

Figure 1.1: System with a discrete transformation z — z and z — —z

Hydrogen atom:
e In absence of external fields: rotation symmetry SO(3)

e The angular momentum is characterized by orbital quantum number [: (2] + 1)-dimensional
representations, [ = 0,1,2,...

e (20 + 1)-fold degeneracy (m = —I,.. .1, lifted in external field)

“Dynamics”

Energy

t t t > “Representation”

3 (orbital quantum number)

Figure 1.2: Hydrogen atom with (21+1)-fold degeneracy of its energy states
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Quark Flavors
e The light quarks up, down and strange can be assumed almost mass degenerate
e inner flavor symmetry: continuous compact group SU(3)

e “Eightfold way” (Gell-Mann matrices)

“Dynamics”

Energy

“Representation”

|
f
0 1 2 3 gec

Figure 1.3: Hadronic Multiplet in QCD

Poincaré symmetry in particle physics

e Poincare’ symmetry (Lorentz symmetry + translations) form a non-compact group, but it
has compact parts

e particles have both continuous (momentum) and discrete (spin) properties
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CHAPTER 1.

INTRODUCTION



Chapter 2

Basics of Group Theory

2.1 Axioms and Definitions

2.1.1 Group Axioms

Definition: A group G = (G,o0) is defined by a set G and a binary operation o called group
composition or multiplication that fulfills the following four axioms:

closure: for all g, € G:gog € G (G.0)
associativity: for all g, ¢, g” € G: (gog')og’ =go(g og") (G.1)
neutral element: there is an element e such that forallg e G:eog=goe=g
(G.2)
inverse element: for all ¢ € G there is an element ¢! such that g ' og=gog ' =e
(G.3)

Remarks:

e The closure axiom Eq. (G.0) can be omitted if o : G x G — G is taken to be an internal
composition.

e The associativity axiom Eq. (G.1]) implies that parantheses can be omitted.

e The axioms of the existence of a neutral element Eq. (G.2) and inverse element Eq. (G.3)) can

be weakened: we can equally demand that there exists a left neutral g o e = g element, or a

left inverse element g~' o g = e.

1 1 -1

e The inverse of a product is (g1 0gao...0 gn)*1 =g, O0...g2 "0oq1

e The existence of a neutral element, often also called identity element, implies that the set G
is not empty.

e If one omits the axioms Eq. (G.3) and Eq. (G.4)) the structure (G, o) is called a semigroup
(which can be empty)

Notation:

e Oftentimes we will omit the binary operation, writing gg’ instead g o ¢’ for the composition.

11
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e The repeated application of the same element will be shortend by ¢g" with n € N (via ¢° = e
and g"*! = gg")

e We write g € G instead g € G for G = (G, o).

Theorem: Every Group G has a unique neutral element e and every element g € G has a unique

inverse element g~ !.

Proof:
1. Assume both e and g are neutral elements, then g o ¢ = ¢ and
glogog=gtog=-ce Hence g =e We also found that e is its own
inverse element.

2. Assume both ¢’ and g¢” are inverse elements of g, then ¢’ o g = e = go ¢’ and
g'=goe=gol(gog’)=(gog)og" =g’

Definition: A group G is called Abelian if the group composition is commutative:
commutativity: for all g, € G:gog =g’ oyg (G.4)

Remarks:
e Often the group composition of Abelian groups is denoted with “+”

Definition: The order of a group is the number of the elements of the underlying set: |G| = |G|. If
|G| < o0, the group is called finite. If it is not finite, the set of group elements can be
countable or uncountable. Among the uncountable groups we can further distinguish
compact groups and non-compact groups (see 77?).

For finite groups, one can define the group by writing down all possible compositions
in a multiplication table called Cayley table:.

g2 g3 - In

g2 g3 cee 9n
g2 | g2 g20g92 g20g93 ... G20(gn
g3 | g3 gz3ogz gz3ogs ... G3Ogn
gn | 9n 9Gn©°92 Gn©°9gGs ... GnO(gn

Table 2.1: Cayley table: every entry is the result of a multiplication of the element denoting a with
the element denoting the column.

Remarks:

e in every row (and in every column) each group element appears exactly once, since gog’ = gog”
implies ¢’ = ¢"

e the inverse elements can be read off from the table by identifying the coordinates of the neutral
elements.

e if the group is Abelian, the multiplication table is symmetric



2.1. AXIOMS AND DEFINITIONS 13

e a rearrangement of the group will produce the same group:

define for any g€ G:goG=1{gg'|g € G}, then goG =G (2.1)

2.1.2 Examples: Numbers

Examples of groups in mathematics involving numbers are:

E.1.1) The set Zs = {+1,—1} with the multiplication forms a group (Zs,*) with 1 the neutral
element and each element its own inverse:

* 1 -1
1 1 -1
-1 -1 1

E.1.2) A similar group is obtained by Zy = {0,1} with the addition modulo 2. Here, 0 the neutral
element:

+
0
1

— OO
O | =

E.1.3) the integer numbers with the addition: (Z,+), where the 0 is the neutral element and —n is
the inverse of n (countable).

E.1.4) the non-zero rational numbers with the multiplication: (Q\ {0}, ) with 1 the neutral element
and 1/x the inverse element of z (countable)

E.1.5) the unit circle in the complex plane, ({e!®|¢ € [0,27]}, %), or equivalently ({¢ € [0,27]}|),+
mod 27) (uncountable)

E.1.6) the 4 roots of unity under multiplication: ({1,7,—1, —i}, %)

* 1 1 -1 —i
1 1 i -1 —3

form an Abelian group.

2.1.3 Examples: Permutations

We find permutations of sets in many contexts, e. g. in shuffling cards. A permutation 7 of n
objects can be denoted by

<7r(11) w(22) . ﬂ?n)) (2.2)

Let us consider some examples:
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. . 123 123 123
E.2.1) With the 3! = 6 permutations e = ( 123 ), Ti2 = ( 913 ), T3 = ( 391 ), Toz =
123 123 _ 123 .
( 1392 ), o= ( 312 ) and 6 = ( 931 ) the set of permutations, where the second

row is the permutation of distinctive objects of the first row (denoted by numbers), the set
{e, T12, Ta3, T13, 0,7} together with the successive execution forms a group:

o e T2 T23 T13 o o
& (& T12 T23 T13 g o
Ti2 | Ti12 € o 0 T3 T3
T23 | T3 O e o T3 Ti2
T3 | T13 O o e T2 T3
o o T13 Ti12 T23 o e
o o To3 T13 T12 e o

The 7;; are transpositions (which are their own inverse elements), and the ¢ is cyclic permutations
(with & the inverse of 0. Permutations of more than three objects also involve also other elements.
This group is non-Abelian. More aspects of permutations will be discussed in section 7?7 on the
symmetric group.

2.1.4 Examples: Matrix Groups

An important class of groups are matrix groups:, defined as subsets of all nxn matrices Mat(n, K)
over a field K (usually K = R or K = C), with the matrix multiplication as group composition

E.3.1) the group GL(n,K) = {4 € Mat(n,K|det A # 1} of all invertible matrices is called the
general linear group

E.3.2) the group SL(n, K) = {A € Mat(n,K|det A = 1} of all matrices with determinant 1 is called
the special linear group

2.1.5 Group Presentation

Definition: A group G = (G, o) can be characterized by a generating set, i.e. a finite set S C G,
such that the every element from (G, o) can be written as a product of powers of some
elements of a; € S:

foralgeG:g=ua;, ...q;, (2.3)

with the right-hand side a word over the alphabet from S. A group presentation
(S|R) is then given by the set S of generators and a set of relations R among these
generators. The relations are used to simplify the words.

A minimal generating set S is called a basis. The rank of a group Rank(G) is the
cardinality of such a minimal set.

Remarks:
e A generating set S, and also a basis is not unique.

e The so-called free group, which does not have any relations, is the most general group that
can be generated by the generating set.
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e Every group has a presentation.(The proof involves free groups.)

Example:

E.4.1) The example [E.1.6)| can be expressed in powers of the imaginary unit i only:

* 1 i -1 —
1 R i3
i it 2 3 {0
—11]4 & 49 it
—i |3 9 4t i2

The set of words is: {4",i!,i?,43}. Hence its group presentation is (i|i* = 1). An equivalent
presentation with another basis is (—i|(—i)* = 1)

E.4.2) The group of permutations of 3 elements, presented by the basis {712, 0} consists of the 6 words

{e, T2, T120, T1202, 0,02}, the group presentation is (112, 0|75 = e,0° = e,07120~

Ir=e)

2.2 Relations Between Group

2.2.1 Homomorphism, Isomorphisms

We found in the above example that the Cayley table of the examples () and () are structurally
identical (up to renaming the group elements). Here, we want to make this precise:

Definition: A map between two groups ¢ : G — G',g — ¢’ = ¢(g) is called group homomor-

Theorem:

Proof:

Theorem:

phism, written ¢ € Hom(G, G’), if the group compositions of G’ is consistent with the
group composition in G’

$(g1 0 g2) = ¢(g1) © P(g2) (2.4)

If ¢ € Hom(G,G’) is also bijective, it is called isomorphism.

Two groups G,G’ are isomorphic, written G = G’, if there exists an isomorphism
p:G—>G

If the map is onto itself, ¢ € Hom(G,G), it is called an endomorphism, written
End(G). If an endomorphism ¢ is bijective, it is called automorphism, written

¢ € Aut(Q)

Let G and G’ be groups with neutral elements e € G, ¢/ € G’ and ¢ € Hom(G,G").
Then 6(e) = ¢’ and $(g~1) = p(g)".
Since ¢(g) = ¢(ge) = ¢(g)p(e) we find ¢p(e) = €. Also, since ¢/ = ¢(g97!) =
¢(g)p(g~") we find d(g7") = ¢(g) ™"

The group isomorphism 2 is an equivalence relation on the set of all groups. Hence
every groups belong to some equivalence classes.
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Proof: An equivalence relation is (1) symmetric, (2) reflexive and (3) transitive.

(1) Since ¢ : G; — G is bijective, there also exists the inverse map ¢~ : Go — Gy
such that Go = G, & Gy =2 G

(2) Every group has as the trivial automorphism the identity map id € Aut(G) with
id(g) =g for all g € G.

(3) If ¢12 : G — G2 and ¢a3 : G2 — G5 are isomorphisms, then @13 = ¢a3 0 P12 :
G1 — Gs is an isomorphism due to the concatination ¢13(g) = ¢p23(P12(g)) for all
g€ G

Definition: The kernel of ¢ € Hom(G,G’) with ¢’ € G’ the neutral element is the set

Ker(6) = {g € G | élg) = €'} € G. (2.5)
The image of ¢ € Hom(G, G’) is the set
Im(¢) = {¢(g9) |[g=G'} CG". (2.6)

Examples:

E.5.1) For any a € @, the map ¢, : (Q,+) — (Q,+) with ¢,(x) = az is an endomorphism. It is
also an isomorphism for a # 0.

E.5.2) The exponential map from (R, +) to (R4, *) via elz + y) = e(x)ely) is an isomorphism. The
corresponding inverse map is log(zy) = log(z) + log(y)

E.5.3) The determinant is a group homomorphism from GL(n, C) to C and the

E.5.4) For any Abelian group G and any integer number m € Z, the map ¢, € End(G) with
dm(g) = g™. For G = (Z,+), Ker(¢,,) = {0} and Im(¢,,) = mZ.

2.2.2 Automorphism and Conjugation

Theorem: The set of all automorphisms Aut(G) forms itself a group, with the group composition
being the usual composition of maps.

Proof: If ¢1, o € Aut(G), then ¢1 0o € Aut(G) due to transitivity. The composition of maps
is also associative. The identity map id € Aut(G) is the neutral element. Since an
automorphism is an isomorphism, if ¢ € Aut(G) then the inverse map ¢~ € Aut(G).

Definition: For every g € G there is an automorphism ¢, € Aut(G) called conjugation or innner
automorphism defined as follows

bg:G—=G:0g(d)=9997" (2.7)

Remarks: The inner automorphisms of G form a group denoted by Inn(G) C Aut(G).

2.2.3 Symmetry Group

A symmetry group of an object (image, signal, geometric object, physical state) is the group of
all transformations under which the object is invariant with composition as the group operation.
This can be formalized by the following
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Definition: If G is a group and X is a set, then a group action is a map
O:Gx X X:(g,2)— P(g,x) (2.8)
that satisfies the following axioms:

identity: for allz € X : ®(e,z) =z (2.9)
compatibility: for all g,¢' € G : ®(g,P(¢',z)) = P(go g', ) (2.10)

G is called a transformation group on X.

Theorem: Consider the following map obtained by evaluating the group action for a specific group
element g € G:

P, X - X, x> O(g,2). (2.11)
Then ®, is bijective. The set of all bijective maps on X
Sym(X)={f:X — X | f is bijective} (2.12)
together with the composition of maps forms the so-called symmetric group on X.

Proof: Bijection: The inverse map is ®,-1 since @, P;-1 = ®y5-1 = &, = idx
The neutral element of Sym(X) is idx :  — « and the inverse element for f € S(X)
is the inverse map f~!.

Remarks:
o If the set X is finite, S(X) is the set of all permutations of X.
e The map g — @, is a group homomorphism G — S(X), i. e. @4 = P, Py.

e Every group homomorphism ¢ € Hom(G,S(X)) induces a group action of G on X via
®(g,2) = ¢(9)(2).

e Group representations (introduced in the next chapter) are precisely the linear group ac-
tions on a vector space: X =V, GL(V) < S(V)

Examples:

E.6.1) The symmetry transformations of the equilateral triangle form the group named Cj,. The
elements are the identity, the reflections on the three axis {014, 09,,03,} and the rotations
around the two center by 120°, and 240°: {cs3,c3}.

E.6.2) Isometries in a Euclidean space.

2.2.4 Subgroups and Normal Subgroups, Center

In this and the following sections, we will see how to obtain other groups from a given group. The
first idea is to consider subsets of the group which is closed under group composition:
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Figure 2.1: The symmetry group of a equilateral triangle Cj,

Definition: Let G = (G, 0) be a group. A non-empty subset H C G forms a subgroup, written
H <G, if H=(H,o) is itself a group.
Remarks:
e Any group G has the trivial subgroups (e,o) < G and G < G.
e A proper subgroup # is a non-trivial subgroup: (e,0) < H < G

Notation: If H < G and H = (H, o) is defined as a subset: H = {g € G | condition} it is implied
that the subgroup inherits the group composition from G.

Examples:

E.7.1) The four proper subgroups of the group of permutations of three elements (see example E.2.1)

are:

o e o o
o (& T12 o (& T23 o (& T13 —
e e e e e e € e 9 9

T12 T2 T1 _
e 63 63 o|loc o e

T12 | T12 T2 72 T1 T1 _ _

3 3 3 3 7l6 e o

E.7.2) SL(n,K) < GL(n,K) for K = Q,R,C
E.7.3) Inn(G) < Aut(G)

E.7.4) (mZ,+) < (Z,+), however, since both groups are countable infinite, they are isomorphic,
with ¢,,(z) = mz an isomorphism.

Theorem: Let G = (G,o0) be a a group.

a) A non-empty subset H C G forms a group under composition o, i.e.

(Ho)=H<G <« forall hi,ho€H:hiohy'eH (2.13)
b) If G is finite, then also
(Ho)=H<G <& forall hiohyeH (2.14)

Proof: see textbooks
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Theorem:

Proof:

Definition:

Theorem:

Proof:

Definition:

Property:

Definition:

Theorem:

Proof:

Let ¢ € Hom(G, '), then

Im(¢) <G’ (2.15)
Ker(¢) <G (2.16)
H<SG = é(H) <o) (2.17)

1. Closure: With ¢(g1), ¢(g2) € Im(¢) also ¢(g1)p(g2) = ¢(g192) € Im(p).
Inverse Element: With ¢(g) € Im(¢) also ¢(g) " = ¢(g7 1) € Im(¢)

2. Closure: With g1, g2 € Ker(¢), i. e. ¢(g1) = €’ and ¢(g2) = €’ also ¢(g1)d(g2) =

?(g1g2) = €', also g1 g2 € Ker().
Inverse Element: ¢(gg™") = ¢/ = ¢(g)p(g~"), hence if g € Ker(¢) then g~ €

Ker(¢)

3. Exercise.

Let H < G. The conjugate subgroup for some g € G is defined by ¢,(H) = gHg™! =
{ghg~'|h € H}.
For any H < G and g € G the conjugate subgroup is isomorphic to H: ¢,(H) = H.

The conjugation is an inner automorphism. Hence Im(¢4(#H)) < G and ¢, is bijective.

A subgroup N < H is called normal subgroup (or invariant subgroup), denoted by
N <@, if it is invariant under conjugation:

forall g€G:¢,N)=gNg =N (2.18)

Every group G has the trivial normal subgroups (e, o) and G.
A proper normal subgroup is not trivial: (e,o) <N <g.

If G is Abelian, then every subgroup is normal.

A group G is called simple if it has only the trivial normal subgroups.
A group G is called semisimple if it does not contain any proper Abelian normal
subgroup.

Let ¢ € Hom(G,G’). Then

Ker(¢) 4G (2.19)
NG = oWN)<L6(9) (2:20)

(1) Since Ker(¢) < G, we only have to show the invariance under conjugation: Let

n € Ker(¢), then for all g € G : ¢(ghg™") = ¢(9)o(h)d(g™") = d(g)e'd(g™") =
Hence ghg~' € Ker(¢)
(2) Exercise

If every element of a subgroup H < G commutes with all elements of G, then H is an Abelian
normal subgroup. The largest such Abelian normal subgroup gives rise to the following
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Definition: The center of a group of G is the subgroup Zg = {z € G |Vg € G: 29 =gz} <G

Theorem:

Proof:

which are those group elements which commute with all other elements.

The center Zg forms a normal subgroup: Z < G. In fact, every element z € Zg is
invariant under conjugation.

20 =90z = g_lzg = z.

2.2.5 Cosets, Quotient Groups

Definition: Let H < G be a subgroup.

Remarks:

The set gH = {gh|h € H} C G is called a left coset.

The set Hg = {hg|h € H} C G is called a right coset.

One can define an equivalence relation for left (right) cosets:
a~b & beaH (a~ b < be Ha).

Hence G can be decomposed into disjoint sets:

G=HUgpHU...UgH or G=HUHGU...UHg;, (2.21)

with k =[G : H] is called the index.

e In general left and right cosets give rise to two different decompositions

e We denote the equivalence class of gH by [g] and of Hg by H|[g], with g some representative.
Then a ~; b amounts to [a]y = [b]x. and a ~,. b to % [a] =4 [b].

e For Abelian groups G, the left cosets are identical to the right cosets: [g]y = [9]

e If V4G, then [g]y =n [g]-

Theorem:

Proof:

(Lagrange) Let G be a finite group and H < G. Then the index is the given by
k = |G|/|H| € N., or equivalently, |G| = k||

All cosets have the same order: for all g € G : |H| = |gH| = |Hg|

Gl 1 2 3 4 5 6 7 & 9 10
H[ - — — 2 — 23 — 24 3 25

Table 2.2: Number of elements in all possible proper subgroups {e} < H < G.

Definition: Let /' < G be a normal subgroup. Then the set of all cosets form a group, called

the quotient group (or factor group): G/N = ({[g]lx | g € G},0) with the group
composition o :  [g]ar o [¢'|n = [99 v

The group is closed since [g]x o [¢'lx = (GN)(g'N) = gd' Ng' " ¢ N = gg' N = [99]w
The identity is [e]x and the inverse of [g]a is [¢7 ] n-
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Theorem: (1. Isomorphism Theorem) Let ¢ € Hom(G,G’), then G/Ker(¢) = G’.
Conversely, for every N' < G there is a homomorphism ¢ € Hom(G,G/N).
Hence the set of all homomorphisms is solely determined by G.

Proof: See textbooks.

2.2.6 Conjugacy Class

Definition: Two elements a,b € G are called conjugate, a ~ b, if there is a ¢ € G such that

gag™*

define the conjugacy classes

Ko ={gag~"|g € G}.

= b. Conjugation is an equivalence relation. The equivalence relation allows to

The group G can then be written as a disjoint union of the conjugacy classes:

G=K, U...UK,,.

Every center element is a representative of one such class. Let |K,| be the number of

elements in K, then

|g|=:§:\ﬁhi

Property:

1. If G is Abelian, every element a € G is only conjugate to itself, |[K,| =1

2. The conjugacy classes of the group of all permutations on n elements are given

by their cycle structure (see below).
Definition: Let S C G be a subset. Then
Cg(S)={9€G|VaecS:gag™t =a} <G
is called centralizer, and

Ng(S)={geG|gSg'=5}<¢g

is called normalizer, which both form subgroup. For the singleton set .S = {a} both

definitions agree.
Remarks:
e Cg(S) I Ng(9).

e Z5 =Cg(G) if and only if G is Abelian (and then Zg = G).

e If S =H < G, then the normalizer of a subgroup H is the the largest subgroup of G in

which H is normal: H I Ng(H).
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Theorem: Let K, be a conjugacy class.
1. |K,| divides |G|.

2. All elements of K, have the same order.

Proof:
1. |Ka| = [g :Na} = |g|/|Na|

1:6.

= (gag™")" = ga"g~

2. if a” = e and b = gag~' then b"

Abstract visualization of
the relationships .

H <1 Ng(H) < G.

/ Whg
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2.2.7 Direct Products, Semidirect Products
Definition: Given two groups Gi, Go, one can form a new group G = G; X G defined as the set of
all pairs with the component-wise group composition:
G1 x Go = ({(91,92) | 91 € G1,92 € G2}, 0 = (01,02)) (2:27)
ie. for all g,h € Gy x Gy:goh=(g1,92) 0 (h1,ha) = (g1 01 h1, g2 02 ha)

Remarks:
e The identity in G; x G is e = (e1, ea), the inverse of g = (g1,92) is g~ = (97", 95 ")

e The direct G; x Go product isomorphic to Go X Gj.
e By induction, the above definition can = easily generalized direct products with more than

two components due to associativity of the direct product:

G=(..(G1xG2) X ..)x G =G xGa X ... X G,
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e The order is |G1 X Gao| = |G1]|Ga|.
o (Gi,e2) 1G1 x G and (e1,G2) <Gi X Go.

Examples:

E.8.1) “Kleinsche Vierergruppe“ K4 = Zy X Zs

(+2,+2) | (0,0) (1,0) (0,1) (1,1)
(0,0) (0,0) (1,0) (0,1) (1,1)
(1,0) | (1,0) (0,0) (1,1) (0,1)
(0,1) | (0,1) (1,1) (0,0) (1,0)
1,1 | @1 0,1 (1,0) (0,0)

E.8.2) The vector space (R",+) under vector addition is a n-fold direct product of (R, +).
Definition: If /] <G and Ms <G and N1 NN,y = {e} are normal subgroups, then G = N7 x N3 is
called an inner direct product and G/N; = N, G/N2 = My
Remarks:

e The above definition generalizes to the inner direct product of normal subgroups
G =N xNo x...x N
provided that their mutual intersections is e

e An element g € G can then be written as g = nyns...ng which (up to permutations of the
indices) is unique decomposition.

e In general, it is not true that taking the tensor product is the inverse of taking quotient group:
G #G/N xN (eg. A3 953 and S3/A3 = Zo, but A3 x Zy = Zg is Abelian whereas S3 is
non-Abelian (and hence cannot be isomorphic). Clearly, Zs is not a normal subgroup.

Definition: Let N and H be groups, and ¢ : H — Aut(N) be a group homomorphism. The
set G = N x H forms a group G = (G, ) called semi-direct product if the group
composition on * is defined via

(n1, h1) * (n2, h2) = (n1 01 ¢(h1)(n2), h1 02 ha). (2.29)

The semi-direct product is denoted by G = N x H or more specifically G = N x4 H.

Remarks:
e Similar to inner direct products, we can introduce inner semi-direct products.
L (NveQ) S‘NX] H and (6177'[) SNM H

e If also (e1,H) < G, then it is a direct product. This is the case if there exists an identity
id € Hom(H, Aut(N)) (because (e1,Ker(id)) < G due to the Isomorphism theorem).

Examples:

E.9.1) The group of rigid movements (the isometries) in 3-dimensional space is a semidirect product
of translations and rotations, with ¢ : O(3) — Aut(R?):

E&=R3>x0(3):(aR) (@, R)=(@i+Rd,RR).
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E.9.2) The symmetry group of the regular polygon is the semidirect product of discrete rotation and
reflection: D,, = Cy, X Z5 (see below).

E.9.3) Aut(G) = Inn(G) x Out(G), i. e. Out(G) = Aut(G)/Inn(G) is in general not normal in Aut(G)

2.3 Finite Groups

We will give an overview over some families of finite groups.

2.3.1 Cyclic Groups

The cyclic groups C,, are Abelian groups of order n that are generated by one element: C, =
{ala™ = €) The cyclic group are Abelian, since g¥g! = g**! = glg*.

We have already encountered the cyclic subgroup Cy = (Z,+2) and Cy = (ii* = 1). We also
have encountered direct products of cyclic groups: Ky = Cy x Cy

Theorem: Every group G has at least one cyclic subgroup.

Proof: Choose any element g € G and define the subgroup generated by g: H = {¢*|k € Z} <
G. H is cyclic. If H = G then G is itself cyclic.

Definition: The cyclic subgroup generated by one element g € G is denoted by (g) < G. The order
of the element g is the order of the subgroup (g).

Theorem: (1) A finite cyclic group is isomorphic to (Z/nZ,+,)
(2) An infinite cyclic group is isomorphic to (7%, +)

Proof: Exercise

Theorem: If G with the order |G| being a prime number p, then it is a cylic group. If the orders
of two cyclic groups C), and C), are coprime, i.e. the only number that divides both
m and n is 1, then C,, x C,, = Chm

Proof: The subgroup generated by any element g € G has index k = |G|/|H]|. Since p can only
be divided by 1 and itself, (g) = {e} or (¢9) = G.

2.3.2 Dihedral Group

The dihedral groups D,, are the group of geometrical transformations that leave a regular n-gon
invariant. Besides the rotations r that are described by C,,, there are also reflections s at the n
symmetry axis (dihedron: ”solid with two faces*)

Remarks:

|D,,| = 2n (n rotations and n reflections)

D,, = C,, X Zy since C,, I D,,, and for n =22k + 1), k € Nat: D, = D, /2 X Z5

D, <0(2)

e group presentation: (r,s|r” = s2 = (sr)? = 1), i. e. srs = r~! (mirror of rotation looks like

inverse rotaiton)
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21

cos % —sin2mn ; 1 0
. ) . - . g . . o
matrix form: r; = ( sin QT:, 08 27 > with r; = ] and sg = ( 0 -1 ) with s; = r;s0

the center is only {e} if n is odd, but e, 7"/2 if n is even

conjugacy classes:

- if n is odd, all reflections are conjugate to each other, hence (n + 3)/2 conjugacy classes

- if n is even there are two conjugacy classes (reflections through vertices or through edges),
hence (n + 6)/2 conjugacy classes

2.3.3 The Symmetric Group

The symmetric group Sym(X) of a set X has already been introduced in Sec. as the set of all
bijetive maps on X.
Definition: Let |X| = n be finite, then the set of all permutations on X together with the com-

position of functions forms the symmetric group S,,. Usually, X = {1,2,...n} are
called letters and p € S,, permutes the letters.

Examples have already been discussed in Sec. and in example [E.7.1)

Remarks:

Sy is is the symmetry group of the regular n-simplex (point, line segment, triangle, tetra-
hedron, ...), i.e. rotations and reflections of these geometrical objects centered in a n — 1-
dimensional Euclidean space, and S, < O(n — 1).

Sy, is non-Abelian for n > 2 and |S,,| = n!
Every permutation can be decomposed into disjoint cycles.

We introduce the cycle notation for the elements from 7 € S,: Each cycle is denoted by a
bracket and starts with some (not yet used) element a € X and applies the permutation 7
until 7%(a) = a, with k the cycle length. 7 is then the product of independent cycles. For
example, some of the elements of Sy:

standard notation cyclic notation

1231

1349 (1)(234)
1234

2143 (12)34

group multiplication can be easily realized,
e. g (234)0(234) =(243) or (234) 0 (123) = (13)(24) (from right to left).

it is not necessary that the set X is ordered, X = {O0,d, X, H,8} and = = (XB)(HO)(H) is
well defined permutation

Theorem: Every permutation is a commutative product of disjoint cycles, and the decomposition
into cycles is unique up to the order of cycles of equal length The cycle notation can be ordered by
length.

Notation: Cycles of length 1 are fixed points of the permutation and can be omitted.
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Definition:

Theorem:

Proof:

Remarks:
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A transposition is a permutation 7 with only a two-cycle: m = 75, = (k1)

An even permutation can be written as a product of an even number of transposi-
tions

An odd permutation can be written as a product of an odd number of transposi-
tions

An involution is a permutation that does not cant any cycles of length > 2. A
derangement is a permutation 7 with no fixed points

Any cycle can be written as a product of transpositions.

(iy iy ...ix) = (i1 i) ... (i1 i3)(i1i2)

e The inverse of a single cycle is the cycle in reverse order, shifting the cycle yields the same

cycle.

e The symmetric group S, is generated by any transposition 7 = (12) together with a cyclic
permutation o = (12... n) (but a basis consists of n — 1 elements).

e the product of two even permutations is even, and the inverse of an even permutation is even:
the sign or signature of a permutation o(w) € S, is a group homomorphism o : S,, — Zs =
({+1, —1},) such that o(7) = 1 for 7 even and o(7) = —1 for 7 odd.

e graphical representation in terms of directed graph, or permutation matrix (see representation

theory)

Theorem:

Proof:

Remarks:

(Cayley theorem): Every finite group of order n is isomorphic to a subgroup of the
symmetric groups S, .

For |G| = n, a group homomorphism ¢ : G — Sy, g — 7, exists, and Im(¢) < S,,. Due
to the rearrangement theorem, Im(¢) = G.

e The subgroup {my|g € G} < S, is usually a very small subgroup: n < n!

We will now discuss the conjugacy classes of S,,:

Definition:

Remarks:

The cyle type of a permutation is the unordered set of cycles lengths {¢;};—1, . with
k the number of cycles.

e The cycle type can be represented as in integer partition:

Theorem:

Proof:

Remarks:

Two permutations of they same type are in the same conjugacy class

The cycle type of a permutation is invariant under conjugation: Let v, be the number
of cycles of length ¢, then v +2v5+. ..+ nv, = n. If two permutation are of same cycle
type, then they have the same set of v;, e. g. (138)(45)(26)(7) and (146)(35)(78)(2)
both have (v1,va,v3,v4,...v8) = (1,2,1,0,...,0).

e In general, the product of two permutations of the same type does not have the same type.
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e Example that conjugation does not change the cycle type: Let g = (123)(45)(6) and a =
(25) = a~ !, then aga™! = (25)(123)(45)(6)(25) = (153)(24)(6) interchanges only 2 and 5 in
the cycles.

Some futher properties of Ss:

e The centralizers are:
Ne = S3, N7y, = {e, T2}, Noyy = {e, T3}, Ny = {e, 723},
which have indices [S3 : M| =1, [S3: No,] =2, [S3 i Ne] =1, [S5: N =1, [S3: Ne] =1,
[SB :Ne] :1Na :Na :AS

e The conjugacy classes are: K, = {e}, K, = Kz = {0,0}, K, = K+, = Kr,, = {712, 713, T23}

2.3.4 The Alternating Group

Definition: The alternating group A,, is the subgroup of all even permutation of S,, i.e. A, =
Ker(o) < S,, with o : S,, = Z5 the signature.

Remarks:
o |A4,] = 5 and A3z = (3 and A, is non-Abelian for n > 3.

e A, is generated by the set of 3-cycles, which can be written as a product of two 2-cycles:

(abc) = (ac)(ab)

e An example of an alternating group: the sliding puzzle. The 15-piece sliding puzzle has | A; 6|
possible configurations.
Theorem: The alternating group is a normal subgroup: A, <.5,.

Proof: Exercise

2.3.5 Other Permutation Groups and Wreath Product

Since due to Cayleys theorem, all finite groups G are isomorphic to a subgroup of S,,, they can be
also viewed as permutation groups.
Remarks:

e It is rather non-trivial to identify the smallest n such that G < S,,, and often n can be chosen
much smaller than |G|. There are no general results.

e The Klein group is isomorphic to K4 = {e, (12),(34), (12)(34)} < S4

e Pauli group: finite matrix group, G1 = {&1, £il, +01, tio1, 09, Tioy, 03, Lios} = (01, 092,03)
(generated by the Pauli matrices) acts on 1 qubit, and |G| = 16, central product G; =
(Cy x C3) x Cy 2 Cyq0 Dy (it is generated by Cy and Dy and every element of Cy commutes
with every element of Dj.

Other finite groups isomorphic to subgroups of the symmetric group can be defined via the
following
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Definition: Let G and H be (finite) groups and H acting on a (finite) set X, then the wreath
product Glx H is a group given by GX x H (with the direct product G¥X indexed
by X is called the base). The action H on X extends to an action on the base via
h(g:) = gh-1(z)- For H =S, or H = Cy, often X = {1,...n} is implied. The order is
given by |G| X |H]|.

Examples:

E.10.1) Rubik’s Cube group: R < Ssg with |R| = 227314537211 and is generated by the basic moves
{F,B,U,D,L,R} with R < C$ x (C31Ss) x (Ca1S512) (6 faces, 8 corners, 12 edges)

E.10.2) (finite) lamplighter group: Z3? Z,, with |Z21 Z,| = 2"n (Z21 Z3 = Dy)
E.10.3) the generalized symmetric group C,, 1 S, with base C,,"

E.10.4) the hyperoctahedral group C5 S,, is the the special case m = 2, consisting of the signed
permutations and is the symmetry group of a hypercube (dual to the hyperoctahdron).

E.10.5) The octahedral group (rotations and reflections of a cube) is O, = Cy 1S3 = C3 x S3 has
order 48, and the chiral octahedral group O < Oy, (only rotations) is O = S and has order
24. For other platonic groups, see Sec. 77 on point groups.

2.3.6 Classification of finite simple groups

Every finite groups can be decomposed into a finite number of finite simple groups:.
Definition: A composition series of a group G is a finite sequence of normal subgroups:

{e}:N0<1./\/1<1N2<1...<1./\/n=g (2.30)

such that each quotient group N;i1/N; (the so-called composition factors), with
i € {0,...n — 1}, is simple. The composition length is given by n.
Remarks:

e Example: {e} < A3 < Ss.

e Every finite group has a composition series, two different composition series have the same
length.

e Infinite groups do not always have composition series, e.g. (Z,+) has an infinite sequence of
normal subgroups ... <187 <147 <1 27, Q7.

Theorem: (Jordan-Hoélder Theorem) A composition series of a group G is essentially unique:
Two different composition series have the same composition length and the factors
M+1/M are the same, up to a permutation of the factors.

Proof:
Remarks:
e example:

Ci <y« 06 <19 with 02/01 = Cg, 06/02 = Cg, 012/06 = (4 (231)
CiL<1Cy<1Cy < Cyg with 02/01 = 02, 04/02 = 02, 012/04 =C4 (2.32)
C1 <0310 <1C1g with Cg/Cl = Cg, CG/C3 = 027 012/06 =Yy (233)
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All finite simple groups can be classified into four families:
Theorem: Every finite simple group belongs the following groups:

Proof:

1. cyclic groups of prime order
2. alternating groups of degree at least 5
3. groups of Lie type

4. one of 27 sporadic groups

29

The proof spreads over 500 articles (1955-1983), with more than 100 mathematicians

contributing, about 10000 pages

2.3.7 List of finite groups

order

# groups # Abelian

non-Abelian

= O 00 g O UL W N -

1

NN O =N DN ==

#*

0

0

Cs 2 As) 0
C4, D2§K42022) 0
0

1

0

2

0

1

(D3 = S3)
(D4, Qg = Dics)

o (D)
5

Remarks:

Table 2.3: List of finite non-isomorphic groups G up to order |G| < 10

e the number of non-isomorphic groups grows rapidly by order (depending on prime number
decomposition of the order):

order 12 3 4 5 6 7v 8 9 10 11 12 13 14 15 16|32 64 128
Abelian 11 1 2 1 1 1 3 2 1 1 2 1 1 1 5 7 11 15
non-Abelian [0 0 0O 0 O 1 0 2 O 1 0 3 0 1 0 91|44 256 2313
all 1 11 2 1 2 1 5 2 2 1 5 1 2 1 14|51 267 2328

Table 2.4: List of finite non-isomorphic groups G up to order |G| < 10

e number of distinct Abelian groups of order p™ is given by integer partitions of n (independent
of p)

e the smallest non-Abelian group is D3 & S3

e the smallest non-cyclic simple group is A5 with |As = 60

e the first group that is not simple is Dihy = Ky = Z2

e the dicyclic groups Dic, is an extension of the cyclic group
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2.3.8 List of finite simple groups

Cyclic 2 3 ) 7T 1 13 17 19 23 29 31

Sporadic 7920 95040 175560

Non-Cyclic 60 168 360 504 660 1092 2448 2520 3420 4080 5616 6048

Table 2.5: List of the orders of simple groups. In red: alternating groups A,, in blue: classical
groups of Lie type, black: other groups of Lie type

Remarks:

e There are few non-isomorphic groups of same order, e.g. Ag = PSL4(2) and PSL3(4) both
have order 20160 .

e the largest sporadic finite simple group is the monster group M with order

| M| = 808017424794512875886459904961710757005754368000000000 ~ 8 x 10°% (and may be
relevant for string theory due to the “monstrous moonshine”

2.4 Countably Infinite Groups

We have already encountered the infinite cyclic group (and direct products thereof). Here are some
more examples, most of them are discrete subgroups of continuous groups:

E.11.1) Infinite dihedral group Do = {(a,x|2? = e,zax™! = a~1)

E.11.2) Discrete Heisenberg group H3(Z): set of matrices with a,b,c € Z

oo R
o0 O g
T — oo

(continous Heisenberg group: used to show equivalence of Heisenberg and Schrodinger pic-

ture).

E.11.3) Frieze groups and Wallpaper groups: discrete subgroups of the isometry group of the Euclidean
plane

E.11.4) Crystallographic groups: discrete subgroups of the isometry group of the Euclidean space.

2.5 Continuous Groups

2.5.1 Isometries in the Euclidean Space

Isometries are important in classical mechanics as the symmetry groups of movements of rigid
bodies. In order to discuss the properties of the isometries in Euclidean space, let us consider the
following types of group actions:
Definition: A group action ® is faithful if for all &, € Sym(X) only ®. = id is the identity,

® is free if for g # e there is no fixed point: Vo € X : ®4(x) # x,

and ® is transitive if for any pair z,y € X there is a group element g with ®,(x) = y.

To understand continuous symmetry groups, the following definition is helpful:
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Definition: The orbit of a point x € X under the action ® is the set
B(z) ={y=04(zx) | g€ G} C X. (2.34)

They are the equivalence classes of the equivalence relation « ~ y iff 3g : ®,4(z) = y.
The stablilizer or isotropy group of x € X is

N, ={g € G| b,a) =2} <G. (2.35)

Theorem: For G acting on the set X transitive, all stabilizers NV, are conjugate to each other.

Proof: Consider any two elements z,y € X. Then since there is a ¢’ € G: @y (x) = y, it
follows

Py(x) =2 & Pyyy1(y) = Pgry(r) = g (x) = y.
Hence N, = g N,g .
Remarks:

e if X =G, then one can define the adjoint action Ady(a) = gag™' with a,g € G.

In the following we will consider the Euclidean group E(n), which is a group of motions for
the n-dimensional metric space given by the Euclidean metric. F(n) is a subgroup of the group
affine transformations (§ = AZ+0b, with A € GL(n, R)) and consists of translations T'(n) 2 (R™, +)
and rotations O(n), and E(n) = T(n) x O(n). This has been discussed for d = 3 in example [E.9.3)|

Remarks:

e The Euclidean group preserves the metric, i.e. the distance between 2 points

e The affine group preserves collinearity, parallelism, convexity, ratios of lengths, barycenters

Rotations in space

Let X = R" be the n-dimensional vector space and {€1, ... €&, } a Cartesian basis, i. e. (€;,€};) = J;;.
Then a rotation R = (R;;) (expressed as a matrix) rotates the original basis into another basis

&' =Y Rié;. (2.36)
J

Theorem: The matrix of a rotation with respect to a Cartesian basis fulfills the conditions:
RRT =1 ie. RT =R (2.37)

and the composition of two rotations is a rotation, hence the rotations form a
continuous group, called the orthogonal group O(n).
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No change Translate Scale about origin
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010 01Y 0HO
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cos® sin® 0 1 tand 0 1 00
-sin® cosb 0 0 1 0 tang 1 0
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Reflectabout origin ~ Reflect about x-axis ~ Reflect about y-axis
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0-10 0-10 010

)
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(-1,0) O

©,-1) 0, -1)

Figure 2.2: Affine Transformations.

Proof: The rotations R do not change length of angles of vectors, and hence the scalar product
is invariant:

(€' ¢') = <Z Rikgk,Zlegl> = RaRjr = »_ RixRE; = (RRT);; = (6.8)) = by
K I o K
(2.38)

This is also true for the composition of two rotations:

(RiRs)(R1Ry)T = RiR,RIRT = 1. (2.39)

Remarks:

e The rotations are exactly those isometries (distance-preserving transformations of the Eu-
clidean space) that leave the origin fixed: it is the symmetry group of the n — 1-sphere.

e The entries R;; depend on the choice of basis

e One can distinguish between active transformations: ¥ — 7’ = RZ,
and passive transformations: z;¢; = z}¢;’. What transformation is assumed depends on
the context (“inertial systems”).

e For the rotation matrix, det RRT = 1, hence det R = +1.
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Definition: The rotations with det R = 1 preserve the orientation are called proper rotations and
form the special orthogonal group SO(n) < O(n) The rotations with det R = —1
are called improper rotations and reverse the orientation.

Likewise, the special Euclidean group is E*(n) = T'(n) x SO(n), which defines the
direct isometries. Motions with improper rotations are called indirect isometries.

Remarks:

e viewed as matrix groups, O(n) < GL(n,IR) and SO(n) < SL(n,R).

e The following subgroups have the indices [O(n) : SO(n)] = 2, [E(n) : E*(n)] = 2.
e O(n) can be generated by reflections: two reflections give a rotation.

e SO(2) 2 U(1) (see[E.1L5)

Theorem: (Euler) If n is odd, every proper rotation has a 1-dimensional subspace of fixed points.
If n is even, every improper rotation has a 1-dimensional subspace of fixed points.

Proof: Solve for Rrni = 11 such that @ # 0. Then 7 defines the fixed axis. A solution exists iff
R has some eigenvalue A =1 i. e. if det(R — 1) = 0.
det(R—1) =det(R™' — 1) = det(R™*(1 — R)) = (—1)"det Rdet(R — 1)  (2.40)

=0 mnoddand det R =+1
=0 nevenand det R = -1 (2.41)
# 0 otherwise

Remarks:
e In 3 dimensions, every rotation has an axis.

e For every proper rotation the Cartesian basis can be chosen such that the rotation has the

form
cos¢y sing 0
R(é3,¢0) = [ sing cos¢ O and R(€1)R(&)R(é1)T = R(é3) (2.42)
0 0 1

e A rotation can also be parameterized by the Euler angles:
e An improper rotation R has in all dimensions an eigenvalue -1.

Properties of the Euclidean group

A motion (geometry) is the group action

(@,R):Z— %' =Rif+a with aeR",ReO(n). (2.44)
The composition of motions in E,, is
(@, R)(@R) = (Rd+a RR) (2.45)
The inverse motion is
(@R =(-R'a,R7") (2.46)

Remarks:
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e Motions with @ # 0 have no fixed points.

e The conjugacy classes of rotations have simple representations known as normal forms and
are extended to E,,. Based on this, one can distinguish the following types of motions in 3
dimensions [degrees of freedom in brackets]:

(a) identity [0] (direct, det(R) = 1 and tr(R) = 3)
(b) translation [3] (direct, det(R) =1 )

(c) proper rotations [5] (direct, det(R) = 1)

(d) screw displacement [6] (direct, det(R) = 1)
(e) reflection in a plane [3] (indirect, det(R) = —1 and tr(R) < 1)
(f) glide plane operation [5] (indirect, det(R) = —1 and tr(R) = 1)
(g) improper rotation [6] (indirect, det(R) = —1)

(h) inversion in some point [3] (indirect, det(R) = —1 and tr(R) = —3)

Further Subgroups of E(n)

An important class of finite subgroups of O(n), which are always point groups:

Theorem: Every finite subgroup G < E, has a fixed point.

Proof: Let € R™ be the coordinates of a fixed point in the Euclidean space and B(Z) =
{R;Z+ a; | (a;, R;) € G} its orbit under the group action. For a finite group G, the
orbit is a finite set, B(Z) = {&1,...Z,} with &; = R;Z + d@;. The center

1 n
P=— ) (2.47)
n -
i=1
is a fixed point, gZ = ¥ for any g € G, since they only permute the elements of the
orbit.
Remarks:
e d = 1: identity and reflection group, C; = SO(1), D; = O(1)

e d = 2: rosette groups, C,, < SO(2), D,, < O(1). With crystallographic restriction theorem:
n=1,23,4,6.

e d = 3: molecular point groups, which can be distinguished in axial groups (cylinder,
Frieze patterns) Cy,,S25,Crnh,CruvsDny Dnd,Dnp. and polyhedral groups T, T, Ty, O, O, I, I.
With crystallographic restriction theorem: 32 crystallographic point groups.

Examples for countably infinite subgroups are the discrete space groups which are the sym-
metry groups of configurations in space, with ¥ = MZ + D and D is a lattice vector (generating a
lattice). The lattice dimension ! can be smaller than the dimension of the Euclidean space n.

e (1,1): one-dim. line groups
e (2,1): two-dim. line groups (Frieze group)

e (2,2): Wallpaper group
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e (3,1): three-dim. line groups (Rod groups)

e (3,2): Layer Groups

e (3,3): Space Groups

2.5.2 Lie Groups

Definition and Properties

Continuous groups can have the additional property that the group elements can be mapped onto
each other by a continuous map. The elements of a continuous group g € G can be parameterized
my a set of parameters a = (aq,...a,), g = g(«) such that

Va,B € R" 3y € R" :g(a)g(B) = 9(7) v =m(a, B) (2.48)

The number o parameters n is called the dimension of the group. For example, U(1) is parameterized
by €?. Every O(n) matrix can be parameterized by n(n — 1)/2 parameters
Definition: An n-dimensional manifold M is a topological space with the additional properties

Remarks:

1. M is Hausdorffsch (i.e. every 2 points can have disjoint neighborhoods),

2. it has a countable basis (basis B: open sets such that every subset of M is a
union of sets from B),

3. it is locally Euclidean (for every p € M there is a neighborhood U of p and a
(continuous=topology preserving bijective map) homeomorphism
¢:Uw— ¢(U) CR™

The map ¢ is called chart, and the collection of all charts {¢, | € A} is called atlas
if the set of all charts covers the full manifold, M = J, 4 Ker¢,.

For two charts ¢, ¢3 which have a non-empty intersection of their kernels

Uap = Uy NUg, one can define a transition map (coordinate transformation), which
is a homeomorphism between to open sets in R"™:

bap = b0 by : da(Uap) — ¢3(Uap) (2.49)

A manifold is differentiable if M can be covered by maps which have smooth tran-
sition maps. In this case the transition maps are diffeomorphisms.*

e many examples of manifolds are obtained by identifying a surface in a higher-dimensional
space: e. g. the surface of a any solid

e likewise for differentiable manifolds, which should then not have corners or edges: e. g. circle,
torus, sphere, ellipsoid (algebraic geometry)

e compact manifolds have a finite

4

‘volume” (characterization by open sets and finite covers)

e closed manifolds are compact and have no boundary.

e manifolds can be further classified by dimension and Euler characteristics (handles, etc. ),
fundamental group (“winding numbers”), homotopy and other invariants (e.g. orientability).



36

CHAPTER 2. BASICS OF GROUP THEORY

e any n-Sphere S™ is a n-dimensional differentiable manifold embedded in R™*! by the condition

1Z] =
circle.

1. As a manifold, SO(n) = S™~! (closed manifold) and SO(2) = U(1) = S is the

e GL(n,R) is non-compact

Definition: A Lie group is a group that is at the same time a differentiable manifold, such that

1 are both smooth

the group multiplication (g1,¢92) — ¢192 and the inverse g — g~
(continuous and differentiable) maps.

A linear Lie group is a subgroup of the linear groups GL(nR) or GL(n C) (which
are also Lie groups, but not GL(n, Q)).

Since it is a manifold, every group element ¢ in a neighborhood U has chart ¢ such
that g — a € ¢(U) C R™. With respect to the local coordinates given by the charts,

a continuous group is a Lie group if
(a, B) = m(a, B) and 9~ (a) = g(inv(a)) (2.50)

such that the maps m and inv are differentiable.

A Lie group can be decomposed into connected components:

Definition: Two elements of a Lie group are path connected if there is a path ...

Remarks:

A Lie group is connected if all elements are path connected (there is only one con-
nected component).

A Lie group is simple connected if every closed path (loop) can be continuously
deformed into a point.

e Path-connectedness is an equivalence relation

e If Gy is a connected component of G that contains the neutral element, then Gy is a normal
subgroup and G/Gy is the group of the connected components.

O(n) has two connected components.
SO(2) is a connected Lie group, but not simple connected, it is homeomorphic to S?.

SO(3) is a connected Lie group, but not simple connected, it is homeomorphic to RP3.

Definition: A Lie subgroup is a subgroup which is also a submanifold.

Theorem:

Proof:

Theorem:

Proof:

Remarks:

A Lie normal subgroup is a normal subgroup which is also a Lie subgroup.

(Cartan’s Theorem) A (normal) subgroup of a Lie groups is a Lie (normal) subgroup
iff it is (topologically) closed.

If G is a connected Lie group and U an open neighborhood of e, then G is generated
by (U). It follows that for a connected Lie group, a discrete normal subgroup is in the
center of the group.
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e If Gy, G5 are Lie groups, then G; x G is a Lie group.
e If NV is a Lie normal subgroup of G, then G/N is a Lie group.

e SO(n) does not have a discrete normal subgroup (SO(3) is connected and the center is trivial).

Unitary groups

Consider a n-dimensional complex vector space C™. By choosing a basis (€1, ...¢,), every vector

7= x1€1 + x2€5 is given by & = (z1,...,2,) and every linear map A acts on the vector via & — AZ,

ie. A€ GL(n,C).

Definition: A unitary matrix U € GL(n, C) is characterized by the property that the Hermitian
scalar product is invariant:

(&9) =Dz, then (UZ,Ug) = (&) (2.51)

A unitary matrix is unitary if
Utu =1, i.e. Ut =uv-L (2.52)
and the set of unitary matrices forms the unitary group U(n).

The special unitary group SU(n) is a Lie normal subgroup of U(n) which is also a
subgroup of SL(n, C): the additional requirement det U = 1 holds.

Let us consider U(2) and SU(2) in some detail:

e Since the columns of a matrix U € U(2) are orthogonal, we can parameterize it as follows:
ah b
U= (—bA /\a)

e Since the columns have length 1, |a|? + [b|?> = 1 and hence |\| = |detU| = 1. U(2) is a
4-dimensional Lie group:

SU@2)={UecUQ2)| detU =1} = {U = (“b 2) | Ja)? + [b]* = 1} (2.53)

is a normal subgroup. It is also a Lie normal subgroup as it is closed.

e The parameterization of the group is given by the homeomorphism
53 = {a = (a1, 00,03,04) | Y _of = 1} — SU(2), (2.54)

hence SU(2) as a topological manifold is a sphere, and hence is simple connected and C*°
(exercise).

e A matrix U € U(2) is parameterized by e'*U’ with U’ € SU(2). However, e**U’ and e~**U’
are in the same coset since —1 € SU(2). Hence

U(2)/SU(2) = {e' | &' ~ e} = U(1)/Z(2) (2.55)
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o U(l) = {(eéa 6%) lae [0,%]} < SU(2)

e Any unitary matrix U can be diagonalized: U = VDV, V € SU(2), and hence two matrices
are conjugated if the have the same Eigenvalues. Since the order does not matter, two matrices
Ui, U, € SU(2) are conjugated Uy ~ Us if tr[U;] = tr[Us].

e The center of SU(2) is {+1,—1}, other diagonal matrices are not invariant under <01 (1))

Theorem: The center of SU(2) is a normal subgroup {+1, -1} < SU(2) and the quotient group
is SU(2)/{+1,—1} = SO(3), i.e. there is a continuous group homomorphism

R:SU(2) - S0O(3), R(1)=1, R(UUs)= R(U;)R(Us). (2.56)

and Ker(R) = {+1,—1}.
Proof: Let @ -0 = Z?=1 a;0; be a linear combination of the Pauli matrices o;, which span
all traceless Hermitian matrices (exercise) and det(d@ - &) = —a@?. Then there exists a

vector b € R3 with
U@ &)U '=b-¢ (2.57)
Since
det(U(@-3)U~1) = det(@ - &) = —a® = det(b - &) = —b°, (2.58)

the linear map a — bis length preserving and hence a rotation depending on U exists:

U@ &)Ut =(RU)a)-&, RT(U)RU)=1 (2.59)
(R(U1U»)@) - & = UyUs(a@ - &)U3U{ = U1 ((R(Us)@) - &)U] = (R(U1)R(Us)a) - (;2)60)

valid for any @ € R3. Moreover, det R(U) = 1, hence Im(R) = SU(3) are the proper
rotations.

Matrix Lie groups can be characterized by their invariance: A'nA = 7, with n the metric tensor.
Definition: The Symplectic group is defined by the invariance of the skew-symmetric bilinear

form
Sp(2n.K) = {M € GL2n,K) | MTJM = J},  J= <]10 10"> (2.61)
Remarks:
e Sp(2,R) = SL(2,R) because for n = 1, MTJM = (det M)J = J, hence det M = 1.

(2,
e Sp(2n,R) is non-compact, connected and simple and diffeomorphic to U(n) x R™"+1
e Sp(2n, C) is non-compact, simply connected and simple

o Sp(n) = Sp(2n,C) NU(2n) = U(n, H) is compact.

We conclude by listing important “classical” Lie groups: These are the continuous matrix groups,
which are Lie groups, since
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e they are manifolds and even metric spaces, as a metric is induced by the Frobenius norm:

Z lai; — bji|* = tr(A — B)'tr(A — B) = | A — Bllror» (2.62)
4,j=1

e the matrix multiplication is continuous since the matrix elements of AB are polynomials of
that of A and B

e the inverse is continuous since the matrix elements of A~1 are rational functions of those of
A (Cramer’s rule).

Group Condition Dimension
GL(n,R) det A#0 n?
GL(n, C) det A#0 2n?
SL(n,R) detA=1 n?—1
SL(n, C) detA=1 2(n? —1)

O(n) RTR=1 e b

U(n) Uty =1, n?

SO(n) RTR=1,detR=1 22

SU(n) UlU=1,detU =1 n?—1
Sp(2n,R) MTJM =J n(2n +1)
Sp(2n, C) MTIM =J 2n(2n + 1)

Cartan Group Dimension

A, SL(n+1,R), SUn+1) n(n+2)

B, SO(2n +1) n(2n +1)

Cp Sp(2n +1) n(2n+1)

D, SO(2n) n(2n —1)

Table 2.6: Top: List of matrix groups with their dimensions as Lie Groups. Bottom: Cartan
classification (see Lie algebras).

2.5.3 Lie Algebras

Theorem: Let K be a connected component of a d-dimensional matrix Lie group G that contains
the neutral element. Then every matrix A € K can be written as

= exp ( ZHGT“> 6 €R T®eMat(n,K)with T%—nT* =0. (2.63)

The matrices T* are called generators and the vector space obtained by the basis T®
is called Lie algebra.
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Proof: Define § = 0°T* and the exponential map
R? — Mat(n, C), {60,} — ", (2.64)
We now show that e € K: Let f(\) = e X € [0,1] and ¢(\) = f(\)Tnf(\). Then
d , .
Ze(\) = —ie= " (9T — no) e = 0 (2.65)
dA NI
=0

Hence c¢(A) = ¢(0) for all A, and thus f(\) € K for all A.
Moreover, the exponential map is surjective: (proof via the path connectedness)

Remarks:

d
det A= J]e™ =e™ =1 = tr[T%) = 1. (2.66)
k=1

with A\, the eigenvalues of 6.

e A large transformation can be decomposed into many small transformations:

7 = F0/27(1/2) = Jim FO/N)N = Jim (14 +OQ/N)Y = (267)

N—o0

e in the Lie algebra, both the sum 6 + 6’ and the product is defined: consider two elements
A=e""T" ¢ K, B=¢“%"T" ¢ K, then AB =¢e%"T" ¢ K.
The series expansion up to second order yields:

1 + Z-eaTa _ ;oaebTaTb:| |:]]_ + iQSaTa _ %(ba(bbTaTb =1 4 igaTa _ %gangaTb 4 0(07 ¢’ 5)3
(2.68)
L+i(0 +¢°)T" - 3(9“ + )0 + ST T} - éewb[Tﬂ T =14 T — isaf”{T‘% T} +0(0,6,¢)°
(2.69)
(2.70)

since T*T® = L{T, T*} + 1[T*,T") and *¢*TT® = 1{T*,T"}. This can only be fulfilled if
09601, T o i€oT.

Definition: The Lie algebra g is characterized by the so-called structure constants f%°¢ via
[T, T?] = if*°T°. with the binary operation:

[,]:gxg—g (2.71)

the Lie-bracket (commutator). They are real-valued.

Remarks:
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e The Lie bracket defines a multiplication of lie algebra elements and has the following proper-
ties:
- bilinearity: [aX + bY, Z] = o[ X, Z] + b]Y, Z]
- alternativity for all X € g: [X,X] =0
- antisymmetry: [X,Y] = —[Y, X]| (implied by bilinearity and alternativity)
- Jacobi identity: [[X,Y],Z] + [[Y, Z], X] +[[Z,X],Y] =0

e A linear combination of 7% can be a basis of g, it is orthogonal if tr[T*T®] o< §4p
e In most cases (e.g. for the matrix groups), the generators can be normalized: tr[T%T?] = 5‘171’

e The basis {T,}, as it is complete, fulfills a completeness condition. For SU(n):
n2
ama 1 1
> oTeTh = 5 | Gk = —0ij0m (2.72)
a=1

o tr(T97T%) = 5%,, and [T, T°] = ifoeT¢ implies f2%¢ = —2itr([T*, T*]T¢). Hence f%¢ is
anti-symmetric.

e From the Jacobi identity it follows that

Va, b, ce€ {17 o d} . fabdfcde + fbcdfade + fcadfbde -0 (273)

Definition: If there is a generator T¢ which commutes with all other generators, T, defines an
Abelian sub-algebra. Otherwise the algebra g is called semi-simple.

Example:

1. su(2) is semi-simple and has dimension 3, with
- with ¢® the Pauli matrices, the generators are
oo 5ab

T = — with  tr(T°T%) = R

5 (T =17, tr[T% =0 (2.74)

- the Lie bracket is [T, T%] = i€®*T* with €**“T the Levi-Civita tensor

2.5.4 Lie Algebras of Matrix Lie Groups

The matrix Lie groups as subgroups of GL(n,C) can be characterized by relations among the
generators of their Lie algebras: Let ¢ : R — gl(n, C),t — g(t) be a curve with g(0) = 0. Then the
corresponding tangential vector at the neutral element

_%

X = _ 2.75
G0 (2.75)

is a complex n x n matrix: gl(n, C) = Mat(n, C). For the subgroups, additional constraints follow,
e. g. for SO(n) with X = R(0)

0= % (RT(t)R(t)) 1=0 = X" + X. (2.76)



CHAPTER 2. BASICS OF GROUP THEORY

Group Lie Algebra Generators Dimension
GL(n, C) gl(n,C) X complex 2n2
GL(n,R) gl(n,R) X real n?
SL(n, C) sl(n, C) tr(X) = 0 complex 2n2 — 2
SL(n,R) sl(n,R) tr(X) = 0 real n?—1

U(n) u(n, C) X + X1 =0 complex n?

SU(n) su(n, C) X + Xt =0, tr(X) complex n?—1

O(n), SO(n) | so(n,C) X+ XT =0 real n(n—1)/2
Sp(2n, C) sp(2n, C) JX + XtJ = 0 complex 2n(2n +1)
Sp(2n,R) sp(2n, C) JX + XTJ =0 real n(2n +1)

Table 2.7: List of the classical groups and their corresponding Lie algebras.



Chapter 3

Applications of Group Theory in
Physics

We will now turn to continuous symmetries similar to the matrix groups Lie groups we already
encountered. We will see that the these space-time symmetries arise from invariance principles. In
contrast to space-time as considered in general relativity, we here will restrict ourselves to models
of space and time which are independent of the matter distribution. The models are the Galilei-
Newton model which has an absolute time, and the Einstein-Poincar’e model, where time intervals
depend on the reference frame. The first is limiting case a of the latter.

A system in which the law of inertia holds for bodies on which no external forces act is called
an inertial system. Such bodies are at rest or at constant velocity.

3.1 The Galilei Group

Definition: In the Galilei-Newton model, two inertial systems I, I’ are related by Galileien

Remarks:

symmetry: the relative motions of their origin O and O’ are given by
1. by a time-independent spatial translation @ and/or
2. by a constant velocity u.

The position vector 7(t) = 7(0) 4+ ¥t in inertial system I is then related to the position
vector in I’ by

7 (t) = (7F(0) + @) + (¥ + u)t. (3.1)

This Abelian group of transformations has six parameters. It can be enlarged by also
taking into account that the origins in time are also transformed by a shift ¢’ =t + 7
and by rotating a Cartesian basis of I into a Cartesian basis of I’ via a rotation matrix

R € O(n).

e We only change the description of the movement of a rigid body (passive transformation).

e An example is whether I describe movements within the ship that is at constant speed from
the inertial system “Land” or “Ship”

43
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Definition:

Theorem:

Proof:

Theorem:

Proof:

Remarks:

CHAPTER 3. APPLICATIONS OF GROUP THEORY IN PHYSICS
The Galilei transformations has 10 parameters, which form a 10-dimensional continu-
ous group Gal(3) with group multiplication given by

(71, @1, 11, Ry) o (12, da, Ua, R2) = (71 + T2, d1 + Rida + 1172, Uy + Ritia, R1R2) (3.2)

The Galilei group Gal(3) has two connected components and

Gal(3) = SGal(3) UoSGal(3) (3.3)

with o a reflection at some plane, and SGal(3) the special Galilei group.
This is evident since the subgroup O(3) has two connected components and all other

subgroups have only one connected component.

The Galilei group is semi-direct product:

Gal(3) = R* x Ej3 (3.4)

with IR* the group of translations (7, @) in time and space, and E3 the group of elements
(i, R). Also,
SGal(3) = R* x (R?® x SO(3)) (3.5)

First note that B3 = R® x O(3) = {(4,R | @ € R* R € O(3))} is not the group of
isometries (@, R), but of velocity @ and rotations R. Moreover, the time and space
translations form a normal subgroup Gal(3), but E5 does not.

e The Galilean group can be viewed as a subgroup: Gal(3) < GL(5,IR) via the identification
with a matrix acting on a 5-vector whose first 4 coordinates are the space-time coordinates.

' R 4 a\ (% R¥+ut+a
tl=(o 1 7| t]= v+~ (3.6)
1 0 0 1 1 1
e important subgroups are:

1) the uniformly special transformations: {g € Gal(3) | 7 = 0,d = 0} = Ej,

2) the shifts of origin: {g€Gal(3) | #=0,R=1} = (R* +),

3) rotations of the reference frame: {g€ Gal(3) | 7=0,a=0,7 =0} 2SO(3),

4) uniform frame motions: {g€Gal(3) | 7=0,d=0,R=1}=(R3,+)

3.2 The Lorentz Group and the Poincaré Group

3.2.1 Lorentz Transformations and the The Lorentz Group

The 4-vectors x = (M) = j_;f

) in the Minkowski space given by the metric (g,,,) = diag(1,-1,—1,—1)

describe events. The Lorentz-invariant distance between two events £ = (&,,u) = y — x is given by
d(x,y) = (&, xi), where the scalar product in Minkowksi space is

&m) = gué"n” (3.7)
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3.2.2 Inhomogenous Lorentz Transformations and the Poincaré Group
[coming soon]

Definition:

i0(1,3) = i0(1,3)}, Ui0(1,3)" UiO(1,3)% UiO(1,3)* (3.8)

3.3 Lagrange and Hamilton Formalism of Relativistic Field
Theory

We now want to apply the space-time symmetries to relativistic field theories. In order to do so,
we need to review classical field theory.

3.3.1 Lagrange Formalism

The action in terms of the Lagranian density is

S = / d*zL(z) = / dtd3TL(t, T) (3.9)

Note that in contrast to Newtonian mechanics of points, the Lagrange function now also depneds
on the space coordinates. We set A =1, ¢ = 1.
We will make use of the functional derivative, here for a generic field ¢(x):

Slo-+ 06] = S[6]-+ 85+ O((60)")) = Slol + [ a2 <b0(a) +O((69)%) (3.10)
’ oL . (o oL , oL
5= [ (G500 ms)“‘b) [ (5 a0 ,L¢>)‘5¢+/“8“(a<a(ﬂ¢>i¢)
3.11

From the principle of least action §5 = 0 the Euler-Lagrange equations for a continuous field that
falls off fast enough to zero at spatial infinity such that the bounary term on the right hand side
vanishes:

oL oL

% Moe.0 )

Consider the Poincaré transformation ' = Az + a. From the invariance of the Lagrangian, the
corresponding transformations on the fields are implied:

e for a scalar field, ¢'(z') = ¢(x)
e for a vector field, A, (z') = A9, Ay (z) (e.g. the vector field A, = (Ao, A) of electrodynamics)

e for a tensor field, F},, (') = A% A% Fo3(x) (e.g. the field strength tensor F,, = 8,A, — 9,A,
of electrodynamics)

/ ap...op a1..Qp _ Aag ap
e ageneral tensor of rank p transforms as @), (2') = Sy ) Pay.ay () Spluy = AL AL
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Theorem: The fields of a relativistic field theory transform with homomorphism of the Lorentz
group: the map A — S(A) is a homomorphism from the Lorentz group A to the group
of invertible S.

Proof: The product of two Poincaré transformations is
" (z") = S(N)P'(2') = S(A)S(A)®(x) = S(AN)D(2) (3.13)

hence S(1) = 1 and S(A'A) = S(A)S(A).

3.3.2 Hamilton Formalism

The transition from the Lagrangian to the Hamiltonian formulation is obtained via the Lengendre
tranformation from the velocity of the field to the conjugate momentum of the field ¢:

b= dhb(z) o m(x) = aZ(Em)’ H= /dfw(f)(b(f) S /d:ﬁ’ﬁ(¢7c’)ﬂ¢) (3.14)

Definition: The fundamental Poisson brackets are

{6(2), 0} =0,  Ax(@),7(§)} =0,  {o(@),7(§)} = (7 - 7). (3.15)

The Poisson bracket on Functionals F[¢, 7], G[¢, 7] acting on the phase space is

. OF O0G F OF
(re)= [a <6¢<f> 57(@)  6n(@) 6¢<f>> (3.16)

Remarks:

e The Poisson bracket is bilinear, anti-symmetric and fulfills the product rule
{F,GH}=G{F,H}+{F,G}H (3.17)
and the Jacobi identity

{F.{G,H}} +{H,{F,G}}+{G,{H,F}} =0 (3.18)

e the Hamiltonian equations of motion are:

S . _ O0H o . __OH
3.4 Noether Theorem
3.4.1 Inner Symmetries
Consider a complex scalar field with the Lagrangian
L=0,0"0"¢ - V(¢ 9) (3:20)

which is invariant under the phase transformation

o(x) — eio‘qﬁ(x)7 o (z) — e*io%b(m), (3.21)
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More generally, we consider fields with values in a vector space with scalar product ¢(x) € C™ that
is invariant under a unitary transformation:

(Ud(x),Ug(x)) = (¢(x), d(x)), U eU(n) (3:22)
If we assume that U does not depend on z,
Udud = 0,U¢ (3.23)
then
L= (0u0,0"¢) = V((0,9))) (3.24)

is invariant under ¢(z) — U¢(z). For a unitary matrix U = exp(iX), the matrix X is Hermitian,
and
Theorem: (Noethers First Theorem )

For a Lagrangian that is invariant under an inner symmetry,

b Up~d+iXp=d+0xpd, X=X (3.25)

the sol called Noether current

oL

b= = 2
is conserved:
It =% +V-Jx =0 (3.27)
Proof: Since the Lagrangian is invariant:
oL oL
0=06xL= W%@X@ + 6¢5X¢ (3.28)
oL oL oL
= g0 00+ (0 (595) ) 3o =0 (g 0) 0

where in the second step the Euler-Lagrange equation was used.

Theorem: If the Noether current vanishes at spatial infinity fast enough, the Noether current
implies a conserved charge called Noether charge:

Qx = / 4 JY = / 4z (x)5x d(x), %szo. (3.30)

Proof: The spatial volume integral of the space derivative is transformed into a surface integral
that vanishes

oz/dfaujgg:%/dfauj9(+/dfﬁ-fx:%/45J§+7{dﬁfx
0
N———
=0
(3.31)

Remarks:
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e The charges Qx act on the fields via the Poisson brackets
(9(2),Qx) = [ d7 (6(2) m(@3x0(3)} = bx9(2) (3:32)
(7().Qx) = [ di {x(@), 7(2)3x (@)} = bxn(2) (3.33)

Example:

1. Consider again the complex scalar field which is invariant under the U(1) phase transforma-
tion:

Ou® = taud, 0a®* = —iag. (3.34)

Then the Noether current and Noether charge is:

Jh = aJt, It =i(0,0' — ¢10,0), Q=i [ di(my,¢—m4-0") (3.35)

xo
This charge generates the symmetry:

{¢,Q} =i, {¢",Q} = —ig™. (3.36)

3.4.2 Noether Theorem for Translations

[coming soon]



Chapter 4

Basics of Representation Theory

4.1 Definitions

Definition: A representation of a group G on a linear space V is a group homomorphism

D:G — GL(V), g — D(g), ie.
D(g192) = D(91)D(g2), D(e) =1, D(g~") =D(g)~" (4.1)

Remarks:

e after the choice of a basis, the linear space V' can be considered to be a vector space K™ and

GL(V) = GL(n,K)
e the representations are linear group actions and as such can also be faithful, free and transitive

e a faithful representation has D : G — Im(G) < GL(V) and Ker(D) = e € G, hence all group
structure is preserved

e there is always the trivial representation D(g) = 1 for all g € G, where all group structure is
lost

e for any representation D(g), another (one-dimensional) representation is given by det D(g)
Example:

e representations of the dihedral group Dj: it is sufficient to determine the matrices for a
rotation cz and a reflection o, as this is a basis for the group presentation:

1. there are two inequivalent one-dimensional representations, the trivial representation
D} =1 and the alternating (or sign) representation D? with D?(c3) =1, D?(0) = —

2. the two-dimensional representation Ds is

27 i 21
cos“E  —sin <L -1 0
Ds(c3) = < o 2 ) ,  Da(o) = ( )
sin < cos 5 0 1

3. the three-dimensional (natural) representation Dj is a permutation representation:
0 01 100
Ds3(cs) =1 0 0], D3(c)=10 0 1
010 010

49
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The representations are only defined up to basis transformations:
Definition: Two representations D, D’ are equivalent if they are related by conjugation:

D'(g) = SD(g)5". (4.2)

The matrices D(g) and D’(g) denote the same linear transformation in a different basis
for V: e} = S;je; such that

Z— D(9)% and § = S~ SD(9)% = SD(9)S™*§ = D'(g)7. (4.3)

The group properties of equivalent representations are equal and hence they can be
identified.

Definition: The regular representation g — R(g) is the |G|-dimensional representation which
acts on the group itself by translation. We will consider left-regular representations
h — R(g)h for all h € G (but one can also define right-regular representations). For
finite groups it can be read off from the Cayley table if ordered such that e is on the
diagonal.

Theorem: The regular representation is an orthogonal faithful representation of G into the matrix
group SO(|G|, Zo)

Proof: Since R;(g:) = 1iff gi og;1 = ¢g;, also g;o0g9; = ZZ:1 Rp;j(9i)gp. Due to associativity:

gio(gj098) =Y Rpr(9;)Rap(9i)dq

p,q

=(giog))ogr =Y Rak(g;°9;)dq
q

= R(9:)R(g;) = R(gi © g;) (4.4)
Example:

e the regular representation of the dihedral group Dj is six-dimensional and

001000 000100
100000 000010
010000 00000 1

Rles)=10 000 1 0l ®9D=11 0000 0
00000 1 010000
000100 001000

e Homework: Show that this representation is faithful (isomorphic to Ds).
Remarks:

e The regular representation contains all irreducible representations of a group (see Sec. |4.5.1)).

4.2 Reducible and Irreducible Representations

Definition: A representation D is called irreducible if the linear space V' has no proper subspace
that is invariant under all D(g). Otherwise the representation is called reducible.
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Example:

e The three-dimensional representation of the dihedral group D3 is reducible and can be written
as a direct sum of irreduclbe subspaces: D3 = D} @ Dy, dim D3 = dim D% + dim Ds. To see
this, consider the following basis vectors:

> r o

f1 = 73(61 + €2 +€3)

- 1 N

f2= *2(62 — €3)
L1

f3= 76(—261 + e + 63)

(4.5)

which are obtained via ST = §~! = L and f; = (S71);j€;. Then with

%y
S
o

Dé = SDgSil
1 0 0 1 0 0
Di(cs) = (0 cos3f —sin2|, Djo)=(0 -1 0],
0 sin%7T cos 2?” 0 0 1

e the regular representation of the dihedral group Dj is reducible and decomposes into R =
Di ® D? ® Dy ® Dy, dimR = 6 = dim Di + dim D} + dim Dy + dim Dy = 1; +2 + 2

Definition: A representation D is called decomposable if it can be decomposed further into a
direct sum D(g) = D1(g) ® D2(g) @ ... ® Dy(g), with k > 1. The basis can be chosen
such that the matrix has the shape

D (g) 0 0

0 Dy(g) 0

D(g) = : :
0 0 Dy(9)

Otherwise the representation is called indecomposable.

A reducible representation that can be decomposed into a direct sum of irreducible
representations is called fully reducible.
Remarks:
e the one-dimensional representations are always irreducible
e an irreducible representation is always indecomposable

e however, there are reducible representations that are indecomposable: Assume that a reducible
representation has a a proper invariant subspace Vi in V, i.e. D(g) maps every vector of V;
into Vi. Choose a basis such that the first basis vectors are within V7, then the representation

matrices have the form (@) )
_ (Di(g) Hig
Dlg) = ( 0 Dz(!])) '

Only if H(g) = 0 the representation is decomposable.
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Theorem: Every unitary representation D is fully reducible.

Proof: If D is irreducible, there is nothing to prove. Hence assume that V7 is a proper invariant
subspace and
W=Vit = {we V| (w,V) =0}

its unitary-orthogonal complement, such that for all v € V : v = v; + w. Due to the
unitarity of D(g):

Vg € G 1 (D(g)w,v1) = (w, D} (g)vr) = (w, D(g~ Jor) = 0

since D(g~)v; € V5. Hence W is also an invariant subspace. The argument can be
repeated until V' is decomposed into irredubile parts.

Definition: Let g — D(g) be a representation acting on a complex vector space, then the complex
conjugate representation g — D*(g) is also a representation with

D¥(e) =17 =1, D*(g192) = (D(91)D(92))" = D(91)" D(g2)"

Definition: A representation is called real if it is equivalent to a representation with real matrices.
A representation is called pseudoreal if D(g) and D*(g) are equivalent.

Remarks:

e the group SU(2) is pseudoreal: it has the representation

. a b 2 2

and is equivalent to

O'QUO'Q = U*

However, the representation is not real.

4.3 Direct sum and tensor product of representations

Definition: Let D be a n-dimensional representation and D’ a m-dimensional representation, with
Zw— D(g9)Z, ¥ — D(g)¥’, and the the direct sum of the vector spaces is

F=r0gcVaeV,
Then the direct sum representation of D and D’ is

§ [D(9)d] © [D'(9)i] = [D @ D'[(9)5, si+nj=wi+y; = D(g)a; & D’(g)y(j- |
4.6

The representation D @ D’ has dimension n + m.
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Definition: Let D be a n-dimensional representation and D’ a m-dimensional representation, with
T~ D(g9)Z, ¥~ D(y)¥, and the tensor product of the vector spaces is

t=ZyecVeV,

i.e. a tensor of rank 2: t;; = z;y;.
Then the tensor product representation of D and D’ is

t [D(g9)F] @ [D'(9)il = (D@ D'(g),  tij = > D(9)iaD(9)bjtas- (4.7)
a,b

The representation D ® D’ has dimension n - m.

4.4 Characters and the Lemmas of Schur

4.4.1 Characters and Character Tables

Definition: A map f: G — C is called a class function of the group G if f(g) = f(aga™!) for all
a€g.

Remarks:

e if follows from the definition that a class function is constant on each conjugacy class

e the trace and determinant of a matrix group are class functions

Definition: A character of a representation g — D(g) is the class function
xp(g) = tr(D(g)) (4.8)

Theorem: Characters have the following properties:
1. Equivalent representations have the same character.
2. The dimension of the representation is dim D = xp(e).
3. For unitary representations it holds that xp(g™!) = x5 (9)-
4. For D =D ® Dy ® ... ® Dy it holds that xp = xp, + XD, + - - XD,

5. It holds that xp,ep, = XDy XD2

Proof:
1. Due to the cyclicity of the trace, it does not change for a similarity transformation

2. For a n-dimensional representation: xp(e) = trD(e) = trl,x, =n

3. This follows from unitarity: trD~'(g) = trDf(g). For representations where
D(g) is similar to D(g~!), the character is real: xp(g) = xp(g7') = x5 (9)

4. This is evident in the basis where D is block-diagonal.
XDi®Dy = tI’(D]_ ® Dg) = Z(Dl>iitrD2 = tI‘D]_tI‘DQ = X(DI)X(D2>

7
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Example:

1. character table of the dihedral group D3, including the reducible representation Do ® Do with
¢ =cos(27/3), s = sin(27/3)

2 —cs —sc  s§? 1 0 0 0

cs 2 =52 —sc 0O -1 0 0
(Do@Do)(ea) = | o 2 2 __q (Da@D2)(0)= |4 o _1 o (4.9)

s sc cs 2 0 O 0 1

D3 | Xp1  Xp2 XDy | XDs  XD,eDy R
K. 1 1 2 3 4 6
K,| 1 1 —1] 0 1 0
K, 1 -1 0 1 0 0

where D3 has three conjugacy classes and three irreducible representations x D! XD2, XD2 and all
others being reducible, e.g. Dy ® Dy = Dy @ D} ® D%.

4.4.2 Motivation: The benzene ring

The benzene ring has as its symmetry group the Dihedral group Dg. The energy of this molecule
is given by pairs of nearest neighbors

01000 1
10100 0
010100

H=cly 0101 0 (4.10)
000101
1000 10

and is proportional to the discrete second derivative on the ring.

The six-dimensional representation of Dg is spanned by the same 6 basis vectors €; as the
Hamiltonian.

and is given by the generators ¢s € calDg which is an elementary rotation by 27/6 and by
04 € Dg which is a reflection with two fixed corners of the hexagon:

000000 100000
100000 000001
010000 000010

Dle)=1g 0 1 0 0 ol Dlea)=1y 0 0 1 0 o (4.11)
0007100 001000
000010 010000

Since this representation is reducible, we can determine a new basis in which the matrices are
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block-diagonal corresponding to invariant subspaces:

6

fi= % ; cos(27k)éx (4.12)
1 6

B = % ; cos(mk)ey (4.13)

6 6
Pd ]_ 2 = g ]- . 2 N
f3 = % Zcos (37rk> ek, fa= % Zsm (37rk> ek (4.14)
i=1 i=1
I 1 S 1
f5 = % Zcos <37Tk:) €k fe= % Zsin (37rk:> € (4.15)
j i=1

The trivial representation is spanned by ﬁ, and there is another one-dimensional irrep which is
spanned by fy: under elementary rotation cg:

—

6 6
- 1 1
— — cos(mk)e = — cos(mk — m)e), = — 4.16
P \/6; (mk)€kt1 \/6‘;:1 ( )€k P (4.16)

The vectors f_':; and ﬁl span a 2-dimensional representation Di: and the vectors f; and fé span
another, inequivalent 2-dimensional representation D3:

cos
D% (06) - (sin

27/3) —sin(27/3) 1 [ cos(2w/3)  —sin(27/3)
27 /3)  cos(2m/3) ) 7 Daloa) = ( sin(2m/3) cos(27r/3)> ’ (4.17)

NN T/~

2 _ (cos(m/3) —sin(m/3) 9 [ cos(w/3) —sin(m/3)
Dales) = <sin 7/3)  cos(n/3) ) D3(0a) = Zgin(r/3) —cos(n/3))" (4.18)
(4.19)
They are inequivalent because the characters are different, e.g.
xpj(ce) = 2cos(2m/3) = —1 Versus Xpz(ce) = 2cos(m/3) = 1. (4.20)

Hence the reduction of the six-dimensional representation D is of the Dihedral group Dg is

D=Di®D?® D)o D3 (4.21)

4.4.3 Lemma of Schur

Theorem: (Lemma of Schur): Let Dq, D be irreducible representations of a group G in vector
spaces V1, Vs of dimension ny, no. Let H : Vi — V5 be a linear map such that

Vg€ G: HDi(g) = D2(g)H. (4.22)
Then either
1. H=0, or
2. n1 = ng, H is invertible and for all g € G: Dy(g) = HD1(g)H!.
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Proof:
1. HWh) = {0}
2. H(Vq) = Vo, then H is surjective, also either KerH = V; (which is the first case)

or KerH = {6}, then H is bijective and hence invertible. It follows that D; and
Dy are equivalent representations.

The Lemma of Schur has important consequences in physics, in particular with systems with
Hamiltonians that are invariant under a group of symmetry transformations G.

Theorem: Let D be an irreducible representation on a vector space V. Let the linear operator
H acting also on V' commute with all representation matrices:

Vge G: HD(g) = D(g)H. (4.23)

Then H is a multiple of the identity: H = Al.

Proof: Coming Soon

Theorem: Every irreducible representation of an Abelian group is one-dimensional

Proof: Let D be a irreducible representation. Then for all g,h € G: D(g)D(h) = D(h)D(g).
Due to the previous theorem, with H = D(h), D(h) = Al. Hence all representation
matrices are diagonal, and only one-dimensional representations can be indecompos-
able, hence irreducible.

Theorem: Let D be a representation on V' and let D be fully reducible into pairwise inequivalent
irreducible representations:

D:Dl@DQ@@Dk
Let the linear operator H on V' commute with every D(g):
VgegG: [H,D(g)] =0.

Then the n;-dimensional invariant subspaces V; belonging to the irreducible represen-
tations D; are eigenspaces of H: H; = A\j1,, xn,

Proof: Let D be a, irreducible representation. Then for all g,h € G: D(g)D(h) = D(h)D(g).
Due to the previous theorem, with H = D(h), D(h) = AL. Hence all representation
matrices are diagonal, and only one-dimensional representations can be indecompos-
able, hence irreducible.

4.4.4 Orthogonality Relations
Groups with a Mean
Before we can formulate the orthogonality relations, some remarks are in place: We will consider in

the following groups on which one can define means: Virtually all groups in physics (finite groups,
compact Lie groups) belong to that class.
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Definition: Let G be a finite or compact group, and let f : G — C be a map on which we consider
the mean:

M) = =3 fg) (4.24)

- @ 9€g
M= [anor@. [ duto)=1 (125)
The mean of f on the group has the follow properties:
e linearity: M(afi + Bf2) = aM(f1) + BM(f2)
e positivity: for f >0 also M(f) >0
e norm: if forall g € G: f(g) =1, then M(f) =1

e left- and right-invariance:

M(hols) = M(hora) = M(f)  for f(g)ela= flag), [f(g)ora= f(ga)

Remarks:

e Groups for which a mean can be defined, have also a scalar product for these maps

fi,f2:G—=C:  (f1,fa) = M(f] - f2) (4.26)

e Every representation D(g) of a group G on which a mean M can be defined, acting on a
vector space with a scalar product (.,.) is equivalent to a unitary representation U(g).

Orthogonality Theorem

Theorem: Let D; and D5 be two irreducible representations of a group G with a mean, and V7,
V5 be the corresponding invariant subspaces. Let U : V; — V5 be a linear map, and
define the matrix H : Vi — V5 with

Hij = M ((D2(9)UDy M (9))ij),  i=1,...dimVs, j=1,...dimV;  (4.27)
1. If Dy and Dy are inequivalent, then (xp,, xp,) = 0.

2. If Dy and Dy are equivalent, then (xp,,Xxp,) = 1.



58 CHAPTER 4. BASICS OF REPRESENTATION THEORY

Proof:

1. Due to the first alternative of Schurs Lemma, we know that in the inequivalent
case H = 0, hence for all i, j: M ((D2(g)UD; '(g))i;) = 0. Now set U such that
only the entry at (p,q) is 1 and all other entries are 0: (U);; = 6pi0q;. Then

M (D3(9),, D7 (9),5) =0
and with ¢ =p, j = q:
ZM (Da(9) D M(9);;) = M Z Da(g

=M (trD2(g)trD; ! (g)):M(XD1XD2) (XD1s XDy) =

2. Due to the second alternative of Schurs Lemma, in a basis where D = D;
for all g € G: D(g)H = HD(§) and hence H = A1, where X is

trH  tr(D(g)UD (g))  tr(U)

A= GmD dim D ~ dimD

(4.28)

(4.29)

:DQ,

(4.30)

with U now a square matrix. Now set (U)qp = 04;0pp, then tr(U) = d;, and

1

M (D(9);D7H(9),0) = T3 0Dl

(4.31)

Theorem: The characters of all irreducible representations are orthonormal elements in the linear

space of complex-valued class functions, with a scalar product

Proof: The orthogonality was shown in the previous theorem. The character of an irrep D
has also norm 1:
M(xpxp) =1 (4.33)

Reduction Formula

Theorem: (Reduction Formula): For a group G with a mean, the irreducible representation

D,, occurs in a representation
.
D=@e.
n=1

D exactly ¢, = (XD, Xn) times.

Proof: We just need to make use of the orthogonality:

r
XD?Xn = (@ Cme;Xn) = @ CmOnm = Cn

m=1

(4.34)

(4.35)
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irrep X1 X2 Xr
class
K, hi-1 hy-xo(Ky) ... hy-x(K1)
KQ h2 1 hQ'XQ(KQ) hQ'XT(KQ)
Kk hk'l hk:'X2(ch) hk'Xr<K2)

Table 4.1: The character matrix. The rows and columns are normalized.

Theorem: Two irreducible representation are equivalent if and only if they have the same char-
acters (without proof).

Proof:

4.5 Representation Theory of Finite Groups

4.5.1 Finding all Irreducible Representations

We want to find all irreducible representations of a finite group. In order to do so, we consider the
regular representation, which has the character

Geslo) = xR = { [ 97 (4.36)

Theorem: (Burnside Theorem) Every irreducible representation D,, of a finite group G is
contained in the |G|-dimensional regular representation R exactly dim(D,,) times:

R = P dim(D,,) D, 1G] = (dim(D,)?) (4.37)
n=1 n=1
Proof: We need to compute the coefficients ¢, from the orthogonality relations:
1 * 1 *
Cn = (Xn> Xreg) = 137 O X (9)Xreg(9) = =X (€) Xrea(€) (4.38)
|g| geg g

where the last equation holds since the mean is left-invariant. With x,,(e) = dim(D,,)
and Xreg(€) = |G| we obtain the result.

4.5.2 The character matrix

We have already had an example of a character table.
Definition: The character matrix is ar X k dimensional matrix that contains the normalized
characters for each conjucacy class K;:

K[\ 172
hi - x5 (Kq), h; <||g> (4.39)
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In fact, the character matrix is a square matrix:
Theorem: There number of irreps r equals the number of conjugacy classes k. Every class function
is a linear combination of orthonormal characters.

Proof: First, we show that » < k. This is because the columns are unitary-orthogonal to each
other, for n,m € {1,...r}:

ZhLXm i) hixn (K;) |Q\ Z|K ‘sz Xn (i) = (Xms Xn) =dm.n (4.40)

It is still possible that two distinct conjugacy classes have the same character. That
this is not the case can be seen as follows, from

ZXM XWL7X7L 72 Z'K |Xm Xm( ) XTL(K ) (441)
[

The only contribution from this sum is for K; = K, hence we obtain the orthogonality
relation for 4,7 € {1,...k}:

Z hixa (Ki) i xm (K) = 65 5. (4.42)

4.5.3 Representations of the Symmetric Group

Definition: Consider the symmetric group 5,, acting on a n-dimensional vector space, i.e w € S,
acts on the vector

U—ZazelﬁL v—Zal €x (i) (4.43)

which defines the so-called permuation representation.

Remarks:

e an example for m € Sy: e.g.

7 =(1,2)(34) — L(7) = , m=(1,4,3)2)— L(n) =

o O = O
[ elael
— o o o
o = o O
_ o o o
o O = O
[ el

e the trace of L(w) is the number of cycles of length 1, hence the character is xr(7) = 1y

e for | K, | the number of elements in the conjugacy class for cycle v, the squared norm is
(XL?XL |S |Z‘K |V1_ !gp(nal/)V12227 (445>

hence the representation is reducible
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Young Tableaux and Young Diagrams

The irreducible representations can be labelled by Young diagrams. First we combine the cycle
types v of a permutation 7 € S,, into an integer partition of n:

)\1 = 1 + 1] + Vs + e + 127
Ay = Vo + V3 + ... + Uy
A3 = vs + ... + v,
A = Un

Since ), v; = n (every number in {1,...n} is exactly in one cycle), also Y .\, = n. With
A= [A1, .., ] with A; > X\;41, the ordered parts, we write A - n to denote that the parts
parititions n.

Definition: With every partition of the P(n) partitions, Young diagram T\ can be associated,
which is a set of boxes that left-aligned such that the number of boxes in the row below
is not larger than that of a row.

Definition: A Young tableau is a map that assign the number {1,...n} into the boxes of a
Young diagram T». A standard Young tableau is a Young tableau such that the
number are sorted into the boxes such that to the right and to the bottom the number
decrease.

Remarks:
e the symmetric group acts on the set of Young tableaux of the shape A.
e every Young tableau defines an operators that is obtained by symmetrizing in all rows, and
anti-symmetrizing in all columns, which define the Young symmetrizer Y

S=1]si A:ﬁAi, Y = AS, Y?=kY (4.46)
) =1

with k& some normalization constant.
e the Young symmetrizers Y act on the

e howevever, the set of vectors obtained from Y are linear dependent. It turns out that a basis
for the irrep A is obtained by restricting the set of Y to the standard Young tableaux

Theorem: (Hook formula): The dimension of an irreducible representation A - n of S, is given
by the number of standard Young tableaux, and it can be computed by the formula

n!
I1:,; b3

with hf‘j the hooks lengths.
We will see explictly how the irreps are computed via Young Diagrams for S3

Irreducible representations of S3

[coming soon]
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The dimensions obtained from the number of standard Young tableaux is:

3! 3! 3!
dB00 = = — 1 dPO == =9 doot = = — 4.48
3-2 ’ 3 ’ 3-2 ’ ( )
(4.49)
and with the theorem of Burnside:
(@) =17 427417 =6 = 3! = |Ss] (4.50)
AFn
Irreducible representations of S,
[coming soon]
The dimensions obtained from the number of standard Young tableaux is:
4! 4! 4!
414,000 -1 q13:1,0,0) _ -3 d2200 — = 9 4.51
4-3-2 ’ 4-2 ’ 3-2-2 ’ ( )
4! 4!
q2:1.1.00 _ -3 10,00, _ =1 4.52
4-2 ’ 4-3-2 ’ ( )
and with the theorem of Burnside:
D@ =12+3"4+22+3 417 =24 =41 =S| (4.53)

AbFn

4.6 Representation of Lie Groups

4.6.1 Irredubile Representations of U(1)

For the unitary group U(1), every group element is a separate conjugacy class. Hence all functions
are class functions. Since U(1) is Abelian, 1l irreducible representations are one-dimensional, and
there is a basis where the irreps are unitary. Hence every irrep has the form

DO = ih(®), h(0) € R (4.54)
The homomorphism property of a representation implies
eih(0) — gih(2m) _ 1 eih(O1+62) _ oih(61)+h(682) (4.55)
hence h(#) is a linear function with h(6 + 27) = h(theta) + 27n, and the irreps are
D, : € D, (") =e™m?, n € 7. (4.56)

The characters of the infinite irreps are
inf * 1 —im0 _inf
xn(0) =™, (Xms Xm) = M(XrXn) = o /d&e e = dmn (4.57)

Hence the situation is similar to what we found for the representations of finite groups:
Theorem: Every class function f(#) is a linear combination of the unitary-orthogonal characters:

1

T o

f(e) = Z Can(e)’ Cn e_in0f<9) = (Xna f) (458)
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4.6.2 Irredubile Representations of SU(2)

For a non-Abelian Lie group, not all irreps are one-dimensional. For U € SU(2), The characters of
the trivial irrep and the defining irrep are:

x1(U)=1 x2(U) = 2cos(f) = e + 7% (4.59)

The scalar products can be computed via the so-called reduced Haar measure:

1 2
/d,ured cos?(0) = 1 /d,ured cos(f) =0 ditreq = — sin®(0)do (4.60)

™
(x1,x1) =1 (x2,x2) =1 (x1,x2) =0 (4.61)

In general,
1 (2p)!
2p —

/dumd cos“?(0) o+ 1) (4.62)

A three-dimensional representation can be obtained as follows: consider

D =Ds® D» with xp(0) = x2(0)x2(#) = 4 cos*(0) (4.63)

Since (x1,xp) = 1 and (x2,xp) = 0, the trivial representation is present once, and the two-
dimensional representation is not contained. Hence

D2®D2 :D1®D37 X3(9) :e2i9+1+6_2i97 (X33X3) = 17 (464)

hence Djs is irreducible with dim(Ds) = xs(e) = 3.

Theorem: The three-dimensional representation D3 of SU(2) is the matrix group SO(3).
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Proof: Dy ® Do acts on the tensor vector space C? ® C? as follows:
T1Y1 a27 ab  ba b? T1Y1
T1Yo —gb aa —bb ba 1Yo
Toy1 = —_ba —@b aa ab | | xoy1 (4.65)
T2Y2 b2 —ba —ab (7,2 T2Y2

The following basis transformation into a anti-symmetric singlet and symmetric triplet
decouples the tensor representation in its irreducible subspaces:

1

a$2y2) (4'66)
\/§(x1y2 + z2y1)

1
Yoo = 5(561112 —x2y1), (Y1,1,Y1,0,Y1,-1) = (21,91,

In this basis, the transformation is as follows:

Y0,0 1 0 0 0 Yoo
Yiq 0 a? V2ab b2 Yia
Y170 '_> 0 —\/§a5 ad — bb \/ibd YLO (4.67>
Yi 4 0 b? —+/2aab a? Yi 4
. With the additional modification
(X1, X2, X3) ( ! (Y5 Y1) L (Y5 Y1),V ) (4.68)
1,42, X83) = | —=— (Y11 —Y1,-1), — (Y11 —Y1,-1), Y10 .
V) i/(2)
we can identify SO(3) transformation as follow:
X — (8, X)é+&x Xsin(20) — & x (¢ x X)cos(20) = R(20,8) X (4.69)

where 26 is the angle that rotates three-dimensional vectors X around the axis €.

Remarks:

e Note that the 3-dim irrep U — R(U) € SO(3) is not faithful since R(U) = R(—U). We have
found this result already in Sec.

4.6.3 Irreducible Representations of SU(3)

Every SU(3) matrix is similar (in the same conjugacy class) to a diagonal matrix

et 0 0
U=| 0 ¢ 0 (4.70)
0 0 e U0ito:)

with 61, 65 € [0,27]. The defining representation denoted by 3 is 3-dimensional and

X3(01,02) = €' + "2 4 71O H02) (4.71)
X5X3 = 3+ 2cos(6y — 02) + 2cos(20; — 63) + 2 cos(6y + 262) (4.72)
ditred = 5 sin® (61 ;92) sin? (291;—92) sin® (91—;292> df1d0s (4.73)

37_[_2 S1
(x3,x3) = | ditweal01,02)|x3(01,609)]* =1 (4.74)



4.6. REPRESENTATION OF LIE GROUPS 65
hence it is irreducible.
Remarks:

e The complex conjugate representation U +— U* is denoted by 3 is not equivalent to the
representation 3, since xz = x5 # chis.

e It is also irreducible since |x3|? = |x3|?.

e The tensor representation 3 ® 3 is reducible: The trivial representation occurs once since
(X393, X1) = 1. The other irreducible representation is the 8-dimensional adjoint representa-
tion:

(xs,x8) = (x3,X3) — 2(x3, x3) + (x1, x1) with (x3,x3) =2 (4.75)
Hence 3®3=1®8.
e Likewise, 3®3=6303and 30323 =100808d1
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Chapter 5

Applications of Representation
Theory in Physics

5.1 Quantum Chromodynamics

In QCD, as gauge theory with SU(3) gauge group, the quarks transform under the fundamental irrep
3, the anti-quarks under the complex conjugate irrep 3, the gluons under the adjoint representation
8, the mesons and baryons under the singlet representation.

The multiplet structure of hadrons is obtained from the representation theory of the flavor group
UL (3) x Ur(3). The irreducible representations of

67
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