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Chapter 1

Groups

In this chapter, we discuss the definitions and basic concepts required to understand group theory.

1.1 Groups and subgroups

We start with the definition of a group.

« oy

Definition 1.1.1 (Group). A group is a set G together with a map G X G — G (denoted by “-”, ,or “+7)
that satisfies the following three conditions ¥a, b, c € G:

1) (ab)c = a(bc) (associativity),
2) de e G such that ea = ae = a (existence of an identity element),
3) YVaeG, Ja ' €eGsuchthataa™ =a'a =e (existence of an inverse for each element).

In this definition we have used the multiplicative notation. If the additive notation is chosen, then the map is
denoted by “+”, the identity element is denoted by 0, and the inverse a~! of a is denoted by —a. We sometimes
write (G, +) of (G,-) if we want to emphasize the additive notation or the multiplicative notation, but the
simpler notation G for a group is also commonly used. Most of the time in these notes, the multiplicative
notation will be preferred. Let us immediately mention some easy consequences of this definition.

Remark 1.1.2. 1) Observe that for any group G, the identity element e is unique.

—1 ..
2) Observethate™ = e, (@) =a, (ab)™! = b~'a~. It also follows from the definition that for any element
a, its inverse a”\ is unique.

3) The equality ab = ac implies the equality b = c. Similarly, ba = ca implies b = c.
Exercise 1.1.3. Prove the statement contained in the previous remark.
Let us now mention two special instances of groups:

Definition 1.1.4 (Abelian and finite groups). /) The group G is Abelian or commutative if ab = ba for all
a,b e G,

2) The group G is finite if it contains a finite number of elements.

Usually, we write |G| for the cardinality of a set. Thus, the group G is finite if |G| < co.
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Examples 1.1.5 (Examples of Groups). /) The most common groups are (Z",+), (R",+) for n € N, and

2)

3)

4)

(R+’ )
1

The cyclic group C,: For n € N, consider the set C, = {e,a Jar,a’,ab, ..., a1 endowed with the

; in—1
0 — k _ aj+k mod n’ (a])

following rules: e = a° = a", a’a = d"~J. One can check that this set with these rules

define an Abelian group.

The symmetric group S ,,: For n € N, the group S ,, corresponds to the group of permutations of n elements,
or equivalently the group of all bijective maps from a set of n elements to itself. This group contains n!
elements, and is not Abelian if n > 3. A convenient way to represent it is obtained by using the two-line
notation for each bijection. For example, for n = 3 its elements can be represented by

1 2 3\ (1 2 3\ (1 2 3} (1 2 3} (1 2 3} (1 2 3
1 2 3/\1 3 212 1 3/\3 2 1/\2 3 1/ \3 1 2/

The group operation of S, is the standard composition of permutations, or the composition of bijective
maps.

Groups of n X n matrices are very useful and commonly used. We introduce the main ones. The group law
is always given by the multiplication of matrices. We set Det for the determinant, and denote by M~ the
inverse of a matrix M, and by M" its transpose.
The general linear group GL(n, R), GL(n, C), the set of n X n invertible matrices,

The special linear group SL(n, R), SL(n, C), the set of n X n invertible matrices with determinant 1,

The unitary group U(n), the set of invertible matrices such that M* = MT = M~'. The matrix M* is
called the adjoint matrix of M, and it follows from the property M* = M~ that |Det(M)| = 1,
The special unitary group SU(n), the set {M € U(n) | Det(M) = 1},

The orthogonal group O(n), the subset of GL(n, R) that contains all A satisfying AT = A™'. It follows from
this property that Det(A) = +1,
The special orthogonal group SO(n), the set {A € O(n) | Det(A) = 1}.

It is easily observed that all these groups of matrices consist of subsets of the set GL(n, R) or GL(n, C) of all
real or complex invertible matrices. In fact, they are subgroups:

Definition 1.1.6 (Subgroup). A subgroup Gy of a group G is a subset of the group G which is also a group
itself. A subgroup Gy is proper if Go # G, and Gy is not trivial if Gy # {e}.

Exercise 1.1.7. Determine some subgroups in each groups introduced in Examples 1.1.5. Prove that they are
indeed subgroups.

1.2 Conjugation and equivalence classes

We now introduce some relations between elements of a group G.

Definition 1.2.1 (Conjugation). For a,b € G, we say that a is conjugate to b if A ¢ € G such that a = cbc™".
In this case, we write a ~ b.

Exercise 1.2.2. Prove that the conjugation defines an equivalence relation, namely the following three prop-
erties are satisfied:

1)
2)

a ~ a (reflexivity),

Ifa~ bthenb ~a (symmetry),



3) Ifa~bandb ~ c, then a ~ ¢ (transitivity).
Whenever an equivalence relation is available, it is natural to put together the elements which are conjugate.

Definition 1.2.3 (Equivalence class, conjugacy class). Let G be a set endowed with an equivalence relation
~. For any a € G, the equivalence class [a] containing a is defined by [a] := {b € G | b ~ a}. When the
equivalence relation is given by a conjugation, [a] is also called the conjugacy class containing a.

This notion of conjugacy class for a group G is very important, and the following properties should be checked:
1) Each element a € G is in a single conjugacy class,

2) The identity element e generates a class on its own,

3) If G is Abelian, each element generates its own class,

4) If Gy is a subgroup of G and for any ¢ € G, the set
cGy = {cac_1 | a € Go}

defines another subgroup of G. One then says that cGoc™! is a subgroup conjugated to G.
The construction of a conjugated subgroup leads naturally to the following definition:

Definition 1.2.4 (Invariant or normal subgroup). Let G be a group, and Go be a subgroup. We say that G is
an invariant subgroup, or a normal subgroup of G if cGoc™! = G for all ¢ € G. We write Gy <G for a normal
subgroup Gg of G.

Some examples of invariant subgroups are provided below. It is interesting to guess other examples among
the groups introduced in Examples 1.1.5.

Examples 1.2.5 (Examples of invariant subgroups). 1) For G = (R, +), Go = (Z, +) is a normal subgroup.
2) For G = GL(n,C), Gg = C1,x, is a normal (and Abelian) subgroup.
The notion of normal subgroup leads then to the concept of simple or semi-simple groups:

Definition 1.2.6 (Simple and semi-simple group). A group G is simple if {e} is the only proper and normal
subgroup of G. The group G is semi-simple if {e} is the only proper and normal Abelian subgroup of G.

Clearly, a semi-simple group might or might not be simple, while any simple group is automatically semi-
simple. For this reason, simplicity is a stronger requirement than semi-simplicity.

Exercise 1.2.7. Show that SO(3) is a simple group.
Let us now introduce another definition leading to equivalence classes.

Definition 1.2.8 (Left conjugation). Let G be a group, and let Gy be a subgroup. For any a,b € G we set
a’b ifa~'b € Gy, or equivalently if b = ac for some ¢ € Gy,

One easily checks the following properties:
1) a £aforanyaeG,
2) Ifa < b, thenb < q,

3)Ifalbandb £ e, thena < c.



As in Exercise 1.2.2, one infers from these properties that £ defines an equivalence relation. It is then natural
to define equivalence classes, as introduced in Definition 1.2.3: For any a € G

Golal := (b a £ b} = aGy. (12.1)

These equivalence classes are also called left coset. Equivalently, we can define a ~ b if ba™! € G, and
check that ~ also defines an equivalence relation. The corresponding equivalence classes are denoted by [ ],
and are called right coset. Observe that [a]g, = Goa. Let us emphasize that in general, aGy and Goa are not
subgroups of G, and {¢,[a] | a € G} and {[a]g, | a € G} are not groups. However, the following statement
holds:

Proposition 1.2.9. Let G be a group and Gy a subgroup.
1. Gq is a normal subgroup if and only if g,[a] = [alg, for any a € G,

2. If Gy is a normal subgroup, then the operation [alg,[blc, = [ablg, defines a product on the equivalence
classes. By defining [a](‘;(l) = [a‘l]G0 and the identity given by Gy itself, these operations define a group,
denoted by G|Gq and called the quotient group or the factor group.

As an example of the previous construction, recall that (Z,+) is a normal subgroup of (R,+). Then, the
quotient group (R, +)/(Z, +) corresponds to ([0, 1), +mod 1), often denoted by S!.

Exercise 1.2.10. Show that the above proposition holds. In addition, if G if finite, and if Gy is a normal
subgroup of G, show that the following equality holds:

G|
G/Gyl = —.
G/Gol Gol

We also define another notion which is of central importance for the study of groups: the set of elements
which commute with all the other ones:

Definition 1.2.11 (Center). The center Z(G) of a group G is defined by Z(G) :={a € G | ab =ba V¥ b € G}.
Exercise 1.2.12. Prove that Z(G) is an Abelian and normal subgroup of G.

So far, we have considered only one group G. We shall now consider two groups, and some relations or maps
between them.

Definition 1.2.13 (Homomorphism, isomorphism, endomorphism, automorphism). Let G and G’ be two
groups. A (group) homomorphism is a map ¢ : G — G’ such that ¥ a,b € G, ¢p(ab) = ¢(a) ¢(b). An
isomorphism is a bijective homomorphism, and if an isomorphism exists between the two groups G and G’,
we write G = G’ and say that G and G’ are isomorphic. A homomorphism from a group G to itself is called
an endomorphism, and a bijective endomorphism is called an automorphism.

Let us stress that the relation ¢(ab) = ¢(a) ¢(b) involves the group law of G and of G’: The product on the
left-hand side is the product in G, while on the right-hand side it is the product in G’. Usually, we say that the
map ¢ preserves the group laws of G and G’. The following statements then hold for ¢ a group homomorphism
from G to G”:

Proposition 1.2.14. 1) ¢(eg) = e and p(a™") = (¢(a))_1,
2) Ker(¢) :={a € G | ¢(a) = eg'} is a normal subgroup of G,
3) G/ Ker(®) is isomorphic to ¢(G) through the isomorphism ¢ defined by ¢([alkers)) := ¢(a) for any a € G,
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4) If Gy is a subgroup of G, then ¢(Gy) is a subgroup of G'.
Exercise 1.2.15. Prove the statements of the previous proposition.

Let us provide an example of a homomorphism which plays an important role in various fields. For it, we
firstly introduce the Pauli matrices

0 1 0 —i 1 0
0'150'x1=(1 O)’ o-zsayzz(i 0), O'3EO'ZZ=(O _1) (1.2.2)

together with the 2x2 identity matrix o := 1. It is known that for any A € M,(C) there exists ag, a;, az,a3 € C
such that
A =apog+ a0 +ayop +azoz =:apl +a- o,

with a = (a1, a2, a3) and o = (071, 02, 073), and that Det(A) = (ag)? — a>. In the next statement, Tr denotes the
usual trace of a matrix.

Proposition 1.2.16. The map ¢ : SU(2) — SO(3) defined for any U € SU(2) and for j, k € {1,2,3} by
1 -1
¢Wjx = 5 Ti(o;UoU™)

is a surjective homomorphism, with Ker(¢) = {1, -1}, where {1, —1} corresponds to the group containing just
these two elements.

Exercise 1.2.17. Prove this proposition (it is a standard result available in many textbooks). An illustration
of this map is provided in Figure 1.1.

SU(z)

Gh
-Iz

Figure 1.1: Schematic representation of the 2 — 1 map from SU(2) to SO(3).

1.3 Direct and semi-direct products

In this section, we briefly mention how two groups can generate a third one, and provide some converse
constructions.

Definition 1.3.1 (Direct product). For j € {1,2} let G; be a group with identity element denoted by e;.
The direct product of G| and G» is defined by the set G := {(ai,a2) | aj € G;} together with the product
(ai,a2)(b1, by) := (a1by, azby), the inverse (ay,ax)™" := (al_l,agl), and the identity e := (e1, e2). This group is
usually denoted by G| X G».



The proof that G| X G is indeed a group is left as an easy exercise. One also observes that {(a, e>) € G| X G |
ay; € Giyand {(e1,ar) € G1XGy | ay € Gy} define normal subgroups of G| XG,. These subgroups can naturally
be identified with G and G», respectively.

Conversely, suppose that a group G possesses two normal subgroups G and G, satisfying the following
properties:

1) G1 NG, = {e} with e the identity element of G,
2) Each element a of G admits a decomposition a = aja; with a; € G| and a; € G;.
Then G is isomorphic to G| X G,, and one has G/G| ~ G, and G/G;, ~ G;.

Examples 1.3.2. Clearly for any m,n € N, (R™™, +) is isomorphic to (R",+) x (R",+). If m and n do not
possess any common divisor except 1, then C,,, X C, is isomorphic to Cyy,.

Exercise 1.3.3. For n odd, show that O(n) is isomorphic to SO(n) x {1, —1}. Is it still the case if n is even ?

In the previous construction, the normality of the two subgroups is a very strong requirement. If only one
subgroup is normal, then one ends up with the following concept:

Definition 1.3.4 (Inner semi-direct product). A group G is called an inner semi-direct product if there exist
two subgroups N and H of G satisfying the following properties

1) N is normal,

2) N N H = {e} with e the identity element of G,

3) Each element a of G admits a decomposition a = nh withn € N and h € H.

In this case we write G = N < H, and often say that G is the inner semi-direct product of N and H.

It is then natural to wonder if G can be constructed from two groups N and H, as for the direct product. It
is indeed possible, but the construction is slightly more involved, and is called the outer semi-direct product.
For this, we firstly recall that an automorphism ¢ of a group N is a bijective map ¢ : N — N satisfying
¢(ab) = ¢(a)p(b) for any a, b € N, and observe that the set Aut(N) of all automorphisms of N is itself a group,
with the usual composition of maps. We now consider two groups N and H, with identity ey and ey, and
consider a map ¢ : H — Aut(N). We then consider the set {(n,h) | n € N, h € H} together with the product

(n1, h1)(n2, hy) == (n1[Y(h)](n2), hihy),

the inverse (n, h)™!' := ([w(h‘l)](n‘l), h‘l), and the identity e := (e, eg). It turns out that this set and these
operations define a group, denoted by N>, H and called the outer-direct product of N and H. One can naturally
identify N with {(n,ey) | n € N} and H with {(ey, h) | h € H}. With these identifications, one observes that N
is a normal subgroup of N >, H, and that N =, H corresponds to the inner semi-direct product of N and H.

Exercise 1.3.5. Check the assertions about N =y, H, in particular check that it is a group and that N is a
normal subgroup.

Exercise 1.3.6 (Dihedral groups). For any n € N, define the dihedral group D,, with 2n elements, and show
that this group is an inner semi-direct product, or that this group is is isomorphic to the outer semi-direct
product of the cyclic groups C,, and Cj.

Exercise 1.3.7 (®). Check that any inner semi-direct product is also an outer semi-direct product. In other
words, check that these two concepts are equivalent. You can get some inspiration from

7



https:/ en.wikipedia.org/wiki/Semidirect_product

1.4 Transformation groups

Quite often, groups are related to a space and to some properties associated with this space. This leads to the
following notion:

Definition 1.4.1 (Transformation group). Let X be a set and let x denote the element of X. A transformation
group of X consists in a group G and of a map o : G X X — X satisfying for any x € X the following two
properties: eox =Xx forany x € X and ao (bo x) = (ab)o x foranya,b € G.

Let us immediately stress that the notation o is introduced for this abstract definition, but in the applications
various notations are used, depending on the context. Also, it is often assumed that a certain property of X is
preserved under the application of the transformation group G.

Examples 1.4.2. /) Let X be usual Euclidean space R", and let d : X X X — [0, o) denote the distance
function, namely for any x,y € X,

d(x,y) = lx =yl = (1.4.1)

Then, the translation group T (n) corresponds to (R", +) acting as
aox:=x+a for any a € T(n) and x € R".

Clearly, T (n) preserves the distance, namely d(a o x,a o y) = d(x,y) for any a € T(n) and x,y € R". In this
situation, it is an “accident” that the space X and the transformation group T (n) acting on X can both be
identified with R". Clearly, T(n) contains several subgroups, as for example (Z", +).

2) Let X be usual Euclidean space R", and let (:,-) : X X X — R denote the scalar product on X defined for
any x,y € X by

(x,y) = ) xjy). (1.4.2)
=1
Then, the rotation group R(n) consists in all linear transformations R* — R" preserving the scalar product,
namely (aox,aoy)=<{x,y) foranya € R(n)and x,y € X. Since linear transformations of R" are described
by matrices, for any a € R(n) there exists A € GL(n, R) such that a o x = Ax, and then the invariance relation
reads:
(6, 1y) = (x,y) = (a0 x,a 0 b) = (Ax, Ay) = (x, AT Ay)

meaning that ATA = 1, or equivalently AT = A~'. Thus, the rotation group can be identified with the group
O(n)l, as introduced in Examples 1.1.5.

Before going on with additional examples, let us provide a few more natural definitions.

Definition 1.4.3 (Orbit and stabilizer). Let G be a transformation group of a set X, and let x € X. The set
O, :={aox|aeG}c Xiscalled the orbit of x. The set G, :={a € G |ao x = x} C G is called the stabilizer

of x.

'Be aware that some authors would call rotations only the elements of SO(n), and that this different might lead to some confusions.
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For the next statement, we recall that a partition of a set Q consists in a family {€2;}; of subsets of Q satisfying
U;Q; = Qand Q; N = @ whenever j # k.

Lemma 1.4.4. For any transformation group G of a set X one has:
1) The set of orbits defines a partition of X,

2) Gy is a subgroup of G, for any x € X,

3) If X' € Oy, then Gy = G,.

The proof is not difficult and can be done as an exercise. Whenever G is a finite group, an additional relation
holds:

Lemma 1.4.5. Let G be a finite transformation group of a set X. Then, for any x € X one has

1G4l 10«] = |GI.

1.5 Euclidean group and Poincaré group

In this section, we consider two famous transformation groups. The first one was studied much before the
development of group theory.

For the Euclidean group, the set X corresponds the Euclidean space R”, and recall that d : X X X — [0, 00) is
the distance function introduced in (1.4.1).

Definition 1.5.1 (Euclidean group). The Euclidean group E(n) consists in the group of all transformations
of R" that preserve the Euclidean distance between any two points, namely d(a o x,a o y) = d(x,y) for any
a € E(n) and for any x,y € R".

Clearly, the group T(n) introduced in Examples 1.4.2 is a subgroup of E(n), since it preserves the distance.
The rotation group R(n) introduced in Examples 1.4.2 is also a subgroup of E(n). Indeed, since any element
of € R(n) can be represented by B € O(n), it is sufficient to observe that for B € O(n) one has

d(Bx, By)* = ||Bx — Byll* = (B(x - y), B(x = y)) = {(x = y), B B(x - y))
=((x =), L(x = y) = {(x = y), (x = y)) = llx = yII* = d(x, y)*.

More generally, any pair (b, B) with b € T(n) and B € O(n) defines an element of E(n) by acting on x € X
as (b, B) o x := Bx + b. In fact, it turns out that all elements of E(n) are of this form. It thus follows that the
composition law on E(n) is given by

(b, BV, B) = (b+ Bb,BB’) bl € T(n)and B,B € O(n),
the inverse of (b, B) is given by (b, B)™' = (- B~'b, B™!), and the identity is e = (0, 1).

Exercise 1.5.2. Check that (T (n), 1) is a normal subgroup of E(n), and that E(N) is isomorphic to the semi-
direct product T (n) = R(n). Exhibit different types of subgroups of E(n), see for example

https:/en.wikipedia.org/wiki/ Euclidean_group

We now move to the study of the Poincaré group. For that purpose, we consider X = R* and denote its element
by x = (x%, x!, x2, x*) with x/ € R for j € {0, 1,2, 3}. We endow this space with the following bilinear form:

x-y =200 = xlyl = 32y = 33 for any x,y € R*. (1.5.1)

9
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It is indeed easily observed that the map R* x R* 5 (x,y) — x -y € R is linear in both arguments. If we
introduce the diagonal matrix

1 0 0 0
lo -1 0 o
£%lo 0o -1 0
0 0 0 -1

and use the notation of the scalar product defined in (1.4.2), then the following equality holds:

Xy =(gx,y). (1.5.2)
The set R* together with this bilinear form is called the Minkowski space and is denoted by M.

Definition 1.5.3 (Lorentz group). The Lorentz group L consists in the set of all matrices A € M4(R) that
preserve the bilinear map, namely

(Ax)-(Ay)=x-y for any x,y € M. (1.5.3)

Note that the relation introduced in this definition has also a purely matricial version. By taking (1.5.2) into
account the above relation reads
ATgA =g (1.5.4)

Thus, the Lorentz group L consists of all A € M4(R) satisfying (1.5.4).

Exercise 1.5.4. Define the restricted Lorentz group, and study the notions of orthochronous and proper
Lorentz transformations.

The Euclidean group is the group preserving the distance defined by the Euclidean norm. We can now define
the Poincaré group with a similar approach. For that purpose, we define an analog of d” introduced in (1.4.1)
but in the Minkowski setting:

1(x,y)=x=y) (x—y).

Definition 1.5.5 (Poincaré group). The Poincaré group P (also called the Lorentz inhomogeneous group)
consists in the group of all transformations of M that leave invariant the quantity t(x,y) invariant, namely
tlaox,aoy) =1tx,y) foranyac P and x,y e M.

It turns out that the elements of ¥ consist of pairs (b, A) with b € T(4) and A € L. Their action on x € M is
given by (b, A) o x := Ax + b, which leads to the composition law of $:

(b, N(D',N") = (b+ Ab', AN, (1.5.5)

the inverse of (b, A) is given by (b, A)~! = (= A~'h, A1), and the identity is e = (0, 1).

Exercise 1.5.6. Check that (T(4),1) is a normal subgroup of P, and that P is isomorphic to the semi-direct
product T(4) < L.
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Chapter 2

Linear representations

In this chapter, we introduce the notion of linear representations of a group, which play a very important role
in many fields.

2.1 Vector spaces and Hilbert spaces

In this section we recall the notion of a vector space, and then concentrate on Hilbert spaces. They are special
instances of vector spaces endowed with a scalar product. The underlying vector space can be of finite or
infinite dimension. Usually, we consider complex vector spaces and complex Hilbert spaces, but real versions
also exist.

Recall that a complex vector space V is a set endowed with two operations: An addition, which gives one
new element from two elements of this set, usually written +, and a scalar multiplication of the elements by
any complex number. Additional compatibility requirements are summarized here

https://en.wikipedia.org/wiki/Vector_space

A linear map on V is a function T : V — V satisfying T(f + Ag) = Tf + ATg forany f,g € V and A € C.
The set of all linear maps on V is denoted by L(V). Observe that 1 defined by 1f = f is an element of L(V).

Definition 2.1.1 (Hilbert space). A (complex) Hilbert space H is a complex vector space, endowed with a
scalar product (-,-) which is complete for the induced norm ||f|| = (f, f}l/z. We also assume H to be
separable!.

Recall that a scalar product satisfies the following conditions, for any f, g,h € H and A € C:
D (¢./)={f.8)

2) (fiAg+h)y = Af,8) +{f.h),

3) (f, f) = 0, with equality if and only if f = 0.

Note that we have chosen the linearity of the scalar product in the second argument, but we could also have

!'Separable means that there exists a countable basis for 7. Not all Hilbert spaces are separable, but the non-separable ones are
less frequently used.
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chosen the linearity in the first argument. Completeness means that any Cauchy sequence* converges in H.

An analogy to this concept can be made with Q and R: Q is not complete because many converging sequences
have their limit in R and not in Q, even if all the elements of the sequence are in Q. Let us also emphasize that
the scalar product satisfies the Schwarz inequality

1Kl < M1 f1lllgll,

and that ||f]| := (f, f y1/2 is a norm, which means that it satisfies the triangle inequality

If =+ gl < LA+ llgll-

Examples 2.1.2. We present a few Hilbert spaces which appear very often:
1) C™ with scalar product {a,b) := Z'}:] ajb; fora,beC",

2) PRY:={f:R"=>C| fRn |f(x)]>dx < co} with scalar product

fog) = fR Tsdx  for f.g € PR,

3) (2" = {@)jez | 2 jezn |aj|2 < oo} with scalar product

(@ jezn, bjezn) = Y @h;  for (@pjezs, (b))jezn € (2.
jezn

The next definition contains a generalization of matrices acting on C". Note that a matrix is always bounded,
but this is not always the case in the more general framework of a Hilbert space.

Definition 2.1.3 (Bounded linear operator). A bounded linear operator T on a Hilbert space H consists in a
linear map T : H — H satisfying ||IT f|| < c||f|l for some ¢ > 0 and all f € H. The infimum over all c is
denoted by ||T|| and is called the norm of T. The set of all bounded linear operators is denoted by B(H).

For example, the operator 1 acting as 1f = f belongs to B(H), with ||1|| = 1. Observe also thatif T, R € B(H),
then TR is defined by [TR](f) := T(Rf), it belongs to B(H) and its norm satisfies ||TR|| < ||T||||R]I.

Exercise 2.1.4. In L*(R) or in €*(Z), exhibit a linear operator which is not bounded (and prove that it is not
bounded). Can you also exhibit one in an abstract Hilbert space as introduced in Definition 2.1.1.

Like for matrices, we define an adjoint for any T € B(H), namely the adjoint 7* of T is the bounded linear
operator satisfying for any f, g € H:
(fsTg) =(T"f,8).

It can be shown that this adjoint always exists and is unique. Note that if H = C”", then 8(C") = M,,(C) which
means that any 7 € B(H) is nothing but a matrix. In this situation, 7* corresponds to the adjoint matrix
(transpose and complex conjugate).

Let us now look at special instances of bounded linear operators.

Definition 2.1.5 (Self-adjoint, positive, unitary, invertible operators). Let T € B(H).

2A Cauchy sequence in H is a sequence (f,),en C H satisfying the condition: for any € > 0 there exists N € N such that
I fu = finll < € for all n,m > N. Note that any convergent sequence is Cauchy, but the converse is not true.
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1) T is self-adjoint or Hermitian if T* = T,
2) T is positive if (f, Tf) = 0, forany f € H,
3) Tisunitary if TT* =TT =1,

4) T is invertible (in B(H)) if T is bijective.

Observe that the first three properties depend on the scalar product, and thus can not be defined for a vector
space V without a scalar product. On the other hand, the invertibility property does not depend on the scalar
product, and can also be defined on V. We set GL(V) or GL(H) for the set of invertible elements of V or of
H, and observe that they are groups with identity 1.

Remark 2.1.6. Observe that a finite dimensional complex vector space can always be identified with C" for
some n € N, and that C" is endowed with a scalar product. It means that any finite dimensional complex
vector space can always be identified with a finite dimensional Hilbert space. The same is not true for infinite
dimensional vector spaces.

2.2 Linear representations

We can now define the notion of a linear representation of a group. For the initial definition, observe that the
scalar product is not really necessary, which means that the vector space structure is sufficient. However, the
theory is much richer if the representation is taking place in a Hilbert space, but it is also less general!

Definition 2.2.1 (Linear representation). Let G be a group, and let ‘V be a vector space. A linear representation
of G inV corresponds to amap U : G — L(V) satisfying U(e) = 1 and U(ab) = U(a) U(b) for any a,b € G.
One writes (V, U) for this representation, or (H, U) if the vector space V is a Hilbert space H.

In particular, it follows from this definition that U(a™') = U(a)~!, which means that all elements of the
range of U are invertible, or equivalently Ran(U) < GL(V). As a consequence, the map U corresponds
to a homomorphism G — GL(V). In the sequel, we shall simply say a representation instead of a linear
representation, since these representations are the most common ones. Also, let us stress that all statements
for (V, U) apply to (H, U) (since any Hilbert space is a special instance of a vector space) but the converse is
not true: some statements for (#, U) are simply meaningless for (V, U).

Remark 2.2.2 (Unitary representation). If the representation is taking place in a Hilbert space H, and if the
operator U(a) is unitary for any a € G, then the map G — U(H) is called a unitary representation of G.
Here, we have used the notation U(H) for the set of all unitary operators on H.

Definition 2.2.3 (Trivial, faithful representation, dimension). A representation (V, U) of a group G is trivial if
U(a) = 1 for any a € G, while U is faithful if U(a) # 1 for any a € G \ {e}. The dimension of a representation
corresponds to the dimension of ‘V, denoted by dim(V).

Clearly, the definition of dimension generates two types of representations: the finite dimensional representa-
tions, with U(a) being a matrix for any a € G, and the infinite dimensional ones, with U(a) being a linear map
on the infinite dimensional vector space V.

Lemma 2.2.4. Let G be a group, and V be a vector space.
1. If U : G — L(V) is a representation, then the set Gy := {a € G | U(a) = 1} is a normal subgroup of G,

2. If G is simple, then all non-trivial representations are faithful,
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3. If Gy is a normal subgroup of G and if U : G/Gy — L(V) is a representation, then the map U : G —
L(V) given by U(a) := U(lalg,), for any a € G, defines a representation of G.

The proof of this lemma is an easy exercise. Let us emphasize the meaning of the third statement: Starting
from a representation of the quotient group, we can define a representation of the group itself. Quite often, we
are trying to identify representations which are either equivalent, or inequivalent, in a precise sense.

Definition 2.2.5 (Equivalent or similar representations). Let U : G —» L(V)and U’ : G — L(V’) be two
representations of a group G. These representations are equivalent or similar if there exists a bijective linear
map T .V — V' satisfying U'(a) = TU(a@)T~" for any a € G. In this case, we write (V,U) =~ (V’',U"). The
bijective map 7T is called a similarity transformation. If V,V’ are Hilbert spaces, and if T is a unitary map
between them, then the two representations are said to be unitarily equivalent.

In this definition, we used the concept of a unitary map between two Hilbert spaces H and H’. It means that
T*T =1and TT* = 1, where T* is defined by the equality

S Thar =T f, o for fe Hand f' € H'.
The scalar product has been indexed for clarity.

Before moving on, observe that the notion of equivalent representations define an equivalence relation, as pre-
sented in Exercise 1.2.2. We now present a result which says that for finite groups, only unitary representations
are really important. Keep in mind that this statement is not true for general groups.

Proposition 2.2.6. Let G be a finite group, and let (H,U) be a representation of G in a Hilbert space H.
Then, U is equivalent to unitary representation (H’, U").

A proof for this result is provided in [1, Thm. 2.8] and is based on an average over the group. For finite groups,
such an average is well defined, while it is generally not the case for infinite groups. Nevertheless, a similar
statement exists for other groups, as for example compact Lie groups.

2.3 Reducible / irreducible representations

Let Vy be a subspace of a vector space V, meaning that V) is stable for the addition of its elements and for the
multiplication by elements of C. Another subspace V' of V is called a complementary subspace if any f € V
admits a unique decomposition f = fy + f1 with fy € Vg and f; € V. In this case we write V = Vo @ V. If
V is a Hilbert space H, we assume that the subspaces are closed, meaning that they are complete for the norm
of H 3. Then, if Hj is a subspace of H, there exists a unique subspace Hy complementary to Hy satisfying
(f.g) = O forany f € Hp and g € H;". In this setting, we always choose this distinct subspace and call
the orthogonal complement. We still write H = Ho & H; .

Let us now consider 7 € L(V). In a decomposition Vy @ V', of V, this operator takes the form

Too T01)
T =
(TIO T

with clear meaning for each entry of the matrix. We are now ready for the main definition of this section.

Definition 2.3.1 (Invariance, minimality, and irreducibility). Let (V, U) be a representation of a group G.

3The completeness means that any Cauchy sequence in H, converges in H,. By analogy, one can think about {(x,0) € R? | x € R}
as a closed real subspace of R>.
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1. A subspace Vo C V is invariant if U(a)Vo C Vo for any a € G. This subspace is proper if Vo # V, and
non-trivial if Vo # {0}. It is minimal if it does not contain any other non-trivial and proper invariant
subspace.

2. The representation is irreducible if {0} and V are the only invariant subspaces, and reducible otherwise.
Based on this definition, one directly infers the following:

Exercise 2.3.2. If G is finite and if the representation (V, U) is irreducible, show that V is finite dimensional
and has dimension at most equal to |G]|.

Observe that if a subspace V(y C V is invariant, and if V; is a complementary subspace, then in the decom-

Uoo(a) Uoi(a) :
0 Uni(a)) forany a € G. If V) is also

position Vo & V| of V, any operator U(a) takes the form (
Ugo(a) 0
0 Uii(a)

representation is decomposable with respect to the direct sum Vo & V.

invariant, then U(a) takes the simplest form ( ), for any a € G. In this case, one says that the

Definition 2.3.3 (Complete reducibility). A representation (V, U) of a group G is completely reducible if for
any invariant subspace Vo C V, there exists a complementary subspace which is also invariant.

As already mentioned, if the vector space is a Hilbert space H and if Hy c H is an invariant subspace,
then the distinct complementary subspace is the orthogonal complement ;. Clearly, if (V, U) is completely
reducible and if dim(V) < oo, then this representation can be decomposed into a direct sum of irreducible
representations. If dim(V) = oo, the statement is not true in general since the decomposition into invariant
subspaces might never end. Nevertheless it can be shown that some representations are completely reducible.

Theorem 2.3.4. 1) IfG is a finite group, any representation (H, U) in a Hilbert space is completely reducible,

2) Any unitary representation (H, U) of a group G in a Hilbert space is completely reducible. In particular, if
dim(H) < oo, then the Hilbert space admits an orthogonal decomposition H = &,H* and each subspace
H* is a minimal invariant subspace.

By Remark 2.1.6, observe that the first statement also holds for an arbitrary representation (V, U) if ‘V is finite
dimensional.

Exercise 2.3.5. Provide a proof for the previous statement. In particular, show that if a subspace Hy of H is
invariant under a unitary representation of G, then 7—(0L is also invariant under this representation.

The next statement provides a criterion for the equivalence of two representations. We refer to [14, p. 55] for
the proof, or leave it as an exercise.

Lemma 2.3.6 (Schur’s Lemma). Let (V,U), V', U’ be two irreducible representations of a group G. Assume
that there exists a linear map T : V — V' satisfying for alla € G

TU(a) =U'(a)7T.

Then, either T = 0, or T defines a similarity transformation, as introduced in Definition 2.2.5. In particular
if (V,U) and (V’,U’) are inequivalent, then T = 0.

Let us state and prove two corollaries of Schur’s Lemma.

Corollary 2.3.7. Let (V, U) be a finite dimensional irreducible representation of a group G, and assume that
there exists T € L(V) satisfying TU(a) = U(a)T forall a € G. Then T = A1 for some A € C.
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Proof. Since V is finite dimensional, 7" is a matrix which has at least one eigenvalue A, which means that
Ker(T — A1) # @. It then follows from the assumption that (7' — A1) U(a) = U(a) (T — A1) for any a € G. Since
T — A1 can not be bijective, it follows from Schur’s Lemma that (T — A1) = 0, meaning that 7 = A1. O

Corollary 2.3.8. If G is Abelian, any finite dimensional irreducible representation of G is of dimension 1.

Proof. Let (V,U) be a finite and irreducible representation of G. Since U(a) U(b) = U(b) U(a) for any
a,b € G it follows from Corollary 2.3.7 that U(b) = A(b)1 for some A(b) € C which depends on b. Then,
for any f € V with f # 0, for any @ € C, and for any b € G one has U(b) af = A(b) af, which means
that Cf is an invariant subspace. Since the representation (V, U) is irreducible, it follows that V = Cf. As a
consequence, V is one dimensional. m]

The last statement of this section is also about finite groups, and complements the content of Exercise 2.3.2.
Its proof is left as an exercise, but it is not completely trivial, see for example [1, Prop. 2.19] or [12, Corollary
p. 25].

Proposition 2.3.9. Let G be a finite group and assume that Gq is an Abelian subgroup of G. Then any
irreducible representation of G is of dimension at most |G|/|Gy|.

2.4 Representation of finite groups

In this section, we concentrate on finite groups and develop some of the special features of their representa-
tions. In particular, we are interested in inequivalent irreducible representations of such groups. Thanks to
Exercise 2.3.2 or to Proposition 2.3.9, we know that all irreducible representations of a finite group are finite
dimensional, which means that all vector spaces in this section are finite dimensional.

Proposition 2.4.1 (Orthogonality relation). Let (V,U) and (V', U’) be two irreducible representations of a
finite group G, and let T : V — V' be a linear map. Set

Z U'(a)T U(a)™ 2.4.1)
IGl aeG
Then,

1. If(V,U) # (V',U"), then Zr =0,

2. If (V,U) = (V,U’), then Zt = %Tr(T)l with n = dim(V).
Proof. 1) One easily checks that U’(b) Zy = Zr U(b) for any b € G. Thus, it follows from Lemma 2.3.6 that
Zr =0.

2) By Corollary 2.3.7 one infers that Zr = A1 for some A € C. Then, observe that

nd = Tr(A1) = Z U'(a)T U(a)™ Z Tr(U’ (@) T U(a)™") = T«(T),
|G| acG IGI acG
leading to A = }lTr(T). Note that the relation Tr(AB) = Tr(BA) has been used for the last equality. O
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Recall that the notion of equivalent representation (see Definition 2.2.5) defines an equivalent relation, which
allows us to define the set {r*}; of all equivalent classes of inequivalent irreducible representations of a finite
group G. For each equivalent class, we choose a representative which is a unitary representation (H*, U*).
Thanks to Proposition 2.2.6, note that there is no restriction in requiring that this representation is unitary.

For an irreducible unitary representation (F k U¥), let us fix an orthonormal basis {elj‘.};fi | With n 1= dim(H5).
For any a € G and for i, j € {1, ..., n;} we also set

Uk(a) = Ura)y; = (e, UM @) eb)pn (2.4.2)

for the element ij of the matrix U*(a). Clearly, the finite sequence (U fj(a)) 4 belongs to ClSl. In the sequel
we shall use the notation 9,,, for the Kronecker delta function, namely 6,,, = 0 if m # n while 6, = 1 if
m = n.

Let us now consider a special linear operator 7 in Proposition 2.4.1, namely the operator 7' := |ef>(e’;. |+ HF —
H’ with s € {1,...,n.}and j € {1,...,mn}. This operator acts on any f € H* as

e el = (e, el
If then follows that
1 1 —_—
l k\ _ 4 ) 4 k k -1 k\ _ 4 k
(el, Zreby = G ;EG (er, Ulla)es) (el UN(a)"ef) = G ;EG Uy (@)U} (). (2.4.3)

If we choose ¢ # k, then it follows from Proposition 2.4.1 that Zr = 0, which implies by (2.4.3) that 0 =

ﬁ e UL (@)U fj(a). In other words, one has U, LU lk] in Cl6l. On the other hand, if we choose ¢ = k, it also
follows from Proposition 2.4.1 that

1 1
Zr = —Tr(leXei) 1 = —0,;1,
ng Nk
which leads by (2.4.3) to

1 k k k 1 k k 1
ﬁ L;G Urs(a)Ul{(j(a) = <er9ZTei> = n_k55j<er9 1el> = n_késjérl

Thus, if we summarize these relations one has shown that

1 1
G ZG: Ul (@)U (a) = =0 8350 (2.4.4)
ae

The following statement is a direct consequence of the previous orthogonality relation. Note that a stronger
statement will be proved later on.

Corollary 2.4.2. Let G be a finite group, and let {}x be the set of equivalence classes of inequivalent
irreducible representations of G, each of dimension ny. Then the following relation holds:

> nt <IGl.

k

Proof. For each equivalent class of representations, one has ni elements (U lk] ?5'.:] which are orthogonal in
ClGl. Since dim(CI°l) = |G, it follows that ¥, n¥ < |G]. o
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Let us emphasize one important outcome of the previous statement: the inequivalent and irreducible represen-
tations of a finite group are only in finite number. We now introduce a very useful concept for representations
of finite groups.

Definition 2.4.3 (Character). Let (H, U) be a finite dimensional representation of a finite group G. For any
a € G, the character of a in U is defined by

x(a) = Tr(U(a)).

Since for any invertible matrix B one has Tr(BAB~!) = Tr(A), it follows that elements in a conjugacy class
have the same character, and that characters are identical for two equivalent representations. One also observes
that y(-) € Cl%l, but more can be said:

Corollary 2.4.4. Let (H*, U and (H, UY) be two unitary and irreducible representations of a finite group
G, with respective characters denoted by y* and x*. Then,

1 _
G L @x @ =

aceG

{1 if (H*, U*) =~ (H, U")

0 otherwise

Exercise 2.4.5. Provide a proof of this statement, by using (2.4.4).

Consider now (H, U) a finite dimensional representation of a finite group G. By Theorem 2.3.4 this represen-
tation is completely reducible, and therefore there exists a unique set {v¢}r € N such that H = ®viH* and
U =~ & UK. Here, (H*, U*) represents a unitary irreducible representation of G in the equivalence class 7,
and the notation 294* means H* ® H* (and similarly for any natural number bigger than 2). In the sequel,
we shall assume that (#, U) is unitary, and identify it with the direct sum of irreducible representations. The
following statement provides a formula for computing vy.

Theorem 2.4.6. Let (H,U) be a unitary and finite dimensional representation of a finite group G, and let
{vi}k € N the set mentioned above.

1) v = |15| ZQGG@ Y~(a), where y(a) and x*(a) denote the character of a in U and in U¥, respectively,
2) (H,U) is irreducible if and only lfﬁ Suec @I = 1,

3) If (H’,U’) is a second finite dimensional representation of G, then (H,U) = (H’, U’) if and only if their
characters are equal.

We provide below the proof for the first two statements. For the third one, the necessity condition has already
been mentioned after Definition 2.4.3. For the sufficiency, we refer to [1, Prop. 2.26] or to [13, Cor. I11.2.6].

Proof. 1) By Theorem 2.3.4 this representation is completely reducible. Thus, writing U = @ vy U¥, one
gets y(a) = Y viex* (a). Then, by Corollary 2.4.4 one infers that

1 —— 1 —_
Gl Z)((a)/\/k(a) =Gl Z Vi Z)(k (@)x* ) = Z Ve Okt = V.
aeG k' aeG k'
2) As before, we write U = & v U K then one gets
1 1 —_— 1 —_—
— > @ = — v @) > vex'@) = ) vi ) ve —= > xra)x'(a)
|G|;IX |G|;;(; kX )(Z;‘ X ) Zkl k; flGlaEZGX X
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= kaZVgékg = ZV]%
k

t k

Clearly, the equality >}, V% = 1 holds if and only if there exists only one v, = 1, and all the other ones are 0.
This situation corresponds to an irreducible representation, leading directly to the statement. m|

We now introduce a representation which plays a very important role: the group acting on itself. In the next
statement, £>(G) means all functions from G to C (they are automatically square summable when G is finite),
and observe that £2(G) can be identified with C'°!, scalar product included.

Definition 2.4.7 (Regular representation). Let G be a finite group, and consider the Hilbert space H™® =
£*(G). The regular representation of G is given by (H™, U™€) with [U™%(a) f1(b) = f(a~'b) for any f € H™®.

Exercise 2.4.8. Check that the regular representation is indeed a representation. Is it a unitary representa-
tion ?

As before, the regular representation is completely reducible, which means that it can be written as H"™¢ =
@ H* and U™ = @y U* with 3 v = dim(H™€) = |G|. Let us now choose an orthonormal basis of
H™e given by {0,}ucc With 6,(b) = 1if b = a and §,(b) = 0if b # a. Then one has

— 1 ifa'b=
UE(a) 1= (65, U™S(@)50) = (65, 6.(a7' ) = Y Sp(dicla”' dy = 5@ by ={ ¢ ¢
e 0 otherwise.
In particular one has
U@y = 1 ifa“b.=b= 1 ifa:e' ,
0 otherwise 0 otherwise
from which one infers that
G| ifa=
X*“a) = Gl it ‘. (2.4.5)
0 otherwise

The following important result can now be deduced:

Theorem 2.4.9. Consider a finite group G and let {1} be the set of equivalence classes of its inequiva-
lent irreducible representations, with (H*, UX) a unitary irreducible representation in the class n* and with
dim(H*) = ny. Then,

1) U8 = ¢ym U*,
2) Yyni=IGl.

Let us comment on the first statement: it means that the regular representation contains each irreducible
representations a number of times equal to their dimension, namely v; = n;. Then, the second statement can

be directly inferred from
Gl = dim(H™%) = > v = > .
k k

Proof. For the statement 1) and with the notation already introduced one gets from (2.4.5)

1 k 1 k
= — reg = — G =
Vi Gl §a x&(a)x"(a) |G|I Ix"(e) = ny

since the trace of the n; X ny identity matrix is 7. O
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Let us add one more statement about the conjugacy classes of a finite group. These classes were introduced in
Definition 1.2.3. The proof is left as an exercise, but is not completely trivial, see for example [1, Prop. 2.29
& Thm 2.30].

Theorem 2.4.10 (¥). For any finite group, the number of its conjugacy classes is equal to the number of
inequivalent irreducible representations.

Exercise 2.4.11. Look at a few examples of finite groups and determine all their inequivalent irreducible
representations.

2.5 Tensor product of representations

In this section, we construct new representations, and decompose them... but let us start with the underlying
Hilbert space. The first construction is abstract, but the subsequent lemma will help a lot.

Let H; and H, be two Hilbert spaces, and consider f; € H; for j € {1,2}. Weset f1® f> : Hi X H, — C
acting on (g1, g2) € Hi X H, as

Lf1 ® f21(81, 82) = <&1, f1)#, (825 [2) 4, -

Clearly, fi ® f> is a bi-antilinear map on H; X H,. We denote by & the set of linear combinations of such
f1 ® f>, and define a scalar product on & by

(i ® fo, fi ® f3) = {fis [, s )3t - (2.5.1)
Based on this, we provide the main definition for a new Hilbert space:

Definition 2.5.1 (Tensor product of Hilbert spaces). Let H and H, be Hilbert spaces. The completion of
the set & with respect to the norm defined by the scalar product (2.5.1) is a new Hilbert space, denoted by
H ® Hy and called the tensor product of H; and Hs.

The previous construction is abstract, but a basis of this Hilbert space is easy to exhibit. We refer to [10,
Sec. I1.4] for more details and a proof of the following statement.

Lemma 2.5.2. Let {e}} jand {e]%}k be orthonormal bases of H| and H., respectively. Then, the set {e} ® ei} ik
defines a basis of H; ® H,.

Let us now consider A; € B(H,) and A, € B(H,). We can define a new operator A; ® A, belonging to
B(H1@H>) by [A1®A](fi® f2) = (A1 f1)®(Asf2), simply written A f1 ® A, f>. We then get the multiplication
rule (A; ® A2)(B; ® By) = A1B] ® A3B;. In addition, if H, and H, are finite dimensional, then we also get
Tr(A; ® Ap) = Tr(A) Tr(A,).

Exercise 2.5.3. Check the above simple statements, and show that ||A; ® A3|| = ||A1][||Az2]l.

We now come back to the representations of groups. Assume that (#;, U)) is a representation of a group G,
and that (H,, U») is a representation of a group G,. Then we can define for a; € G| and a, € G, the element
(a1,a2) € G1 X Gy, and the operator U((ay,ay)) := Ui(a;) ® Ua(az) acting on ‘H; ® H,. We formulate in the
first part of the next statement some easy outcomes of this construction, and leave the proof as an exercise.
For the second part of the statement, we refer to [1, Prop. 2.37].

Lemma 2.54. 1) The map U : G| X G, — B(H; ® H,) is a linear representation of the direct product group
G| X Gy. If Hy and H, are finite dimensional, then H; ® H is also finite dimensional, and the following
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equality holds for the characters: yu((ai,a2)) = x1(ar) x2(az), where y j is the character in the representation
(H;,U)) for j € {1,2}.

2) If (H1, Uy) is an irreducible representation of a finite group G1, and (Hy, U,) is an irreducible representa-
tion of a finite group G, then (H; ® H>, U) is an irreducible representation of G| X G, and all irreducible
representations of G| X G, are of this form.

The above construction is called the tensor product representation of G| X G,. If we consider now representa-
tions of a single group G, the situation is very different. More precisely, we assume that (H;, Uy) and (H>, U,)
are representations of the same group G, and define the tensor product representation U : G — B(H| @ H5)
by U(a) := Uj(a) ® Us(a) for any a € G. Even if (H}, Uy) and (H>, Uy) are irreducible representations, it is
not clear if (H; ® H>, U) is an irreducible representation of G, and in general it is not. However, if 9 and
H, are finite dimensional, observe that the representations (H; ® H,, U ® Uy) and (H ® Hy, Uy ® Uj) are
equivalent. This property follows from the equalities valid for any a € G:

Xuie,(@) = x1(a) x2(a) = x2(a) x1(@) = xv,eu, (@)
and from the uniqueness of the characters, as mentioned in 3) of Theorem 2.4.6.

Let us come back to the representation (H; ® H,, U) with U = U; ® U, We shall assume that G is finite, and
consider (H, Uy) and (H, U;) two irreducible unitary representations of G. Recall that (H ¢, U denotes a
unitary representation in the equivalence class 5’ of the set of all irreducible representations of G. Then there
exist j, k such that (H, Uy) = (H7, U’) and (H,, Up) = (H*, U*). The decomposition of the tensor product
representation into irreducible representations can be obtained with the formula introduced in 1) of Theorem
2.4.6, namely H/ @ H* = @pvH  and U = U’ @ U* = @,v, U’ with

1 - 1 —
=i aezcmm"(a) =G %Zc;xf(a)x’%a)x"(a)-

We also fix an orthonormal basis {ef}?:[ , for each Hilbert space H’. As mentioned in Lemma 2.5.2, the set
{e{ ® eﬁ},,s defines an orthonormal basis of H’ ® H¥, sometimes called the uncoupled basis. On the other
hand, the family {ef"" | 1 <m < veiefl,...,ng}, defines a basis of the direct sum ®veHC. Thus, having
two natural bases for the same Hilbert space, one can express the elements of one basis in terms of the other
basis. Such relations are known under the name of Clebsch-Gordan coefficients and have been extensively
studied by physicists. The weakness of this notion is that these coefficients depend on the choice of a basis in
each space H’. With the notations introduced above, one has

‘. - '
e = Z C(,m,i; j,k),sel ® e
r,s

where the coefficients C(¢, m, i; j, k), s are precisely the Clebsch-Gordan coefficients. They express one vector
of the basis of the direct sum as a linear combination of the vectors of the basis of the tensor product of Hilbert
spaces.

Let us briefly sketch further results in the same direction. These results appear in the framework of quantum
mechanics but have their roots in representation theory.

Let (H, U) be a unitary representation of a group G, and observe that this representation induces a repre-
sentation of G in B(H). Indeed, B(H) is a vector space, and for any T € B(H) and any a € G one can
set

U@@)T = U)T Ua)™".
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Exercise 2.5.5. Check that U : G — L(B(H)) defines a representation.

Then, let us assume that this representation (B(H), U) can be decomposed into a direct sum B(H) = Seur LE
and U = ®u, U’ of irreducible representations, with u, € N. Note that £¢ is made of linear operators acting
on H. If H is finite dimensional, then B(H) is also finite dimensional and such a decomposition holds, but
if H is infinite dimensional, one may have to accept that u; = co. The fact that (£¢, U’) is an irreducible
representation means that there exist an irreducible representation (¢, U?) of the equivalent class ¢ of all
irreducible representations of G, and a bijective map T, : H’ — L satisfying (see Definition 2.2.5) for any
feH andanya € G

T U ) f = U@Tf & T(U@f) = Ua)T(f) & TU ) f) = U@ T(H U@

Similarly, the initial unitary representation (H, U) can be decomposed into a direct sum of irreducible repre-
sentations H = 3 ;v;H’ and U = @;v;U’. In this framework, it turns out that information on the quantity

e Te(N) ) (2.5.2)
can be obtained, for f; € Hkm, fi€ Hi" forme{l,...,vi},nell,..., v}, and for f € HE. More precisely:

Theorem 2.5.6 (Selection rule). In the framework introduced above, one has {fi, T¢(f)fj) = 0 except if there
exists a representation of the class * in the decomposition of the tensor product representation (H ' @H/, U‘®
UY) into irreducible representations of G.

When a representation of the class 5° appears in the decomposition of the tensor product representation (H/ ®
H*, U/ ® U*) into irreducible representations of G, then the quantity (2.5.2) can be different from 0. It can
be computed by using the Clebsch-Gordan coefficients already introduced, and such a result is known as
Wigner-Eckart theorem.

Exercise 2.5.7. Provide a proof of the selection rule, and study the Wigner-Eckart theorem.

2.6 Symmetries and projective representations

It is very often useful to consider elements of a Hilbert space modulo C, or more precisely H = H/C. 1t
means that for any element f € H there exists f € H with ||f || =1and f {Af | A € C}. In other words, each
element of A is a one dimensional vector space. The space H is also called the projective Hilbert space and
its elements are called rays or projective rays. The idea behind this construction is that the complex phase of
a quantum system can never be recovered.

Alternatively, the elements of H are also in bijection with the set of pure states which plays a very important
role in quantum mechanics. The set of pure states can be described by the one dimensional projection |f){f]
for f € H and ||f]| = 1, and acting as |f){flg = (f, g)f for any g € H. One easily observes that |f){f| is an
orthogonal projection, namely an element P € B(H) satisfying P> = P = P*. For any ray f € H we denote
by P the pure state defined by F; := |f)(f|

Exercise 2.6.1. Check that rays and pure states are in bijection.

Definition 2.6.2 (Transition probability). For any rays f,8 € H, the transition probability from f to § is
defined by
Te(P; ) = Kf, @)

We are now looking for operations which do no change these transition probabilities.
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Definition 2.6.3 (Symmetry). A symmetry is a map S : H — H satisfying

Tr(PSf-PSg,) = TI’(Pf Pg).

Clearly, if U : H — ‘H is a unitary operator, then we can set Sy f := l/]?, and Sy is a symmetry. Indeed,
observe firstly that

WUFIF = U U =U UL = H=1IfIF=1

and that the following equalities hold:
Te(Py, 1 Ps ) = KUL U = KU UL 8) = KSf.8) = Tr(B ).

Note that if 2 € C with |1] = 1, then AU is another unitary operator in H but Sy and S,y define the same
symmetry. Observe also that the same construction holds if U : H — ‘H is an anti-unitary operator, namely if
U satisfies U(f +g) = Uf + AUg and (U f, Ug) = (f, g). As an example of an anti-unitary operator U on C”,
one can consider the complex conjugation: U(ay,ay,...,a,) = (aj,az,...,a,). Then, a rather deep theorem
of Wigner states that all symmetries are implemented by unitary or anti-unitary operators. We state the result
below, and refer to the following link for more information:

https://en.wikipedia.org/wiki/Wigner’s_theorem
For shortness, we introduce the notation T for T :={z € C | |z] = 1}.

Theorem 2.6.4 (Wigner’s theorem). Let S : H — H be a symmetry. Then there exists U : H — H, either
unitary or anti-unitary, such that S = Sy. The operator U is unique modulo A € T.

Let us now extend this notion of symmetries to the notion of group of symmetries. More precisely, we shall
consider a map S from a group G to the set of symmetries satisfying S (ab) = S (a) S (b) and S (e) = 1, where
S (a) and S (b) are symmetries for any a,b € G. By Wigner’s theorem, for each a € G there exists a unitary
or an anti-unitary operator U(a) acting on H satistying S (a) = Sy, with the notation introduced above. For
simplicity, suppose that all U(a) are unitary. Then, a natural question is about the map G 3 a +— U(a) € U(H),
is this map a unitary representation ? Unfortunately (or fortunately because it makes life more interesting) the
answer is NO. Indeed, if for any a € G we fix a unitary operator U(a) satisfying S (a) = Sy(q), then we only
get
U(a)U(b) = w(a,b)U(ab)

with w(a,b) € T. This additional factor is coming from the non-uniqueness of the unitary operator corre-
sponding to any symmetry. Observe also that if we had chosen U’(a) := p(a)U(a) for some p(a) € T and any
a € G, then one would get

’ ’ (a) (b) ’ 4 ’
U'(@)U'(b) = p(a)p(b) U(a) U(b) = p(a) p(b) w(a, b) U(ab) = pp(pr)w(a, b)U'(ab) = w'(a,b)U'(ab),
meaning that a different choice of unitary operators would provide a change of w of the form
b
o (a.b) = 2D b 2.6.1)
plab)

for any a,b € G.

Having this motivation in mind, one is naturally led to a more general definition for the representation of a
group.
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Definition 2.6.5 (Projective representation). Let G be a group, and let V be a vector space. A projective
representation of G in V corresponds to a map U : G — L(V) satisfying U(e) = 1 and U(a) U(b) =
w(a,b) U(ab) for any a,b € G, with w(a,b) € C*. The map w : G X G — C* is called a 2-cocycle. We denote
by (V, U, w) any projective representation.

Let us immediately mention one important property of the 2-cocycles:

Exercise 2.6.6. Check that any 2-cocycle satisfies the following property for any a,b,c € G:
w(a,b)w(ab,c) = w(a,bc)w(b,c).

This relation, called the 2-cocycle relation, can be obtained by computing U(a) U(b) U(c) by two different
approaches, using the associativity of the product of operators acting on H.

In addition, there exists a natural notion of equivalence of 2-cocycles, as already exhibited in (2.6.1).

Definition 2.6.7 (Equivalence and triviality of 2-cocycles). Two 2-cocycles w : GXG — C* and ' : GXG —
C* are called equivalent if there exists p : G — C* such that relation (2.6.1) holds, for any a,b € G. We say

that a 2-cocycle w is trivial if there exists p : G — C* satisfying w(a, b) = %.

Let us enumerate several remarks related to 2-cocycles:

1) Projective representations are very natural and appear quite often. They are more general than linear
representations and contain them,

2) If w is trivial, then the map p(a)~' U(a) define a linear representation,

3) If the 2-cocycles w and «’ are equivalent, we say that the two projective representations (V, U, w) and
(V,U’, ') are equivalent,

4) In the above definition for w and p we have not assumed any regularity (continuity, measurability, ...) of
these maps. Depending on the context, and in particular if the group G has additional structures, then some
regularity conditions have to be imposed on these functions,

5) Quite often, the maps w and p are taking values in T and not in C*.

A new natural question occurs in this context: Can one always trivialize a 2-cocycle ? In general, the answer is
NO, but it depends on the group. Investigations in this direction corresponds to the study of group cohomology.

Let us finally provide another example of how projective representations appear. Suppose that G is isomorphic
to a quotient group, see Proposition 1.2.9. More precisely, we assume that there exist a group ® with a
normal subgroup ®( and a bijective homomorphism ¢ : /6y — G. Let also U : & — L(V) be a linear
representation of ®, and assume that U(a) = o(a)l for any a € Gy with o(a) € C*. For any a € G, let us
denote by a an element of ® satisfying ¢([a]s,) = a. We then define amap U : G — L(V) by U(a) := U(a)
and check that this map U defines a projective representation of G.

For the proof of this statement, let us consider a, b € G, set ¢ := ab, and let a, b and ¢ some chosen elements of
® which satisfy ¢([ale,) = a, #([bls,) = b, and ¢([c]s,) = c. Note that these elements are not unique. Then
we have

¢([C]0~)0) =c=ab= ¢([a](50)¢([b](50) = ¢([a](ﬁo[b](ﬁo) = ¢([ab](ﬁo)
which implies that [¢], = [ab],. Thus, there exists d € ¢ (which depends on the initial choice of a,b and ¢)
such that ab = dc. As a consequence, it follows that

U@ U(b) = U)UDb) = U(ab) = UDdc) = UD)U(c) = o(d)U(c) = o(d) U(c) = o(d) U(ab).
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Thus, if we set w(a, b) := o(d), which depends indeed on a and b, and on the choices made above, then we
observe that we have obtained a projective representation of G.

If we summarize this construction, observe that a representation of ® having the property that it takes scalar
values on a normal subgroup ®( leads naturally to a projective representation of its quotient group ®/®¢ (or
any group isomorphic to its quotient group). A converse question then holds: Given a group G, can one find
a larger group ® with a normal subgroup ®q such that the quotient group is isomorphic to G, and such that
any projective representations of G can be lift to a linear representation of ® ? If so, the group ® is called
the universal cover of G, or the universal covering group. Sometimes such a cover group exists, sometimes
not. For example, SU(2) is the universal cover of SO(3), with & = {1, —1}, and any finite group possesses a
universal cover which can be constructed explicitly. But such a construction is not possible for all groups.

Exercise 2.6.8 (¥). Describe the universal cover of any finite group.
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Chapter 3

Lie groups and Lie algebras

Lie groups are special groups with an additional differential structure compatible with the group law. In this
chapter, we introduce them and provide some examples. We also introduce Lie algebras and link them with
Lie groups.

3.1 Topological notions and manifolds

We start by introducing a few notions from topology, since Lie groups are special instances of topological
spaces. Topology is at the root of many subjects in mathematics, as for example calculus...

Definition 3.1.1 (Topological space). A topological space (M, T) consists of a set M together with a collection
T of subsets of M satisfying

1) o, MeT,

2) If Vo €T, thenJ, Vo €T (stability of T under arbitrary union),

3) IfVi,...,V, €T, then(\;_, Vi € T (stability of T under finite intersection).

The elements of T car called open sets and their complements M\ V are called closed sets, for any V € 7T.

An example of a topological space is provided by R, together with the set of all open intervals, their arbitrary
unions and their finite intersections. Clearly, it is not easy to describe all open sets, and a better notion will be
introduced below. We continue with a few additional definitions related to topological spaces. The first one is
related to all open sets containing a given point.

Definition 3.1.2 (Neighborhood). Let (M, T) be a topological space and let p € M be one point in M. A
neighborhood of p is any open set containing p. We write v, for the set of all neighborhoods of the point p,
or in other words for the set of all open sets containing p.

The next definition is about the separability of points: can one always find neighborhoods of two distinct
points with an empty intersection ? Yes, is the space is Hausdorff ! Fortunately, most of the usual spaces have
the Hausdorff property.

Definition 3.1.3 (Hausdorff property). A topological space (M, T) is Hausdorft if for any p1, p» € M with
p1 # p2 there exist Vi € vy, and V € vy, with Vi NV, = @.
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Exercise 3.1.4. Provide an example of a topological space which is not Hausdor}f.

As already mentioned, providing a list of all open sets is rather long and difficult. As a result, we introduce
the notion of a basis of a topological space.

Definition 3.1.5 (Basis of a topological space). A subset B :={V,}, C T is a basis of (M, T) is for any p € M
and any 'V € v, there exists U € Bwithp e U C V.

It is not difficult to observe that B := {(a, b) | a, b € R} define a basis of R with the open sets mentioned above.
The same holds for R* with B := {B(X,r) | X € R?,r > 0} the set of all open balls (here B(X,r) := {Y € R" |
IIX — Y|| < r}). A natural question is then about the size of a basis, is it countable (meaning in bijection with
N) or not ?

Definition 3.1.6 (Second countable). A fopological space (M, T) is second countable if it admits a countable
basis.

Exercise 3.1.7. Show that R" with the usual topology provided by open sets is second countable.
There is one more notion which is defined without any additional concept: the notion of continuous map.

Definition 3.1.8 (Continuous map). Let (M, T) and (N, 8) be two topological spaces, and let f : M — N.
The map f is continuous if f~'(U) € T for any U € 8, where

iU ={pe M| f(p)e Ul

Since the set § is usually difficult to describe, one conveniently observes that f is continuous if f~'(U) € T
for all U is a basis of (N, 8). Clearly, there is now one exercise which has to be done:

Exercise 3.1.9. Let M = N = R with the usual topology defined by open sets. Check that the notion of
continuity introduced above corresponds to the standard definition of a continuous function f : R — R in
terms of € and 9.

In the framework of Definition 3.1.8, if f is continuous and bijective, and if f -1 is also continuous, we say that
the two topological spaces (M, T) and (N, 8) are homeomorphic, and that f is a homeomorphism. Having
these topological notions in mind, we can now define the next central object.

Definition 3.1.10 (Topological manifold). A topological manifold of dimension n (and without boundary) is
a Hausdorff and second countable topological space (M, T) such that for any p € M there exist an open
set V € v, and a continuous and injective function ¢ : V. — R" with ¢(V) open and o' @(V) = Malso
CONtinuous.

In this definition, note that checking the continuity of ¢ means checking that for any open set W of R",
¢ '(W N @(V)) belongs to T '. We usually say that ¢ is a homeomorphism from V to its image, or simply
a local homeomorphism. Let us also mention that for any p, the map ¢, defined on a neighborhood V of p,
provides a local coordinate system or a local chart at p. Indeed, if we set (x1(q), x2(q) . . ., X4(q)) := ¢(q) for
any ¢ in V, then the map

V3g (xi1(9), x2(q) . . ., xn(q)) € R"

defines a local description of M around the point p. If necessary, we can even fix ¢ such that ¢(p) = 0 € R".
In simpler terms, it means that the manifold M can be parameterized locally by n real parameters.

"More generally, if Q C M is a subset of a topological space (M, T), the subspace topology on Q is provided by the set T :=
{(VNQ|VeT}, and (Q, Tq) is a topological space.
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Let us mention one “famous” outcome of this definition: A cup and a doughnut can not be distinguished by a
mathematician. Indeed, both manifolds are locally and globally identical, from a topological point of view.

For Lie groups, continuity conditions are not enough, we need smoothness, and therefore a stronger version
of the previous definition. Note however that one can not really define the meaning of differentiability directly
on the manifold, another trick is necessary. For this, let us denote generically by ¢ the local homeomorphic
maps, namely the bijective and bi-continuous maps from an open set of M to an open set of R".

Definition 3.1.11 (Smooth manifold). A smooth manifold of dimension n is a topological manifold of dimen-
sion n with the composition maps ¢; o <p,;1 and ¢y o cpj_.l of class C*, wherever and whenever they exist.

In the previous definition, the function ¢; o 901:1 exists if Dom(¢;) N Dom(gy) =: Vi # @ and then ¢; o 1,01:1
is defined from ¢ (V) € R" to ¢;(Vjx) C R". A similar definition holds for ¢; o go]‘.l, and these functions are
called transition functions.

3.2 Lie groups

The setting introduced in the previous definition has no relation with groups. However, some groups have the
structure of a smooth manifold, and such groups correspond precisely to Lie groups.

Definition 3.2.1 (Lie group). A Lie group G is a group that is also a finite dimensional smooth manifold, for
which the group law and the inversion are smooth maps.

As already mentioned, the smoothness condition can not be directly read on the manifold, it appears through
the local charts.

Exercise 3.2.2. Write the smoothness condition for the product and for the inversion in terms of local charts,
as precisely as possible.

Let us mention a few examples of Lie groups: (R”, +), ((0, o), ), (T, -) are very simple Lie groups. The rotation
group mentioned in Section 1.4, the Euclidean group, the Lorentz group, and the Poincaré group introduced
in Section 1.5 are also examples of Lie groups. The groups of n X n matrices introduced in Example 1.1.5 are
Lie groups as well. We shall come back to most of these groups in the sequel.

Our first aim is to consider Lie groups which have properties quite similar to finite groups. Clearly, Lie groups
contain an infinite number of elements, so what is the concept of smallness for infinite sets ?

Definition 3.2.3 (Compact space, compact subset). A topological space (M, T) is compact if any covering of
M by open sets admits a finite subcover. A subset Q C M is compact is any covering of Q by open sets of M
admits a finite subcover.

More explicitly, it means that if one covers M by a family of open sets V,, (meaning that any p € M belongs
to at least one set V), then one can select a finite family of these open sets which still covers entirely M.
For the subset €, observe that the definition corresponds to the compactness of the topological space (€2, Tq),
where Tg is the subspace topology.

Exercise 3.2.4. On R show that any closed interval is a compact set, while any open interval is not compact.
More generally, any closed and bounded set in R" is compact, can you prove it ?

Examples of compact Lie groups are T, O(n) and SO(n), U(n) and SU(n). As aresult of this definition, compact
Lie groups can be considered as small Lie groups, and their properties are quite similar to finite groups. In
particular, compact Lie groups possess a left and right invariant finite Haar measure. In the next statement,
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we do not provide the exact definition of a Haar measure, but we emphasize its effect for the definition of the
integral on G. For it, we introduce the set C.(G) of continuous and compactly supported functions on G with
values in C. Compactly supported means that these functions are not 0 only on a compact set.

Proposition 3.2.5. Let G be a Lie group. There exist a map I : C.(G) — C satisfying the following properties
forany f,g € C.(G), a€ G, and A € C:

1) I(f + Ag) = I(f) + A(g) (linearity),

2) If f >0, then I(f) =0 (positivity),

3) I(f(a) = I(f) (invariance by left multiplication).

If in addition the group G is compact, then the following properties also hold:

4) For f =1, one has I(f) =1 (normalization),

5) I(f(-@)) = I(f) (invariance by right multiplication),

6) I(f -~V = I(f) (invariance under taking the inverse).

One usually writes I(f) =: fG f(a)u(da), where u denotes the Haar measure on G.

Let us stress that the properties 4), 5) and 6) do not hold in general if the group G is not compact. In this case,
Haar measures have to be divided into left Haar measures and right Haar measures. The difference between
these measures can be encoded into the so-called modular function. In fact, existence of a Haar measure holds
for all locally compact Hausdorff groups, such groups are more general than Lie groups.

Exercise 3.2.6 (¥). Study the definitions of locally compact Hausdorff groups, left Haar measures, right Haar
measures, and modular functions.

One of the main interests of the Haar measure for compact groups is that the averaging process mentioned for
example in (2.4.1) can be replaced by the average

f U(a)T U(a) ' u(da) (3.2.1)
G

once the different objects appearing in this expression are defined. For non compact groups, this averaging
process is usually not well defined, because of the lack of property 4).

Let us now be precise about linear representations of Lie groups. Clearly, the setting is still the same: a map
U:G - L(V)oramap U : G — B(H) satistying U(e) = 1 and U(ab) = U(a) U(b) for any a,b € G.
However, we shall impose some continuity properties to the map U, and these properties will depend on the
context. In the Hilbert space setting, one usually considers strongly continuous representations, meaning that
for any fixed f € H one has |U(a)f — U(ap)f|l — 0 whenever a — ag. Alternatively, once can also consider
weakly continuous representations, meaning that for any fixed f, g € H, one has (f, (U(a)g — U(ap))g) — 0
whenever a — ag, or uniformly continuous representations, meaning that ||U(a) — U(ap)|| — 0 whenever
a — ay.

Exercise 3.2.7. Show that a uniformly continuous representation is also a strongly continuous representation,
and that a strongly continuous representation is also a weakly continuous representation. If H is finite dimen-
sional, show that the three notions coincide. In this case, one just speak about a continuous representation of
G.
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Based on (3.2.1), several results available for any finite group can be extended to any compact Lie group G.
We list a few of them:

1) For any continuous representation of G in a finite dimensional Hilbert space H, there exists a new scalar
product on H making this representation unitary, see [13, Thm. VIL.9.1]. This result is similar to Proposi-
tion 2.2.6 and allows us to consider only unitary representations G on finite dimensional Hilbert spaces,

2) All strongly continuous irreducible representations of G are finite dimensional. This statement is similar
to the content of Exercise 2.3.2 for finite group and its proof can be found in [6, Thm. 5.2],

3) Any strongly continuous unitary representation of G is a direct sum of irreducible representations. This
statement corresponds for compact Lie groups to Theorem 2.3.4 and to the infinite direct sum mentioned
in the last part of Section 2.5. The proof is also provided in [6, Thm. 5.2] or in [13, Thm. VII.10.8],

4) The analogue of formula (2.4.4) holds for G, namely
— 1
f Ufs(a)U,k/(a),u(da) = —Oke 6sj Oris
G : Nk
where Ufs(a) and U i’j{(a) are defined in (2.4.2), with the indices k and ¢ referring to irreducible representa-

tions and the other indices indicating the elements of matrices, see [13, Thm. VIL.9.5],

5) For characters, Corollary 2.4.4 can be adapted to G and reads

fc X*(@)x (@) p(da) = G

If (H,U) is a finite dimensional unitary representation of G, the number of times the representation
(H*, U*) appears in its decomposition into irreducible representations is given by vy = fG x(a) ,\(k(a) u(da),
as in Theorem 2.4.6. We refer to [13, Thm. VII.9.5 & Corol. VIIL.9.6] for these statements,

6) Definition 2.4.7 of the regular representation holds for G, and the first statement of Theorem 2.4.9 holds
as well, namely H™ = L*(G,u) = @&umH* and U™ = @;n UX. This statement is part of the so-called
Peter-Weyl Theorem, see for example [6, Thm. 5.12] or [13, Corol. VII.10.2].

The representations theory of general Lie groups is more involved, since infinite dimensional irreducible
representations exist.

3.3 Lie algebras

Let us start this section by a few additional topological definitions.
Definition 3.3.1 (Connected, path-connected, simply connected). Let (M, T) be a topological space.
1) M is connected if it is not the disjoint union of two non-empty open sets,

2) M is path-connected if for any a,b € M there exists a continuous map f : [0,1] - Mwith f(0) = a and
f)=b,

3) Mis simply connected if it is path-connected and if any loop defined by a continuous map f : [0,1] - M
with f(0) = f(1) can be continuously contracted to a point.
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Figure 3.1: Two path connected sets (one simply connected, the other one not simply connected) and a dis-
connected set.

Some of these notions are represented in Figure 3.1. Be aware that connected but not path-connected sets
exist, but they are not easy to exhibit.

In a Lie group G, the identity component G is going to play an important role. It is defined as the set of all
points which are path-connected to the identity e. One important property of Gy is stated in the following
exercise:

Exercise 3.3.2. Show that the identity component Gy of any Lie group is a normal subgroup.
Before studying the structure of the identity component of G, let us provide the following abstract definition:

Definition 3.3.3 (Lie algebra). Let K be R or C. A Lie algebra on K is a finite dimensional vector space L on
K endowed with a composition rule [-,-] : L X L — L satisfying for any X,Y,Z € L and «a, 8 € K:

1) [aX +BY,Z] = a[X,Z] + BIY,Z] (linearity),

2) [X,Y] =-1Y,X] (anti-commutativity).

3) X[V, Z]) + [V, [Z, X]] + [Z,[X,Y]] =0 (Jacobi identity).
The composition rule |-, -] is called the Lie bracket.

Clearly, it follows from this definition that [ X, X] = 0, and that the Lie algebra is called Abelian or commutative
if [X, Y] = O for all X,Y € L. The following statement can also be easily checked:

Exercise 3.3.4. Let L be a set of n X n matrices and assume that [X,Y] := XY —YX € L for any X,Y in L.
Check that the above properties then hold.

If we consider a basis {Xj,..., Xy} of L, then any element of L can be expressed as a linear combination of
these d elements, and so does the expression [X;, Xi]. Thus, let us set

(X, Xel := ) ¢ Xe (3.3.1)

d
=1

and call the coefficients Ci’k € K the structure coefficients of L. Observe that these coefficients are not indepen-

dent, since for example cik = —c/f/., from the property 2). Additional relations follow from the Jacobi identity,

namely
d

D+ S+ i) =0, Vijke(l,...nk (3.3.2)

r=1
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Note however that these coefficients depend on the choice of the initial basis.
Exercise 3.3.5. Check (3.3.2).

For the link between Lie groups and Lie algebras, we shall mainly consider linear Lie groups. Not all Lie
groups are linear, but quite many of them belong to this family, and their theory is simpler (less concepts of
differential geometry are necessary). First of all, let us consider the groups GL(n, R) or GL(n, C), and define

the distance function d given by
n n ) 1/2
A B = () D lag bl
j=1 k=1

where A = (aj;) and B = (bj) belong to GL(n,K) with K = R or K = C. Clearly, we use the same notation
for the absolute value of a real number or for the modulus of a complex number. Based on this notion we
can construct open balls B(A, r) := {C € GL(n,K) | d(C,A) < r} and then a basis for a topology of GL(n, K).
With these topologies, these groups become topological groups, and the notions of open or closed sets are
then available.

Definition 3.3.6 (Linear Lie groups). A linear Lie group, or matrix Lie group is a closed subgroup of GL(n, R)
or of GL(n, C). For linear Lie groups, the identity element is denoted by 1 instead of e.

As one of the simplest example, observe that the set {( _Cflséfg) 23:((?)) |6 e R} defines the Lie group SO(2).

Exercise 3.3.7. 1) Check that the Euclidean group and the Poincaré group, introduced in Section 1.5, can be
rewritten as linear Lie groups. The underlying concept is the notion of affine group.

2) Provide additional example of linear Lie groups.

Observe that the definition of Lie groups provided in Definition 3.2.1 does not correspond to the above one,
and the link is not so clear. However, it is a consequence of a rather deep theorem, namely Cartan’s theorem,
or closed subgroup theorem

https://en.wikipedia.org/wiki/Closed-subgroup_theorem
that every linear Lie group in the sense of Definition 3.3.6 is a Lie group in the sense of Definition 3.2.1.

The advantage of considering linear Lie groups is that they are very concrete objects, and that a local para-
metrization of its elements are usually easy to exhibit. Thus, let us consider a linear Lie group G ¢ GL(n, R)
of dimension d, and let (V,¢) be a local coordinate system at an element B € G, namely a neighborhood
V of B and a local homeomorphic map ¢ : V — RY. Because of the underlying structure (and this is not
trivial) it turns out that the map tp‘] : (V) - G c GL(n,R) is smooth, which means that the n® entries
(go‘l) ik : @(V) — R are C* functions. Similarly, if we consider a linear Lie group G € GL(n, C), then the
2n”> maps R((¢™") k) t@(V) > Rand J (™ i) : ¢(V) — R are C* functions, where we have used R and
J for the real and the imaginary part of a complex number. Since ¢(V) c R?, we can think about ¢! as a
d-dimensional parametrization of the linear Lie group G in a neighborhood of the element B € G. Let us stress
that even if G is a closed subgroup of GL(n, R) or of GL(n, C), the dimension d of G is independent of n (but
is smaller than or equal to n? or to 2n?).

Let us now fix the special element B = 1 and assume that ¢(1) = 0 € R? (this is always possible, by a

translation of ¢, if necessary). Then for € € {1,...,d} we set
“ltE) -1
X, = lim %, (3.3.3)
11—
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where {Eg}‘(f':1 is the standard basis of R? with the vector E; taking the value 1 at the entry ¢, and 0 elsewhere.
If we think about entries of a matrix, we have

(¢~ (ED) j — Sk
p :

Xp)ir =1
( é’)jk t1—1>18

Clearly, X, belong to M,,(R) or to M,(C). Sometimes, the definition provided in (3.3.3) is simply written
Xe = [9e¢7'1(0).

Let us now list two easy consequences of the previous construction:

1) The d matrices X1, ..., Xy are linearly independent on R. These d matrices generate a real vector space (it
means that the coefficients for any linear combination are real) which is denoted by L(G). This space is
called the tangent space of G at 1, and has dimension d.

2) If x: (—€,6) 2t x(t) € (V) C R? is a smooth parametric curve in R, with x(0) = 0, then the map
X:(-e, et X(t) := go“(x(t)) € G with X(0) = 1 defines a smooth curve in G, and one has

L XDl = Lo (e0)loo =

— (0)X, € L(G).
5 & x(0) X, € L(G)

d
=1

It means that the derivative of any smooth curve at 1 belongs to the tangent space L(G), and the set of
derivatives of all such curves generates this tangent space.

The next statement contains the link between linear Lie groups and Lie algebras, as introduced in Definition
3.3.3. Recall that the commutator of two matrices has been introduced in Exercise 3.3.4 and is defined by
[X,Y]:=XY-YX.

Proposition 3.3.8. Let G be a linear Lie group, and let L(G) be the vector space generated by the family
{Xg}?:1 introduced in (3.3.3). Endowed with the commutator [-,-], L(G) turns into a real Lie algebra of
dimension d.

The following proof holds if one assumes that the two maps (defined in the proof below) t — A(f) and ¢ — B(¢)
are analytic. With this requirement, these functions admit a Taylor expansion. In general, smoothness and
analyticity are two different concepts, but in the context of groups, any Lie group admits a unique real analytic
structure (which is thus implicitly chosen). Note that some authors call analytic group any connected Lie

group.

Proof. As emphasized in Exercise 3.3.4, one only has to check that [ X, X;] belongs to L(G). For that purpose,
let us consider two analytic curves on G, namely 7 — A(f) and ¢ — B(¢) satisfying A(0) = B(0) = 1, A’(0) = X,
and B’(0) = Xy, where A’(¢) := %A(r) and B'(t) = d%B(t). For example, one can choose A(f) := (p‘l(tEj) and
B(t) := ¢~ '(tEy) for |f| small enough and for (V, ¢) an analytic local coordinate system at 1, but other analytic

curves are possible. By performing a Taylor expansion near ¢ = 0, observe that A(V1) = 1 + VX j+ 1Ay +o(t)
and that Bt) = 1 + ViXy + tB; + o(t), with A, := %g—;A(r)ltzo and B, := %%B(z)ltzo. Accordingly, observe
that AND™' = 1 — ViX; + #(X? — Ay) + o(t) and that B6)™' = 1 — ViXi + #(X7 — By) + o(t). Then, by
considering the map

1+ C() := AND BN ANY) ' BV ™' €G

(the image is in G, since it is a group) one observes that C(r) = 1 + 7[X;, X;] + o(z), which means that
d%C (Ml=0 = [X}, Xi] belongs to the tangent space at 1, or equivalently [X;, Xi] € L(G). m|
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Since each linear Lie group defines a Lie algebra, one usually keeps a related name for the two objects.
For example, the Lie algebra of SU(n) is denoted by su(n), while the Lie algebra of SO(n) is denoted by
so(n). More generally, the name of the Lie group is written with uppercase letters, while the name of the
corresponding Lie algebra is denoted with lowercase letters.

Remark 3.3.9. So far, only linear Lie groups have been studied, mainly because the definition of (3.3.3)
would not hold in the general framework of Lie groups. However, let us observe that the use of smooth
parametric curves on G for defining the tangent space is available in the general framework of Lie groups,
see the above observation 2). In fact, the tangent space at p of any smooth manifold is defined as the vector
space generated by the derivative at O of smooth curves (—€,€) 3 t — y(t) € G with y(0) = p. Then, in the
context of Lie groups, a composition rule can be defined on the tangent space at e, and this turns the tangent
space into a real Lie algebra. As a consequence, Proposition 3.3.8 holds even in the general context of Lie
groups, once the right notions of tangent space and of Lie bracket are introduced. We refer to [2, Sec. IV.7]
for more information on this construction.

3.4 More relations between Lie groups and Lie algebras

In this section, we further develop some relations between Lie groups and Lie algebras. For simplicity, we still
concentrate on linear Lie groups, but most of the results are valid in the more general framework of arbitrary
Lie groups. We recall that if B € M,,(C), one sets

exp(B) := Z TB]
=

with exp(B) € M,,(C) satisfying the norm estimate || exp(B)|| < ellBl,

Proposition 3.4.1. Let G be a linear Lie group, and let L(G) be its Lie algebra. Fix X € L(G) and consider
s,teR.

1) The element exp(tX) belongs to the identity component Gg of G,

2) The set {A(t)}ier with A(t) := exp(tX) is a 1-parameter family of elements of Go, namely the following
equalities hold: A(0) = 1, A(s)A(f) = A(s + 1), and A(t)™" = A(-1),

3) The previous 1-parameter family is the only one satisfying %A(t)l,:() =X

We refer to [3, Thm. 8.3.1] for a proof of this statement. Note that the following equalities also hold, with the
notation A(t) := exp(tX):

d

d_tA(t) = XA(@) = A X.
With the previous statement, one infers that the exponentiation of elements of the Lie algebra generates el-
ements of the identity component of the corresponding linear Lie group. The next statement says that it is

possible to generate all elements of Gy, by a suitable procedure. Note that since L(G) is a real vector space,
tX belongs to L(G) whenever X € L(G) and ¢ € R.

Proposition 3.4.2. Let G be a linear Lie group, and let L(G) be its Lie algebra.

1) There exists an open set V in Gy with 1 € V such that for any A € V, A = exp(X) for some X € L(G),
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2) For any A € Gy, there exist X1, X2, ...,Xy € L(G) with N < oo such that

A = exp(X1) exp(X2) . ..exp(Xn), 3.4.1)

3) If G is compact, then we can always choose N = 1, which means that for any A € G, there exists X € L(G)
with A = exp(X).

The proof of the above result is more involved. We refer for example to [3, Thm. 8.5.VII & 8.5.VIII] and to
the references cited therein, or to [1, Sec. 4.2.2].

An easy consequence of 1) is that in a neighborhood V of 1 all elements A satisfy A = B> for some B € V.
Observe also that (3.4.1) triggers a natural question: do we have exp(X) exp(Y) = exp(X + Y) for arbitrary
elements of M, (C) ? The answer is clearly NO, but the following formula holds:

exp(X) exp(Y) = exp(Z)

with

Z=X+Y+ %[x, Y]+ %{[x, (X Y]]+ [V LX)} + ..., (3.4.2)

where the r.h.s. is a series containing commutators of increasingly higher orders. This formula is known as
Campbell-Baker-Hausdorff formula. Note that an integral version of this formula also exists, which provides
a closed formula (without the ...). A systematic presentation is provided in [8, Sec. 3.2-3.5], but the general
formula involves the logarithm of a matrix, a concept that we have not introduced so far.

Let us now look at additional relations between linear Lie groups and Lie algebras through representations.
Recall that the representation of a group was introduced in Definition 2.2.1. For a Lie algebra, as introduced
in Definition 3.3.3 and with K = R or C, one sets:

Definition 3.4.3 (Representation of a Lie algebra). A representation of a Lie algebra L consists in a pair (V, h)
with V a K-vector space, and h : L — L(V) a homomorphism, namely h satisfies h(0) = 0, h(aX + BY) =
ah(X) + Bh(Y), and

hX)h(Y) = h(Y) h(X) = h([X, Y1)

forany X,Y € Land o, € K.
The following statement can be proved as an exercise, see also [8, Prop. 4.4].
Lemma 3.4.4. Let (V, U) be a representation of a Lie group in a (real or complex) finite dimensional vector
space V. Then the map I : L(G) — L(V) given for any X € L(G) by

(X):= %U( exp(tX))| _, (3.4.3)
defines a representation of its Lie algebra L(G). In addition, the following equality holds for any t € R:

exp (IT'(X)) = U(exp(tX)).

It is then natural to wonder if a converse statement is true, but clearly it can not be. Indeed, the Lie algebra
provides only information on the identity component G of the corresponding Lie group G. More precisely,
since two linear Lie groups which are isomorphic in a neighborhood of their respective identity, have isomor-
phic Lie algebras?, any representation of these Lie algebras won’t be able to provide distinct information on

2Two Lie algebras L;, L, are isomorphic if there exists a bijective linear map ¢ : L, — L, satisfying ¢([X, Y]) = [¢(X), ¢(Y)] for
any X, Y € L;. We then write L, =~ L,.

35



the two corresponding groups. However, a partial converse is true for connected linear Lie groups, see [8,
Prop. 4.5] for a precise statement.

Let us now mention a very important application of Lie algebras. Assume that the evolution of a quantum
system is described by the unitary evolution group {e"},cr, where H is a self-adjoint operator on a Hilbert
space HH. Assume that there exists a Lie group G with a unitary representation (, U) commuting with e 7"#
for all t € R, namely U(a)e " = e ™ U(a) for all t € R and a € G. Then any X € L(G) defines a constant of
motion. More precisely, for any X € L(G) the operator I'(X) defined in (3.4.3) satisfies e M (X)e =T(X),
meaning that this operator is constant under the evolution. Note that if / is infinite dimensional, the operator
I'(X) can be unbounded, and some care is necessary for the previous equality. Observe also that if the Lie
group G is d-dimensional, then there exist d independent constants of motion.

Let us gather below a few remarks about the linear Lie groups O(3), SO(3), U(2) which appear in several
contexts. Recall that a surjective homomorphism ¢ : SU(2) — SO(3) has been introduced in Proposition
1.2.16, with kernel {1, —1}.

The following properties can be checked, see various sections and examples in [3] and in [8], orin [1, Sec. 4.3]:
1) The three groups O(3), SO(3), U(2) are compact linear Lie groups of dimension 3,

2) O(3) is not connected,

3) SO(3) is connected but not simply connected,

4) SU(2) is simply connected,

5) SO(3) and SU(2) are isomorphic near the identity, which means that L(SO(3)) is isomorphic to L(SU(2)),
6) With the Pauli matrices o; introduced in (1.2.2), the set {X f}§= \» with X; = —%o- j» defines the Lie algebra

of su(2) and verifies [X, Xi] := & X¢, where

1 if (j, k, €) is an even permutation of (1, 2, 3),
gjke .= -1 if (j, k,€) is an odd permutation of (1, 2, 3),

0 otherwise.
It means that the structure coefficients for su(2) are given by cj.k = gjk¢. Similarly, the three matrices
00 O 0 01 0 -1 0
Y1:=]1]0 0 -1}, Y,:={0 0 Of, Ys:=(1 0 O (3.4.4)
01 O -1 00 0 0 0

define the Lie algebra so(3) and satisfy the same commutation relations, namely [Y;, Yi] := i Y.
Exercise 3.4.5. Prove part of or all the above statements.

Exercise 3.4.6 (¥). Study the finite dimensional representations of SU(2), or equivalently the finite dimen-
sional representation of su(2). There exists a unique irreducible representation of SU(2) (up to equivalence)
in each vector space C".

3.5 Complexification

In this short section, we describe an importance construction, the complexification of real Lie algebras.
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Let us firstly stress that despite the appearance of the factor i in the statement 6) above for the Lie algebra
of su(2), it does not mean that it is a complex Lie algebra. It is still a real Lie algebra, as it is the case
for all Lie algebras obtained from Lie groups. On the other hand, it is often useful to complexify a real Lie
algebra. We start with the simplest situation: Let {X1,..., X} be a basis for a real Lie algebra, and assume
that these elements are also linearly independent over C. In this case, one can directly consider complex linear
combinations of these d elements, and one obtains a complex Lie algebra of the same dimension and with the
same structure coefficients. This procedure applies for example to the Lie algebra su(2), with a basis given by

the set | | .
0 - 0 -1 - 0
{E(—i 0)’ 5(1 0)’ 5(0 l)} 3.5.1)

Let us however observe that this procedure does not always lead to a new object. Consider for example the
real Lie algebra sl(n, C) given by the set of matrices

o 5o o) G ol-lo 2)-fo o) € o))

Clearly, these matrices are linearly independent over R (and generate the real Lie algebra) but they are not
linearly independent over C. In this case, the previous construction does not produce anything interesting.
When the elements of a real Lie algebra L are not linearly independent over C, the complexification of L is
slightly more involved: It consists of pairs (X, Y) € L X L with the addition defined componentwise, with the
multiplication by complex numbers given by (@ + iB)(X, Y) := (aX — BY, aY + 5X) for any @, € R, and with
the composition rule defined by

(X1, Y1), (X2, Y2)] := ([X1, X2] — [Y1, Y21, [X1, Y2l + [Y1, X2]).

With these structures, the set L X L defines a complex Lie algebra, usually denoted by Lc and is called the
complexification of L. Note that this construction is also available if the initial vectors are linearly independent
over C.

In the following exercise, it is asked to show that L¢ is indeed a Lie algebra, but also to show the equivalence
of the two constructions if the elements of L are linearly independent over C.

Exercise 3.5.1. 1) Show that the above construction leads to a complex Lie algebra Lc of the same dimension
as the initial real Lie algebra L. Show that a basis of Lc is given by {(X¢, O)}?zl, if {Xg}?:1 is a basis of L.

2) If the element of L are linearly independent over C, set ¢((X,Y)) := X + iY for any (X,Y) € Lc and show
that ¢ defines an isomorphism of complex Lie algebra between Lc and the initial construction provided, see
also [5, Sec. 13.3].

Consider a complex Lie algebra L. We say that L’ is a real form of L if the complexification of L’ is isomorphic
to L. Note that not all complex Lie algebras have a real form, and two real forms of a complex Lie algebra
can be non isomorphic. For example, u(n)c and gl(n, R)c are both complex algebras isomorphic to gl(n, C),
but the algebras u(n) and gl(n, R) are not isomorphic for n > 2.

Exercise 3.5.2. Prove the previous statement about u(n)c, gl(n, R)c, and gl(n, C).
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Chapter 4

Semi-simple theory

In this chapter, we further develop the theory for semi-simple Lie groups and Lie algebras. Several important
Lie groups are of this form, as already seen in Chapter 1.

4.1 Simple, semi-simple Lie groups and Lie algebras

We gather in this first section the main definitions related to simplicity and semi-simplicity.
Definition 4.1.1 (Lie subalgebra, invariant Lie subalgebra). Let L be a Lie algebra over K.

1) A Lie subalgebra of L consists in a subset of L which is itself a Lie algebra over K with the same Lie
bracket,

2) A Lie subalgebra L' of L is invariant if [X, Y] € L” whenever X € L’ and Y € L.

In the context of Lie algebras, a Lie subalgebra will simply be called a subalgebra. Note that an invariant
subalgebra of L is also referred to as an ideal. One example of an Abelian ideal is provided by the next
definition:

Definition 4.1.2 (Center). The center of a Lie algebra L is defined by {Y € L | [Y,X] =0 forall X € L}.

In order to make a link between Lie subalgebras and subgroups of Lie groups, let us recall that the notion of
subgroup has been introduced in Definition 1.1.6. For Lie groups, this notion has to be strengthened, namely
a Lie subgroup G’ of a Lie group G consists in a subgroup of G which is itself a Lie group and such that the
inclusion map G’ < G is an immersion'. By the already mentioned theorem of Cartan, any closed subgroup
of a Lie group is a Lie group, but not all Lie subgroups are of this form. In fact, the latter situation corresponds
to embedding instead of an immersion. For the link with Lie subalgebras, one has (see [9, Sec. 9.1] or [1,
Lem. 5.14)) :

Proposition 4.1.3. Let G be a connected Lie group. A Lie subgroup Gy is normal if and only if the corre-
sponding Lie algebra L(Gy) is an invariant subalgebra of L(G).

Let us now move to the definition of simplicity and semi-simplicity for a Lie algebra.

'The notions of immersion and embedding are central concepts of differential geometry, and the difference is rather subtle. We
refer to https://en.wikipedia.org/wiki/Immersion_(mathematics) for more information, or to any book on differential geometry.
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Definition 4.1.4 (Simple, semi-simple Lie algebra). /) A Lie algebra is simple if it is not Abelian and does
not possess a proper and non-trivial invariant subalgebra,

2) A Lie algebra is semi-simple if it does not possess a non-trivial Abelian invariant subalgebra.

Observe that a semi-simple algebra can not be Abelian, because the any algebra is an invariant subalgebra of
itself. The related notions of simple or semi-simple groups have already been introduced in Definition 1.2.6.
Note that the following definitions are not universally accepted and differ slightly depending on the authors.

Definition 4.1.5 (Simple, semi-simple Lie group). 1) A connected Lie group G is a simple Lie group if G is
non-Abelian, and {e} is the only proper and normal, connected and closed subgroup,

2) A connected Lie group G is a semi-simple Lie group if G is non-Abelian, and {e} is the only proper and
normal, connected and closed Abelian subgroup.

Let us emphasize an important technical point: a simple Lie group may contain discrete normal subgroups,
hence being a simple Lie group is different from being simple as an abstract group, in the sense of Definition
1.2.6. The same remark applies to semi-simple Lie groups.

In the next statement, we provide links between Lie groups and Lie algebras, and also mention a relation with
complexification introduced in Section 3.5. We refer to [5, Sec. 13.3] for the proof.

Theorem 4.1.6. 1) A connected Lie group group is a simple Lie group if and only if its Lie algebra is simple,
2) A connected Lie group group is a semi-simple Lie group if and only if its Lie algebra is semi-simple,

3) A real Lie algebra L is semi-simple if and only if its complex Lie algebra Lc is semi-simple,

4) For a real Lie algebra L, if its complexification Lc is simple, then L is also simple.

Additional information on the structure of Lie groups and Lie algebras will be provided in the subsequent
sections

4.2 Adjoint representation and Killing form

Let L be a Lie algebra over K, and let us consider the map ad defined by
ad: L> X ady € L(L)
with adx(Y) := [X, Y]. Clearly, the following properties hold, for any X, X’ € L and 8 € K
1) adg =0,
2) ady.px = ady + Bady,
3) adjxy; = adxyady — adyady = [ady, ady].

Exercise 4.2.1. Check that the above properties hold, and that ad defines a representation of L in L(L) in the
sense provided in Definition 3.4.3. Check that 3) can also be rewritten as

adx([Y, Z]) = [adx(Y), Z] + [Y, adx(2)]. 4.2.1)

This representation of the Lie algebra L in £(L) is called the adjoint representation. In other words, the set
{adx | X € L} is a vector space over K, and once endowed with the composition rule [ady, ady] := adxyj, it
becomes a Lie algebra over K, called the adjoint Lie algebra.
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Since L, and consequently £(L), are finite dimensional, the following definition is meaningful:

Definition 4.2.2 (Killing? form). The Killing form of L consists of the symmetric bilinear map K : Lx L — C
defined by K(X,Y) := Tr(ady ady) for any X, Y € L.

Some properties of the Killing form are gathered in the following exercise:
Exercise 4.2.3. Check the following properties of the Killing form:

1) If{X1,..., Xy} is a basis of L with structure coefficients cﬁk, as defined in (3.3.1), then the following equal-

ities hold.:
d

g = K(X;, X0 = ). ¢, ch 4.2.2)
r,s=1
2) K([X,Y],Z2) = K(X,[Y,Z)) forany X,Y,Z € L,
3) The following statements are equivalent:
(a) KY,X)=0forallY e L= X=0,

(b) Det((gjr) # 0,

4) The property Det((gjx)) # O is independent of the initial choice for the basis chosen for defining the
structure coefficients cf.k.

If the property Det((gjx)) # 0 holds, we say that the Killing form is non-degenerate. In fact, this property is
very important, as seen in the following statement. The subsequent results are all borrowed from [3, Sec. 11.2]
to which we refer for the proofs.

Theorem 4.2.4 (Cartan’s criterion). A Lie algebra L is semi-simple if and only if its Killing form is non-
degenerate.

For the next statement (whose proof relies on the Killing form), we use the notion of irreducible representation
of a Lie algebra by analogy to the representation of a group, see Definition 2.3.1: The representation is
irreducible if {0} or the full space are the only invariant subspaces.

Lemma 4.2.5. If L is a semi-simple Lie algebra, its adjoint representation is faithful, namely adx # ady
whenever X # Y. In addition, if L is simple, then its adjoint representation is irreducible.

The proof of the following statement can be found in [5, Sec. 14.2] and in the corresponding appendix.

Lemma 4.2.6 (Weyl’s lemma). A semi-simple connected Lie group G is compact if and only if the Killing
form of its Lie algebra L(G) is negative definite, namely if and only if K(X,X) < 0 for all X € L(G) with
X #0.

The previous results can be used in particular for showing that SU(#n) is a semi-simple compact Lie group for
any n > 2.

Exercise 4.2.7 (¥). For su(n), show that K(X,Y) = 2nTe(XY) for any X, Y € su(n). Check also that su(n) =
{X € M(C) | X = —X* and Tr(X) = 0}. Deduce from these results and from the above statements that SU(n)
is a semi-simple compact Lie group.

2Wilhelm Karl Joseph Killing (10 May 1847-11 February 1923) was a German mathematician who made important contributions
to the theories of Lie algebras, Lie groups, and non-Euclidean geometry.
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Let us close with section with one more result about the structure of semi-simple Lie algebras, showing that
their study reduces to the study of simple Lie algebras. It corresponds to [5, Thm. VI p. 488] with a proof
given in the appendix E of this reference.

Proposition 4.2.8. Every semi-simple Lie algebra is either simple or is the direct sum of a finite set of simple
Lie algebras, that is
L=Lel,®... &Ly

with L; simple Lie algebras. Moreover, this decomposition is unique.

4.3 Roots of complex semi-simple Lie algebras

Recall that any real Lie algebra can be complexified, and that the adjoint representation of a Lie algebra L is
a representation of L taking place in £(L). In particular, for any X € L with X # 0, the mapady : L — Lisa
linear map, and since L is finite dimensional, we can look for eigenvalues and eigenvectors of ady. Namely,
we look for A € C and Y € L such that the equality

ady(Y) =AY = [X, Y] =AY
holds. Note that 0 is always an eigenvalue, with corresponding eigenvectors X, since the equalities
adx(X) =[X,X]=0=0X

always hold.

Exercise 4.3.1. Recall that for any element of M,,(C), there exist d eigenvalues (multiplicity included), which
correspond to the roots of the characteristic polynomial. However, be aware that it does not mean that there
exist d eigenvectors. Study the notion of generalized eigenvectors for an arbitrary matrix in M,(C), and also
the Jordan normal form of this matrix. Observe that not all elements of M,,(C) are diagonalizable, and provide
an example of a matrix which is not diagonalizable.

Let us consider a special subalgebra of any complex semi-simple Lie algebra.

Definition 4.3.2 (Cartan subalgebra). Let L be a complex semi-simple Lie algebra. A Cartan subalgebra Ly
of L is a maximal Abelian subalgebra of L such that for all X € Ly the linear maps ady are simultaneously
diagonalizable. In other words, Ly is a complex subspace of L such that the following conditions hold:

1) If X1, X, € Ly, then [X1,X2] =0, (Abelian subalgebra)
2) If[X,Y] =0forall X € Ly, then Y € Ly, (maximality)
3) For any X € Ly, the linear map ady is diagonalizable (diagonalization)

In fact, one easily check that [X;, X»] = 0 implies that [ady,,adx,] = 0. Then, this commutation relation and
the fact that all ady can be diagonalized, imply that they can be diagonalized simultaneously.

It can be shown that any complex semi-simple Lie algebra possesses at least one Cartan subalgebra, and that
if it possesses more than one, then all of them are isomorphic. In particular, their dimension is the same. This
property leads to the following definition:

Definition 4.3.3 (Rank). The rank of a complex semi-simple Lie algebra is defined as the dimension of any
of its Cartan subalgebra. If the rank of the complex semi-simple Lie algebra is denoted by d, then its rank is
denoted by d.
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Let us now fix a Cartan subalgebra Ly of a complex semi-simple Lie algebra, and let {Y1, ..., Y} be a basis of
L satistying adx(Y;) := 4;(X)Y; for any X € Ly. This condition means that the basis of L is chosen according
to the diagonalization of the linear maps ady for any X € Ly. Then, observe that for any X, X’ € Ly and any
B € C one has

adX+ﬁX/(Yj) =[X +ﬁX,, Yj] = [X, Yj] +,3[X,, Yj] = /lj(X)Yj +ﬂ/lj(X,)Yj = (/lj(X) +,3/lj(X,))Yj. 4.3.1)

However, since Ly is also a complex vector space, then X +5X" belongs to Ly and ady.gx'(Y;) = ;(X+BX")Y;.
These two expressions imply that
(X +BX") = 4;(X) + BA;(X)),

or in other words the map 4; : Ly — C is linear, for any j € {1,...,d}. Note that the set of all linear maps
from Ly to C is called the dual space of Ly, and is usually denoted by L. Thus, we have obtained that 1; € L
forany je{1,...,d}.

Remark 4.3.4. Since adx(Y) = 0 for any X,Y € Ly, it is possible to choose the basis {Y1,..., Yy} such that
Yi,..., Yy, belong to Ly, and Y441, ..., Yq do not belong to Ly. Thus, for j € {1,...,do} one has 1;(X) =0
forall X € Ly. On the other hand, for any j € {dy + 1,...,d}, the map Ly > X — A;(X) € C can not be the
0-map, since otherwise the maximality of the Cartan subalgebra would be violated. As a consequence, there
exist d — dy elements of Ly which are not the 0-maps.

Let us try to make the above construction less dependent on the choice of a basis, and make it more abstract.

Definition 4.3.5 (Root). For a complex semi-simple Lie algebra L with Cartan subalgebra Ly, a root of L is
an element o € LZ‘) with « not the 0-map, such that there exists Yo, € L, Yo # 0, with adx(Y,) = a(X)Y, for all
X € Ly. The set of all roots is denoted by R.

Clearly, the notion of root corresponds to a generalization of an eigenvalue, when several linear maps are
commuting. More precisely, Y, is a common eigenvector for all ady with X € Ly, and the corresponding
eigenvalues are a(H). Note that if we fix a basis Xj,..., Xy, of Lo, then « is fully determined by the dj
complex values a(Xy), ..., a(Xg,).

Now, for any @ € R we set
Lo :={Y € L|ady(Y) = a(X)Y, YX € Ly}, (4.3.2)

and call it the root subspace associated with the root @. Since the linear maps ady commute, for all X € Ly,
and can be diagonalized simultaneously, one infers that

Note that we can not say that these direct sums are orthogonal direct sums, since no scalar product has been
introduced so far. In this representation the linear map ady takes the form

ady = 0@ @ a(X)1.

aeR

Exercise 4.3.6. Check the above statement.

For the next statement, we write L, as defined in (4.3.2)ifa € R, Lo := Ly...®, and L, = {0} if « ¢ R and
a#0.

Lemma 4.3.7. Forany a, € L and for Y, € Ly, and Yg € Lg one has [Yy, Yg] € La+p.
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Let us be more explicit about the content of this lemma. Clearly, if a or 8 are not roots or 0, then [¥,, Y3] = 0.
This equality also holds if @ and S are roots, but if @ + 8 is not a root or 0. On the other hand, if @ and —« are
roots, then [Y,, Y_,] € L.

Exercise 4.3.8. Prove the previous lemma by using the Jacobi identity, see also [8, Prop. 6.18].

We now add one more result about roots. The proof is given in [8, Prop. 6.19 & Thm. 6.20], but involves a
few tools not introduced in these notes.

Proposition 4.3.9. Let L be complex semi-simple Lie algebra of rank d.
1) Ifa € R then —a € R,

2) If @ € R, then the only multiples of « that are roots are @ and —a,

3) If @« € R, then L, is one dimensional,

4) There exist d — dy different roots,

5) The roots span LS,

Note that there are a lot of algebraic relations on the set of roots and on the choices of bases, and that this
theory is very well developed. It would be too long to present these results, we simply mention one main
outcome: It is possible to endow L with a basis having some specific properties. More precisely, there exists
a standard basis {H,, ..., Hgy, Eq, E_q, ..., Ey, E_,} of L having the following properties:

1) [H;,H;] =0 foralli,je{l,...,do},
2) [H}, Eo] = adp;(E,) = a(H)E, with a(H)) € R,

X0 aHpPH,; ifa+B=0,

3) [Eq, Eg] = TopEa+p ifa+peR, (wherety,s #0)
0 otherwise.
In addition, if the roots are arranged in the order a,-a,B,—f,..., then the matrix (gj) given by gy =

Tr(adxjadxk) with X;, Xy € {Hy,...,Hyy, Eq, ..., E_,} takes the form

1 00 ... 00 O0O0O
0 1 00 0O00O0
0 0 1 0 0 00
(gix) =10 0 O 01 000 (4.3.3)
000 1 00 00O
0 00 00010
0 00 00100
We refer to [1, Sec. 5.4.3] for this construction.
In the above basis, all a(H;) € R for j € {1,...,dp}, which means that roots can be identified with elements

of R%. We then say that a root « is positive if the first non-zero of the list (a(Hyg,), @(Hgy-1), - . ., @(H1)) is
positive, and the root is negative otherwise. Thus, the set of roots can be divided into two sets: the set of
positive roots R, and the set of negative roots R_ satisfying R = R_ U Ry and R_ N Ry = @. We can also
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endow the set of roots with the lexicographic order, namely a > S if @ — 8 € R;. Some positive roots are
playing a special role:

Definition 4.3.10 (Simple root). With respect to the standard basis introduced above, a root is simple if it is
positive and can not be expressed as a linear combination(with positive coefficients) of other positive roots.

We now provide a final statement about roots, and refer to [1, Prop. 5.33] for its proof.

Theorem 4.3.11. Let L be a complex semi-simple Lie algebra of dimension d and of rank dy, and endowed

with the standard basis introduced above.
1) There are exactly dy simple roots o', . .. a%,

2) These dy simple roots are linearly independent and general L,

3) For any 8 € R there exist ay, ...aq, € Zwithf = Z;{i] ajozj, and either all aj > 0 or all aj <0,
4) If a, B are simple roots, then a — 3 is not a root,
Let us now illustrate the above construction with two examples, and a few exercises.

Exercise 4.3.12. Show that su(n) = {X € M,(C) | X = —X* and Tr(X) = 0}, and that its dimension d is n> — 1.
Show also that the elements of this Lie algebra are linearly independent over C. Since a Cartan subalgebra
of su(n)c consists of dyg matrices simultaneously diagonalizable, and since all elements of su(n)c have a trace
equal to 0, deduce that the rank dy of su(n)c is equal to n — 1.

In the special case su(2)c, one basis has been exhibited in (3.5.1), but it is clearly not a standard basis. In this
case, observe that the rank of su(2)c is 1, and one can choose:

1 0 1
H = [2(‘)5 | ), Ey = (8 (2)), E_o:= ((1) g)
22 2

In this standard basis, one has a(H) = Lz, and —a(H) = _\/Li’ and
1 00
g =0 0 1].
010
For su(3)c, its dimension is 8 and its rank is 2. Thus, there exist 6 different roots in R. The standard basis is
given by
1[100] 1100 1[001] 1[000]
H :=——|0 -1 0|, Hy:==|0 1 0|, E,:=—|0 0 0|, E,:=—|[0 0 0f,
2V3lo 0 o 6lo 0 2 Velo 0 o Vol o o
1{000] 1OOO] 1[010] 1000
Eg:=—|0 0 1|, Eg:=—|0 0 O|, E,:=—|0 0 0|, E_,:=—|1 0 O].
Volo 0 0 Volo 1 0 Velo 0 0 Volo 0 o

4.3.4)
In this basis, the matrix (g ;) possesses the standard form of (4.3.3), and the roots are
1 1 1 1 1
Gz =52 =59
2V3 23 V3

together with —a, —3, —y. Note that only 8 and 7y are simple roots, since @ = 8 + 7.
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4.4 Weights of complex semi-simple Lie algebras

Let L be a complex semi-simple Lie algebra, and let (V, k) be a finite dimensional representation of L, as
introduced in Definition 3.4.3. As for the adjoint representation we look for elements v € V, with v # 0, such
that the equality A(H)v = u(H)v holds for all H in the Cartan subalgebra Ly of L, and where u(H) € C. If
such an element v exists, it is called a weight vector of the representation, and the map u : Ly — Cis called a
weight of the representation. By a computation similar to (4.3.1), one easily infers that 4 € L, which means
that y is a linear map on Lo. More generally, for any u € Lj we can set

L,:={veV|hH)y=uH)y, VH € Ly},

and the dimension of L, is called the multiplicity of the weight u. Observe that this construction is in fact
a generalization of the one provided for roots, which correspond to weights for the adjoint representation
(V=Land h = ad.).

Let us consider again the standard basis {H1,...,Hg,, Eq, E_o, ..., E,,E_,} of L, and set $; := h(H)), €, :=
h(E,). Then the following relations hold:

1) [9,9;1=0 foralli,je(l,...,do),
2) [9),C,] = a(H))E, with a(H)) €R,

P aHpS; ifa+B=0,

3) [€o, €] = {705C04p ifa+BeR, (whereTos # 0)

0 otherwise.
The main difference with the same relations for the elements of the basis {Hy,...,Hy, Eq, E_qo, ..., Ey, E_}
of L is that the linear independence of the elements {91, ..., 94y, €4, €p, ..., €,, €_,} is no more ensured, it

depends on the representation.
We now stress the role of roots for any representation.

Proposition 4.4.1. Let L be a complex semi-simple Lie algebra endowed with the standard basis, and let
(V, h) be a finite dimensional representation of L. Let 1 be a weight with a weight vector v € L,

1. u(Hj) e Rforany je{l,...,dy),

2. Forany a € R, if €,v # 0, then Cyv € L1 and p + « is a weight,

3. The weight vectors associated with different weights are linearly independent,
4. The number of different weights for (V, h) is at most equal to dim(V).

The first statement corresponds in fact to a corollary of Proposition 4.4.2 but we prefer to present it immedi-
ately, for simplicity. Let us prove the second statement, the third one being slightly more involved, and the
fourth one following directly from the third one. One has for any H € L :

h(H)Gv = Ch(H)W + [h(H), €u1v = p(H)Eov + a(H)Eqv = (W(H) + a(H))E,y,

which means precisely that €,v € L,;,. Because of these relations, for a or for —a, the operators €, is often
called a raising operator and €_,, a lowering operator.
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We now consider a root @ and a weight y, and define

do do

a-pi= 0% e alHyudH)), @4.1)

j=1 k=1

with (gﬂ‘) the inverse matrix of the matrix (g ;) introduced in (4.2.2). In fact, it turns out that this expression
is independent of the choice of a basis {X|,..., Xy} of Ly. In particular, in the standard basis of L, one has
g/ =6y for jk € {1,...,do), and then @ - u = z‘jgl a(H )u(H)).

If we consider for (V, h) the adjoint representation, then y = 8 for some 8 € R, and we end up with expressions
of the form « - 8 between roots. In particular, for @ € R we set

dy
lal? :=a-a= Z a(Hj)a(H,) > 0
j=1

if the standard basis is chosen for L.

Let us now answer a natural question. It follows from Proposition 4.4.1 that if u is a weight, then u + ka can
also be a weight, for some k € Z. Clearly, this can not be the case for too many k since the number of weights
is at most equal to the dimension of V. Thus, for which k is u + ka still a weight ?

For answering this question, let us again endow L with the standard basis, and set «; := a(H;) € R, and also
set uj := p(H;) € R for a weight of a representation (V, h). We also define a* := {x € R% | @ - x = 0} the
hyperplane perpendicular to e. Finally, let  denote the point in R% obtained from y by a mirror symmetry
with respect to the hyperplane a*, namely

_ pra a Hoa

p=p-2——=u-2——a
llell {lell lled?

The following statement provides several properties of this geometric construction. Its proof is rather techni-
cal, we refer for example to [1, Prop. 5.37].

Proposition 4.4.2. In the framework introduced above:

I N:=-2k%e7,

2. Foranyke ZN[0,N], oranyk € ZN [N,0] if N <0, the vector u + ka is a weight,
3. u- 2” ”za’ is also a weight.

Let us illustrate this statement with Figure 4.1, with a Cartan sublagebra of dimension 2, and six roots. The
three positive roots generate three planes which are represented, and the weights have to satisty the relations
mentioned in the above statement.

In order to illustrate more concretely the above construction, let us come back to the Lie algebra su(2)c
already introduced at the end of Section 4.3. We always assume that the algebra is endowed with its standard
basis. Let (V, &) be a finite dimensional representation of this Lie algebra. Since L is one dimensional, all
weights belong to R, and therefore there exists a maximal weight. Let us denote by u this maximal weight.

Since R contains only the two roots @ = =+ (, it follows that ||a|* = 5, and then for a = «/LE one gets
N = 2”‘; ﬁvz = —%/,z. As a consequence of the previous proposition (and since ¢ > 0) one infers that N € Z

with N < 0, and that y = IN Therefore, the possible weights are
1 ) 1 4 1 )
= =2 =H- =
V2 T2 V'V
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Figure 4.1: Representations of the three planes and of various weights satisfying the relations mentioned in
Proposition 4.4.2.

Thus, these values correspond to the eigenvalues of the operator

0 1 1
h(H) = h(( 22 )) = ——h(o3) = —J3
° -55)] 242 V2
where the notation J3 is commonly used for %h(og) in quantum mechanics. It thus follows that the eigenvalues

of J3 belong to %Z. It turns out that value y, of equivalently the maximal eigenvalue of J3, given by V2u,
determines uniquely an equivalence class of irreducible representation of su(2)c, or of SU(2). More precisely
one has:

Proposition 4.4.3. For any n € N*. there exists a unique (up to equivalence) irreducible representation of
su(2)c. In this representation the maximal value of j is 5.

This result is a very standard result and a proof can be found in many textbooks, as for example in [8, Sec. 4.4].

Let us now come back to the general setting. We consider a complex semi-simple Lie algebra L endowed with
its standard basis, and let Ly denote its Cartan subalgebra. Let also (“V, ) be a finite dimensional irreducible
representation. We denote by pmax the maximal weight, once R% is endowed with the lexicographic order,
starting from the last component. Clearly, if « is a positive root, then L, o = {0}, otherwise one would get
a contradiction. Equivalently. €,v.x = 0 for the maximal weight vector vy.x. By collecting the information
obtained some far, the following exercise is rather instructing:

Exercise 4.4.4. In the framework introduced above, show that

V = Span{vmax, €oVmax> €aCpVmax, ... | @, B, ... € R_}

= Span{vVmax, €_oVmax, €= €_gVmax. . .. | @, B, ... € {simple roots}}.
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More generally, for any weight vector v show that

YV = Span{v, €,v, €,Cpv,... | a,B,... e R}.

If we generalize and summarize the content of this section, we end up with the following statement:

Proposition 4.4.5. Let (V, h) be an irreducible finite dimensional representation of a complex Lie algebra L,
and let pmax be its maximal weight. Then,

1. All operators h(H), with H € Ly, are simultaneously diagonalizable,
2. Any weight is given by [ = limax — Yger, Naa With ng € N and R; the set of simple roots,
3. The sum of all weights, multiplicity counted, is equal to the dimension of V,

4. The dimension of L, _ is 1.

max

Let us conclude this section with a few more deep results. It can be shown that if two irreducible representa-
tions share the same maximal weight, then these representations are equivalent. Thus, it is important to know
the set of all maximal weights. In fact, an indexation of all maximal weights is possible, and a formula for the
dimension in which this representation is taking place exists. Namely, if ynax is @ maximal weight, then

HaeR a- (ﬂmax + 5) 1
n:= - ,  withd:= = a,
HQ€R+ a-6 2 Z

aeRy

provides the dimension of an irreducible representation for which pn,x is the maximal weight. Note that the
multiplicity of a weight can also be computed with the so-called Kostant’s formula. Details can be found in
the literature.
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Chapter 5

Examples

In this final chapter, we illustrate the general theory with two examples which are rather famous.

5.1 Representations of SU(3)

Let us recall that from the end of Section 4.3 that the dimension of su(3) is 8 and that the dimension of
its Cartan subalgebra is 2, or equivalently d = 8 and dy = 2. The standard basis of su(3)c has also been
introduced at the end of this section. We also recall that its positive roots are

1 1 1 1 1
Gw3 A=753 7=(59

We now define a new basis, namely

(L 0o 010 000
I := \/§H1=§[O -1 0], I, = \/6E7=[0 0 0|, L =\/6E_7=[1 0 0], (5.1.1)
0 0 0 000 000
; v (000 000 000
Us=SHy-—~Hi=5|0 1 0| U := V6Ez =10 0 1|, U-:=V6Ez=[0 0 0],
00 -1 000 010
(5.1.2)
-1 00 000 00 1
Vs ::—§H2—§H1,=%[O 0 0], V, = \/EE_,,z[o 0 o], Vo= \/EEQ:{O 0 OJ.
0 0 1 1 00 000
(5.1.3)

By looking at the exact form of these matrices one infers that Us, U_, U, leave the subspace {(k,0,0)" | k € R}
invariant, that V3, V_, V, leave the subspace {(0, k,0)" | k € R} invariant, and that I3, I_, I, leave the subspace
{(0,0,k)" | k € R} invariant. In addition, by checking the exact form of these matrices, one observes that
these three triples generate three representations of su(2)c which are not irreducible because of the invariant
subspace. In other words, there exist three subgroups of SU(3) which are isomorphic to SU(2).

Consider now a finite dimensional and irreducible representation (V, k) of su(3)c, and set $; := h(H;) and
€, := WE,) for j € {1,2} and @ € R, and also U3 := h(U3), B3 := h(V3), and I3 := h(l3). Since Ui, V3
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Figure 5.1: Representations of the possible weights, starting from a maximal weight denoted by /1.

and /5 are equal to %0’3 ® 0, it follows as for su(2)c, that the eigenvalues of U3, B3 and I3 belong %Z. Asa
consequence, we infer from (5.1.1), (5.1.2), and (5.1.3) that if u = (u1, u2) = (U(H1), u(H2)) is a weight, then
\V3u; € %Z and 3u; € %Z. It thus follows that

1 1
1 € —=2Z, M2 € —Z.
2V3 6
By acting with the operators €., €.3, and €., on the corresponding weight vector, one then gets the new
possible weights (as long as the corresponding new weight vector is not 0)

1), pry=(um = Lvﬂz)-

1
S M2 £ =
23 2

It remains now to list the maximal weights, leading to the irreducible representations. These maximal weights
are indexed by («1,42) € N X N, and the relations with pn,x are of the form x; := 2 \/§,umax,1 and «kp =
3tmax2 — \/g,umax’l (inspired from (5.1.2)), or equivalently

K1 K1+2K2)
2v35 6 7

Starting from different maximal weights, it is possible to represent all possible weights, see Figure 5.1.

Mmax = (

From the irreducible representations of su(3)c, indexed by («1, x2), one gets by exponentiation the irreducible
and unitary representations of SU(3), denoted by D*1*2). The dimension of these representations can be
computed explicitly, namely they take place in C" with

1
n:= §(K1 + D2 + Dkt + k2 + 2).
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Figure 5.2: Alternative names for the irreducible representations, and their dimension.

D{.0131 ) (01‘2)
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Figure 5.3: Weight diagrams for a few irreducible representations, with the values indicated corresponding to
(V3pu1,2u2). The circled points correspond to weights of multiplicity 2.
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In Figure 5.2, alternative and shorter names to some irreducible representations are introduced. We also list
in Figure 5.3 the weight diagram of a few representations of small dimensions.

Let us recall from Section 2.5 that tensor products of irreducible representations can be decomposed, and often
contain other representations. For example, with the notation introduced in Figure 5.2, one can construct the
tensor products of irreducible representations, and decompose them, leading to the formulas (which can be
computed with the characters):

33=6®3, 33=8®1, 63=10838, 333=1008®8®1. (5.1.4)

Let us close this section with an important remark which goes beyond the content of this course.

Remark 5.1.1. Each semi-simple Lie algebra L possesses dy independent Casimir operator(s), where dy is its
rank, or in other words the dimension of its Cartan subalgebra. These operators can be constructed in terms
of the elements of L, but they are non-linear expressions. As a consequence, they don’t belong to L, and their
definitions require the introduction of the notion of the universal enveloping algebra, see

https:/ en.wikipedia.org/wiki/ Casimir_element

Usually, these Casimir operators are denoted by C», ..., Cqyy1 and they satisfy [C;, Y] = O for any Y € L,
once a suitable meaning to this expression has been given. In addition, in any finite dimensional irreducible
representation (V, h) they satisfy h(C;) = c;1 for some c; € C. For su(3)c and if L is endowed with the
standard basis one has

Co=H{ +H5 +EqE_o + E_oEq + EgE_g+ E_gEg + E,E_, + E_/E,.

In the representation D) the corresponding constant ¢, can be computed explicitly, and one has
1 1
) = §(K% + K1Ky + K%) + §(K1 + k7).

Still for su(3)c, the second Casimir operator is a polynomial of order 3 in the generators of L, and in the
representation D**?) it taks the values

1
c3 = §(K1 —k2)(2K1 + k2 + 3) (k1 + 2k2 + 3).

5.2 Application of SU(3) in physics

Already a long time ago, it had been observed that particles with similar properties can be organized in
families of 1, 8, or 10 members, It was then realized that these numbers appeared in the decomposition of
tensor product of representation of SU(3), as shown in (5.1.4). Thus, it has been decided to describe particles
with irreducible representations of su(3). In fact, this turns out to be a rather successful approach since some
particles predicted with this construction were only discovered later.

By looking at the simplest and non-trivial irreducible representations of SU(3), namely 3 := DU9 and 3 :=
DOV see Figures 5.2 and 5.3, it has been decided that each weight of the corresponding representation of
su(3) would be associated with one elementary particle, namely the quarks u, d, or s, and the anti-quarks u,
d, and 5, see Figure 5.4. Since the rank of su(3) is 2, each weight is two dimensional and corresponds to
the eigenvalues of two matrices which can be simultaneously diagonalized. A standard choice is to use the
isospin Iz := \3H], taking values in %Z, and the hypercharge Y := 2H», taking values in %Z. Note that the
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Figure 5.4: The choice of 3 quarks and their anti-quarks, based on the irreducible representations 3 and 3 of
su(3).

charge Q can also be used for indexing the particles, and that the relation between these three quantities is
Y =2(0- D).

Based on this idea and by looking at the tensor product 3 ® 3 = 8 @ 1, an eightfold of particles, called
mesons, corresponds to the irreducible representation 8 := DD It turns out that six of these particles can be
described with the tensor products of one quark and one anti-quark, as indicated in Figure 5.5. For the meson

AY
K°~dE
e 1 ° Kt us
rndg a0l §*~“E
g ©—
1 1 I
1oT2 2 3
e _1 *%% sd
K~stu

Figure 5.5: The eightfold of mesons, each of them made of one quark and one anti-quark.

with isospin 0 and hypercharge 0, the following relations hold:

1 - _ 1
= —ded-ueun), nzng = —

¥ Ve

Finally, for the meson which does not belong to the eightfold but generates a trivial representation by itself,
the formula is

(d®d+u®u-2s®5).

1 - _ _
n=n) = %(d®d+u®u+s®s).

As it should be, the three vectors 7°, n, and i are orthogonal and general a subspace of dimension 3, corre-
sponding to an isospin 0 and to a hypercharge O.

By considering then the decomposition of the tensor product 3® 3 ® 3 = 10® 8 ® 8 @ 1 into irreducible
representations, it is possible to generate families of particles containing three quarks. The construction is
more involved and is not presented here. An illustration for two of these families is provided in Figure 5.6.
Note that this initial and simple model has then been further refined and improved.
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Figure 5.6: Other families of particles, made of three quarks.

5.3 C(lassification theorem

It has been mentioned in Proposition 4.2.8 that every semi-simple Lie algebra is either simple or the direct
sum of a finite set of simple Lie algebras. Thus, the building blocks of the theory are the simple Lie algebras,
and we would like to classify them. For that purpose, recall that roots are very special weights, the ones in
the adjoint representation. Thus, if L is a simple Lie algebra endowed with the standard basis one infers from
Proposition 4.4.2 that for any simple roots «, 8

a-p

—2ﬂj €Z and -2-1c
||| 14|

Equivalently, one has —2a - 8 = Nille|/* and —2a -B = N2||/3||2 for some Ny, N, € Z, or still

Nillel* = N2J|gII>  and

Wﬂf_(mpf_MM
lelP1812 ~ \llellBI) — 4

By observing that the later expression corresponds to COSz(gbaﬁ) with ¢, g the angle between the two roots,
one obtain that NN, € [0, 4], which limits drastically the possible choice for Ny and N,. In fact, with the
other condition one must also choose N; and N; of the same sign. By one more geometric argument, see [8,
Prop. 8.11], it turns out that for simple roots, one has « - 8 < 0, meaning that both N; and N, are positive.
Thus, the only alternatives are provided in Table 5.1

(N1, N2) (2,2) (1,3)or(3,1) | ,2)or (2, 1) 1, 1) (1,4)or (4,1) | (0,0)
bap 0% or 180° | 30° or 150° 45° or 135 | 60° or 120° | 0° or 180° 90°

Table 5.1: Possible angles between roots.

Note that the last option, with N; = N, = 0 leads to an undetermined ratio N;/N>. On the other hand, the
angles of 0° or 180° are not possible, since the roots are assumed to be linearly independent (the case 5 = —a
is not possible for simple roots). Also, since a - 8 < 0, we have to choose the obtuse angles. It is then
possible to have a schematic representation of the possible angles between simple roots, namely if we denote
any simple root by a small circle, then the angle between two roots can be represented by the rule presented
in Figure 5.7.

The fact that an angle of 90° is represented by no edge is not surprising: it turns out that for simple Lie
algebras, two roots can not have a right angle between them, but this can happen for semi-simple Lie algebras.
Thus, a simple Lie algebra is going to correspond to a connected diagram, the so-called Dynkin diagram.
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Figure 5.7: Representations of the angles between roots.

By taking these rules into account, it is possible to provide a list of all complex simple Lie algebras, leading
to the list of all simple Lie algebras. A presentation of this classification theorem is provided for example
in [7, Chap. 20], but many reference books contain a discussion about this result. In fact, there exist four
infinite families of such algebras, and 5 exceptional cases. They are schematically represented in Figure 5.8,
with their name, the corresponding Dynkin diagram, the dimension of the Lie algebra, and the number of
roots. Note that these algebras and their representations have been extensively studied, and have applications

Aa21)

B,(n22)

Cy(n23)

D, (n24)

Eg

Fy

o—0—---—0—=20 n(n+2)
1 2 2 2
C—o—---—0—>0 n(2n+1)
1 1 1 2
o—O0—---—0—D0 n(2n+1)
o—o0—--- n(2n-1)

Oo—C—0—0 52

n(n+1)

2n(n-1)

72

126

240

48

Figure 5.8: Schematic representation of all complex semi-simple Lie algebras with their name, the corre-
sponding Dynkin diagram, the dimension of the Lie algebra, and the number of roots.

in several fields. Some of the most recent investigations were dealing with E8, and the following link is quite

interesting, and understandable with the notions studied in this course

https://en.wikipedia.org/wiki/E8_(mathematics)
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5.4 Induced representations

Given the representation (V, U) of a group G, the restriction of this representation to any subgroup G of G
provides a representation of Gy in the vector space V. Clearly, even if the initial representation is irreducible,
this is not always the case for the representation of Gy. The induced representation is a kind of converse to
this construction. Given a representation of the subgroup Gy, the induced representation is the “most general”
representation of G that extends the initial representation of Gy. Since it is often easier to find representations
of the smaller group Gy than of G, the operation of forming induced representations is an important tool to
construct new representations.

The general theory for induced representations is quite involved, and necessitates arguments of measure the-
ory. We shall only present the main ideas and provide the construction for finite groups, since it does not
involve any measure theoretical arguments.

Let G be a finite group, and let Gy be a subgroup of G. We also assume that (V.U) is a finite dimensional
representation of Go, with dim(V) = n. We introduce a finite dimensional new vector space ‘W by

W ={f:G - V| flaa) = Ulay')f(@) Va e G,ag € Go). (5.4.1)

Thus, W is made of functions from G to V having a certain property when the variable is multiplied on the
right by an element of Gy. It is easy to check that ‘W is indeed a vector space (stable by addition and by
multiplication by a scalar), and that it is finite dimensional, since both G and V are finite dimensional. For
any f € ‘W and any a, b € G we then set

[UD)f(a) = f(b'a). (5.4.2)

Exercise 5.4.1. Check that the pair (W, U) define a representation of G in ‘W, namely check that U(b) maps
W on W, that U(D) is a linear map, and that the map G > b — UDb) € L(W) is a homomorphism with
Ue) = 1.

Once this exercise is proved, we can define:

Definition 5.4.2 (Induced representation). Given a finite group G with a subgroup Gy, and a finite dimensional
representation (V, U) of Gy, the induced representation of G corresponds to the representation (W, U) given
by (5.4.1) and (5.4.2).

For any subgroup Gy of G, recall that the left coset have been introduced in (1.2.1) and correspond to g,[a] :=

aGy. These equivalence classes form a partition of G into J := % classes. We denote these classes by

{C1,...,Cy}, and set C; := Gy, with no loss of generality. For each j € {1,..., J} we also fix a representative
bj such that Cj = Go[bj] = bjG().

With the notation just introduced, let us define for each j € {1, ..., J} a subspace of ‘W, namely
(Wj = {f ew | f(bk) = (Sjkf(b,‘) Yk € {1, Ce ,J}}.

Then, observe that for f € W ; and any ag € G one has f(b;ao) = U(a, Nf ), meaning that f is completely
determined on b;G by its value at b;. Also, the value of f on any other coset is 0 since f(brag) = 0if j # k.
Since f(b;) can be any element of V one infers that dim(‘W;) = dim(V) = n. In addition, one has

W=el_ W, (5.4.3)
leading to dim(‘W) = Jn = (G1dim(V).

In the following exercise, we gather a few results which can be easily proved in this framework:
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Exercise 5.4.3. 1) Show the equality (5.4.3),

2) Show that the regular representation introduced in Definition 2.4.7 corresponds to the induced represen-
tation with the subgroup Gy consisting of the identity only, namely Go = {e},

3) Show that the characters for the representation (W, U) can be computed with the following formula:

1
xul@=— > xub'ch).

G
Gol beG, b~lcbeGy

Let us now look at a special family of groups for which all complex and irreducible representations are
equivalent to induced representations. Namely, we shall consider groups G which are semi-direct products
with normal subgroups which are Abelian. Recall that the notion of semi-direct groups was introduced in
Definition 1.3.4. More precisely, we assume that G is a finite group, A, B are two subgroups of G with A
normal and Abelian, A N B = {e}, and any element ¢ of G admits a unique decomposition ¢ = ab with a € A
and b € B.

Since A is Abelian, it follows from Corollary 2.3.8 that all its unitary irreducible representations are of dimen-
sion 1. In such a situation, if (C, U) denotes such a unitary representation, one has

U(a) = xyla) €T.

We can then infer from Theorem 2.4.9 that there exist |A| such irreducible representations. We shall denote
them by y; : A — C with j € {1,...,]|A]}. Note that the set of all irreducible representations of the Abelian
group A is denoted by A* and is called the dual group of A, which is indeed a group ®. Observe that an action
of G on A* can be defined: For y; € A*, any c € G and a € A we set

[ex1(a) = xj(c ™ ac) (5.4.4)
which is well-defined since A is a normal subgroup.

In this framework the following lemma can be easily proved. We recall that the notion of transformation group
has been introduced in Definition 1.4.1.

Lemma 5.4.4. Let G = A < B be a finite semi-direct group with A Abelian. The group G and the subgroup B
act on A* by (5.4.4) as transformation groups. The action of A on A* is trivial, namely ay; = x; for any a € A.

According to Definition 1.4.3 we can now define
1) O; the orbit of y; in A* under the action of G,
2) G; the stabilizer of y; under the action of G,
3) B; the stabilizer of y; under the action of B.

Clearly, G; is a subgroup of G, while B; is a subgroup of B. The groups B; are often referred to as the little
groups, and these groups are isomorphic along orbits in A*, see Lemma 1.4.4. In addition, one can check that
G; = A = B;, since (ab)y; = a(by;) = by;, foranya € A and b € B.

The following statement is the main result in this framework. We refer for example to [1, Thm. 6.9] for its
proof.
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Theorem 5.4.5. Let G = A =< B be a finite semi-direct group with A Abelian. Any complex and irreducible
representation (W, U) of G is equivalent to a representation induced by a subgroup G; = A = B; of G.
More precisely, there exists x; € A* and a irreducible representation (V,U) of the little group B;j such that
U is equivalent to the induced representation constructed from the representation (V,U) of G; defined by
U(ab) = xi(@)U(b) for any a € A and b € B;.

This statement means that there is no restriction in constructing representations with induced representations,
we get all representations of G. In fact, the statement can be even strengthened: If the representation of B;
is irreducible, then the representation of G itself is irreducible, see [1, Thm. 6.10]. As a consequence, each
irreducible representation of G can be indexed by two parameters: one related to the orbits of the elements
X; of A" under the action of G, and one related to the equivalent class of irreducible representation of the
little group B;. By working carefully, one gets a bijective relation between the set of equivalence classes of
representations of G and this double indexation.

5.5 Representations of the Poincaré group

In this section we sketch the representations of the Poincaré group #, based on the construction and of the
results of the previous section. The Poincaré group was introduced in Definition 1.5.5. It is clearly not a finite
group, but it has the structure of a semi-direct product with an Abelian normal subgroup, namely P = T'(4)~ L,
with 7'(4) the usual translations in R* and £ the Lorentz group, as introduced in Section 1.5. Since ? is not
finite, none of the results of the previous section can be directly applied, but the abstract theory presented in
Section 5.4 has been extended to semi-direct Lie groups, as the Euclidean group E(n) or the Poincaré group
#. In particular, since these Lie groups are non-compact, the representations will not be finite dimensional,
but infinite dimensional.

Recall that the Poincaré group is made of pairs (b, A), with b € T(4) and A € L, with the product defined in
(1.5.5). This Lorentz groups is made of different components. More precisely, any element A of the Lorentz
group verifies Det(A) = +1, and also |A00| > 1, with AOO the first entry of the matrix A. Thus, £ can be divided
into 4 connected components

1) L] :={A € L£|Det(A) = 1 and A’ > 1},

2) £ :={A e L]|Det(A) = —1 and A > 1,
3) L1 :={A € L|Det(A) = 1 and A% < 1},
4) L' = {A € L]|Det(A) = —1 and A% < —1}.

Note that Ll is the component connected to the identity. This normal subgroup is often referred to as the
proper, orthochronous Lorentz group or restricted Lorentz group.

As mentioned for SO(3) at the end of Section 2.6, it is sometimes useful to consider the universal cover of a
group. Then, it turns out that the universal cover of Ll is given by SL(2, C), and the map from SL(2, C) to Ll
is defined for any A € SL(2, C) by

1 .
(Aa), = ETr(a'MAO'VA ).

Again, the map from SL(2,C) to Ll is surjective, with kernel {1,—-1}. Then, instead of considering the
subgroup Pl made of (b, A)with matrices A in Ll, it is convenient to consider the group @1 consisting of
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pairs (a, A) with a € T(4) and A € SL(2, C) together with the composition law
(a,A)d' ,A") = (a+ Aprd’, AA").

Then one has Sbl = T(4) = SL(2,C), and it is the representations of this group that we shall now consider.

Following the idea of the previous section, we firstly look for all complex and irreducible representations of
T(4). These representations are one dimensional and easy to index. Indeed, for any p := (p°, p', p%, p?) e R*
and for any a = @, d',a?, a3) € T(4), one can set

3

ip- i(00a0—plal —p2a2—p3
Xp(a)::elpa:el(pa pa—p-a pu)eT

and the map y, : T(4) — T is indeed a group morphism, namely an element of 7'(4)*. It turns out that all
unitary irreducible representations of 7'(4) are described by these morphisms, which means that 7(4)* can be
identified with the Minkowski space M, i.e. R* with the bilinear form introduced in (1.5.1).

Let us now look at the action of B = SL(2,C) on y/, as introduced in (5.4.4). For that purpose, observe that
for A € SL(2,C), p € Mand a € T(4) one has

[Axp)@) = xp((0, A7) (@, 1)(0,4)) = xp((As-1a,1)) = xp(Ag-1a).
By using the property (1.5.3) of the elements of £ one infers that

Xp(Ag1a) = eP a1 = Mard = v (a).

Thus, one has obtained that
AXP = XAApa
which provides the orbit of y, in T(4)* under the action of SL(2, C).

In order to study the little groups, let us still introduce six different types of orbits of M. The subsets are
generated by orbits under the action of .[i. For any fixed M > 0, set

1) 0}, :={peM|p-p=M*and p°’ >0},

2) 0y, :={peM|p-p=M?*and p°’ <0},

3) Om:={peM|p-p=-M?*,

4) Of :={peM|p-p=0and p’ > 0},

5) 0, :={peM|p-p=0and p° <0},

6) 09 :={0}.

Some of these orbits are represented in Figure 5.9, with the first two components shown.

It is then possible to determine the little group corresponding to any point on these orbits. As mentioned in
Lemma 1.4.4, the stabilizers are isomorphic along the orbits, which means that there are only six little groups
which have to be studied. We summarize the results in an exercise.

Exercise 5.5.1. Show that the following subgroups of SL(2, C) are isomorphic to the stabilizers for any point
in the mentioned orbit. Note that it is enough to study one specific point of each orbit.

1) 0%, and 03, : SU(2),
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Figure 5.9: Various orbits of M under the action of 7)1, with (p, p!) represented only.

2) OiM : SL(Z, R),

E:1'(9/2 e_i9/2(§+ i77)

3) O} and O : {( 0 emif)2 ) |6 €[0,4n),£ eR,n € R}, which is isomorphic to a double cover of

E(2) and is denoted by E(2),
4) 09 : SL(2,C).

Based on the representations of these little groups, it will be possible to obtain representations of @1. Indeed,
a refined version of Theorem 5.4.5 also applies in this framework, which means that representations of @1
can be obtained by irreducible representations of 7'(4) and representations of the corresponding little group.
In fact, the only orbits in Figure 5.9 which are physically interesting are O}, and O, since free particles with
imaginary masses or with negative energy are not known. We do not construct explicitly the representations,
but discuss their indexation.

Forany M > 0 and any p € O},, the corresponding little group is isomorphic to SU(2). As sketched in Exercise
3.4.6 and in Proposition 4.4.3, irreducible representations of SU(2) can be indexed by j € {0, %, 1, %, ...}, and
they take place in spaces of dimension 2 j+1. Thus unitary irreducible representations of 731 can be constructed
for any M > 0 and for each index j € %N. We say that these representations are associated with a quantum

particle of mass M > 0 and of spin j.

Similarly for any p € O, the irreducible representation of £(2) can be studied. These representations are
of two types, but so far only one type has been used in physics. These specific representations are indexed
by s € %Z. Thus, the corresponding unitary irreducible representations of 731 are index by s € %Z, and this
number is called the helicity of the particle of mass M = 0. The absolute value of s is again called the spin of
the particle.

As already mentioned, other representations of @1 can be introduced either with other orbits in M, or with other
representations of £(2). They are nice mathematical constructions, but have no physical interpretation yet.
However, observe that we have only indexed the representations, but not given explicit expressions, similar to
the construction of the space W introduced in (5.4.1) and of the representation U introduced in (5.4.2). In
the present situation, the space ‘W would be an infinite dimensional Hilbert space, and their construction can
be found in several textbooks.
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Since 7)1 is the identity component of £, let us add some information on its Lie algebra. First of all, it is
simpler to recast £ in a matrix format. For this, we use an idea coming from the affine group and write any
element (b, A) of P in the form of a 5 X 5 matrix

0 0 0 0
1 Al1 A1 A13 bl
e N Ry R Rl
b3

0 0 0 0 1

Then, the product introduced in (1.5.5) corresponds simply to the product of matrices. Let us emphasize that
this representation of # with 5 X 5 matrices is a faithful representation.

Based on this representation of £, it can be shown that its Lie algebra L has dimension d = 10 and rank dy = 2.
Several bases for L can be defined, and they also consist in families of 5 X 5 matrices. The commutation rela-
tions for these matrices can be computed as well as the structure coeflicients cﬁk, see Section 3.3. According
to Remark 5.1.1, there exist also two Casimir operators which can be expressed in terms of the elements of
L. These operators can be computed explicitly (in terms of the so called Pauli-Lubanski vector) and their
values in any irreducible representation can be evaluated. It turns out that for the representation indexed by
(M, j) € (0,00) X %N, these operators take the values M? and —M? j(j + 1). For a representation indexed by
(0, s) € {0} x %Z, these operators take the values 0 and s. A posteriori, these values confirm the correctness of

the indexation for the irreducible representations of Pl constructed so far.

Let us conclude this section with a few information about the representations of the full group #, and not
only 731 or 731. Since L is made of four connected components, the group P also possesses four connected
components, denoted respectively by Pl, P, Pﬁ, and P*. The elements of P! can be obtained by the
factorization (b, A)(0, IT) with II the parity operator acting as I(x%, x!', x2, %) = (xo, —x', —x%,—x3) and (b, A)
an arbitrary element of Pl. Similarly, the elements of P! can be obtained by the factorization (b, A)(0, ®)
with @ the time reversal operator acting as O, x!, X2, x3) = (=29, x1, x%, x3). Finally, the elements of Pfr can
be obtained by the factorization (b, A)(0, 7)) with I the total inversion operator acting as J' (9, X', 2 %) =

(—xo, —x!, —x2, —x3).

Mo O O o
O pm T Gln

O om0
Q ot P Tl
o a 0 Plp

Figure 5.10: The Dihedral group D;.

Thus, in order to describe a representation of %, it is necessary and sufficient to describe the representation of
Pl together with the representation of the operators I1, ®, and 7. In fact, it can be checked that # is isomorphic
to the semi-direct product of 7’1 with the group containing the four elements (0, 1), (0, IT), (0, ®), and (0, 1).
This group corresponds to the dihedral group D,, with composition table shown in Figure 5.10, once the
identification e := (0, 1), a := (0,1I1), b := (0,0®), and ¢ := (0, 1), is taken into account. The relations between
these four elements impose some restrictions on their possible representations. It turns out the representation
theory of % is rich and interesting, and deserves to be further studied. The theory has applications in quantum
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mechanics, in quantum field theory, in chemistry, and in several other research fields. What about applications
in your domain of interest ?
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Abelian group, 2 Dihedral group, 7
Adjoint, 12 Dimension of a representation, 13
Adjoint representation, 39 Direct product, 6
Affine group, 32 Dual group, 57
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Basis, 27 E(n), 9
Bounded linear operator, 12 Endomorphism, 5
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Campbell-Baker-Hausdorff formula, 35 Equivalence relation, 3
Cartan subalgebra, 41 Equivalent representations, 14
Cartan’s theorem, 32 Euclidean group, 9
Casimir operator, 52
Cauchy sequence, 12 Factor group, 5
Center, 5 Faithful representation, 13
Center Lie algebra, 38 Finite group, 2
G| 61103

ge GL(n,R), 3

Classification theorem, 54
Clebsch-Gordan coefficients, 21
Closed set, 26

Closed subgroup theorem, 32

Group, 2
Group cohomology, 24
Group of symmetries, 23

Closed subspace, 14 Haar measure, 28

Cocycle (2-cocycle), 24 Hausdorft space, 26

Commutative group, 2 Helicity, 60

Compact Lie group, 28 Hermitian, 13

Compact set, 28 Hilbert space, 11

Compact topological space, 28 Homeomorphic, 27

Complementary subspace, 14 Homeomorphism, 27

Complete reducibility, 15 Homomorphism, 5

Complex vector space, 11 Hypercharge, 53

Complexification, 37

Conjugacy class, 4 Ideal, 38

Connected, 30 Identity component, 31

Continuous map, 27 Identity element, 2
Induced representation, 56

Decomposable representation, 15 Inner semi-direct product, 7
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Invariant Lie subalgebra, 38
Invariant subgroup, 4
Invariant subspace, 15
Inverse, 2

Invertible operator, 13
Irreducible representation, 15
Isomorphism, 5

Isospin, 53

Killing form, 40

Left coset, 5
Lexicographic order, 44
Lie algebra, 31

Lie bracket, 31

Lie group, 28

Lie subalgebra, 38

Linear group, 3

Linear Lie group, 32
Linear map, 11

Linear representation, 13
Little group, 57

Local chart, 27

Local coordinate system, 27
Local homeomorphism, 27
Lorentz group, 10
Lowering operator, 45

Matrix Lie group, 32
Meson, 53

Minimal subspace, 15
Minkowski space, 10
Modular function, 29
Multiplicity of weight, 45

Neighborhood, 26
Norm, 12
Normal subgroup, 4

On), 3

Open set, 26

Orbit, 8

Orthogonal complement, 14
Outer semi-direct product, 7

Partition, 9
Path-connected, 30
Poincaré group, 10, 58

Positive operator, 13
Positive root, 43

Projective Hilbert space, 22
Projective rays, 22
Projective representation, 24
Proper subgroup, 3

Proper subspace, 15

Pure states, 22

Quark, 52
Quotient group, 5

R(n), 8

Raising operator, 45

Rank, 41

Rays, 22

Real form, 37

Reducible representation, 15
Reflexivity, 3

Regular representation, 19
Representation, 13
Representation of Lie algebra, 35
Representation of Poincaré group, 58
Representation of SU(3), 49
Restricted Lorentz group, 58
Right coset, 5

Root, 42

Rotation group, 8

Scalar product, 8

Schwarz inequality, 12
Second countable, 27
Self-adjoint operator, 13
Semi-simple group, 4
Semi-simple Lie algebra, 39
Separable, 11

Similarity transformation, 14
Simple group, 4

Simple Lie algebra, 39
Simple Lie group, 39
Simple root, 44

Simply connected, 30
SL(n,C), 3

SL(n,R), 3

Smooth manifold, 28
SO(n), 3

Spin, 60
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Stabilizer, 8

Standard basis, 43

Strongly continuous representation, 29
Structure coefficients, 31

SuU(@3), 49

SU(), 3

Subgroup, 3

Subspace, 14

Subspace topology, 27

Symmetry, 3, 23

T(n), 8

Tangent space, 33

Tensor product of Hilbert spaces, 20
Tensor product representation, 21
Topological manifold, 27
Topological space, 26
Transformation group, 8
Transition function, 28
Transition probability, 22
Transitivity, 4

Translation group, 8

Triangle inequality, 12

Trivial representation, 13

Trivial subgroup, 3

U), 3

Uncoupled basis, 21

Uniformly continuous representation, 29
Unitary equivalence, 14

Unitary operator, 13

Unitary representation, 13

Universal cover, 25

Universal covering group, 25

Weakly continuous representation, 29
Weight, 45
Weight vector, 45
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