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Chapter 1

Some intuitive notions of groups.

In this chapter we will discuss the definition and the properties of a group. As an
example we will study the symmetric groups Sy, of permutations of n objects.

1.1 What is a group?

For our purpose it is sufficient to consider a group G as a set of operations, i.e.:

G:{glug%'“?gp}' (11)

Each element g; (i = 1,---,p) of the group G ( 1.1) represents an operation. Groups
can be finite as well as infinite. The number of elements of a finite group is called
the order p of the group.

As an example let us study the group S3 of permutations of three objects. Let us
define as objects the letters A, B and C. With those objects one can form ”three-
letter” words, like ABC and C'AB (six possibilities). We define the operation of an
element of S3 on a "three-letter” word, by a reshuffling of the order of the letters in
a word, i.e.:

g;(word) = another (or the same) word. (1.2)

Let us denote the elements of S3 in such a way that from the notation it is
immediatly clear how it operates on a ”three-letter” word, i.e. by:

g1 = [123] = Ia g2 = [231]7 gs = [312]7
9= (132, g5 =[213], and g, = [321].

Table 1.1: The elements of the permutation group Ss.

Then, we might define the action of the elements of the group S5 by:

the 15U letter remains in the 15 position
123](ABC) = the 214 Jetter remains in the 224 position = ABC
[ p

the 34 letter remains in the 3'4 position

1



the 28 Jetter moves to the 15¢ position
[231](ABC) = the 34 letter moves to the 20d position = BCA
the 15¢ letter moves to the 314 position

the 34 letter moves to the 15¢ position

[312](ABC) = the 15t letter moves to the 20d position =CAB
the 28 letter moves to the 3'd position

the 150 letter remains in the 15t position
[132](ABC) = the 3" letter moves to the 214 position = ACB
the 28 letter moves to the 3'd position

the 28 letter moves to the 15¢ position
[213](ABC) = the 15¢ letter moves to the 204 position = BAC

the 34 letter remains in the 314 position

the 3'4 letter moves to the 15t position
[321](ABC) = the 2 Jetter remains in the 214 position = (CBA
the 15t letter moves to the 314 position
(1.3)

In equations ( 1.3) a definition is given for the operation of the group elements of
table ( 1.1) at page 1 of the permutation group S3. But a group is not only a set of
operations. A group must also be endowed with a suitable definition of a product.
In the case of the example of S5 such a product might be chosen as follows:

First one observes that the repeated operation of two group elements on a ”three-
letter” word results again in a ”three-letter” word, for example:

[213] ([312](ABC)) = [213)(CAB) = ACB. (1.4)

Then one notices that such repeated operation is equal to one of the other oper-
ations of the group; in the case of the above example ( 1.4) one finds:

[213] ([312](ABC)) = ACB = [132](ABC). (1.5)

In agreement with the definition of the product function in Analysis for repeated
actions of operations on the ”variable” ABC, we define here for the product of group
operations the following:

([213] 0 [312]) (ABC') = [213] ([312](ABC()). (1.6)

From this definition and the relation ( 1.5) one might deduce for the product of
[213] and [312] the result:

[213] [312] = [132]. (1.7)

Notice that, in the final notation of formula ( 1.7) for the product of two group
elements, we dropped the symbol o, which is used in formula ( 1.6). The product of
group elements must, in general, be defined such, that the product of two elements
of the group is itself also an element of the group.
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The products between all elements of S3 are collected in table (1.2) below. Such
table is called the multiplication table of the group. It contains all information on
the structure of the group; in the case of table ( 1.2), of the group Ss.

Sy || v T [231] [312] [132] [213] [321]

a ab

I I [231] [312] [132] [213] [321]
[231] [231] [312] I [321] [132] [213]
[312] [312] I [231] [213] [321] [132]
[132] [132] [213] [321] I [231] [312]
[213] [213] [321] [132] [312] I [231]
[321] [321] [132] [213] [231] [312] I

Table 1.2: The multiplication table of the group Ss.

The product which is defined for a group must have the following properties:

1. The product must be associative, i.e.:

(9i97) 91 = 9i (9;91) - (1.8)
2. There must exist an identity operation, I. For example the identity operation

for S is defined by:
I =1123] i.e.: I(ABC)= ABC. (1.9)
3. Each element g of the group G must have its inverse operation g~!, such that:

1

99 ' =g lg=1 (1.10)

From the multiplication table we find for S5 the following results for the inverses of
its elements:

I''=1, [231]7'=[312] , [312]7'=[231] ,
[132]7t =[132] , [213]7' =[213] , [321]' =[321] .

Notice that some group elements are their own inverse. Notice also that the group
product is in general not commutative. For example:

[312][132] = [213] # [321] = [132][312].

A group for which the group product is commutative is called an Abelian group.
Notice moreover from table ( 1.2) that in each row and in each column appear
once all elements of the group. This is a quite reasonable result, since:

if ab=ac , then consequently b=a lac=rc .



1.2 The cyclic notation for permutation groups.

A different way of denoting the elements of a permutation group Sp, is by means of
cycles (e.g. (ijk---1)(m)). In a cycle each object is followed by its image, and the
image of the last object of a cycle is given by the first object, i.e.:

T = g
j — k
k — o

for the numbers 7,7, k,...[

(ijk -~ 1)(m) = : all different. (1.11)
— 1

I — 1
m — m

For example, the cyclic notation of the elements of Sj is given by:

1 — 1

[123] = 2 = 2 = (1)(2)(3)
3 — 3
2 = 1

[231] = { 3 = 2 } = (132) = (321) = (213)
1 — 3
3 — 1

[312] = { 1 — 2 } = (123) = (231) = (312)
2 = 3
1 —» 1

[132] = { 3 — 2 } = (1)(23) = (23) = (32)
2 = 3
2 = 1

[213] = { 1 - 2 } = (12)(3) = (12) = (21)
3 = 3
3 — 1

[321] = { 2 = 2 = (13)(2) = (13) = (31)
1 — 3

(1.12)

As the length of a cycle one might define the amount of numbers which appear
in between its brackets. Cycles of length 2, like (12), (13) and (23), are called
transpositions. A cycle of length [ is called an [-cycle.

Notice that cycles of length 1 may be omitted, since it is understood that positions
in the "n-letter” words, which are not mentioned in the cyclic notation of an element
of Sp,, are not touched by the operation of that element on those words. This leads,
however, to some ambiguity in responding to the questions as to which group a
certain group element belongs. For example, in Sg the meaning of the group element
(23) is explicitly given by:

(23) = (1)(23)(4)(5)(6)-



In terms of the cyclic notation, the multiplication table of S5 is given in table

( 1.3) below.

Sy || b I (132) (123) (23) (12) (13)

a ab

I I (132) (123) (23) (12) (13)
(132) (132) (123) 1 (13)  (23) (12)
(123) (123) I (132) (12) (13) (23)
(23) (23)  (12) (13) I (132) (123)
(12) (12)  (13) (23) (123) I (132
(13) (13)  (23) (12) (132) (123) 1

Table 1.3: The multiplication table of S3 in the cyclic notation.

As the order q of an element of a finite group one defines the number of times it
has to be multiplied with itself in order to obtain the identity operator. In table
( 1.4) is collected the order of each element of S;. One might notice from that
table that the order of an element of the permutation group S3 (and of any other
permutation group) equals the length of its cyclic representation.

element (g) || order (q) | g4
I 1 I
(132) 3| (132)(132)(132) = (132)(123) = I
(123) 3| (123)(123)(123) = (123)(132) = I
(23) 2 (23)(23) = I
(12) 2 (12)(12) = I
(13) 2 (13)(13) = I

Table 1.4: The order of the elements of S3.

Let us study the product of elements of permutation groups in the cyclic notation,
in a bit more detail. First we notice for elements of S3 the following:

(12)(23) = {

Ll ddd
R A AN

(123)(31) = {

} .
} — (23)

(1.13)

t.e. In multiplying a cycle by a transposition, one can add or take out a number
from the cycle, depending on whether it is multiplied from the left or from the right.
In the first line of ( 1.13) the number 1 is added to the cycle (23) by multiplying
it by (12) from the left. In the second line the number 1 is taken out of the cycle
(123) by multiplying it from the right by (13).
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These results for S3 can be generalized to any permutation group Sy, as follows:

For the numbers iy, is, ..., 7} all different:
11— 11 —
9 — i3 — i3
(i1 i2)(in « - if) = 13 — 1y — U4 = (iy 4y -+ iy,
Zk = 1y — 1
11— 11 —
9 — 19 — i3
(i1 12 13)(ig -+ ip,) = i3 = g > iy = (i iy -~ i1
Zk — 13 — 1
etc (1.14)
11 — Zk/, — 1
9 — 19 — ’i3
and 1 (iy -+ ip)(ip, i1) = 13 — 13 — iy = (ip -+~ iy,
’Lk — 11 = 19
11 — Zk/, — 1
9 — 11 — i
(iy -+ ig) (i iz 01) = 13 — 13 — 4 = (i3 -+ iy,
’Lk — 19 — 13
etc (1.15)

From the above procedures ( 1.14) and ( 1.15) one might conclude that starting
with only its transpositions, i.e. (12), (13), ..., (1In), (23), ..., (2n), ..., (n — 1, n),
it is possible, using group multiplication, to construct all other group elements of
the group Sy, by adding numbers to the cycles, removing and interchanging them.
However, the same can be achieved with a more restricted set of transpositions, i.e.:

{(12), (23), (34),...,(n — 1,n)}. (1.16)

For example, one can construct the other elements of S3 starting with the transpo-
sitions (12) and (23), as follows:

I=(12)(12), (132) =(23)(12), (123) = (12)(23) and (13) = (12)(23)(12) .

This way one obtains all elements of S35 starting out with two transpositions and
using the product operation which is defined on the group.
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For S; we may restrict ourselves to demonstrating the construction of the re-
maining transpositions, starting from the set {(12), (23), (34)}, because all other
group elements can readily be obtained using repeatingly the procedures ( 1.14) and
( 1.15). The result is shown below:

(13) = (12)(23)(12) ,
(14) = (12)(23)(12)(34)(12)(23)(12) and
(24) = (23)(12)(34)(12)(23) .

For other permutation groups the procedure is similar as here outlined for S3 and
54.

There exist, however, more interesting properties of cycles: The product of all
elements of the set of transpositions shown in ( 1.16), yields the following group
element of Sp:

(12)(23)(34) - - (n — 1,n) = (123---n) .

It can be shown that the complete permutation group Sy, can be generated by the
following two elements:

(12) and (123---n). (1.17)

We will show this below for S;. Now, since we know already that it is possible to
construct this permutation group starting with the set {(12), (23), (34)}, we only
must demonstrate the construction of the group elements (23) and (34) using the
generator set {(12), (1234)}, i.e.:

(23) = (12)(1234)(12)(1234)(1234)(12)(1234)(1234)(12) and
(34) = (12)(1234)(1234)(12)(1234)(1234)(12) .

Similarly, one can achieve comparable results for any symmetric group Sy,.



1.3 Partitions and Young diagrams

The cyclic structure of a group element of Sy, can be represented by a partition of
n. A partition of n is a set of positive integer numbers:

[n1, ng, -+, ngl (1.18)

with the following properties:
ny>mng>---2ng , and ny+ng+---+np=n.

Such partitions are very often visualized by means of Young diagrams as shown
below.

A way of representing a partition [ny, ng, ---, ngl, is by I
means of a Young diagram, which is a figure of n boxes N2
arranged in horizontal rows: n; boxes in the upper row, ns :
boxes in the second row, ---, n;. boxes in the k-th and last ng
row, as shown in the figure.

Let us assume that a group element of Sy, consists of a ni-cycle, followed by a
no-cycle, followed by ..., followed by a nj.-cycle. And let us moreover assume that
those cycles are ordered according to their lengths, such that the largest cycle (n)
comes first and the smallest cycle (n;.) last. In that case is the cyclic structure of
this particular group element represented by the partition ( 1.18) or, alternatively,
by the above Young diagram. In table ( 1.5) are represented the partitions and
Young diagrams for the several cyclic structures of Sj.

Cyclic notation H partition ‘ Young diagram

1)) 19)=[111 ]

(132) (123) 3] mmm

(1)(23) (13)(2) (12)(3) 21] En

Table 1.5: The representation by partitions and Young diagrams of the cyclic struc-
tures of the permutation group Ss.



1.4 Subgroups and cosets

It might be noticed from the multiplication table ( 1.3) at page 5 of S3, that if one
restricts oneself to the first three rows and columns of the table, then one finds the
group Az of symmetric permutations of three objects. In table ( 1.6) those lines and
columns are collected.

A; || b I (132) (123)

a ab

I I (132) (123)
(132) (132) (123) I
(123) (123) I (132)

Table 1.6: The multiplication table of the group Az of symmetric permutations of
three objects.

Notice that A3 = {I, (231) (321)} satisfies all conditions for a group: existence of
a product, existence of an identity operator, associativity and the existence of the
inverse of each group element. Aj is called a subgroup of Ss.

Other subgroups of S5 are the following sets of operations:

{I, (12)}, {I, (23)}, and {I, (13)}. (1.19)

A coset of a group G with respect to a subgroup S is a set of elements of G which
is obtained by multiplying one element g of G with all elements of the subgroup S.
There are left- and right cosets, given by:

gS represents a left coset and Sg a right coset. (1.20)

In order to find the right cosets of S3 with respect to the subgroup As, we only
have to study the first three lines of the multiplication table ( 1.3) at page 5 of Ss.
Those lines are for our convenience collected in table ( 1.7) below.

As || b I (132) (123) (23) (12) (13)

a ab

I I (132) (123) (23) (12) (13)
(132) (132) (123) I (13) (23) (12)
(123) (123) I (132) (12) (13) (23)

Table 1.7: The right cosets of S3 with respect to its subgroup As.

Each column of the table forms a right coset Asg of S5. We find from table ( 1.7)
two different types of cosets, i.e.: {I,(132),(123)} and {(23),(12),(13)}. Notice
that no group element is contained in both types of cosets and also that each group
element of S3 appears at least in one of the cosets of table ( 1.7).

This is valid for any group:



1. Either Sg; = ng, or no group element in Sg; coincides with a group element
of S g ]

This may be understood as follows: Let the subgroup S of the group G be given

by the set of elements {g1, g2, ..., g.}. Then we know that for a group element
go of the subgroup S the operator products giga, 929c; - - -» gp9a are elements of
S too. Moreover we know that in the set {gi19a, 929, - -+, 9p.9a} each element of

S appears once and only once. So, the subgroup S might alternatively be given
by this latter set of elements. Now, if for two group elements go and 93 of the
subgroup S and two elements g; and 9; of the group G one has gag; = 9895 then
also g1909; = 919895, 92909; = 929395 - - 9k9agi = 9p939;- Consequently, the
two cosets are equal, i.e.

{91909;: 920095, - - 9x909;} = {91959 92939 -+ 9k989i}
or equivalently Sg; = S 95-

2. Each group element g appears at least in one coset. This is not surprising,
since I belongs always to the subgroup S and thus comes g = Ig at least in the
coset Sg.

3. The number of elements in each coset is equal to the order of the subgroup S.

As a consequence of the above properties for cosets, one might deduce that the
number of elements of a subgroup S is always an integer fraction of the number of
elements of the group G, i.e.:

order of G
order of S

A subgroup S is called normal or invariant, if for all elements ¢ in the group G
the following holds:

= positive integer. (1.21)

g 'Sg=S5. (1.22)

One might check that Az is an invariant subgroup of Ss.
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1.5 Equivalence classes

Two elements a and b of a group G are said to be equivalent, when there exists a
third element g of GG such that:

b=glag. (1.23)
This definition of equivalence has the following properties:

1. Each group element g of G is equivalent to itself, according to:

g=Ig=g'gg. (1.24)

2. If a is equivalent to b and a is also equivalent to ¢, then b and ¢ are equivalent,
because according to the definition of equivalence ( 1.23) there must exist group
elements g and h of GG such that:

c=h"tah = h"tg bgh = (gh)"'b(gh) , (1.25)

and because the product gh must represent an element of the group G.
Because of the above properties ( 1.24) and ( 1.25), a group G can be subdivided
into sets of equivalent group elements, the so-called equivalence classes.

Sy || b I (132) (123) (23) (12) (13)

a b~ tab

I I I I I I I
(132) (132) (132) (132) (123) (123) (123)
(123) (123) (123) (123) (132) (132) (132)
(23) (23)  (13)  (12) (23) (13) (12)
(12) (12)  (23) (13) (13) (12) (23)
(13) (13)  (12) (23) (12) (23) (13)

Table 1.8: The equivalence operation for all elements of the group Sj.

In table ( 1.8) we have constructed all possible group elements g~ 'ag which are
equivalent to group element a of the group S5. Every horizontal line in that table
contains the group elements of one equivalence class of Sj.

Notice from table ( 1.8) that group elements which have the same cyclic structure
are in the same equivalence class of S3. Whereas, group elements with different
cyclic structures are in different equivalence classes of Ss.

In table ( 1.5) at page 8 are separated the group elements of S3 which belong to
different equivalence classes, as well as the representation of their cyclic structure
by partitions and Young diagrams. From that table it might be clear that for
S3 and similarly for the other permutation groups, the equivalence classes can be
represented by partitions and Young diagrams.

11



As an example of an other permutation group, we collect in table ( 1.9) the
equivalence classes and their representations by partitions and Young diagrams of

the group Sy.

Equivalence class

H partition ‘ Young diagram

(1)(2)(3)(4) [1111] E
B0 (1900 (150) oy | B
(12)(34) (13)(24) (14)(23) 29] s
o wne e ame | P | F
i) (4z) (432 0 | o

Table 1.9: The equivalence classes and their representation by partitions and Young

diagrams of the permutation group Sj.

12



Chapter 2

Representations of finite groups.

In this chapter we will discuss the definition and the properties of matrix represen-
tations of finite groups.

2.1 What is a matrix representation of a group?

An n-dimensional matrix representation of a group element g of the group G, is
given by a transformation D(g) of an n-dimensional (complex) vector space Vp, into
itself, i.e.:

D(g) : Vi — Vp. (2.1)

The matrix for D(g) is known, once the transformation of the basis vectors é;
(t=1,---,n) of Vi is specified.
2.2 The word-representation D) of S;.

Instead of the ”three-letter” words introduced in section (1.1), we represent those
words here by vectors of a three-dimensional vector space, i.e.:

A 1 0 0
ABC = | B |=A|lo0 |+B|1|+C]|o0|. (2.2)
C 0 0 1

Moreover, the operations ( 1.12) are ”translated” into vector transformations. For
example, the operation of (12) on a ”three-letter” word, given in ( 1.3), is here
translated into the transformation:

A B
pWay| B |=| 4 |. (2.3)
C C

Then, assuming arbitrary (complex) values for A, B and C, the transformations

D<w)(g) can be represented by matrices. In the above example one finds:
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010
pWa2y=[10 0. (2.4)
00 1

Similarly, one can represent the other operations of S3 by matrices D(w)(g). In
table ( 2.1) below, the result is summarized.

g DW)(g) g DW)(g) g DW)(g)
100 010 00 1
I 010 132) || 0 0 1 (123) 100
00 1 100 010
100 010 00 1
23)| [0 0 1 (12) 10 (13) 010
010 00 1 100

Table 2.1: The word-representation DW) of Ss.

The structure of a matrix representation D of a group G reflects the structure
of the group, i.e. the group product is preserved by the matrix representation.
Consequently, we have for any two group elements a and b of GG the following property
of their matrix representations D(a) and D(b):

D(a)D(b) = D(ab). (2.5)

For example, for D(W) of Ss, using table ( 2.1) for the word-representation and
multiplication table ( 1.3) at page 5, we find for the group elements (12) and (23):

010\/100
p@a2)p@(23) = [ 100 || 0 01
0oo0o1/\o1o
00 1
— (100
010
— pW)((123)) = D) ((12)(23)). (2.6)

Notice from table ( 2.1) that all group elements of S5 are represented by a different
matrix. A representation with that property is called a faithful representation.

Notice also from table ( 2.1) that I is represented by the unit matrix. This is
always the case, for any representation.
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2.3 The regular representation.

In the regular representation D) of a finite group G, the matrix which represents
a group element ¢ is defined in close analogy with the product operation of g on
all elements of the group. The dimension of the vector space is in the case of the
regular representation equal to the order p of the group G. The elements é; of the
orthonormal basis {€1,- -, ép} of the vector space are somehow related to the group
elements g; of G.

The operation of the matrix which represents the transformation D<T)(gk) on a

basis vector éj is defined as follows:

p
j= 2 0(9k9j9i)éi (2.7)

1 =1

Dm@M

>

where the ”"Kronecker delta function” is here defined by:

Lt g5 =g
(9195, 9i) =
0 if grg; 7 9

Let us study the regular representation for the group S3. Its dimension is equal
to the order of S3, i.e. equal to 6. So, each element g of Sj is represented by a 6 x 6
matrix D(T)(g).

For the numbering of the group elements we take the one given in table ( 1.1) at
page 1.

As an explicit example, let us construct the matrix D<T)(g3 = (123)). From the
multiplication table ( 1.2) at page 3 we have the following results:

9391 =93 , 9392 =4g1 , G393 = g2 ,
9394 =95 , 9395 =G , 93ge = g4 .

Using these results and formula ( 2.7), we find for the orthonormal basis vectors
¢; of the six-dimensional vector space, the set of transformations:

p(r) (g3)e1 = é3
p(r) (g3)é2 = &
p(r) (g3)é3 = é
p(r) (93)és = &5
p(r) (93)é5 = &6
D) (g)es = eu. (2.8)

Consequently, the matrix which belongs to this set of transformations, is given

by:
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01 00O0O
0010060
1 00000
0001060
00 0O0T1FO0

The other matrices can be determined in a similar way. The resulting regular
representation D7) of Ss is shown in table ( 2.2) below.

(23)

SO O OO
O O o+~ O
SO = O O OO
_ o O O o o
OO OO O
SO = O O OO
o OO o O
S OO~ OO

(132) (12)

(el eoleoll ™)
OO o~ OO
(el oloNoll S
_ o O O o o
OO = O OO
o= O O OO
o= O O OO
_ o O O o O
OO = O OO
SO o~ OO
S OO OO
(leleloll S ™)

(123) (13)

Do o~ OO
(el olNoNoll S
(e eoNoll ™)
O = OO OO
_ o O O o o
SO = O OO
_ o OO oo
SO = O OO
SO = O O OO
OO OO
SO o~ OO
SO OO O

Table 2.2: The regular representation D) of Ss.

Notice from table ( 2.2) that, as in the previous case, each group element of S3
is represented by a different matrix. The regular representation is thus a faithful
representation.

From formula ( 2.7) one might deduce the following general equation for the matrix
elements of the regular representation of a group:

[D(r)(gk)hj = 599595 (2.10)
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2.4 The symmetry group of the triangle.

In this section we study those transformations of the 2-dimensional plane into itself,
which leave invariant the equilateral triangle shown in figure ( 2.1).

Y Y
é2 A 1/2
/ / V3/2
\ 7 and <1> =é1 -
\ 0 1/2
(2)

(a) (b)

Figure 2.1: The equilateral triangle in the plane. The centre of the triangle (a) coin-
cides with the origin of the coordinate system. In (b) are indicated the coordinates
of the corners of the triangle and the unit vectors in the plane.

A rotation, R, of 120° of the plane maps the triangle into itself, but maps the
unit vectors é; and é, into €] and €, as is shown in figure ( 2.2).

From the coordinates of the transformed unit vectors, one can deduce the matrix
for this rotation, which is given by:

—1/2 —/3/2
R= : (2.11)
V3/2  —1/2

Twice this rotation (i.e. R?) also maps the triangle into itself. The matrix for
that operation is given by:

—1/2  /3/2
R? = : (2.12)
—/3/2 —1/2
Three times (i.e. R?) leads to the identity operation, I.
Reflection, P, around the x-axis also maps the triangle into itself. In that case

the unit vector é; maps into é; and é; maps into —é;. So, the matrix for reflection
around the z-axis is given by:

P = . (2.13)



Al

N

Al

N

(a) (b)

Figure 2.2: The effect of a rotation of 120° of the plane: In (a) the transformed
triangle is shown. In (b) are indicated the transformed unit vectors.

The other possible invariance operations for the triangle of figure ( 2.1) at page
17 are given by:

—1/2  —/3/2 —1/2 V3/2
PR = and PR = : (2.14)
—V/3/2  1/2 Vv3/2  1/2

This way we obtain the six invariance operations for the triangle, i.e.:

{I, R, R% P, PR, PR2} . (2.15)

Now, let us indicate the corners of the triangle of figure ( 2.1) at page 17 by the
letters A, B and C, as indicated in figure ( 2.3) below.

A

Figure 2.3: The position of the corners A, B and C' of the triangle.

Then, the invariance operations ( 2.15) might be considered as rearrangements of
the three letters A, B and C.
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For example, with respect to the positions of the corners, the rotation R defined
in formula ( 2.11) is represented by the rearrangement of the three letters A, B and
C' which is shown in figure ( 2.4).

ABC BCA

Figure 2.4: The position of the corners A, B and C of the triangle after a rotation
of 120°.

We notice, that with respect to the order of the letters A, B and C, a rotation of
120° has the same effect as the operation (132) of the permutation group S3 (compare
formula 1.3). Consequently, one may view the matrix R of equation ( 2.11) as a
two-dimensional representation of the group element (132) of Ss.

Similarly, one can compare the other group elements of S3 with the above trans-
formations ( 2.15). The resulting two-dimensional representation D of the per-
mutation group Sj is shown in table ( 2.3) below.

g | D (g) | g | D®(g)

I (23)

—1/2 —/3/2 1 0
(132) (12)
V32 —1/2 0 -1

—1/2  V/3)2 —1/2  —/3/2
(123) (13)
—V/3/2 —1/2 —/3/2  1/2

Table 2.3: The two-dimensional representation D of Ss.

Notice that D® is a faithful representation of Ss.
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2.5 One-dimensional and trivial representations.

Every group G has an one-dimensional trivial representation DU for which each
group element g is represented by 1, i.e.:
DW(g)é; = é. (2.16)

This representation satisfies all requirements for a (one-dimensional) matrix rep-
resentation.
For example: if 9i95 = 9k then

DW(g;)DW(g;) = 1-1=1=DW(g;) = DW(g;9;),

in agreement with the requirement formulated in equation ( 2.5).
For the permutation groups Sy, exists yet another one-dimensional representation
D) given by:

D(l/)(g) _ { 1 for even permutations (2.17)

—1 for odd permutations

Other groups might have other (complex) one-dimensional representations. For
example the subgroup Az of even permutations of S3 can be represented by the
following complex numbers:

D(I)=1, D((132)) = e2™/3 and D((123)) = e 271/3 (2.18)

or also by the non-equivalent representation, given by:

D(I)=1, D((132)) = 2™/3 and D((123)) = £270/3 (2.19)
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2.6 Reducible representations.

It might be clear from the preceding sections that the number of representations
of a group is unlimited, even for a finite group like S3. So, the question comes
up whether there exists any order in this jungle of representations. Evidently, the
answer to this question is positive.

Let us first discuss equivalent matrix representations of a group. Consider two

different n-dimensional representations, D(@) and DB >, of the group G. If there
exists a non-singular n x n matrix S, such that for all group elements g yields:

pl)gy =51 pBg) s, (2.20)

then the two representations D@ and D) are said to be equivalent.

For all practical purposes, equivalent representations of a group G are considered
to be the same representation of GG. In fact, the non-singular n x n matrix S
represents a simple basis transformation in the n-dimensional vector space Vp:

Let ¢ and w0 represent two vectors of Vi, such that for the transformation induced
by the representation of the group element g of G, follows:

D) (g) 7 =w. (2.21)
A different choice of basis in Vp, can be represented by a matrix S, for which:
S:é (i=1,---,n) = & (j=1,---,n). (2.22)

At the new basis €} the components of the vectors @ and ' are different. The
relation between the initial and new components may symbolically be written by:

7 — S and @ — SN (2.23)
Inserting the above relations ( 2.23) into the equation ( 2.21), one finds:
DB g)s=w - sDP)(g)s51 7= 5" w. (2.24)

In comparing the result ( 2.24) to the formula ( 2.20), we find that D(O‘)(g) is
just the representation of the group element g of G at the new basis in Vp,.

As an example, let us study the three-dimensional word-representation D(W) of
the permutation group Ss, given in table ( 2.1) at page 14. For the basis transfor-
mation S of ( 2.20) we take the following anti-orthogonal matrix:

1/V3 1/vV6  1/V2
S=1|1/V3 1/v/6 —1/vV2 |. (2.25)

1/v3 —\/2/3 0

The inverse of this basis transformation is given by:
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1/v/3 1/v/3  1/V3
St=1|1/vV6 1/v6 —\/% : (2.26)
1/vV2 —1/v2 0
For each group element g of S5 we determine the representation given by:
plw8)(g) = 57 pW)(g) 5. (2.27)

which is equivalent to the word-representation of S3. The result is collected in table
( 2.4) below.

g s pW(g)s g s pWg)s
100 1 0 0
I 010 (23) 0 —1/2 /3/2
00 1 0 V3/2 1/2
1 0 0 10 0
(132) 0 —1/2 —/3/2 (12) 01 0
0 Vv3/2 —1/2 00 —1
10 0 10 0
(123) 0 —1/2 3/2 (13) 0 —1/2 —V3/2
0 —V/3/2 —1/2 0 —V3/2 1/2

Table 2.4: The three-dimensional representation pwS) — g-1p(w)g of Ss.

From the table ( 2.4) for the three-dimensional representation which is equivalent
to the word-representation of S3 shown in table ( 2.1) at page 14, we observe the
following:

1. For all group elements g of Ss their representation D(wS)(g) = SilD(w)(g)S
has the form:

22



1 0 0
pwS)(gy=s1pW(gps=[0 2x2 |. (2.28)

0 matrix

2. The 2 x 2 submatrices of the matrices D(%5) (9) = S_1D<w>(g)5 shown in
table ( 2.4) are equal to the two-dimensional representations D(®)(g) of the group
elements g of S5 as given in table ( 2.3) at page 19.

As a consequence of the above properties, the 3-dimensional word-representation

p(w) of S5 can be subdivided into two sub-representations of Ss.
In order to show this we take the following orthonormal basis for the three-
dimensional vector space V3 of the word representation:

1/vV3 1/V6 1/v2
a=|1v3 | , ea=| 1/V6 L oe=| —1/V2 | . (2.29)
1/v/3 —\/2/3 0

For this basis, using table ( 2.1) at page 14, we find for all group elements g of
53, that:

pW(g)a=a=DY(g)a. (2.30)

Consequently, at the one-dimensional subspace of V3 which is spanned by the basis
vector @, the word-representation is equal to the trivial representation ( 2.16).

At the two-dimensional subspace spanned by the basis vectors é; and é; of ( 2.29),
one finds for vectors ¢ defined by:

U1
U= Ulél + 'Ugég = s (231)
Vg
that for all group elements g of S5 yields:
U1
D(®)(g)5 = D(g) . (2:32)
o)

For example:

1/V6 1/v2

pW((123))7 = | V6 | +u| —1/v2

O = O
— o O
o O =

—\/2/3 0
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—/2/3 0
= U 1/\/6 + vy 1/\/§

1/v6 —1/v2
1 V3 V3 o1

= (—5’01 + 71)2)(%1 + (——Ul — —’02)62
—1/2 /32 vy
— = D@((123))v . (2.33)

—V/3/2 —1/2 Vg

For the other group elements g of S3 one may verify that D(w)(g) also satisfies
(2.32).

In general, an n-dimensional representation D) of the group G on a complex
vector space Vi, is said to be reducible if there exists a basis transformation S in Vp,
such that for all group elements g of G yields:

D@ 0o o0 - 0
s1p(@)(g)s = L (2.34)
0 0 0 - DB
where D(a), D(b), e D(2) are representations of dimension smaller than n, such
that:
dim(a) + dim(b) + - - - + dim(z) = n. (2.35)

The vector space Vj, can in that case be subdivided into smaller subspaces Vi

(=a, b, ..., z) in each of which D(O‘)(g) is represented by a matrix which has a
dimension smaller than n, for all group elements g of G. If one selects a vector vy

in one of the subspaces Vi, then the transformed vector v, g = D<O‘)(g)17a is also
a vector of the same subspace Vi for any group element g of G.
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2.7 Irreducible representations (Irreps).

An n-dimensional representation D) of a group G which cannot be reduced by
the procedure described in the previous section ( 2.6), is said to be irreducible.

Irreducible representations or irreps are the building blocks of representations.
Other representations can be constructed out of irreps, following the procedure
outlined in the previous section and summarized in formula ( 2.34).

The two-dimensional representation D) of Sy given in table ( 2.3) at page 19
is an example of an irreducible representation of the permutation group S3. Other
examples of irreps of S3 are the trivial representation D) given in equation ( 2.16)
and the one-dimensional representation D(") given in equation ( 2.17).

The one-dimensional representations D) and the ones shown in equations ( 2.18)
and ( 2.19) are irreps of the group As defined in table ( 1.6) at page 9.

If D is an irrep of the group G' = {g1, ..., gp} in the vector space V', then for any
arbitrary vector v in V' the set of vectors {v); = D(¢1)v,...,0n = D(gn)v} may not
form a subspace of V' but must span the whole vector space V.

2.8 Unitary representations.

One may always restrict oneself to unitary representations, since according to the
theorem of Maschke:
Each representation is equivalent to an unitary representation. (2.36)

A representation D is an unitary representation of a group G when all group
elements g of G are represented by unitary matrices D(g). A matrix A is said to be
unitary when its inverse equals its complex conjugated transposed, i.e.:

ATA = AAT = 1. (2.37)

Instead of proving the theorem of Maschke ( 2.36) we just construct an unitary
equivalent representation for an arbitrary representation D of a group G of order p.
First recall the following properties of matrix multiplication:

(AB)' = B'A" and (AB)'=B"'A"". (2.38)

Next, let us study the matrix 7', given by:

p
T= > D'g)D(gp) - (2.39)
k=1

One can easily verify, using ( 2.38), that this matrix is Hermitean, i.e.:
P p
Th= 3 {D"gp)D(gp)}' = > D' gp)Dlgp) =T .

It moreover satisfies the following property (using once more 2.38):

25



b p

D(g))TD(g;) = > D%g;)D"(g.)D(g;.)D(g;) = Y D'(93.9;)D(9}.9;)
k=1 k=1
D
= > Di(gj)D(gj) = T, (2.40)
i=1

where we also used the fact that in multiplying one particular group element g; with
all group elements g;. (k =1,...p), one obtains all group elements 9; only once.
Next, we define a basis transformation S such that:

1. St=9, and 2. S2=T71

S represents a transformation from a basis orthonormal with respect to the scalar
product given by:

8y
<y
S~—

I
M=

- (D(g;)| D(g)7)
j:

to a basis orthonormal with respect to the scalar product given by:
(@) -
With the definition of S the property ( 2.40) can be rewritten by:
DT<g,L')S*2D<gZ') =952,
Multiplying this line from the right by D~*(g;)S and from the left by .S, one obtains:
SDY(g;)S™' = S7'D7(g;)S |
which, using the fact that S is Hermitean and using ( 2.38), finally gives:
(S7'D(g;)8)" = (57" D(g;)8)" .

Leading to the conclusion that the matrix representation S~'DS, equivalent to D,
is unitary.

As a consequence of ( 2.36) and because of the fact that equivalent representations

are considered the "same” representations as discussed in section ( 2.6), we may in
the following restrict ourselves to unitary representations of groups.

One can easily verify that DM, D1 D®) D(w), DWS) and D) are unitary
representations of Ss.
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Chapter 3

The standard irreps of 5),.

In this chapter we will discuss the standard construction of irreps for the symmetric
groups Sp,.

3.1 Standard Young tableaux and their associ-
ated Yamanouchi symbols.

A Young tableau is a Young diagram (see section ( 1.3) at page 8 for the definition
of a Young diagram), of n boxes filled with n numbers in some well specified way.
A standard Young tableau is a Young diagram of m boxes which contains the
numbers 1 to n in such a way that the numbers in each row increase from the left
to the right, and in each column increase from the top to the bottom.
For S5, using the result of table ( 1.5) at page 8, one finds four different possible
standard Young tableaux, i.e.:

, 2 e (13
= = (3.1)

Notice that one Young diagram in general allows for several different standard Young
tableaux.

Each standard tableau can be denoted in a compact and simple way by a Ya-
manouchi symbol, M = My, Ms,---, Mp. This is a row of n numbers M; (i =
1,---,n), where M; is the number of the row in the standard Young tableau, count-

ing from above, in which the number i appears. Below we show the Yamanouchi
symbols corresponding to the standard Young tableaux for S3 given in ( 3.1):

1 in the 15¢ row

2 in the 2nd row M =123 ,
3 in the 3" row
1 in the 15% row
2 in the 15 row M =111 ,

3 in the 15% row
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1]2] 1 in the 15' row
3] 2 in the 15! row M =112 , and

3 in the 224 row

173] 1 in the 15 row
2] 2 in the 28 row » M =121 . (3.2)
3 in the 15¢ row

There exists moreover a certain order in the Yamanouchi symbols for the same
Young diagram: First one orders these symbols with respect to increasing values of
My, then with respect to increasing values of Ms, etc.

Let us, as an example, order the Yamanouchi symbols for the standard Young
tableaux of the partition [u] = [32] of the permutation group Ss. The possible
Yamanouchi symbols, properly ordered, are given by:

11122 | 11212 , 11221 | 12112 and 12121 .

3.2 Hooklength, hookproduct and axial distance.

Other quantities related to Young diagrams, are the hooklength of a box, the
hookproduct and the axial distance between boxes.

As the hook of a certain box j in a Young diagram, one defines a set of boxes
given by the following receipt:

1. The box j itself.
2. All boxes to the right of j in the same row. (3.3)
3. All boxes below j in the same column.

As an example, we show below the hook of the first box in the second row of the
Young diagram belonging to the partition [433] of Sio:

x| K|k
*

As the hooklength of a certain box j in a Young diagram, one defines the number
of boxes in the hook of box j. In the above example one has a hooklength of 4.

The hooktableau of a Young diagram is obtained by placing in each box of the
diagram, the hooklength of this box. For example, the hooktableau of the above
diagram [433] of Sy, is given by:

615
413
312

1]

4
2
1

The hookproduct hlu] of the Young diagram belonging to the partition [u], is the
product of all numbers in its hooktableau. In the above example, [u] = [433] of Sy,
one finds h[433] = 17280.
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For the group S5, one has the following hooktableaux:

371]
’ and 7 :
= (3.4)

The related hookproducts are h[111] = h[3] = 6 and h[21] = 3.

The azial distance p(M;z,y) between two boxes x and y of a standard Young
tableau M (M represents the Yamanouchi symbol of the tableau), is the number of
steps (horizontal and/or vertical) to get from x to y, where steps contribute:

+1 when going down or to the left,
. . (3.5)
—1 when going up or to the right.

Notice that the axial distance does not depend on the path. Below we show as an
example the axial distances for the Young tableaux which belong to the partition
(1] = [21] of the permutation group Ss.

1[2] p(112;1,2) = —p(112;2,1) = —1

Bl M =112 { p(112;1,3) = —p(112;3,1) = +1
p(112;2/3) = —p(112;3,2) = +2

1]3] p(121;1,2) = —p(121;2,1) = +1

2] M =121 ¢ p(121;1,3) = —p(121;3,1) = —1 (3.6)
p(121;2,3) = —p(121;3,2) = —2

3.3 The dimension of irreps for S5,,.

In one of the following chapters we will see that the number of inequivalent irre-
ducible representations for any finite group is equal to the number of equivalence
classes of the group. Since, moreover, the different equivalence classes of Sy can
be represented by Young diagrams, it will not be surprising that also the different
irreps of Sy, can be represented by Young diagrams. The dimension f[u] of an irrep
of Sy, corresponding to a Young diagram [u] (where [u] represents the corresponding
partition of n) can be found from:

f[p] = number of possible standard Young tableaux, (3.7)

or alternatively, from:

n!

=50 (33)
where h[u] represents the hookproduct of the Young diagram [pu].

For S, using formula ( 3.7) in order to count the various possible standard Young
tableaux of a partition (see ( 3.1)), or alternatively, using ( 3.8) for the hookproducts
of the different Young diagrams of S5 (see ( 3.4)), one finds:
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3!
f[111] =1, or alternatively f[111] = i 1,

|
f13] =1, or alternatively f[3] = % =1, and

|
f121] = 2, or alternatively f[21] = % = 2. (3.9)

3.4 Young’s orthogonal form for the irreps of §,,.

In section ( 1.2) we have seen at page 6 that the permutation group Sp can be
generated by the group elements (12) and (12---n) (see formula 1.17), or, alterna-
tively, by the transpositions (12), (23), ..., (n —1,n). Consequently, it is more than
sufficient to determine the matrix representations for the transpositions (12), (23),
..oy (n—1,n) of Sp. The matrix representation of the other elements of Sy can
then be obtained by (repeated) multiplication.

As standard form we will use Young’s orthogonal form. These matrices are real
and unitary and therefore orthogonal.

The irrep [pu] of Sy is defined in an f[u]-dimensional vector space Vel I this

space we choose an orthonormal basis égu] (i=1,---, f[u]), with:
[

To the index ¢ of the basisvector e; - we relate the Yamanouchi symbol M in the
order which has been discussed in section ( 3.1) at page 27. So, alternatively we
may write:

ég"] = ég\’}], (3.11)

where M corresponds to the i-th Yamanouchi symbol which belongs to the partition

1]
For example, for the two-dimensional representation [21] of S5, we have as a basis:

e = &2 ang oY = 6B, (3.12)

(1]

In terms of the basis vectors é A one obtains the Young’s standard form for

the matrix representation D[M]((k,k + 1)) of the transposition (k,k + 1) of the
permutation group Sp, by the following transformation rule:

DIk k1) ell] = (s Mk )T
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where p(M;k + 1, k) represents the axial distance between box k + 1 and & in the
standard Young diagram corresponding to the Yamanouchi symbol M = M --- Mp,.

3.5 The standard irreps of S;.

For the two-dimensional representation [21] of S3, one finds, using relation ( 3.13),
the following;:

DPU((12))éfy = e, and DPU((12))éf5! = —éry). (3.14)
|

So, when we represent the basis vector 611] by the column vector (

(1J ) and the

basis vector é[f;ﬂ by the column vector ( 0

1 ) , then the corresponding matrix is given

by:

DI ((12)) = < é _01 ) (3.15)

For the transposition (23) one finds:

) 1 V3 )
D[zl](<23))€[12112} = D) [12112}4‘7 [12211}7 and D[21]<<23))€[12 26121 - (3 16)

Consequently, the corresponding matrix is given by:

DI2((23)) = ( ;%ﬁ \{%2 ) .

These results might be compared to the matrix representation for the invariance
group of the triangle given in table ( 2.3) at page 19.
As far as the one-dimensional representations are concerned, one finds:

(3.17)

DIM((12))éln” =~y and DIM(23))ely’ = —elyl.  (3.18)
Consequently, [111] corresponds to the irrep D) discussed in formula (2.17).
Also:
DPI(12))é1; = éiy, and DPI((23))ér; = &) (3.19)

So, [3] corresponds to the trivial irrep D) (see equation 2.16).

3.6 The standard irreps of S;.

For the symmetric group Sy we have five different partitions, i.e. [1111], [211], [22],
[31] and [4] (see the table of equivalence classes of Sy, table ( 1.9) at page 12), and
consequently five inequivalent irreducible representations. Let us first collect the
necessary ingredients for the construction of those irreps, i.e. the resulting Young
tableaux, Yamanouchi symbols and relevant axial distances, in the table below.
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partition | Young tableaux | Yamanouchi symbols | axial distances
p(1234;2,1) = —1
[1111] 1234 p(1234;3,2) = —1
p(1234;4,3) = —1
p(1123;2,1) = +1
211] 1123 p(1123;3,2) = —2
p(1123;4,3) = —1
T3) p(1213;2,1) = —1
5 1213 p(1213;3,2) = +2
4] p(1213;4,3) = -3
1) p(1231;2,1) = —1
5 1231 p(1231;3,2) = —1
3] p(1231;4,3) = +3
p(1122;2,1) = +1
[22] 1|2 1122 p(1122;3,2) = —2
314 p(1122;4,3) = +1
p(1212;2,1) = —1
1/3 1212 p(1212;3,2) = 42
2/4 p(1212;4,3) = —1
p(1112;2,1) = +1
[31] 1]2]3] 1112 p(1112;3,2) = +1
4] p(1112;4,3) = —3
p(1121;2,1) = +1
1]2]4] 1121 p(1121;3,2) = —2
3] p(1121;4,3) = +3
p(1211;2,1) = —1
1]3[4] 1211 p(1211;3,2) = +2
2] p(1211;4,3) = +1
p(1111;2,1) = +1
(4] 1111 p(1111;3,2) = +1
p(1111;4,3) = +1

Table 3.1: The Young tableaux, Yamanouchi symbols and axial distances for the
various irreps of Sj.
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Using the results of table ( 3.1) and formula ( 3.13) one obtains the matrices which
are collected in table ( 3.2) below, for the three generator transpositions of Sy.

irrep || [1111] [211] [22] [31] [4]
1 ) 1
sis | el | efill= | 0| (= (g)] b= o] |elh
0 0
0 . 0
~[211 ~[22 ~[31
e[121:)}: 1 [121}2:<1> e[112}1: 1
0 0
0 0
é[1221311] = 0 é[13211}1 = 0
1 1
1 0 0 Lo 10 0
D((12) || -1 0 -1 0 <0 _1> 01 0 +1
0 ~1 00 —1
L1 3
L B L ow 1 0 0
D((23)) || -1 Bl (ﬁf X ) 0 -1 B || 41
0 0 -1 22 0 £ 1
-1 0 0 —1 8 g
1 0
D) | 1 0 1 ¥ (0 _1) N
0 ¥ 1 0 0 1

Table 3.2: Young’s orthogonal form for the irreps of the symmetric group S, for the
three generator transpositions (12), (23) and (34).

For later use we will also determine the matrices for a representant of each of
the equivalence classes of S; which are shown in table ( 1.9) at page 12. The only
member of [1111] is the identity operator I, which is always represented by the unit
matrix. For the equivalence class [211] one might select the transposition (12) as
a representant. Its matrix representations for the five standard irreps are already
shown in table ( 3.2). As a representant of the equivalence class [22] we select the
operation (12)(34). Its matrix representations for the various standard irreps can
be determined, using the property formulated in equation ( 2.5) for representations,
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i.e. D((12)(34)) = D((12))D((34)). The resulting matrices are collected in table
( 3.3). For [31] we select the operation (123) = (12)(23) as a representant. Its
matrix representations follow from D((123)) = D((12))D((23)) using the results of
table ( 3.2). Finally, for the equivalence class [4] we select the operation (1234) =
(12)(23)(34). The resulting matrices are collected in table ( 3.3) below.

irrep D((12)(34)) D((123)) D((1234))
[1111] +1 +1 ~1
_ 1 V3 V3
T AN
[211] 0o i £ 5 L BoL
V8 1
0 —F —3 0 0 1 0o ¥ I
V3 V3
- 1o 4 f S
01 _ V3 1 _ V3 1
2 2 2 2
1 \/g 1 \/g
-1 £ 9 1 0 0 1 B
V8 _1 V3 V2 V3
N N
V3 1
0 0 -1 0 -2 -1 VI R
[4] +1 +1 +1

Table 3.3: Young’s orthogonal form for the irreps of the symmetric group Sy for
representants of the three equivalence classes [22], [31] and [4].
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Chapter 4

The classification of irreps.

In this chapter we discuss some properties of irreducible representations and study
the resulting classification of irreps for finite groups.

4.1 The character table of a representation.

In this section we introduce a powerful tool for the classification of irreps, i.e. the
character table of a representation. The character x(g) of the n-dimensional matrix
representation D(g) of an element g of group G is defined as the trace of the matrix
D(g), i.e.:

x(g) =Tr{D(g)} = ZlDaa(g)- (4.1)
g | xV) | x| x?9) [ X (9) | x(9) | x(¥)(g)
I 1 1 2 3 6 3
(132) 1 1 -1 0 0 0
(123) 1 1 -1 0 0 0
(23) 1 -1 0 1 0 1
(12) 1 -1 0 1 0 1
(13) 1 -1 0 1 0 1

Table 4.1: The character table of the permutation group S3 for the representations
discussed in chapter 2.

In table ( 4.1) are summarized the characters for the various representations of
S, i.e. DU (see equation (2.16)), D) (see equation ( 2.17)), D® (see table ( 2.3)
at page 19), pw) (see table ( 2.1) at page 14), p(r) (see table ( 2.2) at page 16)
and D(wS) (see table ( 2.4) at page 22).
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In the following we will frequently use a property of the trace of a matrix, related
to the trace of the product AB of two n X n matrices A and B, i.e.:

n n n
Tr{AB} = > [ABl;;= >, > A;jBj
n n n
= Zl .Zl BjZAZ] = .Zl [BA]]] =Tr {BA} . (4.2)
j = 1= j =

Several properties of characters may be noticed from the character table ( 4.1) at
page 35 of the permutation group Ss.

1. The characters of the word-representation p(w) and its equivalent represen-
tation D(WS) are identical.
This is not surprising, since for any two equivalent matrix representations D(ﬁ )

and D(@) = s-1p(B)g (see equation ( 2.20) for the definition of equivalent matrix
representations), one has for each group element g of the group G, using the property
( 4.2) for the trace of a matrix, the identity:

gy =1r {D(ﬁ)(g)} =Tr {5‘1D(O‘)(g)5} =Tr {D(O‘)(g)} — ().
(4.3)

Consequently, any two equivalent representations have the same character table.

2. The character x(/) of the identity operation I, indicates the dimension of the
representation.
In the following we will indicate the dimension n of an n-dimensional representa-

tion D(@) of the group G, by the symbol f(«) = n. From the character table ( 4.1)
at page 35 for S3 we observe:

Fla) =x 1) . (4.4)

3. Group elements which belong to the same equivalence class (see section ( 1.5)
for the definition of equivalence classes), have the same characters.

This can easily be shown to be a general property of characters: Using formula
(1.23) for the definition of two equivalent group elements a and b = g~ 'ag, equation
( 2.5) for the representation of the product D(a)D(b) = D(ab) of group elements
and property ( 4.2) of the trace of a matrix, one finds:

X(b) = Tr{D®)} =Tr{D(g " ag)} = Tr {D(g7")D(a) D(g)}
= Tr{D(a)D(g9)D(g™")} = Tr{D(a)D(I)} = Tr {D(a)}

~ \(a). (4.5)
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As a consequence, characters are functions of equivalence classes.

Given this property of representations, it is sufficient to know the character of one
representant for each equivalence class of a group, in order to determine the character
table of a group. Using the tables ( 3.2) and ( 3.3) we determine the character table
of Sy, which is shown below. The number of elements for each equivalence class can
be found in table ( 1.9) at page 12.

irreps
equivalence | number of
classes elements | [1111] [211] [22] [31] [4]

X X X X X
[1111] 1 +1 43 42 43 41
211] 6 ~1 -1 0 +1 +1
[22] 3 +1 -1 42 -1 41
31] 8 +1 0 -1 0 +1
4] 6 -1 41 0 -1 +1

Table 4.2: The character table of the symmetry group Sy for the standard irreducible
representations discussed in the previous chapter.

4. The characters of the word-representation D) are the sums of the characters
of the trivial representation D™ and the two-dimensional representation D®), i.e.
for each group element g of S3 we find:

A (g) = xD(g) + v () . (4.6)

The reason for the above property is, that the word-representation D) can be
reduced to the direct sum of the trivial representation D™ and the two-dimensional
representation D) (see table ( 2.4) at page 22). So, the traces of the matrices
D<w)(g) are the sums of the traces of the sub-matrices D (g) and D®(g).

The property ( 4.6) can be used to discover how a representation can be reduced.

For example, one might observe that for the regular representation D) one has for
each group element g of S5, the following:

A g) = xD(g) + x(g) + 2 x xP(g) . (4.7)

This suggests that the 6 x 6 regular representation can be reduced into one time
the trivial representation [3], one time the representation [111] and two times the
two-dimensional representation [21], and that there exists a basis transformation S
in the six-dimensional vector space Vg defined in section ( 2.3), such that for each
group element g of S3 yields:
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0  DY(g) 0 0 0 0
0 0 0 0
51D (g)s = D®(g) . (48)
0 0 0 0
0 0 0 0
D®(g)
0 0 0 0

Indeed, such matrix S can be found for the regular representation of Ss, which
shows that the regular representation is reducible.
For the 24 x 24 regular representation of Sy, using table ( 4.2), one finds similarly:

A g) = X (g) + 3x21 (g) + 2412 (g) + 3x(g) + xU(g) . (4.9)

where we also used the fact that the characters of the regular representation for any
group vanish for all group elements except for the character of the identity operator.

One might observe from the expressions ( 4.7) and ( 4.9) that each representation
appears as many times in the sum as the size of its dimension. This is generally
true for the regular representation of any group, i.e.:

gy = 3 flirrep)y @) (g)

all irreps

For the identity operator I of a group of order p this has the following interesting
consequence:

p=x"= ¥ e ™M) = Y {flrep))® . (4.10)

all irreps all irreps

For example, the permutation group Ss has 6 elements. Its irreps are DM (see
equation ( 2.16)), D" (see equation ( 2.17)) and D® (see table ( 2.3) at page 19),
with respective dimensions 1, 1 and 2. So, we find for those irreps:

124+ 1% 422 =6,

which, using the above completeness relation ( 4.10), proofs that S3 has no more
inequivalent irreps.

4.2 The first lemma of Schur.

When, for an irrep D of a group G' = {g1,...,gp} in a vector space V, a matrix A
commutes with D(g) (i.e. AD(g) = D(g)A) for all elements g of G, then the matrix
A must be proportional to the unit matrix, 7.e.:
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A=Al for a complex (or real) constant A. (4.11)

This is Schur’s first lemma.
As an example, let us study the 2 x 2 irrep DI?!! of S5 (see section ( 3.5) at page
31). We define the matrix A by:

ail aig

A=

ag1 A2

First, we determine the matrix products ADPU((12)) and DPU((12))A, to find the
following result:

aixy —ai2 aii a12
ADPY((12)) = and DP((12))A4 =

a1 —Q22 —Q21 —Q22

Those two matrices are equal under the condition that a;s = as; = 0. So, we are
left with the matrix:

0 99

Next, we determine the matrix products AD?((23)) and DP2Y((23))A, to obtain:

_an M _an a3
[21] 2 2 21] 2 2
AD"M((23)) = and DY((23))A =
a3 a9 a;1v/3 a2

Those two matrices are equal under the condition that a;; = ass. So, we finally end
up with the matrix:

A= a111

in agreement with the above lemma of Schur.

The condition that the representation is irreducible can be shown to be a necessary
condition by means of the following example: Let us consider the reducible word
representation of S3. From the matrices shown in table ( 2.1) at page 14 it is easy
to understand that the matrix A given by:

A=

Q@ 2 2
Q@ 2 2
Q@ 2 2

commutes with all six matrices but is not proportional to the unit matrix.
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Proof of Schur’s first lemma:

Let 7 be an eigenvector in V' of A with eigenvalue A. Since D is an irrep of GG, the
set of vectors {71 = D(g1)r,...,7p = D(gp)7} must span the whole vector space
V', which means that each vector of V' can be written as a linear combination of
the vectors 71, ..., 7p. But, using the condition that A commutes with D(g) for all
elements g of GG, one has also the relation:

AFaZAD(QCL)F:D(ga)AF:D(ga)AF:)\Fa ) (a:l,..,,p) .

Consequently, all vectors in V' are eigenvectors of A with the same eigenvalue A,
which leads automatically to the conclusion ( 4.11).

4.3 The second lemma of Schur.

Let D) represent an ny x ny irrep of a group G = {g1,...,gp} in a ny-dimensional
vector space V] and D@ an ny X ngy irrep of G in a no-dimensional vector space V5.
Let moreover A represent an ns X ny matrix describing transformations from V; on
to Vo. When for all group elements g of G yields ADW(g) = D@ (g)A, then:

either A =0
(4.12)
or n; =ny and det(A) #0.

In the second case are moreover D and D® equivalent.

For an example let us study the irreps D' and D% of the symmetric group S,
(see table ( 3.2) at page 33) and the matrix A given by:

ai; a2
A= a1 Q22
aszy asz

First, we determine the matrix products D?"((12))A and ADP?((12)), to find the
following result:

ai; A dir —a12
DU ((12)A = | —ayn —ag and ADPA((12)) = | axn —an
—a31  —as2 d31 —as2

Those two matrices are equal under the condition that a1o = as; = az; = 0. So, we
are left with the matrix:

ai 0
A= 0 929
0 a3

Next, we determine the matrix products D?'((23))A and ADP?((23), to obtain:
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S

S

-

S

N

o

5
|
S
5
-
S
5
-
5

—4 2 2
DEN((23)A= | ayy3 ap | and ADP(23) = | axV3  ap
2 2
0 —as2 32V 9 22\/g %32

Those two matrices are equal under the conditions that a;; = ass and azs = 0. So,
we are left with the matrix:

ai 0
A= 0 aii
0 0

Finally, we determine the matrix products D*'1((34))A and ADP?((34), to get:

—ay1 0 all 0
D[Qll}((34))A = 0 —% and AD[QQ]((34)) = 0 —an
0 0 0 0

Those two matrices are equal when a;; = 0. So, we end up A = 0 in accordance
with the second lemma of Schur.

Proof of Schur’s second lemma.
We consider separately the two cases n; < ny and ny > ns:
(1) 1 S Mo

For 7" an arbitrary vector in the vector space V;, Ar'is a vector in V5. The subspace
V4 of V4 spanned by all vectors A7 for all possible vectors in Vi, has a dimension
n4 which is smaller or equal to nq, i.e.:

nag<ng <ng .

Let us choose one vector v = A7 (for 7 in V;) out of the subspace V4 of V5. The
transformed vector ¥y under the transformation D®)(gg) satisfies:

Ua = D(Q)(ga)U = D(Q)(ga)AF: AD(l) (ga)F: A_’a s
where 7 is a vector of Vj. Consequently, the vector g must be a vector of Vy.
So, the set of vectors {t; = D®(g)7,...,0p = DP(gp)v} spans the vector

subspace V4 of Va. However, since D® is an irrep, we must have V4 = Vs, unless
A = 0. Consequently, we find:

nga=mny=mny or A=0 .
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In the case that ny = ny we may consider Vi = V4 for all practical purposes. When
moreover, A # 0, the matrix A has an inverse, because then V4 = V5, = V;, which
gives DM (g) = A'D®(g) A for all group elements g of G and so DV and D® are
equivalent.

(li) ny > Noy

In that case there must exist vectors 7" in V; which are mapped on to zero in V5
by A, i.e. A7=0. The subspace V} of vectors 7 in V} which are mapped on to zero
in V5 has a dimension ny smaller than or equal to ny. Now, if 7 belongs to V}, then
7a = DW(gq)7 also belongs to V}, according to:

AFg = ADW (go)7 = D (gq) A7 =0 .

This contradicts the irreducibility of D™, unless n/; = n, in which case A = 0.

4.4 The orthogonality theorem.

Let D(%) represent an n; X n; irrep of a group G = {g1, ..., gp} of order p, and pl)

an nj X n; irrep of G. Let moreover D) cither not be equivalent to DU) or be

equal to DU). Then:

5 [D(z')(g)] [D(j)(g)} = L5, 16a¢0pq (4.13)
all g ab cd Ny
Proof
Let X be a nj X1 matrix, then we define the matrix A as follows:
- pl) (0) (g
A= % DV(g)XD\ (g ") . (4.14)
k=1

This matrix has the property DY) (gq)A = AD®(gq) as can easily be verified, using
the relation ( 2.5) and the fact that D(¢~')D(g) = D(I) = 1. Consequently,
according to the second lemma of Schur ( 4.12) either A =0 or D) and DU) are
equivalent. Remember that in case the two irreps are equivalent we assume that
they are equal. When the two irreps are equal one has that according to the first
lemma of Schur ( 4.11) A = A1. One might combine the two possibilities for A into:

0 for D) + pl)
A= Aéijl = (4.15)

Al for () = pU)
The value of A\ depends on the choice of the matrix X. Let us select matrices X
which have zero matrix elements all but one. The nonzero matrix element equals

1 and is located at the intersection of the d-th row and the b-th column. For such
matrices X one finds, using ( 4.14) and ( 4.15):
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Niibca = [Alea
S D S S LGS e I Pl P

p . .
= > Y Y DYpleatagds P 954

- Z gk: cd[D(i)@];l)]ba (4.16)

The value of X is only relevant when ¢ = j and a = ¢. In that case we take the sum
over both sides of ( 4.16) in «a, leading to:

T

a=1

S Y Oy IIICITS I
a=1k=1

= > [D@)(f)]bd
k=1

= Py

Inserting this result for A in ( 4.16) and using the fact that for a unitary represen-
tation D(g~1) = D~!(g) = D'(g), one obtains the relation ( 4.13).

4.5 The orthogonality of characters for irreps.

Let us define for the representation D) of a group G of order p and with elements
{91, -, gp}, the following (complex) column vector Y (@) of length p:

@ (g1)
(@) = : . (4.17)
X(a)(gp)

In the following we will refer to such vectors as the character of the representation
D@ of G.
We define moreover, the (complex) innerproduct of characters by:
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p *
(x@, @) = > {x @] >z<5><gz-> . (418)
i=1
Let us concentrate on the characters of the irreps DY), D1 and D® of Ss (see
table ( 4.1) at page 35, given by the three following six-component vectors:

1 1 2
1 1 1
1 ' 1 —1
o (1) — o (1) — o (2) —
X 1 Y 1 and Y 0 (4.19)
1 —1 0
1 —1 0

First, we notice for those three characters, using the definition ( 4.18) of the
innerproduct for characters, the property:

(f( ) X(l)) (f(l/) : f(ll)) _ (f@) : >z’(2)) -6,

which result is equal to the order of the permutation group S3. Furthermore, we
notice that:

(92(1) : f(ll)) _ (f(ll) : 92(2)) _ (%(2) : 92(1)) —0.

Or, more compact, one might formulate the above properties for S3 as follows:

<>g(oz) | >g(ﬁ)) = 60,5 for o,/ =1,1" and 2. (4.20)

Consequently, the six-component vectors ( 4.19) form an orthogonal basis for a
three-dimensional sub-space of all possible vectors in six dimensions.

This can be shown to be true for any finite group. Using the property formulated
in equation ( 4.13), we obtain for two non-equivalent irreps («) of dimension f(«)
and () of dimension f(3) of a group G of order p , the following:

(5@ ) = ¥ K@) ¥

ge G
- o o)
= > fz {Déa)( )}* fZ) Dbb)
geGa=1 b=1
fla) f(B)

-y Y ¥ {pie} 0w

a=1b=1geCG

fla) [(P)

= > Z Ozﬁ Oab Ogp = Pogp-  (421)
a=1b=
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Consequently, the characters for different (non-equivalent) irreps of a finite group
are orthogonal.

Next, we remember that the characters for group elements which belong to the
same equivalence class of S5, are equal (see formula ( 4.5)). So, all possible characters
of different representations («) of S5 have the following form:

=1
—
Q
S~—
I
O O O oS

where a = f(«) represents the dimension of the representation («) of S3, where b
represents the trace of the matrix representation for either of the two equivalent
symmetric permutations of S35 and where ¢ represents the trace of any of the three
equivalent antisymmetric permutations of Ss.

However, such six-component vectors can be decomposed as linear combinations
of the three basis vectors ( 4.19), according to:

1 1 hoo1
= 6(a+2b+3c)>2(1)+6(a+2b—3c)>z‘(”+§(a—b)>z’(2>, (4.22)

1
—~
e
~—
|
o 0O 0 oo e

which shows that the characters x <1), X (1) and X (2) form a basis for the space of
all possible characters of Ss.

4.6 Irreps and equivalence classes.

In the previous section, we found that the characters for the irreps of S3 as de-
fined in equation ( 4.19) form the basis for the space of all possible characters for
representations of this group.

This is true for any group: The characters of all non-equivalent irreps of a group
form a complete and orthogonal basis for the vector space of characters of all possible
representations of that group.

Moreover, the number of independent characters which can be formed for the
representations of a group, equals the number of equivalence classes of the group.
Consequently, for a finite group G we have the following property:

number of irreps G = number of equivalence classes G. (4.23)
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4.7 Abelian groups.

For Abelian groups, the above relation ( 4.23) has a particularly interesting conse-
quence, because the number of equivalence classes of an Abelian group G is equal
to its order p. This latter property, using the definition ( 1.23) for equivalent group
elements, can be understood as follows: Suppose that the elements a and b of the
Abelian group G are equivalent. Then there exists a third element g of G, such that:

b= g lag.
But since the group is Abelian, we obtain:
b=g lag=g 'ga=1Ia=a.

So, each group element is only equivalent to itself for an Abelian group, which proofs
that the number of equivalence classes is equal to the order p of G. As a consequence
of ( 4.23) also the number of irreps of an Abelian group G equals the order p of G.

We then find, using also relation ( 4.10), for the dimensions f(i) (i =1,---,p) of
the p irreps of G that:

{FOY + @Y+ + {0} =p,

which has only one possible solution:

() ={r@)} =---={fpi =1 (4.24)

We find as a conclusion for a finite Abelian group, that all its irreps are one-
dimensional.
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Chapter 5

Series of matrices and direct
products.

Since it will be frequently used in the following, we discuss here some properties of
the matrix series expansion given by:
2 43

5‘1‘5""" :exp(A), (51)

where M and A represent n X n matrices.

M=1+A+

Example 1
For an example, let us take for A the following matrix:
0 —« 0 -1
(0 e) (1)
This matrix has the following properties:

A? = a1 | A3:—a3<(1) _(1J> , At=a'l |

Using those properties, we determine the series ( 5.1) for the matrix A, i.e.

M = exp(A)
0 —1 a? ad (0 -1 at
:1+a<1 0>—§1+§<1 0>+Zl+m
_ 1l o? ot 0 —1 s

= 1cos(a)+ < (1] _(1) ) sin(«)

- [y o))

which matrix represents a rotation in two dimensions with a rotation angle a.

(5.2)
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5.1 Det(Exp)=Exp(Trace).

Let us assume that there exists a similarity transformation .S, for which A in formula
( 5.1) obtains the triangular form, i.e.:

A

. Ao “"non zero”
STHAS = . ) (5.3)

Zero

An

The diagonal elements in the triangular form of S71AS are indicated by A;, Mg, .. .,
An. In the triangle of "non-zero” matrix elements incidentally may appear zeroes
of course. When all matrix elements in that part vanish, the matrix S~'AS has the
diagonal form.

An n x n matrix B which has the triangular form ( 5.3) can in general be given
by the following expression for its matrix elements:

any (complex) value for j >,

B (5.4)

1y
0 for j<u.

For the matrix elements of the product of two such n x n matrices, B and C, we
have:

n
[Bc]ij = kz B ij for (i,7=1,...,n).
=1

Using expression ( 5.4) for the matrix elements of matrices which are in the triangular
form ( 5.3), we find:

any (complex) value for j >,

[BClij = 3. BijpCpj = (5.5)
k> 0 for j <.
j=>k
and also:
[BC]i’i = B;; C;; for (1=1,...,n). (5.6)

Consequently, the product BC' of two triangular matrices B and C' is again tri-
angular (see formula ( 5.5)), and its diagonal matrix elements are just the products
of the corresponding diagonal matrix elements of B and C' (see formula ( 5.6)).

So, when S7!'AS has the triangular form as given in ( 5.3), then the matrices
defined by:

[s714s) = 57425, {57AS} = 57A%S ete. (5.7)

also have the triangular form, and, using ( 5.6) we find for the related diagonal
matrix elements:
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{s7asy], = [{s7as)]" = (W)
{s7asy], = [{s7as}] = (W)

i
etc. (5.8)

When we apply the similarity transformation S to the series ( 5.1) using also ( 5.7),
then we obtain:

—1 —1 —1 71A2 71A3
STMS = SIS+ STAS+ SIS+ 4

S—1ASY  [5-1A8)?
{ }+{ }+,_,

. —1
= 1+51AS + o i

= exp (S7'AS)

Each term in the sum is triangular, so S™'MS is triangular, and also:

[STIMS]; = 14+ {S7lAS} + 5 ;S} i + {5° ;S} li T
N ()
= 1+()‘i)+(2!) +<3!) 4.
= exp ()\Z) for (1 =1,...,n). (5.9)

Now, the determinant of a triangular matrix is just the product of its diagonal
matrix elements. So, using the above formula ( 5.9), we find:

det {S’IMS} = exp (A1) exp(A2)---exp (Ap)

= exp(M+ A+ An) = exp(Te{S'AS}) . (5.10)

Furthermore, using the property that the determinant of the product of matrices
equals the product of the determinants of each of those matrices separately, and the
property formulated in equation ( 4.2) for the trace of a product of matrices, one
has:

det(M) = det {ST'MS} and Tr(A) =Tr{S7'AS}

Consequently, inserting those properties in formula ( 5.10), we end up with the final
result:
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det(M) = exp{Tr(A)} , (5.11)

1.e. The exponent of the trace of matrix A equals the determinant of the exponent
of A.
One might verify this property for the example given in formula ( 5.2), i.e.

Tr(A) =0 and det(M)=1=-exp(0) =exp(Tr(A4)) .

5.2 The Baker-Campbell-Hausdorff formula.

For the exponents of the n x n matrices A and B it is in general not true that the
product of their exponents equals the exponent of their sum, as it is true for complex
numbers. However, there exists an n x n matrix C, such that:

eAdeB = 0 (5.12)

In the following we will derive a relation for the matrix C' in terms of the matrices
A and B. For that purpose we define a complex parameter A\ and a set of n x n
matrices Py, P, ..., and introduce the expression:

exp(AA) exp(AB) = exp( > AR P/{;) . (5.13)
k=1

For A =1 in ( 5.13) one obtains for the matrix C' of ( 5.12) the result:

C=P+P+ - . (5.14)

Using the expansion ( 5.1) for exp(AA) and for exp(AB), we find for their product
the following expansion in increasing powers of A:

A? B
AMAB = 14 AA+B)+ N2 <—+AB+—> +

2! 2!
oA, A’B AR B i
AT T ) (5.15)

Similarly, for the matrices P, we find:

exp(§ )\kPk) = 1+(§ )\kPk>+%(§ AkPk;)QJF"'

k=1 k=1 k=1

2
- 1+AP1+A2<P2+%>+

or T o T3 (5.16)

+A3<P3+P1P2 Bl Pf’)
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The parameter A in relation ( 5.13) can take any (complex) value, so, the ”coeffi-
cients” for equal powers in A in the expansions given by the formulas ( 5.15) and
( 5.16) must be equal. This gives as a result:

P1 — A —|— B
1
P = §(AB — BA)
Py = %(AQB — 2ABA + BA? + AB?> — 2BAB + B?A)
ete.

With the help of the relation ( 5.14) between the matrix C' and the matrices Py,
one finds then:

C=A+B+ %[A,B] + % A [A,B]] + [[A,Bl.B]} +--- . (5.17)

This is the expression which should be inserted in formula ( 5.12) in order to give
the matrix C' in the exponent equivalent to the product of the two exponentiated
matrices A and B. The result ( 5.17) is known as the Baker-Campbell-Hausdorff
formula.

Notice that C'= A 4+ B only and only if [A, B] = 0.

Example 2

For the case [A, B] = 0, we take as an example the matrices A and B given by:

00 0 0
AZ(& O) and B:<B 0)

Those matrices evidently commute and have moreover the property A? = B? = 0.
Consequently, for the series ( 5.1) for A and B we obtain:

eXp(A)zl—i—A:(; (1)> and eXp(B):1+B:<; ?)

The product of those two matrices gives:

exp(A) exp(B) = ( Y )

It is now rather simple to find the exponent which yields this latter matrix as a

result, i.e.
1 0 0 0
<a+6 1>:eXp{<a+6 0>} ’

which result agrees with ( 5.17) for commuting matrices A and B.
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Example 3

For the case [A, B] # 0, we take as an example the matrices A and B given by:

Az(((y) 8) and B:<8 g)

Using the results of the previous example 2, we find for the product of the exponents
of those two matrices the following result:

exp(A)eXP(B):<(i ?)(é €>:<; 1+ﬁaﬁ>

In order to find the matrix C' which exponentiated yields as a result the latter matrix,
we follow the receipt of formula ( 5.17). Let us first collect the various ingredients
of this formula, i.e.

sl = ()
s = () 0)

At

In the following expansion we will only take into account terms up to the third order
in o and 8. Using formula ( 5.17), one obtains for the matrix C' the result:

_%aﬁ+... 5_%(1524_...
C =
1.2 1
a_ga/6+... §O{B+.

Next, we determine the higher order powers of C' as far as terms up to the third
order in o and f are involved, i.e.

aB+-- 0+--- 04 af?+---

C? = C? = .

O+ af+--- a?B+- 04

When we put the pieces together, then we obtain the result:

1 1
exp(C) = 140+ C"+ 207+

1 0 —saf+-  B—iafP4---
- (0 1)* L *
a_goéﬁ_F... %Qﬁ+...
aff+-- 04--- 1 O+ af?+---
+ 3 +6 + o
O+ aB+--- a?f 4 04

B 1 B .
= ( o 1+a8 ) + higher order terms.
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So, we have shown that the terms in o3 and «/3? vanish in the sum of all terms
in the series of exp(C'). When one continues the expansion, the higher order terms
also cancel. Consequently, the complete result yields:

exp(C) = < ; 1+ﬁaﬁ )

However, the matrix C is a rather complicated expression, even for this simple
example.

5.3 Orthogonal transformations.

Let us consider an orthogonal coordinate system & in n dimensions characterized by
coordinates z; (¢ = 1,...,n) and by the orthonormal basis vectors é; (i = 1,...,n).
And let us furthermore consider in the same n-dimensional space a different orthog-
onal coordinate system S’ characterized by coordinates ZL‘/Z (1=1,...,n) and by the
orthonormal basis vectors é% (¢ =1,...,n). The orthonormality of the basis vectors
is expressed by:

éi . éj = 51] and é% .él/j = 52]
The basis vectors of S and &’ are related via linear transformation rules, given

by:

(5.18)

¢ =Rjjé; and é; = (R™) (5.19)

J

Using the orthonormality relations ( 5.18), we find for the matrix elements R
of the transformation matrix R, the following property:

8ij = é%~é’j:(Rmék)-(leél):Rkileék-él

A~/
Zjei.

ij

_ _(pT
Ry;iRyj0p = Ry Ry = (RY).) Ry

- (RTR)U’

or equivalently:

RI'r=1 o R =R (5.20)

Linear transformations for which the transposed of the matrix equals the inverse
of the matrix, are said to be orthogonal. The determinant of such matrices equals
41, as can be seen from:

{det(R)}? = det(R)det(R) = det(R)det(RT) = det(RRL) = det(1) = 1. (5.21)

Rotations are unimodular which means that they have determinant +1, anti-
orthogonal transformations have determinant —1.
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Rotations.

When the matrix M = exp(A) in ( 5.1) represents a rotation, then the matrix A
is traceless and anti-symmetric.

1. Traceless.

This is a direct consequence of the relations ( 5.11) and ( 5.21), i.e.

exp(Tr(A)) =det(M) =1 =exp(0) consequently 7Tr(A)=0 . (5.22)

2. Anti-symmetric.

The inverse of ( 5.1) is equal to M = exp(—A). This follows from the fact that A
commutes with —A and thus, according to formulas ( 5.12) and ( 5.17), one finds

exp(A)exp(—A) =exp(A—A) =1
For the transposed M7T of M, using

= (aly = aly

we obtain:
Mt = exp(AT)
At this stage it is convenient to introduce a real parameter A\ and define My =
exp(AA). Then also:
-1 _ . T _ T
[My]" =exp(—AA) and [M)]" =exp(AA") . (5.23)

So, if M is orthogonal, we find, expanding both expressions in the above formula
( 5.23), the following equation:

1- M+ = My =My =1 4247 + ...

which is valid for arbitrary values of the real parameter A and consequently yields
the solution AT = —A. In particular for A = 1, we end up with:

lexp(A)] 7! = [exp(A))L if and only if AT = —A . (5.24)

In example 1 (see formula 5.2) A is anti-symmetric and therefor M orthogonal.

5.4 Unitary transformations.

Complex n x n matrices M = exp(A) which satisfy the property:

Mt=M"1 | (5.25)
are said to be unitary. Similar arguments as used above to show that for orthogonal

matrices M, A is anti-symmetric (i.e. formula 5.24), can be used here to show that
for unitary matrices M, A is anti-Hermitean, i.e.

[exp(A)]™' = [exp(A)]" if and only if AT=—-A . (5.26)
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5.5 The direct product of two matrices.

We will use the following definition for the direct product of two matrices: Let A
represent an ny X n; matrix and B an ny X ny matrix, then for the direct product of

A and B we define:

AHB [ AlnlB
AR B = : : (5.27)
A?’LllB Ce. AnlnlB
AllBll oo A1181n2 A12Bll cee eea AlnlBan
Alan21 oo Alan2n2 A12Bn21 cee eea Alnl Bn2n2
AQlBll o e AQlBan AQQBll “ e “ e A2n131n2
Anlan21 e AnlanQnQ An123n21 cee e Anlnl Bn2n2

In terms of the matrix elements for the direct product of A and B, one might
alternatively define:

k,ﬂzl,...,nl
A@Bl(p — Dy +i, (0= na+5 = Akt Bij | (5.28)

,j=1,...,n9
For the product of two such matrices one has the following expression:

A,C n; xn; matrices
(A®B)(C®D)=(AC)® (BD) { (5.29)

B,D ns X ny matrices

proof:

We demonstrate below that identity ( 5.29) holds for an arbitrary matrix element,
using definition ( 5.27) for the direct product of two matrices, or, alternatively,
definition ( 5.28) for the matrix elements of a direct product:

[("4®B)<C®D)](a—1)n2+b, (c—=1ng+d —

= z—:l [‘A®B](a—1)n2+b, n [C®D]n, (c—=1)ngy+d
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ny No

= Z Z [‘A®B](a—1)n2+b,(k3—1)n2+i

k=1:=1
CODlk — 1y +i, (c— ny+d
1y T
= > > AuByiCrcDig
E=1i=1
ny %)
= ( > Aakckc) ( > BbiDid)
k=1 i=

= [AClge [BPlpg = [(AC) ® BD) (4 — 1)ny 4 b, (¢ — Vg +d -

Similarly, one may for the inverse of a direct product matrix show that:

(AeB)] " = (A" e (B) | (5.30)

assuming that 1®1 represents the identity matrix.
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Chapter 6

The special orthogonal group in
two dimensions.

In this chapter we study the representations of the group of rotations in two dimen-
sions. This group is the most easy example of a group which has an infinite number
of elements.

6.1 The group SO(2).

The special orthogonal group in two dimensions, SO(2), is defined by the set of
unimodular (i.e. with unit determinant), real and orthogonal 2 X 2 matrices.

In order to find the most general form of such matrices, let us assume that a, b,
¢ and d represent four real numbers which satisfy the property that ad — bc = 1.
With those numbers we construct a 2 x 2 matrix A, according to:

b d

When we assume that A is orthogonal, then A=' = AT. This leads to the following
relations for its components:

A= ( @ ¢ ) with det(A) = ad — bec = 1. (6.1)

d=a and c=—b. (6.2)

Using also the condition ( 6.1) for the components of A, we find the following relation
for a and b:

a?+b =1 . (6.3)

Now, recalling that a and b are real numbers, we obtain as a consequence of this
relation that:

—1<a<+1 and —-1<b<+1 . (6.4)

At this stage it is opportune to introduce a real parameter « such that:

a=cos(a) and b=sin(a) |, (6.5)

in which case a and b satisfy simultaneously the conditions ( 6.3) and ( 6.4).
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So, we obtain for a unimodular, real and orthogonal 2 x 2 matrix R(«a), the
following general form:

[ cos(a) —sin(a) o (i
R(a) = ( sin(a)  cos(a) ) f € (=m ] . (6.6)

When « takes values running from — to -+, then one obtains all possible (infinitely
many!) unimodular, real and orthogonal 2 x 2 matrices.

Next we must establish that the matrices ( 6.6) form a group:

1. Product.

Normal matrix multiplication defines a suitable group product for the set of ma-
trices ( 6.6), i.e.

R(O@)R(O&l) == R(a1 + QQ). (67)

Strictly speaking might «; + as be outside the parameter space (—m,+7] when
a1 and «g are elements of this parameter space. But, we assume always an angle
modulus 27 if necessary.

2. Associativity.

Since matrix multiplication is associative, the above defined group product is
automatically endowed with the property of associativity.

3. Identity operator.

The identity operator, I, of the group product ( 6.7), which has the property
IR(a) = R(a)I = R(«), is defined by the unit matrix:

I=Ra=0)=1. (6.8)
4. Inverse.

For each group element R(«) exists an inverse group element R(—a«) in SO(2),
such that:

R(—a)R(a) = R(a)R(—a) =1 . (6.9)
As a consequence of the above properties 1, 2, 3 and 4 we find that the special

orthogonal transformations in two dimensions, i.e. SO(2), form a group. This group
is moreover Abelian, because of the property ( 6.7), i.e.:

R(OZQ)R(OQ) == R(a1 + Oég) == R(Ozg + Ozl) == R(Ozl)R(ag) . (610)
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6.2 Irreps of SO(2).

Since SO(2) is an Abelian group, its irreps are one-dimensional. This property
of Abelian groups has been shown for finite groups in ( 4.24). Consequently, the
representation ( 6.6) of the group elements R(«) of SO(2) is reducible.

Following the definition of a representation, the 2 x 2 matrices ( 6.6) might repre-
sent transformations D(R(«)) in a complex two-dimensional vector space. It is easy
to verify that the unit vectors 4, and 4_q, given by:

N 1 /1 4 i L[
U =—=| . and U_1 = —= :
VRN VRN
are eigenvectors of the matrices ( 6.6) for all values of a. The eigenvalues are

respectively given by:

(o) = eI and c_1(a) = etic

So, at the one-dimensional subspace spanned by the unit vector 4y, R(«) is rep-
resented by the complex number exp(—ia), and at the one-dimensional subspace
spanned by 4_1, by exp(+ic). The similarity transformation which transforms the
matrices D(R(«)) into a diagonal equivalent representation, is thus found to be:

(23 pwen (53 ) = (75 i )

The two resulting non-equivalent one-dimensional irreps of SO(2) are given by:
DW(R(a)) = exp(—ia) and D Y(R(a)) = exp(+ia)

In the following we will simplify the notation for D and write D(«) instead of
D(R(«)). As we will see below, there are infinitely many non-equivalent irreps for

SO(2).

An one-dimensional irrep is a set of linear transformations {D(«); « € (—7, +]}
of a one-dimensional complex vector space V into itself, i.e.:

D) : V—V .

When u represents the only basis vector of V, then the transformation D(«) is fully
characterized by:

D(a)t = c(a)t , for a complex number c(a) . (6.11)

Moreover, representations reflect the properties of the group. When, for example,
for rotations yields the property:

[R(a)]" = R(na) , n=1,2,...
then for the representation D(a) must yield the same property, i.e.:
[e(a)] 6 = [D(a)]™ & = D(na)i = c(na)i . (6.12)

29



The identity operator R(« = 0) is represented by the complex number 1, i.e.:

Dla=0)=1 . (6.13)

Next, let us study the possible representations for other values of a # 0. Let us for
example take v = 45°. Using the relations ( 6.12) and ( 6.13), we obtain:

[e(m /)] = c(27) = c(0) =1 .
Consequently, for R(mw/4) one finds the following possible representations:
D(R(m/4)) = exp{—iknw/4} , k=0,£1,£2, ...

We may repeat this procedure for values of a of the form a = nw/m (where |n| <
m =1,2,...), in order to find that for the representations of such transformations
one has the possibilities given by:

D(R(nm/m)) = exp{—iknm/m} , k=0,£1,£2,...

Now, an arbitrary value for a can to any degree of accuracy be approximated by
a = nr/m for some integer numbers n and m > 0. Consequently, we are lead to
the conclusion that the possible representations for R(«) of SO(2) are given by:

D(R(«)) = exp{—ika} , k=0,£1,+£2,... (6.14)

Each value of k gives an irrep which is not equivalent to any of the irreps for other
values of k. This can easily be shown, since for any complex number s one has:

s texp{—ikia}s = exp{—ikoa} if and only if k; = ky .

Consequently, we may indicate the various one-dimensional vector spaces by an
index k in order to distinguish them, as well as the corresponding irrep, according
to:

DKy . vk yk)
We might moreover indicate the only basis vector of v (k) by ., in order to obtain:
D) ()i, = e~ R0y, |k =0,41,42, .. (6.15)

The representations D(K) are called the standard irreps of SO(2).
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6.3 Active rotations in two dimensions.

An active rotation R(«a) of a two-dimensional plane, over an angle o around the
origin of the coordinate system in the plane, is defined as the linear transformation
of the plane into itself which rotates each vector of the plane over an angle . The
coordinate system though, remains in its place. The linear transformation R(«) is
fully characterized once the images, @ | and 4 }, are given of the vectors, u; = é;
and iy = €5, which originally are at the same positions as the two basis vectors of
the coordinate system, i.e.:

auy = é1 cos(a) + é5 sin(a)
and
uhy = —érsin(a)+ éycos(a) . (6.16)
Y Y
P/
. AP iy
r Q
=
T T
R(a)

(a) (b)

Figure 6.1: An active rotation of the plane: Physical objects are rotated around
the origin; the coordinate system remains in its place. Indicated are the situations
before (a) and after (b) the rotation R(«).

The image, @ = w1é; + waéq, under the rotation R(«) of an arbitrary vector, v =

v1€1 + V9ég, is then given by:

wo o= ’l]lﬁll—'—’UQ’ZIIQ

= {vy cos(a) — vysin(a)} & + {vy sin(a) + va cos(a)} és

from which expression we deduce that the relation between the components (w, ws)
of the rotated vector and the components (v, v5) of the original vector, is as follows:

()= (i) ey () =m () - o
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Consequently, the active rotation R(«) is in the space of the components of two-
dimensional vectors represented by the matrix ( 6.6). So, an active rotation in two
dimensions is a rotation of the position vectors of the plane with respect to a fized
coordinate system. Equation ( 6.17) relates the components of the original vector to
the components of the rotated vector in the fixed basis.

A possible way to concretize this transformation, is to imagine the z-axis and
the y-axis of the coordinate system to be drawn at your desk and a sheet of paper,
representing the plane, on top of it. A certain point at the sheet of paper, indicated
by P in figure ( 6.1), is characterized by the position vector 7 before the rotation
of the sheet. After rotating the sheet over an angle o around the origin, the same
point at the sheet moves to a different position, indicated by P’ in figure ( 6.1). The
point P’ is characterized by the position vector 7" = R(«a)T".

Now, imagine the sheet of paper to be replaced by a sheet of metal which is heated
in one corner such that the temperature at the metal sheet is a function of position,
say represented by the function T'(7). After rotating the sheet, its temperature
distribution remains the same. However, in the new situation the function which
describes this distribution, is a different function of position, say 7"(7). But, we
assume that the rotation of the sheet does not change the temperature of a given
point P at the metal sheet. Consequently, one has the following relation between
the functions 7" and T":

T'(R(a)7) = T(7) or equivalently T'(7) = T([R(a)]"'F) .

So, in function space (i.e. the space of functions f(7) defined on the plane), the
active rotation R(«) induces the transformation:

R(a) : f— D(R(a))f , (6.18)
where D(R(a))f(7) = ['(7) = f([R(e)]'7) .

6.4 Passive rotations in two dimensions.

A passive rotation R(«) of the plane is a rotation of the coordinate system of the
plane. The vectors of the plane remain in their place, but the coordinate system
rotates over an angle indicated by a. The basis vectors, €] and é}, of the new
coordinate system are related to the original basis vectors, é; and é,, as follows:

e = é1 cos(a) + é; sin(a)

and
N

é, = —épsin(a)+ éycos(a) . (6.19)
which is the same expression as given in formula ( 6.16), but with a completely
different meaning: In ( 6.16), the vectors « | and u { represent the images of the
vectors which originally have the same positions as the basic vectors é; and é; of
the fixed coordinate system. Here, é] and €, represent the basis vectors of the new
coordinate system.
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A vector ¢ can be characterized by its components (vi,ve) with respect to the
original basis vectors, as well as by its components (v}, v}) in the new coordinate
system, 1i.e.:

U= Ulél + Ugég = Uié/l —+ Uééé . (620)

The relation between (vy,v9) and (v], v4), which can be found by substituting the
expressions ( 6.19) into formula ( 6.20), is given by:

v = v1 cos(a) + vg sin(a)

vy = —wvpsin(a) + vy cos(a)

or, using formula ( 6.6), in a more compact notation:

()= (ol o) () = (2) - o

We find that in the case of a passive or coordinate transformation, the components
v1 and v, which describe the vector ¢ in the original coordinate system, transform
according to the inverse of the matrix R(«) into the components v] and v}, which
describe the same vector ¢ in the new coordinate system é| and é,,. Because of this
property, vectors are called contra-variant.

6.5 The standard irreps of SO(2).

From Fourier-analysis we know that the space of "well-behaved” functions at the
interval (—m, +7] has as a basis the functions:

Ym(p) =P | m=0,+1,42, ... (6.22)

Any "well-behaved” function f(¢) (¢ € (—m,+n]) can be expanded in a linear
combination of the basis (6.22), i.e.:

o

flo)= > am¥mly) , (6.23)

m = —0o0

where the coefficients ay, are given by the innerproduct of the basis vector 1, with
the "vector” f.

The innerproduct of the orthonormal set of basis vectors vy, of this complex
vector space of "well-behaved” functions at the interval (—m, +7], is defined by:

W o) = [ @) = [ el = — g (620)

-7 % —7m 27

Consequently, the coefficients ay, of the expansion ( 6.23) are given by:
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+7 +m .
am =, )= [ L) = [ SEf@e ™ (6.5)

—T —7m 27

At the Fourier basis 1y, one might view the function f as an infinitely long column
vector with components ay, i.e.

a_z
a1
f=1 ao . (6.26)
ay
a2

In the following we study the effect of a passive rotation R(«) in the (x,y)-plane
on the space of "well-behaved” functions. The situation is shown in the figure ( 6.2)
below.

Y
jay]
= 4

Figure 6.2: A passive rotation of the plane: The coordinate system is rotated around
the origin; physical objects remain in their place.

Let us associate to each point at the unit circle in the plane a complex number
such that the resulting function is ”well-behaved”. In the coordinate system (é;, é)
this is described by a function a function f(¢) of the parameter . Whereas in the
coordinate system (€, é€,) the same complex numbers are described by a function
f'(¢') of the angle ¢’'. Now, in a certain point P of the unit circle is the function
value independent of the choice of coordinates. Consequently, there exists a relation
between f and f’, given by:

fl) =1 ) =[flp—a) . (6.27)
The Fourier basis at a given coordinate system is defined in formula ( 6.22). The
relevant variable is the azimuthal angle with respect to the basis vectors of the
coordinate system. Consequently, in the unprimed coordinate system are the values
of the Fourier basis in the point P (see figure 6.2) determined by:
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() = ™MP | m=0,+1,+2, ...

and in the primed coordinate system by:
/

V() = M = P =)y 0 41 42,

So, we obtain the following relation between the two different Fourier bases:

U (@) = ¥m(e —a) .

This relation defines a representation p(F) (c) of R(«x) in the space of ”well-behaved”
functions:

DE) (@im () = i) = e MM? = DM (@)ym(p) . (628)
In the vector space defined by vectors of the form ( 6.26), the representation

D(F)(oz) of R(«) becomes a matrix representation. The matrix D(F)(oz) might be
viewed here as a diagonal matrix at the Fourier basis ¥y, with diagonal elements
exp{—ima}, i.e.:

21 0
DEF)(a) = (. . (6.29)

0 e—2’i0&

In terms of the one-dimensional standard irreps defined in ( 6.15) the above matrix
can be written as:

DF)(a) = DO)(a)

(6.30)

(F) i completely reducible into

As a consequence we find that the representation D

a direct sum the standard irreps D(m) For example, consider the one-dimensional
subspace of ”well-behaved” functions, which have the form:

flp) = arhi(p),
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where a; may take any complex value. At this subspace is pt (cv) given by:

O OO e
OO O e

2
S
S
c
—

a)ay

- O
(-]

The Fourier components of the function f(y) are given by aj in the unprimed
coordinate system and by a},, in the primed system, i.e.:

(0. 9] (0. 9]

floy=">  am¥m(e) and fi(¢)= D  apinly) . (632

m = —0o0 m = —0o0

So, using ( 6.27), ( 6.22) and ( 6.28), we obtain:

00 00
Z a,m@/);n(@/) = f’(‘Pl) = flp) = Z am¥m(p)
m = —0o0 m=—00
ameimgo _ Z ameimaeim(go — )

00
m = —00 m = —00
00 :
> (ame™ ) v () (6.33)
From which equality, using ( 6.29) and ( 6.30), we may conclude that:

dh = ameMe — {[D<F )(a)}l} om . (6.34)

mm

As a result, we find that in the case of a passive rotation R(«), the Fourier
basis transforms with D(F >(a) given in ( 6.29) and the Fourier components of a
"well-behaved” function with the inverse of that matrix. It is in a way similar to
the transformation of the basis vectors of the coordinate system as given in formula

(6.19) in relation to the transformation of the components of a contra-variant vector
as shown in formula ( 6.21).
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6.6 The generator of SO(2).

The group elements of SO(2) can be characterized by one parameter, the rotation
angle; that is that all possible rotations in two dimensions are given by:

R(a) , —m<a<+m. (6.35)

In the neighbourhood of the unit operation (a = 0), the above defined matrices
form a one dimensional continuous matrix field. So, we might define the matrix A
which is given by the derivative of the matrix field at o = 0, as follows:

A= —R(a)

0 -1
s a:O:<1 0)' (6.36)

The matrix A is called the generator of rotations in two dimensions. In the
following it will become clear why: For angles different from zero one has similarly:

e = (Tl e )= (1 ) (80 R

d

which differential equation can be solved by:

R(a) = exp{aA}. (6.37)

The expansion of the exponent for the matrix A of formula ( 6.36) is shown in detail
in ( 5.2) and it confirms the above equality.

Because of the above representation of a rotation in terms of a parameter, «,
and the matrix A, it is that this matrix is called the generator of rotations in two
dimensions.

A representation D(«) for the group elements R(«) of SO(2), can be translated
into a representation d(A) of the generator A of the group, according to:

D(«a) = exp{ad(A)} . (6.38)
In the cae of the standard irreps ( 6.15) of SO(2), we find for the representations
d(k)(A) of the generator A of SO(2) the result:

dF)(A) = —ik | k=0,+1,42, ... (6.39)

6.7 A differential operator for the generator.

In the space of ”well-behaved” functions f(7) = f(x,y) of the two real parameters x
and y, we found in formula ( 6.18) the following representation for an active rotation
R(«) of the parameter space (i.e. the (x,y)-plane):

piair (r= (1)) = s (iman (7)) - (6.40)
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The lefthand side of this relation can be rewritten in terms of the corresponding
representation d(A) of the generator of SO(2), using the definition given in ( 6.38),
i.e.

D(a)f(r) = exp{ad(A)} () (6.41)
Moreover, might the righthand side of equation ( 6.40) be expanded in a Taylor
series of the form:

f (F+ ( o )) = S+ (Awa—i + Aya%) 1)+
(6.42)
1 ra & , 0

Let us expand the series ( 6.41) and ( 6.42) in «. For ( 6.41) we obtain:

2
a
D() f(7) = [1+ ad(A) + {d(A)}* + - ]f(7) . (6.43)
For ( 6.42) we need the expansions for Az and Ay in «, i.e.:

2
ay—%x+~-~

Az S o
( Ay ) = R(—a)r —7= . (6.44)

2
_ax_%y+...

Consequently, for ( 6.42) we obtain to first order in «, the following:

IR = 1)+ ugy g ) 1) (6.49)

So, when we compare formula ( 6.43) with formula ( 6.45), then we find for the
representation d(A) of the generator A of SO(2) in the space of ”well-behaved”
functions f(z,y), to first order in «, the following differential operator:

0 0

i xﬁ_y
Now, one might like to inspect the higher order terms in the expansions of the

formulas ( 6.41) and ( 6.42). For ( 6.42), the second order in « term equals:

d(A) (6.46)

2 o a0  ,0 o2 , 0? o[ 8 0\’

> <_x6_x - 8_y+y @_%g/@x@y + 8—y2> f(r) = > (y%_xﬁ_y> f(r)
(6.47)

So, in comparing formula ( 6.43) with formula ( 6.47), we find that also to second
order in «, the solution is given by the differential operator ( 6.46). In fact, this
result is consistent with expansions up to any order in «.

Moreover, when we introduce the azimuthal angle ¢ in the (z, y)-plane, according
to:
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x = [r]cos(p) and y = |r]sin(p) ,
then we get for d(A), using formula ( 6.46), the differential operator given by:

0
d(A) = 9o (6.48)
Because of this result, 9/0¢ is sometimes refered to as the generator of rotations in
the (z,y)-plane.

It is easy to demonstrate that relation ( 6.48) is the correct representation d(A)
in function space. The modulus of 7 remains invariant under a rotation, so the only
relevant variable of f(7) is the azimuthal angle ¢. Consequently, instead of formula
( 6.40), one might take the more simple expression:

D)) = o =) = S0~ ag £+ G (55 ) 0+

Comparing this expansion with ( 6.43), we are unambiguously lead to the identifi-
cation ( 6.48).
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6.8 The generator for physicists.

Physicists prefer operators like x and —id/dz. So, instead of the operator d(A) of
formula ( 6.46), they prefer:

.0 L 0
—ir— + 1y

oy " Vor
In order to suit that need, we take for the generator of SO(2) the operator L, defined
by:

, 0 —2
L—ZA—( Z. 0) . (6.49)
The group elements R(«) of SO(2) can then be written in the form:

R(a) = exp{—iaL} . (6.50)

And, using the expressions ( 6.46) and ( 6.48), the representation d(L) of the gen-
erator L turns out to be:

0 0 0
d(L) = —ix— +1y— = —1— . 6.51
(1) = =i+ v = =iy (651)
Clearly, there exists no essential difference between the generator L and the genera-
tor A. It is just a matter of taste. However, notice that whereas A of formula ( 6.36)
is anti-symmetric, L of formula ( 6.49) is Hermitean. Both, A and L are traceless,

since the group elements R(«) of SO(2) are unimodular (see formula 5.22).

In the case of the standard irreps ( 6.39), we find for the representations of a(k) (L)
of the generator L the form:

ARy =k | k=0+1,+2,... (6.52)

6.9 The Lie-algebra.

The special orthogonal group in two dimensions, SO(2), is generated by the operator
L. This means that each element R(«) of the group can be written in the form
R(a) = exp(—iaL). The reason that we only need one generator for the group SO(2)
is the fact that all group elements R(«) can be parametrized by one parameter «,
representing the rotation angle.

Since « is a continuous parameter we may define the derivative of of the matrix
field R(«) with respect to a. When this derivative and all higher derivatives exist,
then a group is called a Lie-group. SO(2) is a Lie-group.

The operator L spans an algebra, which is a vector space endowed with a product.
A vector space is clear, because linear combinations, like a; L + ais L, generate group
elements, like R(ay + as). However the discussion on the precise details of the
product will be postponed to the next chapter.

Since this algebra generates a Lie-group it is called a Lie-algbra.
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Chapter 7

The orthogonal group in two
dimensions.

In this chapter we study the representations of the group of orthogonal transforma-
tions in two dimensions. But, before doing so, let us first recapitulate what we have
learned so far.

7.1 Representations and the reduction procedure

Since, as we concluded from property ( 6.10) for its group elements, SO(2) is an
Abelian group, its irreps are one-dimensional. This property of Abelian groups has
been shown for finite groups in ( 4.24). The arguments are, loosely speaking, as
follows:

The equivalence classes of an Abelian group consist all of only one group element.
Hence, there are as many equivalence classes as group elements. Moreover, the
number of non-equivalent irreducible representations of any group equals the number
of equivalence classes of the group. Consequently, in the case of an Abelian group one
has as many non-equivalent irreducible representations as there are group elements
in the group.

Furthermore, one has that the sum of the square of the dimensions of the non-
equivalent irreducible representations also equals the number of group elements, as
is shown in formula (4.10). This has for an Abelian group then as a consequence
that those dimensions can only be equal to one.

So, for any irreducible representation D(irrep)’ a group element R(«a) of SO(2) is
represented by a transformation of the complex numbers into the complex numbers,
i.e.

plirep) (r@)) ¢ — ¢ . (7.1)

An arbitrary representation of SO(2) in a vector space of a higher dimension can
be reduced to one-dimensional irreducible representations at the basis of invariant
one-dimensional subspaces. We have discussed the procedure for the defining rep-
resentation of SO(2) in section ( 6.2) and for the space of complex functions of one
variable at the interval (—m, +) at the Fourier basis in section ( 6.5), culminating
in formula ( 6.30).
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7.2 The group O(2)

The orthogonal group in two dimensions, O(2), is defined by the set of real and
orthogonal (i.e. A~! = AT) 2 x 2 matrices. For the determinant of such matrices
one has the following relation

[det(A)]* = det(A)det(A) = det(A)det (A”) = det(A)det (A™") =
= det (AA7") =det (1) =1 ,
which leads to

det(A) = +1 . (7.2)

For the unimodular, real and orthogonal 2 x 2 matrices, R(«), we found in section
( 6.1) the general form

cos(a) —sin(a)
sin(a)  cos(a)

R(a) = <

Those transformations of the two-dimensional plane onto itself are called proper
rotations.

Following a similar reasoning as given in section ( 6.1), we find for the real and
orthogonal 2 x 2 matrices with determinant —1, R(f3), the general form

) for € (—m, +n] . (7.3)

_ [ sin(B) cos(3) B
R(B) = ( cos(8) —sin(B) for ge (—m +m| . (7.4)
The latter type of matrices, which are referred to as the improper rotations, might
also be written in the following form

R(B) = PR(B) with P — (? é) . (7.5)

From expression ( 7.3) one learns moreover that the proper rotations form a sub-
group of O(2), which is isomorphous to SO(2). Hence representations of O(2) are
also representations of SO(2). But this does not imply that irreducible represen-
tations of O(2) are irreducible representations of SO(2). The latter statement can
easily be verified for the defining representation of O(2), given in formulas ( 7.3)
and ( 7.4), since the unit vectors 4y and @_q, given by:

R 1 1 4 4 1 1
Uy = — . an U_1 = —=
1 \/5 i 1 \/5 1 )

which are eigenvectors of the matrices ( 7.3) for all values of a, as discussed in section
(6.2), are not eigenvectors of the matrices ( 7.4). Consequently, the two-dimensional
vector space has no invariant subspaces under the defining representation of O(2),
which representation is hence irreducible. However, its restriction to the subgroup
SO(2) is reducible as we have seen in section ( 6.2).
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The group product is conveniently studied once the square of the operation P,
defined in formula ( 7.5), is known and the product of R(«) and P is expressed in
terms of proper and improper rotations. Hence, we determine

Pt Rp = (T ) < R 9

Using the definition ( 7.5) and the result ( 7.6), one may easily deduce that all
possible products of group elements of O(2) yield group elements of O(2), i.e.

(a) R(a)R(B) = R(a+f)

(b) R(e)R(B) = R(-a+f) |

() R(a)R(B) = R(a+p) , and

(d) R(@)R(B) = R(—a+p) . (7.7)

The group structure follows from formula ( 7.7). In particular we find for the inverses
of the two types of group elements

® [R@)] " = R) . (7.8)

Furthermore, we obtain the following equivalence relations for proper and improper
rotations.

(a) R(B)R()R(=F) = R(ea) ,
R(B)R()R(B) = R(-a) ,

(b) R(B R
(c) R(B)R(a)R(—B) = R(a—2p) , and
(d) R(B R

)R

(
d) R(B)R(a)R(B) = R(-a+26) . (7.9)

From relations ( 7.9¢ and d) we conclude that all improper rotations are equivalent
and from relation ( 7.9b) that all proper rotations are pairwise equivalent, except
for the unit element. Hence we obtain the following equivalence classes:

(typea) {R(0)=1}
(type b) {R(a), R(—a)} , foreach o€ (0,4+x] , and

(type ¢) {R(ﬁ) , B € (—m,+7] } . (7.10)

There is an infinity of type (b) equivalence classes, but half as many as group
elements in SO(2), which subgroup itself contains half as much group elements as
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O(2), as can be seen from the construction given in formulas ( 7.3) and ( 7.4).
The other two equivalence classes are related to the trivial and the almost trivial
irreducible representations. Ignoring those two equivalence classes, we come to the
conclusion that there are four times more group elements in O(2) than equivalence
classes and hence than non-equivalent irreducible representations. As a consequence
all irreps of O(2) must be two-dimensional, with the exception of the two already
mentioned. The defining representation of O(2), given in formulas ( 7.3) and ( 7.4),
is an example of such representation.

7.3 Irreps of O(2).

An arbitrary representation, D, of O(2) has been defined in the foregoing as a set
of unitary transformations of a vector space, V', into itself, i.e.

D(g) : V. — V

For the vector space V' one might select the space of functions of one variable at
the interval (—m,+m), as in chapter ( 6). Now, in section ( 7.2) we have come to
the conclusion that D also forms a representation when restricted to the subgroup
of proper rotations, which is isomorphous to SO(2), albeit possibly not irreducible.
Moreover, in chapter ( 6) we have studied the irreducible representations of SO(2),
hence we know that we may select a basis, {...1¥_o,1¥_1,%0, 91,12, ...}, in the vector
space V' at which the representation of a proper rotation, D (R(«)) acts as follows:

D (R(a))dm = e MOy, . (7.11)

Consequently, once the action of the representation of the improper rotation P,
defined in formula ( 7.5), is known, the whole representation is characterized. For
that purpose we define

) = D(P)¢m (7.12)

We want to determine the relation of |¢) with the elements of the basis of the vector
space V. Hence, also using formula ( 7.11), we do

D(R(a))|p) = D(R(a))D(P)Ym = D(R(a)P)vm =
= D(PR(-a))¢Ym = D(P)D(R(-a))vm =
= D(P)eM ¥y = MDD (P)yy = M)
from which we conclude that |p) is proportional to 1_,y,, i.e.

D(P)¢ym = lp) = amp—pm (7.13)

Notice that because of this result one has two-dimensional invariant subspaces of
the vector space V' which are spanned by the basis elements 1_,,, and ¥, except
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for the cases where m = 0. Consequently, when one organizes the basis of V' in the
following order:

{w()a w—la ¢+1> ,QZ)—Z’ ’QZ)+2, w—fﬂv ’QZ)+3, . } ) (714)
then D(g) takes the form
D" (g)
DW(g) 0
D(g) = D®)(g) , (7.15)
0 D®(g)
where D@ is a number and where DM, D@ DG are 2 x 2 matrices, for all

elements g of SO(2).

What is left now, is to figure out the value of the constant of proportionality a,,
of formula ( 7.13). First we settle that its absolute value must equal one, since we
want an unitary representation, i.e.

Next, also using formulas ( 7.6) and ( 7.13), we determine

vm = lvm = D) ¢m = D(P?)¢m = D(P)D(P)vm =
= D(P)e' ™y = D (P) by = MmOy
from which we conclude that

O + @y = 0, £21, H4mw, ... . (7.16)

For m # 0 one might even get rid of the whole phase factor «,,, by choosing an

equivalent representation for which the new bases of the two-dimensional subspaces
are given by

m) = ¢m and |-m) = Oy, (7.17)

because then one has

D(P)|m) = D(P)dme'*m™p_p = |-m)
and D (P)|-m) = D(P)e'Ymy_,, = e'me'Ymypy, = |m)
We thus find that, besides the two trivial representations, the irreducible rep-
resentations of SO(2) are two-dimensional and characterized by positive integers

m = 1,2,3,.... The representations of the proper and the improper rotations are
given by
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DU (R(a) [m) = e ¥m)
D™ (R(a))[-m) = M¥|-m)
D™ (R(B)) [m) = e 0)m)
D™ (R(8)) |=m) = ™Flm) . (7.18)

The two trivial irreducible representations are given by

DY(R)=DY(R)=1 and DY(R)=-DY(R)=1 . (7.19)
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Chapter 8

The special orthogonal group in
three dimensions.

In this chapter we will study the group of special orthogonal 3 x 3 matrices, SO(3).
Those matrices represent rotations in three dimensions as we have seen in section
( 5.3) at page 53.

8.1 The rotation group SO(3).

Similar to the group of rotations around the origin in two dimensions, we have
the group of rotations around the origin in three dimensions. An important dif-
ference with rotations in two dimensions is that in three dimensions rotations do
not commute. Consequently, the rotation group in three dimensions is not Abelian.
The three rotations around the principal axes of the orthogonal coordinate system
(x,y, z) are given by:

1 0 0 cos(d) 0 sin(¥)
R(z,a)=| 0 cos(a) —sin(a) |, R(y,9) = 0 1 0 :
0 sin(a) cos(a) —sin(d) 0 cos(¥)
cos(p) —sin(p) 0
and R(Z,0) = | sin(¢) cos(p) 0 |. (8.1)
0 0 1

Those matrices are unimodular (i.e. have unit determinant) and orthogonal.

As an example that rotations in general do not commute, let us take a rotation
of 90° around the z-axis and a rotation of 90° around the y-axis. It is, using the
above definitions ( 8.1), easy to show that:

R(#,90°)R(7, 90°) # R(3, 90°)R(z,90°) . (8.2)

An arbitrary rotation can be characterized in various different ways. One way is as
follows: Let €1, é; and é3 represent the orthonormal basis vectors of the coordinate
system and let 4, = é;, Uy = €3 and u3 = é3 be three vectors in three dimensions
which before the rotation R are at the positions of the three basis vectors. The
images of the three vectors are after an active rotation R given by:
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i; = R; for i=1,2,3.

The rotation matrix for R at the above defined basis é; (i = 1,2,3), consists then
of the components of those image vectors, i.e.

(@) ()1 (i)
R=| (@) (dy) (d3)2 | - (8.3)

(W)s (Uz)s (i3)s

A second way to characterize a rotation is by means of its rotation axis, which is
the one-dimensional subspace of the three dimensional space which remains invariant
under the rotation, and by its rotation angle.

In both cases are three free parameters involved: The direction of the rotation axis
in the second case, needs two parameters and the rotation angle gives the third. In
the case of the rotation R of formula ( 8.3) we have nine different matrix elements.
Now, if é;, é5 and é3 form a righthanded set of unit vectors, i.e. é; X é5 = €3, then
consequently form the rotated vectors «}, @, and u} also a righthanded orthonormal
system, i.e. uy = u) X U,. This leaves us with the six components of @} and @, as
parameters. But there are three more conditions, || = |u,| = 1 and @) - u, = 0.
So, only three of the nine components of R are free.

The matrix R of formula ( 8.3) is unimodular and orthogonal. In order to proof
those properties of R, we first introduce, for now and for later use, the Levi-Civita
tensor €; ik given by:

+1 for ¢jk = 123, 312 and 231.
€k =4 —1 for dijk = 132, 213 and 321. (8.4)
0 for all other combinations.

This tensor has the following properties:

(i) For symmetric permutations of the indices:

(ii) For antisymmetric permutations of indices:

€ikj = €jik = kji = ~Cijk- (8.6)
Now, using the definition of the Levi-Civita tensor and the fact that the rotated
vectors ), iUy and U4 form a righthanded orthonormal system, we find for the de-
terminant of the rotation matrix R of formula ( 8.3) the following:
det(R) = e Ri1RjoRyg = ejp(01)(1) (@),
= (i X tiy) (), = 0y - iy = 1
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And for the transposed of the rotation matrix R we obtain moreover:
T T ., ,
(R R)Zj = (R )Z/{: Rkj = RkiRkj = (u;)k(uj])k = 5Zj

Consequently, the rotation matrix R is unimodular and orthogonal.

8.2 The Euler angles.

So, rotations in three dimensions are characterized by three parameters. Here we
consider the rotation which rotates a point @, defined by:

a = (sin(?) cos(p), sin(?) sin(p), cos(v)) , (8.7)
to the position l;, defined by

b = (sin(¢) cos(¢), sin(¢¥) sin(¢’), cos(?')) . (8.8)

Notice that there exists various different rotations which perform this operation.
Here, we just select one. Using the definitions ( 8.1), ( 8.7) and ( 8.8), it is not very
difficult to show that:

R<g7 _ﬂ)R<27 _()0)6 = 27 R<27 (p/)RQ), ’19/)2 = g and R(Qv ﬂ/)RQ)’ _19) = R<g7 ,19/ - 19)
As a consequence of this results, we may conclude that a possible rotation which

transforms @ ( 8.7) into b ( 8.8), is given by:
R<¢/7 19/ - 197 @) = R(’%7 QOI)R(Q, 19/ - ﬂ)R<27 _90> (89)

This parametrization of an arbitrary rotation in three dimensions is due to Euler.
The three independent angles ¢, ¥ — 9 and ¢ are called the Fuler angles.

8.3 The generators.

A second parametrization involves the generators of rotations in three dimensions,
as, similar to the matrix A ( 6.36) for two dimensions, are called the following three
matrices which result from the three basic rotations defined in ( 8.1):

d 00 0 d 0 01
A = d—R(i,a) =100 -1 1], A= @R(g,ﬁ) = 000
“ a=0 \01 0 =0 \-100
d 0 -1 0
and Az = d—R(é,gp) =1 00 (8.10)
7 =0 \0 00
In terms of the Levi-Civita tensor, defined in formula ( 8.4), we can express the

matrix representation ( 8.10) for the generators of SO(3), by:
(Ai)jk = Tk (8.11)
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The introduction of the Levi-Civita tensor is very useful for the various derivations
in the following, since it allows a compact way of formulating matrix multiplications,
as we will see. However, one more property of this tensor should be given here, i.e.
the contraction of one index in the product of two Levi-Civita tensors:

€ijkCilm = €ujk€im T €25kCim T €sjkCslm
= 010km — OjmOps- (8.12)

Equiped with this knowledge, let us determine the commutator of two generators
( 8.10), using the above properties ( 8.5), ( 8.6) and ( 8.12). First we concentrate
on one matrix element ( 8.11) of the commutator:

{[A Al = (A48 — (A5A )k = (A km (A mi — (A5 kem (A
Cikm€iml — €jkmSiml = ¢mik®milj — mjkémli

= 031045 = 0i;0k1 — (0510k; — 0i0k1) = 0310k — 0510k;

= €mijemlk = ~€ijmEmkl = €ijm(Am)k

= (& jmAm)pl-
So, for the commutator of the generators ( 8.10) we find:
[4, Aj]

= EijAm (813)

Why commutation relations are important for the construction of representations of
Lie-groups, will become clear in the following.

8.4 The rotation axis.

In order to determine a second parametrization of a rotation in three dimensions,
we define an arbitrary vector 7 by:

'fl:: (nl,n2,n3), (814)

as well as its ”innerproduct” with the three generators ( 8.10), given by the expres-
sion:

- /_f = nZA’l = n1A1 -+ n2A2 + TLgAg. (815)

In the following we need the higher order powers of this ”innerproduct”. Actually,
it is sufficient to determine the third power of ( 8.15), i.e.:
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We proceed by determining one matrix element of the resulting matrix. Using the
above property ( 8.12) of the Levi-Civita tensor, we find:

(- D% = ngnjnpdAiAj ALY ap = ningng(Apac(Af) ca(Ag) ap
= —NNNEEac€ jedChdb = ~ i 0d05 — 0ij0ad ) €kdb
= —ngnangegqy + W' ngepay =0 —n'ng(Ag) g

= {-n*i- A}y,

The zero in the forelast step of the above derivation, comes from the deliberation
that using the antisymmetry property ( 8.6) of the Levi-Civita tensor, we have the
following result for the contraction of two indices with a symmetric expression:

ewkn]nk = —eik,jnjnk, = —eik,jnk,nj = —eijknjnk,, (8.16)
where in the last step we used the fact that contracted indices are dummy and can
consequently be represented by any symbol.

So, we have obtained for the third power of the ”innerproduct” ( 8.15) the follow-
ing:
(- A)? = —n%7 - A. (8.17)

Using this relation repeatedly for the higher order powers of 7 - f_f, we may also
determine its exponential, 7.e.

exp{ii- A} = 1+d-A+

= L A g AP (i A) 4 (e AP) +

R A

- 1+{n_g—?+g—j—2—;+m}(ﬁﬁ)+
Ty AR
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We recognize here the Taylor expansions for the cosine and sine functions. So,
substituting these goniometric functions for their expansions, we obtain the following
result:

exp{ii- A} = 1 +sin(n) (- A) + (1 — cos(n))(n - A)2. (8.18)

Next, we will show that this exponential operator leaves the vector 7 invariant.
For that purpose we proof, using formula ( 8.16), the following:

-, -,

{(ﬁ . A)ﬁ}l = (ﬁ . A)Z]nj = (nk,Ak,)Unj = nk(Ak,)Un] = —nkekijnj = 0,

or equivalently:

(- A)it = 0. (8.19)
Consequently, the exponential operator ( 8.18) acting at the vector 7, gives the
following result:

exp{ii- Ayt = [1+7i- A+ i =1ii =7 (8.20)

So, the exponential operator ( 8.18) leaves the vector 7 invariant and of course also
the vectors a7, where a represents an arbitrary real constant. Consequently, the axis
through the vector 7 is invariant, which implies that it is the rotation axis when
the exponential operator represents a rotation, i.e. when this operator represents
an unimodular, orthogonal transformation. Now, the matrix 7 - A of formula (8.15)
is explicitly given by:

. 0 —nN3 N9
n-A= ng 0 —n1 y (821)
—MNo ny 0

which clearly is a traceless and anti-symmetric matrix. So, using the formulas
(5.22) and ( 5.24), we are lead to the conclusion that exp{7 - A} is orthogonal and
unimodular and thus represents a rotation.

In order to study the angle of rotation of the transformation ( 8.18), we introduce
a pair of vectors ¢ and w in the plane perpendicular to the rotation axis 7n:

N9 — N3 1
T=| nyg—m and W=nxv=n+nyg+ng)n—n| 1 | , (8.22)
ny — No 1

where n is defined by n = y/n? + n3 + n3.

The vectors ¢, @ and 7 form an orthogonal set in three dimensions. Moreover,
are the moduli of ¥ and w equal.

Using formula ( 8.21), one finds that under the matrix 7 - A the vectors ¥ and @
transform according to:

—, —,

(h- Ao = and (4 A)id=—v

82



—

So, for the rotation exp(7i - A) of formula ( 8.18) one obtains for the vectors ¢ and
w the following transformations:

7' =exp(it- A)0 = T+ sin(n)w+ (1 — cos(n))(—7) = Tcos(n) + @sin(n), and

@' =exp(it- AV = @+ sin(n)(—7) + (1 — cos(n)) (=) = —Tsin(n) + @ cos(n).
The vectors ¢ and @ are rotated over an angle n in to the resulting vectors ¥’ and
w'. This rotation is moreover in the positive sense with respect to the direction 7
of the rotation axis, because of the choice ( 8.22) for .

Notice that the case n; = ng = ng, which is not covered by the choice ( 8.22), has
to be studied separately. This is left as an exercise for the reader.

Concludingly, we may state that we found a second parametrization of a rotation
around the origin in three dimensions, i.e.:

R('I’I,l, Nna, n3) = exp{ﬁ : g}, (823)

where the rotation angle is determined by:

n = \/n} +n3 + n3,

and where the rotation axis is indicated by the direction of 7.

The vector 7 can take any direction and its modulus can take any value. Con-
sequently, exp(7 - /T) may represent any rotation and so all possible unimodular,
orthogonal 3 x 3 matrices can be obtained by formula ( 8.18) once the appropriate

vectors 71 are selected.
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8.5 The Lie-algebra of SO(3).

Instead of the anti-symmetric generators Ay (n = 1,2,3) of formula ( 8.10), we
prefer to continue with the Hermitean generators Ly, = iApn (n = 1,2,3), which in
explicit form, using the expressions ( 8.10), can be given by:

00 0 00 i 0 —i 0
Li=[00 —i |, Lo=| 00 0|, and Ly=| i 0 0 |. (824)
0 i 0 —i 0 0 0 00

An arbitrary rotation R(n,a) with rotation angle « around the axis spanned by
n, can, using formula ( 8.18), be expressed in terms of those generators, according
to:

R(h, ) = exp{—ian - L} = 1 + sin(a)(—if - L) + (1 — cos(e))(—in - L)?. (8.25)

SO(3) is a Lie-group, because the derivatives ( 8.10) and all higher derivatives
exist. The Lie-algebra is spanned either by A;, A and Az or by —iL,, —ils and
—iL3. The product of the Lie-algebra is given by the Lie-product, defined by the
commutator of two elements of the algebra. For the generators ( 8.24), using formula
( 8.13), the Lie-products yield:

[Li’ L]] = ’LEijLm (826)

This establishes, moreover, their relation with the so-called angular momentum
operators in Quantum Mechanics.

The generator space of SO(3) is an algebra. This implies that any real linear
combination of —¢L, —i1L, and —i L3 can serve as a generator of a rotation. However,
the algebra may be extended as to include also complex linear combinations of the
basic generators. Those operators do in general not represent rotations, but might
be very helpfull for the construction of representations of SO(3). Two such linear
combinations L and L_ are given by:

They satisfy the following commutation relations amongst themselves and with the
third generator Ls:

[Ls,L4]=+L4 and [Ly,L_]=2L; . (8.28)

Notice moreover that, since L; and Ly are Hermitean, the Hermitean conjugates of
Ly and L_ satisfy:

Lt =L_ and L' =L, . (8.29)
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8.6 The Casimir operator of SO(3).

According to the first lemma of Schur ( 4.11), a matrix which commutes with all
matrices D(g) of an irreducible representation D for all elements of the group, must
be proportional to the unit matrix. One irrep of SO(3) is formed by the rotation
matrices themselves. This will be shown in one of the next sections of this chapter.
So, let us find a matrix which commutes with all rotation matrices. We represent
such matrix by its generator X, i.e. by exp(X). Then, since the matrix is supposed
to commute with a rotation, we have:

exp(X) exp(—ian - L) = exp(—ian - L) exp(X)

Now, when X commutes with 7 - E, then using the Baker-Campbell-Hausdorff for-
mula ( 5.17), we find:

exp(X) exp(—ian - L) = exp(X — i - L) = exp(—ioviv - L) exp(X)

Consequently, X must be an operator which commutes with all three generators L,
Lo and L3. A possible solution for such operator is given by:

X =L%=(L)%+ (Ly)* + (Ls)* , (8.30)
for which it is not difficult to prove that the following commutation relations hold:

L% L;)=0 for i=1,2,3 . (8.31)

The operator X, which is usually refered to as L2, is called the Casimir operator of
SO(3). Notice that L? is not an element of the Lie-algebra, because it can not be
written as a linear combination of generators. Nevertheless, Casimir operators are
important for the classification of irreps of Lie-groups, as we will see in the following.

For later use, we will give below some alternative expressions for L? in terms of
the generator L3 and the generators L4 of formula ( 8.27):

L2 — <L3)2 + L3 + L_L+
— <L3)2 - L3 + L+L_

= (Ls)* + % (LyL_+L_Ly) . (8.32)
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8.7 The (2¢ + 1)-dimensional irrep d\").

A representation of the Lie-algebra of SO(3) and hence of the Lie-group itself, is
fully characterized once the transformations d¥(L;) (for i = 1,2,3) of a certain
complex vector space V; onto itself are known. Let us select an orthonormal basis
in V, such that d‘“)(L3) is diagonal at that basis. From the considerations for SO(2)
which lead to the formulas ( 6.39) and ( 6.52), we know that the eigenvalues for the
representations of the generator L3 of rotations around the z-axis are integers. So,
we might label the basis vectors of V; according to their eigenvalues for d\)(Ls), i.e.

d9(Lg) |6, m >=mlt,m > for m=0,4+1,42,... (8.33)

The Casimir operator L? for the representation, given by

22 = [dO(Ly)]* + [dO(Lo)]" + [dO(L)] (8.34)

commutes with d® (L), d*¥)(Ly) and d¥)(L3). Consequently, for an irrep one has,
due the first lemma of Schur ( 4.11), that L? equals a matrix proportional to the
unit matrix. Let us take for the constant of proportionality the symbol A, i.e.

L* [¢,m >= \[{,m > for all basis vectors. (8.35)

In the following we will show that A = ¢(¢ + 1) and that m runs from —¢ to +/.
First, we proof that

m* <\, (8.36)

from which we conclude that there must exist a maximum and a minimum value for
the integers m. Then we demonstrate that the representation of the operator L in
V; transforms a basis vector |¢,m > in to a vector proportional to the basis vector
|¢,m 4+ 1 > and similarly, the representation of the operator L _ in Vj transforms a
basis vector |¢,m > in to a vector proportional to the basis vector [{,m — 1 >, i.e.

dO(Ly) |6, m >=CL(l,m)|t,m+1> | (8.37)

where the coefficients C (¢, m) represent the constants of proportionality. Because
of the property ( 8.37) the operator L is called the raising operator of SO(3)
and similarly L_ the lowering operator. Property ( 8.37) leads us to conclude that
operating on the basis vector which has the maximum eigenvalue m,,,,, for d(g)(Lg),
the raising operator must yield zero, and similarly on the basis vector with the
minimum eigenvalue m,,;,, the lowering operator must yield zero.

dO(L ) Munar >= dO(L )|, mpin >=0 . (8.38)

Finally, we show that m,,;, = —Mnq. and introduce the symbol ¢ for the maximum
value of m.
The basis |¢, m > is orthonormal, which can be expressed by:

< lymll,m' >= Oy (8.39)
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Relations which hold for the generators, also hold for the representations of the
generators. So, using ( 8.29) and ( 8.32) we find:

2 = [d0(L)]" = 5 {0 (L) + O )0 (L))

This leads, at the basis defined in formula ( 8.39), to the following property of the
matrix elements for those operators:

Aem? = <tm) {L2 _ [d@(Lg)f} 6, m >
= < tmlg {ldOC AL ) + dOE ) OE )} >

1
= 5 {\d<f>(L+)|e,m >[* 4 [dO @)l m >\2} >0
This proofs relation ( 8.36) and leads to the introduction of a maximum eigenvalue
Mumaz of d¥)(L3) as well as a minimum eigenvalue 1.
Using the commutation relations ( 8.28), one obtains:
AO(Ly)dO(Ls) = dO(L Ly + Ly, L)) = dO(L)dO(Ly) £ dO(Ly)

Acting with this operator on the basis ( 8.39), also using ( 8.33), one finds:

dO(Lg) {dW(Ly)le,m >} = dO(Ly) {dO(Ls) £ 1} |6, m >

= (m=D){d(Ly)lt,m >} (8.40)
Consequently, one may conclude that d¥)(L.)|¢,m > is proportional to the eigen-
vector of d¥(Ls) with eigenvalue m + 1, i.e. |[¢,m + 1 >, and similarly that the
vector d)(L_)|¢,m > is proportional to |¢,m — 1 >. Yet another consequence of
( 8.37) is that d(z)(L+)|€, Mnae > vanishes, since |[¢, my,q, + 1 > is not a basis vector

of V. Similarly, d)(L_)|¢, M, > vanishes. So, using the relations ( 8.32), one
finds:

0 = dYL)dNL)l mumar >= (LZ — [a0(zs)]" - d“><L3>) [T ——

= ()‘ - (mmam>2 - mmax>|£a Momaz > 5

and

0 = d(e)(L—F)d(g)(L—)wv Mpmin >= <L2 - {d(g)(L3):|2 + d(e)(Lfﬂ)) |£7 Mimin >

= <)\ - (mmln)2 + mmm)‘& Mmin >
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which leads to the identification m,,;;, = —Muq. and after defining ¢ = my;,q., to the
equation:

A=C+0=00+1) . (8.41)
This way we obtain for V; the following (2¢ 4 1)-dimensional basis:

6,0, [0, 041>, ., [0 l—1>, [6,+0> . (8.42)

At this basis Lj is represented by a diagonal (2¢ + 1) x (2¢ + 1) matrix, which has
the following form:

—(
—(+1 0
d9(Ls) = " . (8.43)
0 (-1
+0

Notice that d¥)(Ls) is traceless and Hermitean.

The non-negative integer ¢ characterizes the irrep d¥) of SO(3). To each possible
value for ¢ corresponds one non-equivalent unitary irrep. Its dimension is determined
by the structure of the basis ( 8.42), i.e.

dim(d?) =20+1 . (8.44)

The operator which characterizes the irrep, is the Casimir operator L?, defined in
formula ( 8.30). Its eigenvalues for any vector of V;, have the same value, equal to
0(¢ 4+ 1). The basis ( 8.42) is chosen such that the generator Lj is represented by
the diagonal matrix given in ( 8.43).

Because of the commutation relations ( 8.29), the operators L4 defined in ( 8.27)
serve as raising and lowering operators, usefull to construct the whole basis of V,
out of one single basis vector.

Using equation ( 8.41) and once more the relations ( 8.29) and ( 8.32), we obtain
for the constants of proportionality of formula ( 8.37), moreover:

£w+m—m@in::<am%H_(wmgﬁiﬂmmﬁham>
= <tm|[dO(Ly)] dO(Ly)ltm >

— a0zl m > =|Crem)|

It is convention not to consider a phase factor for the coefficients C'4 (¢, m) and to
take the following real solutions:

Oy (lom) = U+ 1) —m(m=1) . (8.45)
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8.8 The three dimensional irrep for ¢/ = 1.

As an example, let us study the three dimensional irrep dV of the Lie-algebra of
SO(3), at the basis of eigenstates of dV)(Ls) given by:

1 0 0
I,—1>=[ 0|, |[LLOo>=]1 and [1,—-1>=10 . (8.46)
0 0 1

The matrix representation d)(Ls) of Ls is, because of the above choice of basis,
given by:

-10 0
dY(Ls)=] 00 0] . (8.47)
00 +1

The matrices d(L4) at the basis ( 8.46) for the raising and lowering operators
( 8.27) of SO(3) follow, using ( 8.45), from:

dY(L ), -1> = V2]1,0> , dY(L_)|1,-1> 0
dV(L4)|1,0 > V21,41 >, dV(L)1,0> = V21,-1>
dY(Ly)|L,+1> = 0 , dY(L )1, +1> = V2[1,0>

So, the matrices for the choice of basis ( 8.46) are given by:

000 010
dV(Ly)=v2[ 1 0 0| and dV(L_)=v2|0 0 1 | . (8.48)
010 000

The matrices dV(L;) and d (L) can be obtained using the definition ( 8.27) for
the raising and lowering operators and the above result ( 8.48). This leads to:

L (010 L [0 -1 0
dY(L)=—=|1 0 1| and dY(Ly)=—=|1 0 -1 . (8.49)
V2 iVv2
010 0 1 0

Now, we might also like to study the related representation DM of the group ele-
ments of SO(3), in agreement with ( 8.25) given by:

DY (A, a) = exp{—ian - dV(L)} . (8.50)

Let us select the group elements shown in formula ( 8.1) and determine their rep-
resentations for ¢ = 1. For a rotation around the x-axis, using formulas ( 8.25) and

( 8.49), we find:
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D (R(%,a)) = exp{—iad(l)(Ll)}

= 1 +sin(a)(—idV (L)) + (1 — cos(a))(—idM (L,))?

(cos(a) — 1)

N[

L(cos(a) +1) —% sin(a)

. )

_ -7 sin(a) cos(a) ~ 3 sin(a) . (8.51)

(cos(ar) + 1)

N[

S(cos(a) — 1) —% sin(a)

Similarly, for a rotation around the y-axis, one obtains:

DW (R(7,9)) = exp{—iadV(Ly)}

= 1 +sin(a)(—id (Ly)) + (1 — cos(a))(—idM (Ly))?

Sl eos()) TEEL 41— cos(v)

B sin(v9) sin(?)

— 5 cos (V) BV (8.52)
50— cos()) —2HEL 11+ cos(9))

V2

And a rotation around the z-axis is here represented by:

DW(R(2,¢)) = exp{—iadV(Ls)}

= 1 +sin(a)(—id® (Lg)) + (1 — cos(a))(—idY (Lg))?

4P 00
— 0 1 0 . (8.53)
0 0 e

The matrices ( 8.51), ( 8.52) and ( 8.53) of the three dimensional irreducible repre-
sentation D) are not the same as the rotation matrices in three dimensions ( 8.1).
However, one might notice that the traces are the same, respectively 2 cos(a) + 1,
2cos(¥) + 1 and 2cos(¢) + 1. So, one might expect a similarity transformation S
which brings the rotation matrices ( 8.1) at the above form. This is most conve-
niently studied, using the expressions ( 8.24) for the generators and the expressions
( 8.47) and ( 8.49). But this is left as an exercise for the reader.
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8.9 The standard irreps of SO(3).

SO(3) is the symmetry group of the sphere in three dimensions. Points at the sphere
are characterized by the polar angle ¥ and the azimuthal angle ¢. As a basis for
the ”well-behaved” functions f (¥, ) for the variables 9 and ¢, serve the spherical
harmonics:

Yy (@0, 0), for £=0,1,2,... and m=—{,...,+{ . (8.54)

The innerproduct for two functions x and v in the space of functions on the sphere
is defined as follows:

00 = [ ere 92V X0 0) (8.55)

The spherical harmonics ( 8.54) form an orthonormal basis for this innerproduct,
i.€.

/Sphere QY3 (0, 0)Y (9, 0) = S\ - (8.56)

Each function f(¥, ) on the sphere can be expanded in terms of the spherical
harmonics, according to:

EZ Z By Ym0, 0) (8.57)
=0m =

The coefficients Bp,,, of the above expansion are, using the orthonormality relation
( 8.56), given by:

By = | here 49 Yim(®:9)1(0,9) (8.58)

An active rotation R(7, «) in three dimensions induces a transformation in func-
tion space (compare equation 6.18), given by:

D, o) f(7) = § (IR(.0)]7'F) (8.59)

where 7" indicates a point at the unit sphere, given by:

sin(1) cos(p)
(¥, p) = | sin(?)sin(p) : (8.60)
cos (V)

Let us study here the differential operators which follow for the three generators
Ly, Ly and Ls, defined in formula ( 8.24), from the above equation. For a rotation
R(Z, «) around the z-axis we find, using formula ( 8.1), for A¥ and Ay to first order
in «, the following:

1 o 0 sin(v){cos(¢) + asin(p)}
T+ A% p+Ap)=| —a 1 0 |7, p)=| sin(¥){—acos(p) +sin(p)} | ,
0 01 cos(V)
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which is solved by:

AY=0 and Ap=—a .

We obtain then for ( 8.59), expanding the lefthand side in terms of the representation
of L3 and the righthand side in a Taylor series, both to first order in «, the following:

(L= dad(£a)) 1) = (1= a5} 109

from which we read the identification (compare also 6.51):

d(Ls) = —i% . (8.61)

For a rotation R(Z,a) around the z-axis we find, once more using formula ( 8.1),
for Av and Ay to first order in «, the equations:

1 00 sin(¥) cos(p)
T+ A% p+Ap)=[ 0 1 «a |7F(d,¢)=| sin(d)sin(e)—+ acos(?) ,
0 —a 1 —asin(9) sin(yp) + cos(V)

which are solved by:
AY = asin(p) and Ag = acotg(V) cos(p) .

Insertion of those results in the righthand side of ( 8.59), leads to the identification:

d(Ly) =1 {sin(gp)% + cotg(?)) cos(gp)%} . (8.62)

For a rotation R(y,«) around the y-axis we find, again using formula ( 8.1), for
Av and Ay to first order in «, the equations:

1 0 -« sin(19) cos(p) — a cos(1?)
0+ A% e+Ap)=| 0 1 0 |7¥,p) = sin(1) sin(p) :
a 0 1 asin(d) cos() + cos(¥)
which are solved by:
AY = —acos(p) and Ay = acotg(V)sin(yp) ,

and lead to the identification:

0 0
d(Lg) =1 {— cos(go)% + cotg (V) sin(w)%} : (8.63)
The raising and lowering operators L are, according to their definition ( 8.27),
given by:

d(Ly) = L1 {icotg(ﬁ‘)% + 2} : (8.64)



For the Casimir operator L?, using relation ( 8.30), we find the following differ-
ential operator:

L* = [d(L)) + [d(L))* + [d(L3)]?

) A S
B a0 "~ W9 T sin 2(9) 82

1 0 . 0 1 02
- _{sin(ﬁ)a_ﬁsm(ﬁ)a_ﬁ sin?(19) 02 } (8.65)

The spherical harmonics Yy, (9, ) for m = —¢,..., +{ form the standard basis
of a (2¢ + 1)-dimensional irrep in function space. For Lj their eigenvalues are given

by:

—i%ng(ﬁ,w) = d(L3)Yp, (0, ¢) = mYp,, (J,0) . (8.66)

And for the Casimir operator L?, by:

1 0 . 9, 1 92 )
B {sin(ﬂ)%sm(ﬂ)% T2 sin? () g } fm(ﬁ ) = L Yfm(ﬁa ©)

(8.67)
= E(f-l—l)ng(ﬁ,(p) .
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8.10 The spherical harmonics.
Equation ( 8.66) is solved by:

Vi (0,9) = Xy (0)!™9 (8.68)

where Xy, (J) is some yet unknown function of the polar angle . For m = 0
equation ( 8.67) takes the following form:

77 59 O X0 (9) = €+ DX (0)
By a change of variables:
¢ =cos(¥) and Py(&) = Xy(0) (8.69)
this differential equation transforms into:
&) Pyle) = €0+ DPYE) (8.70)
£ dg

This equation is known as Legendre’s differential equation, familiar in many problems
of mathematical physics. Its solutions are well-known. The first few solutions are
given by the following Legendre polynomials:

Po(g) =1 ) Pl(f) = &
Py(¢) = 33 —=1) , and P3(§) = 3(56° —3¢)

For the construction of the spherical harmonics for m # 0, we may use the raising
and lowering operators, given in formula ( 8.64). Let us as an example, construct
the complete basis of spherical harmonics for the standard irrep corresponding to
¢ =1. For m = 0, using the expressions ( 8.68), ( 8.69) and ( 8.71), we find:

(8.71)

Yl,O(’ﬁv ()0) = NCOS<19) )

where the normalization constant N is determined by relation ( 8.56), i.e.
2T +1
1= |N|2/ do [ deos(®) cos2(9) = 4n|N|?/3
0 -1

leading to the conventional choice N = /3/4w. For m = +1, using the formulas
( 8.48) and ( 8.64), we obtain:

V2 Vi(d@) = d(Ly)Yio(d,¢)
: 0 o) |3
+1p ) - -
e {zcotg(ﬂ)&p + &9} 1 cos (V)

= —“ie—i_ﬂpsin(ﬁ) :
4m
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leading to the solution:

3 o .
Via(V,9) = =[5 ¢ ¥sin(@)

For m = —1, also using the formulas ( 8.48) and ( 8.64), we obtain:

V2Yi_1(9,0) = d(L_)Yi(¥, )

", 0 0| |3
- Wl — — = —
e {zcotg(ﬁ)&p 619} gy cos (V)
= + \/i e TP sin(v)
4 ’

3 o .
Yi-1(9, ) = +“8_7T e "Psin(v) .

Applying once more the raising operator to the solution for m = +1, using formula
( 8.64), we obtain moreover:

leading to the solution:

; g 0 / 3 ]
d(Ly)Y1400,¢) = TP {icotg(ﬁ)% + %} [_ o TP sin(ﬁ)}

= _\/8% et2ip {—cotg(V) sin(¥) + cos(¥)} =0 ,

which demonstrates that the series of basis elements terminates at m = +1 for the
raising operator. Similarly for the lowering operator, one finds that the series of
basis elements terminates at m = —1. So, the complete basis of the standard irrep
of SO(3) for ¢ = 1, reads:

/ 3 /3 0 .
Yio(¥, ) = yy cos(¥) and Y 1(9,¢) =F o L1 sin(d) .
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8.11 Weight diagrams.

A weight diagram is a pictorial way to show the structure of the basis of an irrep. It
shows in diagrammatic form the eigenvalues of those generators of the group which
are represented by diagonal matrices. For an irrep of SO(3) the weight diagram
consists of one axis, along which the eigenvalues of the basis vectors of the irrep for
the generator Lz are indicated (in the case that the representation of Lj is diagonal
at the basis of the irrep). In the figure below, the weight diagram for the irreducible
representation of SO(3) corresponding to ¢ = 3 is depicted.

Figure 8.1: The weight diagram for d® of SO(3). The dots (e) at the horizontal
line represent the basis vectors of the vector space V3. The values below the dots
represent their eigenvalues m for d®(Ls).

The raising operator d(L) takes steps of one unit in the positive direction of the
horizontal weight axis (see for example the weight diagram of figure 8.1), when
operating on the basis vectors; the lowering operator d(L_), steps of one unit in the
negative direction.

8.12 Equivalence classes and characters.

In this section we discuss the relation which exists between the structure of rep-
resentations for finite groups and the structure of the irreps of SO(3). For finite
groups we discovered that the number of inequivalent irreps equals the number of
equivalence classes of the group (see formula 4.23), which is intimately connected to
the structure of the character space for representations of finite groups (see formula
4.17). So, let us begin by studying the equivalence classes of SO(3).

In order to do so, we first perform the following exercise: We determine, using
formula ( 8.21), the transformed matrix for (7 - A) under a rotation around the
z-axis, for the following definition of the transformation:

-,

i’ A= R(2 )i AR (2, a)

0 —ng ny sin(a) + ng cos()
= n3 0 —ny cos(a) + ngsin(a)
—ny sin(a) — ng cos(a) ny cos(a) — ngsin(a) 0

From this result we read for the transformed vector 71/ the relation:

96



ny cos(a) — ngy sin(a)
n'=| nisin(a) +ngcos(a) | = R(Z, )7,

ng

which leads to the conclusion:

R(2,0)(ii- A)RY(2,0) = {R(2, )i} - A . (8.72)

This result can be generalized to any rotation, not just rotations around the z-axis.
In order to proof that, we need to mention a property of unimodular, orthogonal
matrices, i.e.

SmnLimBjn = €k B -
Using this relation and formulas ( 5.20) and ( 8.11), we find:

| R(i - X)R*l}ij _

T
= n [RAk:R ] ij = eltialAk)ab R = i Ria(=gap) Rjp

= = —ngeijo) Ry, = (Rii)(Ap)ij = |(Rii) - A]

which proofs the validity of relation ( 8.72) for an arbitrary rotation R. Using the
above results, it is also not very difficult to proof that:

Rexp{ii- A}R™" = exp {(Rﬁ) . ff}

Consequently, the group element exp{7 - /Y} in the above equation is equivalent
to the group element exp {(Rﬁ) : A} (see the definition of equivalence in formula

1.23). The rotation angles are equal for both group elements, because the modulus
of vector 77 does not change under a rotation, and therefore:

—

rotation angle of o(B) - A _ | Rii| = || = rotation angle of e A4

Now, since R is arbitrary, we may conclude that all rotations which have the same
angle of rotation form an equivalence class. The trace of the rotation matrices out
of one class can be determined by taking the trace of the rotation matrix of one
representant of the class. For example a rotation around the z-axis, which leads to:

—

Tr {e<Rﬁ) ' ‘Lf} =Tr {eﬁ ' A} =Tr{R(z,n)} =1+ 2cos(n) .

All rotation matrices for group elements of the same equivalence class, have the
same character. Consequently, might one characterize the various classes of SO(3)
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by the corresponding rotation angle. There are infinitely many angles and so, there
exist infinitely many equivalence classes in SO(3). Which settles moreover the point
that there exist infinitely many irreps of SO(3).

Also for a representation of SO(3) one might select the matrix representation of
rotations around the z-axis, in order to determine the characters for the various
equivalence classes. The representation of Lj is shown in formula ( 8.43). The
resulting representation for a rotation around the z-axis is therefore given by:

DOR(z,a)) = e—iad(Ls)

e—i—z[a

0 €_i<£ — 1)0&

—ilo

So, its character is readily determined to be equal to:

AR : sin (20 + 1)
X(z)(R(é,a)) _ Z plma _ <( Z )2)
m = —g Sin (7)

For the particular case of the representation of the unit matrix R(Z,0), we have
moreover that its character yields the dimension of the representation, i.e.

+/
dim () = xO(R(2,0) = Y 1=20+1,

m=—/

in agreement with ( 8.44).
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Chapter 9

The special unitary group in two
dimensions.

In this chapter we study the representations of the special unitary group in two
dimensions, SU(2).

9.1 Unitary transformations in two dimensions.

Unitary 2 x 2 matrices form a group under normal matrix multiplication, because
the product of two unitary matrices A and B is also unitary, i.e.

(AB)™' =B'A™' = BIAT = (AB)" . (9.1)

The most general form of a unitary matrix in two dimensions is given by:

a* —b*
Ula,b) = < - ) ) (9.2)
where a and b represent arbitrary complex numbers. When, moreover this matrix
has unit determinant, we have the condition:

la> + b =1 . (9.3)

A convenient paramatrization of unitary 2 x 2 matrices is by means of the Cayley-
Klein parameters &, &1, & and &3, which is a set of four real parameters related to
the complex numbers a and b of formula ( 9.2) by:

a = 50 + Zgg and b= gg - Zgl . (94)

When one substitutes a and b in formula ( 9.2) by the Cayley-Klein parameters,
then one finds for a unitary 2 x 2 matrix the expression:

U(6o,€) =&l —if-d (9.5)

where 01, 09 and o3 represent the Hermitean Pauli matrices, defined by:

0 1 0 —i 1 0
0'1:<10>,0'2:<Z. 8) and 0'3:<0 _1) (96)
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When, moreover the matrix ( 9.5) is unimodular, we have the condition:

(&0)*+ (&) + (&) + (&) =1 . (9.7)

This way we obtain three free parameters for the characterization of a 2 x 2 uni-
modular and unitary matrix.
Let us combine three parameters ni, ny and ngz into a vector 7 given by:

ni
n3

By means of those parameters, one might select for the Cayley-Klein parameters

( 9.4) which satisfy the condition ( 9.7), the following parametrization:

&y = cos <g) and E: 7 sin (g) , (9.9)

where n and n are defined by:

’le 1 T
n=1\ ny | == ng and n = \/(n1)2 + (n2)? + (n3)? .
’ng n ng

This way we find for an arbitrary unimodular unitary 2 x 2 matrix the following

general expression:
U(rt) = 1cos (g) —i(n - o)sin (g) (9.10)

Noticing moreover that (7-3)? =1, it is easy to show that U(7) may also be written

in the form:
U(it) = exp{—%ﬁ-a} (9.11)
The Pauli matrices ( 9.6) satisfy the following relations:
For the product of two Pauli matrices one has:
Oiaj = 15Zj +i€ijk0k , (9.12)
for their commutator:
[O'Z',Oj} :%Eijkgk 5 (913)
and for their anti-commutator:
(9.14)

{ai,aj} =005 +050; = 251']‘1
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9.2 The generators of SU(2).

The group of special unitary transformations in two dimensions SU(2) is a Lie-
group. This can easily be understood if one considers the representation ( 9.10) for
an arbitrary unimodular unitary transformation. Clearly, for that expression exist
the partial derivatives with respect to its parameters to any order.
According to formula ( 9.11) we may select for the generators of SU(2) the fol-
lowing set of 2 x 2 matrices:
g1 g2 03

J1:? ’JQ:? andJ;»,:E. (915)

The arbitrary special unitary transformation U(7 = an) in two dimensions may
then, according to formula ( 9.11), be expressed by:

—

Uli,a) = et J (9.16)

The commutation relations for the generators J of SU (2) defined in formula
( 9.15), can be read from the commutation relations ( 9.13), i.e.

{JZ’, Jj} :ieijk‘]k . (9.17)

The commutation relations (9.17) for the generators J of SU(2) are identical to the
commutation relations ( 8.26) for the generators L of SO(3).

Notice that, as in the case of SO(3), for SU(2) the generators ( 9.15) are traceless
and Hermitean.

9.3 The relation between SU(2) and SO(3).

In order to establish a relation between SU(2) and SO(3), we first study once more
the effect of a rotation R(n,«) in three dimensions on a vector Z. A vector ¥ may
be decomposed into a part parallel to the rotation axis n and a part perpendicular
to this axis, as follows:

F=(h- )i+ {T— (- D)n} . (9.18)

The vector (7 - Z)n does not suffer any transformation under a rotation R(n, )
(see equation 8.20). But, the second part of ( 9.18), which represents a vector in
the plane perpendicular to the rotation axis, transforms into another vector in that
plane.

For an orthonormal basis in this plane one might select the unit vectors v and w,
given by:

81

T DR g = X . (9.19)
72— (n- ) 72— (n. )

The second part of ( 9.18) is before the transformation given by:
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— A —

r—(n-Z)n=0/F2—(n-2)2% .

And after the rotation over an angle o in the plane perpendicular to the rotation
axis 7 in the positive sense, by:

{0 cos(a) + wsin(a) }/Z2 — (n- )% . (9.20)

So, using formulas ( 9.18), (19.19) and ( 9.20), we find for the transformed vector Z’
resulting from Z under a rotation R(n, «), the following:

7' = R(n,a)f = Zcos(a) + (1 x &) sin(a) + (7 - Z)n(1 — cos(a)) . (9.21)
A more elegant way to obtain the same result, is by means of the expression ( 8.18)
for a rotation of an angle o around the axis indicated by n, 7.e.

—
—, —,

R(n,a) = e A_q 4 sin(a)(n - A) + (1 — cos(a))(n - A)>. (9.22)

Using formula ( 8.11) for the matrix elements of A, we find for (7 - A)Z the result:

Moreover, using formula ( 8.12) for the contraction of two Levi-Civita tensors, we
obtain for (77 - A)2% the expression:

[(ﬁ . /_1»)21_‘11 = nanb(Aa)w (Ab)jkl‘k = Eaijebjknanbxk = (ﬁf)nZ—TLZZL‘Z . (924)

Insertion of the result ( 9.23) and ( 9.24) in ( 9.22), yields once more the expression
(19.21) for R(n, ).

Having derived formula ( 9.21) for a rotation in three dimensions by two alterna-
tive methods, we return to the unitary transformations in two dimensions. Let us
introduce, by means of the Pauli matrices given in formula ( 9.6), a Hermitean 2 x 2
matrix X defined by:

X=r 7. (9.25)

The components of the vector & can, with the use of formula ( 9.14) for the anti-

commutator of the Pauli matrices, uniquely be recovered from any Hermitean matrix
X by taking the anti-commutator of X and &, i.e.

i=HX,o} =1(X5+7X) . (9.26)

For an arbitrary unimodular unitary 2 x 2 matrix U(n, «), we define moreover the

following transformation for the matrix X:
X' =U(h,a) XU (R, a) . (9.27)
Since U(n,«) is unitary and X Hermitean by definition ( 9.25), the matrix X’ is

also Hermitean and thus by the procedure ( 9.26) uniquely related to a vector z’.
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Inserting the expressions ( 9.10) for U(n, ) and ( 9.25) for X, we obtain for the
matrix X’ the result:

X - {1COS<%>—¢(ﬁ-o)sm< )} (7 5) {1COS< >+"(” ")Sm@)}
Jsin

= (%) cos? (Z)—l—z[( %)COS( )
+ (A F)(F- ) (A - &) sin’ <%) . (9.28)

Using the relations ( 9.13) for the commutator of two Pauli-matrices and ( 9.12) for
their product, it is easy to verify that:

i[(Z-8),(n-d))=2(nxZ) & and

(- 3)(& &) (R &) =2 D)7 G) — (T-5) .

Inserting those equations in ( 9.28), we find:

X' = (Z-0d)cos(a) + (n x &) - dsin(a) + (n - T)(h-7)(1 — cos(a)) . (9.29)

The vector ’ can be extracted from this matrix using the relation ( 9.26), for which
one obtains:

=/

7' =Zcos(a) + (n x Z)sin(a) + (n - Z)n(1 — cos(a)) .

Comparison of this result to the result of formula ( 9.21) for the expression of the
vector ¥ rotated around a rotation axis n by an angle «, leads us to the conclusion
that:

R(i, 0)@ = ${U(,0)(# - 3)U' (B, 0), 7} (9.30)

2

which formula establishes the relation between a rotation in three dimensions and a
unitary transformation in two dimensions.
Notice however, that although for rotations one has:

R(n,a+ 27) = R(n,a)

for unitary transformations in two dimensions, we have (see for example the expres-
sion 9.10 for U(n, «)):

Un,a+2n) #U(n,a) ! (9.31)

This implies that each rotation R(n, ) corresponds according to expression ( 9.30),
to two different unitary transformations U(n, ) and U(n, o + 27).
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9.4 The subgroup U(1).

The matrices U(Z,«) form a subgroup U(1) of SU(2), because of the following
property:

U(é,(){Q)U(é,O{l) = U(ZAJ,OQ—FOQ) . (932)
The explicit form of U(Z, ), using relation ( 9.10), is given by:

U(z,a) = | . (9.33)

1

0 ), U(Z,«), is represented by

At the subspace spanned by the vector é; = <
exp{—ia/2}, according to:

U(z,a)aéy = e_%aaél ,s0 d(U(2,a)) = ¢T3 (9.34)

The group U(1) is Abelian, as can be read from the property ( 9.32) for the matrices
U(z,«). Consequently its irreps are one-dimensional (see also formula 4.24).
Other one-dimensional irreps of U(Z, &) may be given by:

Ad(U(%,a)) = e"tme | (9.35)
Now, since:
U(2,2r)=—-1 and U(%,47)=1 | (9.36)
we have for the parameters m of formula ( 9.35), the condition that

e—Zm47T — 1 ’
which is solved by:

m=0,+1 +1,43 42 .. (9.37)

The representation ( 9.34) corresponds to the case m = %
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9.5 The (2j + 1)-dimensional irrep {2j + 1}.

In section ( 9.2) we have seen that the generators J of SU(2) satisfy the same
commutation relations as the generators L of SO(3). Consequently, the structure
of the Lie-algebras for the two groups is the same. Therefore, we can repeat the
construction of irreps followed for SO(3). However, there is one important difference:
In the case of SO(3), because of condition ( 8.33) for m, only odd values (2¢ + 1)
for the dimensions of its irreps are possible. For SU(2), because of the condition
(19.37), also even values (2j + 1) are possible for the dimensions of its irreps.

The irreps of SU(2) are characterized by the parameter j, which, because of the
result ( 9.37), may take the values:

i=0,3 1,3 2. (9.38)

The (27 + 1)-dimensional irrep of the Lie-algebra of SU(2), d), is characterized by
the (27 + 1) orthonormal basis vectors, given by:

|]7+]>7 |]7]_1>77|j7_]+1>7 |j7_]> : (939)
The basis is chosen such that J5 is represented by a diagonal matrix, ¢.e.

d9 ()5, m >=ml|j,m > . (9.40)

The raising and lowering operators J4 are defined by the linear combinations of J;
and Jy corresponding to those for Ly in SO(3), i.e.

At the basis ( 9.39) for the (2j + 1)-dimensional irrep d“) they are represented by:

dD(JL)lj,m >= i+ 1) —mm £ jm+1> . (9.42)
The Casimir operator, J?, defined by:
7= (A1) + (d9(1)) + (d9() (9.43)
has eigenvalues:
T gm>=j( +Dljm> . (9.44)

Besides allowing for more possible irreps, for SU(2) the representations have the
same structure as the representations of SO(3). In this chapter we use the symbol
{2j + 1}, which indicates its dimension, for the irrep D+ of SU(2).
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9.6 The two-dimensional irrep {2}.

For j = % one has the two-dimensional irrep d"/?) of the Lie-algebra of SU(2). We
denote the basis vectors by:

1 0
|3, +3 >= < 0 ) and |3, —1 >= ( 1 ) (9.45)
The generator J3 is at this basis represented by a diagonal matrix. Its eigenvalues,

as indicated by the notation for the basis vectors in formula ( 9.45), are respectively
+1 and —1. So, we find for d('/?(.J;) the following matrix:

A2 (J5) = % < 751 _01 ) = % ) (9.46)

For the raising and lowering operators we have, using formula ( 9.42), the transfor-
mations:

dYP (L 4> = G+ -1d+D > -0,
dAPE -3 > = G+ D+LE+ D541 > = B+L>
dOAJ)E 4> = JLE+) -3 -k -Lt> = |4-1> and
A5 —5> = G+ +5(=5-D1 > = 0.

(9.47)
Consequently, the raising and lowering operators Ji are here represented by the
following matrices:

0 1 . 0 0 .
d(1/2)(J+) — < 0 0 ) = (01 +ioy) and dYA(J_) = < 10 ) = 3(01 —ioy)
(9.48)
This leads for the matrix representations of J; and J; furthermore to the result:
AV (h) =2 and a1 =2 (9.49)

2
The Casimir operator J?, which is defined in formula ( 9.43), is for j = % repre-

sented by %1, in agreement with:

im> . (9.50)

J2|%,m >= %(% + 1)\%,771 >= §\2,

4

The matrices of the representation d('/?) are exactly the same as the matrices of
the definition of the Lie-algebra of SU(2).
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9.7 The three-dimensional irrep {3}.

For j = 1 one has the three-dimensional irrep d!) of SU(2). We denote the basis
vectors by:

1 0 0
L,+1>=| 0] , [1,o>=[ 1] and [1,-1>=] 0 (9.51)
0 0 1

The generator J3 is at this basis represented by a diagonal matrix. Its eigenvalues,
as indicated by the notation for the basis vectors in formula ( 9.51), are respectively
+1, 0 and —1. So, we find for d¥)(J5) the following matrix:

+1 0 0
dY(J) =] 0 0 0 : (9.52)
0 0 —1

For the raising and lowering operators we have at the basis ( 9.51), using formula
(19.42), the matrices:

010 000
dV(J ) =v2| 0 0 1| and dVJ_)=v2| 1 0 0| . (9.53)
000 010

Notice that those matrices are not exactly equal to the corresponding matrix repre-
sentations ( 8.48) of SO(3), because the choice of the basis ( 8.46) for SO(3) is not
the same as the above choice ( 9.51) for SU(2).

The representation of the group elements U(n, «) of SU(2) is, according to the
relation ( 9.16), given by:

=

DU (i, a)) = et - dV(T) (9.54)

For example for U(Z, «), also using formula ( 9.52), one has:
S (R
DY(U(2,a)) = 0 1 0 : (9.55)

0 0 el

Now, the group elements U(Z, «) and U(Z, a + 27) are not equal, but their matrix
representations as given in the above formula ( 9.55), are equal. The representation
DM is therefore not faithfull. This is true for all odd dimensions. The reason is
that there are allways two different group elements U(n, «) and U(n, a + 27) which
correspond to one rotation R(n, «) (see formula 9.30) and that the odd dimensional
irreps are equivalent for SO(3) and SU(2).

In order to determine the matrix representation of J? we use the following relation
(see also formula 8.32):

JP= ()4 s+ J_Jy . (9.56)
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Using also the formulas ( 9.52) and ( 9.53), we find for the Casimir operator in this
case:

J=21=11+1)1 . (9.57)

9.8 The four-dimensional irrep {4}.

For j = % one has the four-dimensional irrep d®/? of SU(2). We denote the basis

vectors by:

w
o O O

0
3 3 _ 3 1 _ 0 d 3 _
5ty >= s 5ty >= L | and [5 =5 >=
0

0
1
0
0

o O O =

1
(9.58)
The generator J3 is at this basis represented by a diagonal matrix. Its eigenvalues,
as indicated by the notation for the basis vectors in formula ( 9.58), are respectively
+%, +%, —% and —%. So, we find for d®/?(Js) the following matrix:

430 0 0
@) (J) = 1 8 21 _01 8 (9.59)

o 0 0 =3

For the raising and lowering operators we have at the basis ( 9.58), using formula
(1 9.42), the matrices:

V3 0
0 V3
0
0

d®/D (1, ) = and d¥2(J_)=| Y
0

0
0
0
V3

(9.60)

Using the formulas (9.56), ( 9.52) and ( 9.53), we find for the Casimir operator in
this case:

0
0

V3
0

o O O O
o O N O
SN OO
o O O O

J=21=33+1)1 . (9.61)
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9.9 The product space {2} ® {3}.

As an example of the representation of SU(2) in a product space, we select here the
product space D(1/2) @ DM The basis vectors of this space are, by means of the
basis vectors of the two bases ( 9.45) and ( 9.51), defined by:

1,1 [ 1,m> 11 B 0
\2,+2>®\1,m>—< 0 ) and |3, 2>®\1,m>—<‘1’m>>
(9.62)

Before we continue, for typographical reasons, we first simplify the notation of the
basis vectors to:

\ml > ‘mg >= |%,m1 > ®|1,TTl2 > . (963)

In a more explicit form one obtains for the basis defined in ( 9.62), column vectors
of length six, €, ,..., ég, where é; represents a column vector which has only zeroes
except for a 1 in the upper position, é; represents a column vector which has only
zeroes except for a 1 in the second position, etc., i.e.

| +3>|+1>=é, |[+i>|0>=¢, , |+3>]|—-1>=¢3 ,
(9.64)
|—3>|+1>=éy, |—3>]0>=¢ and |—5>|—1>=¢ .

Using the matrix representations D2 (U(77)) and DM (U(7)) of a group element
U(r) of SU(2) in the spaces respectively defined by the bases ( 9.45) and ( 9.51), we
let U(#) in the product space D/?) @ D) be represented by the following matrix:

(D0 )], DOWE) [PV RE)]| DO ()

11 12

D(U()) =

(DY@ @R))], DOW(R) [DYA(U(#R))], DOU(R))

21

(9.65)
The above matrix represents a 6 x 6 matrix, because DM (U(i7)) stands for a 3 x 3
matrix. The matrix ( 9.65) acts as follows at the basis vectors ( 9.62):

D(U(i))| + 5 > |m >=

(DU ()| DU ()|, m >
— D)) ( ‘1’75” ) _

(DU, DO D)L, m >

12

— DUWU(7)) ( é ) @ DOU(R))|1,m >

= {DUAW)L +5 > e (DO E)Lm >}
and similar:
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DU ()| - % > |m >= {DY (U )|}, -1 >} & (DD UGE))[1,m >} . (9.66)

In terms of the generators (see formula 9.16), we have

=

e~-d(J) — pw(a)) (9.67)

=

from which formula one deduces for the representation of the generators in the
oD(U(n
i = { (@)

product space, the following:
on; ﬁ::O}

[ oDUPA(U())
_Z{ on;

n=>0

+iDYD(U(7i =0

~—

AP () @ Las + Lowo @ dV(J;) (9.68)
So, the representation d(O) in the product space D1/ @ D) of an arbitrary element

O of the Lie-algebra of SU(2) is, using the irreps d(*/?) and dV), given by the following
transformation rule:

d(0)my > |mg >= {d?(0)my >} |my > +[my > {dV(O)|mz >} . (9.69)

|+i>]-1> |-2>]+1>
|—i>]-1> |—1>1]0> |+3>10> [+3>[+1>
® ® ° ° > M1 + Mo
—3/2 —1/2 1/2 3/2

Figure 9.1: The weight diagram for the product representation D(*/?) @ DM, The
dots at the horizontal line represent as indicated, the basis vectors ( 9.63) of the
product vector space. The values below the dots represent their eigenvalues for

d(Js).

At the basis ( 9.64) one obtains for J3 obviously a diagonal matrix, which is given
by:

d(J3)|my > Jmy >= (my +ma)lmy > [mg > . (9.70)
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The weight diagram which results from formula ( 9.70) is depicted in figure ( 9.1).
It does not have the form of a possible weight diagram for an irrep of SU(2), since
there exist different eigenvectors of d(J3;) with the same eigenvalue. Consequently,
the representation of SU(2) in the product space D/ @ D™ must be reducible.
The principal issue of this section is therefore the reduction of the representation d
into irreps of SU(2).

To that aim we first determine the matrix representation of J? in the product
space, which for arbitrary representations neither is proportional to the unit matrix,
nor diagonal. Diagonalization of the resulting matrix .J? leads to another basis of
the product space, at which basis the matrix representations of the elements of the
Lie-algebra obtain the form shown in formula ( 2.34).

We use the relation ( 9.56) for J?. The representation of Jj3 is, according to the
result ( 9.70), diagonal at the basis ( 9.62). So, d((J3)?) = [d(J3)]? is also diagonal
and can be determined using formula ( 9.70). Consequently, what is left to be
calculated for the representation of J? as given by the expression ( 9.56), is the
product of d(J_) and d(J4).

At the basis ( 9.64), using the results ( 9.48) for d(*/?)(J_) and ( 9.53) for dV)(J_),
one finds for d(J_) the following matrix:

d(J—) = dYP(J_) © Laes + Lo @ dD(J_)
0 0 dM(J_) 0

15,5 0 0 dM(J_)

= I (9.71)

where the dots in the latter matrix represent zeroes.

Let us verify one of the columns of the matrix obtained in formula ( 9.71). We
determine by means of the definition ( 9.69) for the representation of an arbitrary
element of the Lie-algebra of SU(2), the transformation of one of the basis vectors

(19.64):

d(J_)é, = d(J_)[+1>1]0>

| = 3>10> +V2[+L>|—1>=6é+V2¢ .

The result corresponds to the second column of the matrix ( 9.71).
For the representation of the raising operator J in the product space DU/ gD
one finds similarly the transposed matrix:
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aiJo) = \/ﬁ : (9.72)

Next, one may determine the product of the matrices ( 9.71) and ( 9.72) and add
the result to the sum of the square of the matrix for d(J3) and the matrix for d(.Js)
itself, to find according to formula ( 9.56)for J?2, the following matrix representation
in the product space:

\é.%.:. (9.73)
SV I

15
4

The resulting matrix is not even diagonal, let aside being proportional to the unit
matrix. In studying this matrix, one finds that out of the six basis vectors ( 9.64),
two are eigenvectors of J2, i.e.

PlEis|Eli>=8 i 21>=33+1)|£i>|£1> . (9.74)

The eigenvalues for d(J;) for those two vectors can be read from equation ( 9.70)
to be equal to :i:%, which leads us to conclude that the two basis vectors ( 9.74)
of the product space form also basis vectors of the irrep d®/? of SU(2) for j = %

Therefore we identify:

SEd>=|xl> 21> . (9.75)

Now, we might search for the other eigenvectors of J? in order to obtain the re-
maining basis vectors of the four dimensional irrep d®? of SU(2) and the basis
vectors of the other, yet unknown, irreps. But, there exists a more elegant method:
Starting from one basis vector, one can construct the complete basis for an irrep by
repeatedly applying the raising or lowering operator.

Let us start with the basis vector |%, +% > and apply the representation of the
lowering operator to it. For the lefthand side of equation ( 9.75) we find:

dOD(J )3 48 >= B3+ 1) - 3G -1+ >= V35 41> . (9.76)
And applying d(J_) to the righthand side of equation ( 9.75), one obtains:

dJ ) +i>+1>=|-3i>|+1>+V/2[+L1>]0> . (9.77)
The results ( 9.76) and ( 9.77) lead to the identification:
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Lt>=H-i>+1>+/2+i> (0> (9.78)

The eigenvalue of d(J3) for the vector at the righthand side of this formula equals
+%, since both terms in the linear combination have that eigenvalue for d(.J3). Using
the matrix representation ( 9.73) for J? in the product space and the identifications
( 9.64), then we find that the righthand side of ( 9.78) is also an eigenvector of J?
with eigenvalue %, as expected.

Applying next d®/2)(J_) to the lefthand side of ( 9.78) and d(J_) to the righthand
side, we come to the identification:

S Ls= 2 -1sj0>H/+l>[-1> . (9.79)
So, with the above procedure we found the four basis vectors ( 9.75), ( 9.78) and
(19.79) of the four dimensional irrep {4} of SU(2) for j = 2

o
At the subspace of the product space, which is spanned by the basis vectors which

have eigenvalue +3 for d(J3), i.e.

13,43 >®[1,0> and [i-1>@1,+1>

we found one linear combination, ( 9.78), which is an eigenvector of J2. A possible
vector orthogonal to that linear combination is given by:

VI 4L > 01,0 > — /218 —1 > @[t 41>

This vector is also an eigenvector of J? with eigenvalue %. Its eigenvalue for d(J3)
is evidently equal to +%. Consequently, we may identify:

|;+%>:¢;+§>\O>—J%—§>I+l>. (9.80)

Applying d/?(J_) to the lefthand side and d(J_) to the righthand side, gives us
the other basis vector of the two-dimensional irrep d*/? of SU(2), i.e.

|§—%>:¢%+§>\—1>—¢a—§>|0>. (9.81)
When we perform a basis transformation in the product space from the old basis
( 9.64) to a new basis given by the expressions ( 9.75), ( 9.78), ( 9.79), ( 9.80)
and ( 9.81), then one obtains for the matrix representations of all elements of the
algebra and hence of the group, matrices of the form of a direct sum of a 4 x 4 matrix
equivalent to the irrep d®/? and a 2 x 2 matrix equivalent to d('/?). Consequently,
the product space D2 @ DM yields a representation which is equivalent to the
direct sum of the four-dimensional and the two-dimensional irreps of SU(2).

For example, when we select in the direct product space {2} ® {3} the basis given
by:

e = |+i>]+1>,

e = ¢Q—%>|+1>+J§+%>\O>,
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& = V2-1sj0>+/I+ls|-1>,

(9.82)

ey = ¢a+%>\0>—¢a—§>|+1> and

& = J%+%>|—1>—¢a—%>|0>,

then we find for all matrices d'(O) which represent elements O of the Lie-algebra of
SU(2) at the new basis ( 9.82), the form:

de0) 0
d(0) = ( ) . (9.83)
0 A2 ()

For J? we obtain at the new basis ( 9.82), the matrix representation given by:

Blya 0 JHj=3) 0
0 %12x2 0 J2<j = %)

For the matrix representations D’(U) at the basis ( 9.82) of all group elements U of
SU(2) we find, using the fact that the product of two matrices which have the form
(9.83) also has that form and hence the exponent exp{—iO}, the general expression:

DG2(U) 0
D'(U) = ( ) : (9.85)
0 D2 (U)

This result may symbolically be represented by:

2Yo {3} ={4} @ {2} . (9.86)
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9.10 Clebsch-Gordan or Wigner coefficients.

The identifications between the basis vectors ( 9.62) of the product space {2} ® {3}
and the basis vectors of the irreps {4} and {2}, involve the linear combinations given
in the formulas ( 9.75), ( 9.78), ( 9.79), ( 9.80) and ( 9.81). In general, let us for the

two irreps dU1) and d(2) consider the product space given by:

(251 + 1} @ {22 + 1} . (9.87)

Let moreover, in the reduction of the representation d in this product space, appear

the irrep d) of SU (2). The identification of a basis vector |j,m > with a linear
combination of basis vectors of the product space ( 9.87) can then be written as:

. JuoJ2 J . .
lj,m >= Z Oml My lj1, M1 > ®|ja, mo > . (9.88)
mi, Mo

The coefficients C{j1, jo, j; M1, Mo, m} in this linear combination are called Clebsch-
Gordan or Wigner coefficients.
In formula ( 9.75) we find the following Clebsch-Gordan coefficients:

1 1 3 1 1 3
C f § =1 and C f g =1,
+3 143 -z —1 =3
in formula ( 9.78)
N N
=4/z and =./2
-1 +1 +1 K +3 0 +1 Vi
in formula ( 9.79)
1 3 \/> 1 1 3
C f f =+/2 and C f f =,/ |
-3 0 =3 ’ tz -1 = ’
in formula ( 9.80)
B
— /1 and -z
+3 0 +3 Vi o -1 41 44 3
and in formula ( 9.81)
> L5 _p > b i
C—i-l 4 1 :\/; and C_l 0 _1 :—\/; ;
2 2 2 2

From the construction it might be clear that the Clebsch-Gordan coefficient given by
C’(%, 1, %; +%, 0, +%), which relates the various basis vectors given in formula ( 9.80),
could as well have been chosen negative and even complex. It is however convention
to choose one specific Clebsch-Gordan coefficient in each irrep d¥) which is contained
in the direct product {2j; + 1} ® {2j, + 1}, according to the following condition:
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C‘j,l , ‘],2 ‘7 real and positive. (9.89)
Jv. J—Jn J
Notice that also the identification ( 9.75) implies the rather arbitrary, although the
most obvious, choice C(%, 1, %; +%, +1, +%) = +1, only at this stage explained by
the above condition.

As a consequence of condition ( 9.89) are all Clebsch-Gordan coefficients real. In
that case is the matrix which describes the transformation from the orthonormal ba-
sis of the product space to the orthonormal bases of the various irreps, orthogonal.
The matrix elements of this matrix are the Clebsch-Gordan coefficients ( 9.88). Con-
sequently, using the orthonormality conditions of rows and columns of an orthogonal
matrix, one obtains:

-/

noJe o~ J2 ]
Z C C ’ - jj'émm/
my, Mo mp Mo M mp Mo M
and
noJe J o~ J2
Z le o m Cm,1 o m Oy, Omymi, - (9.90)
J,m
Notice furthermore the following property of Clebsch-Gordan coefficients:
C AEC R 0 for my+mo#m. (9.91)

my Mg M
However, it is not generally true that Clebsch-Gordan coefficients are nonzero if

my + mo = m; for example:

111
C =0 .
00 0

Some of the most useful symmetry relations for the Clebsch-Gordan coefficients are
summarized by the equation:

ol :(_1)j—j1—j20j1 20 o N /2 I (9.92)
ms my m my Mg m —mp —Mg —M
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9.11 The Lie-algebra of SU(2).

The generator subspace of the Lie-algebra of SU(2) consists of purely imaginary
linear combinations of the basic generators J =z /2. Linear combinations which
are not purely imaginary, like the raising and the lowering operators Ji., do not
represent generators of the group, but can be very useful for the construction and
classification of irreps. For SU(2), we define the following set of traceless standard
matrices Aij (1,7 =1,2), by:

[Aij}k;e = 0305 — %%%e for i,j,k, 0 =1,2. (9.93)

Their relation with the generators J is given by:

+1 0 0 1
0 0 -1 0
Agl = ( 1 0 ) = J_ and A22 = % ( 0 _'_1 ) = —Jg
(9.94)

Using their definition ( 9.93) or alternatively the above explicit expressions, it is
easy to verify the following commutation relations for the standard matrices:

[Aij >Ak€] =05k Aje — Ay - (9.95)

The Casimir operator J? can, using the relations ( 8.32) and ( 9.94), be expressed
in terms of the standard matrices, i.e.

TP o= ()4 ST+ T_Ty) = MR+ T+ T T+ (—J)?)

- MAjAL (9.96)
It is easy to show that this operator commutes with all standard matrices ( 9.93)
and hence with all generators of SU(2). Using the commutation relations ( 9.95),
we find:

2|7% Ake) = [AiAji Are] = Aij [Agis Ae) + [Aij Are] 4

AijOigAje = 050 ARi) + O Aip — 050 Ag;)Aji = 0 . (9.97)

ij
In general, one might, using the standard matrices ( 9.93), construct similar opera-
tors which commute with all generators of SU(2). For example, it is straightforward
to demonstrate that the operator A; jA j L Ap; commutes with all standard matrices
and so, could perfectly serve as a Casimir operator. However, one has, using the
commutation relations ( 8.28), the identity:
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AijAjkAki = AnAnAn + AnAipAs + A1 Ao Ay + Arp A Ay +

+ Ao A11Arg + Ao A1aAgg + Asg Aoy Arg + Aga Ags Agy
= (J3)3 + JsJy J_ +JpJ_Js+ Jp(—=Js)J— +
+ J_JsJp + J_Jp(=Js) + (=J3)J_J4 + (—J3)3

= Js [ I [Ty T T Ty [ s+ [T s T

= 2{(J)?+ 5T+ T_T) ) = AjAy (9.98)
Consequently, no new Casimir operator results from the contraction of three stan-
dard matrices.

9.12 The product space {2} ® {2} ® {2}.

At the basis ( 9.45) for the irrep D(/2) of SU(2), the matrix representations of the
generators and hence of all elements of the Lie-algebra, are identical to the defining
matrices ( 9.15). So, for the standard matrices ( 9.93), we must also have:

A (A)] g = 0indje — 305000 - (9.99)
The transformation of the basis vectors ( 9.45), which we shall denote here by
respectively é; and é,, is then given by:

¢y = [dY2(A)] L én (9.100)

Let us study the reduction into irreps of the product space {2} ® {2} ® {2}. We
denote the basis of this space by:

E

wbe = Ca ® ey ®éc for a,b,c=1,2. (9.101)

The representation d(Aij) of standard matrix Aij in this product space, is defined
by (compare formula 9.68):

d(Aij) Egpe = |4V (Ai5)] ., Babe + 4% (Ai)] vy Bare + |42 (4] . Bapy -

(9.102)
Using relation ( 9.99), one obtains the following explicit expression:

d(Aij) Egpe = (6i205a = 503196 )) Expe + (97055 — 30750p0) Egpe +
+(0i70jc — 39;50:0) Eqp)
8iaBibe + 0ibBaic + 0jcBai — 3915 Eqbe (9.103)
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In order to determine the representation of the Casimir operator ( 9.96) in the
product space, we first, using the expression ( 9.103), determine:

2J°E . = d(A;j;)d(A; ) Egpe

= 0jqd(Aji) Bipe + 05pd(Aji) Egjic + 0jcd(Aji) E

aic abi T

abe

— 30;jd(Aj)E
5 {512 1bc + 5ibEijc + 5icEibj 25szzbc} +

+9; 7b {5za jic T 5iiEajc + 5icEaij §5szazc} +

+ 5]’ {5 L 1bi +9; bEajz + 5nEabj zaszabi} +

5 {5 ]bC +5ibEa ct0icE abj — 25]2 abc}
= 2,00+ Epge + Ecpg Eabc +
+ Ebac + 2Eabc + Eacb Eabc

+ By + Bgey + 2Egpe — 2E

cba ach abe +

3Eabc Eabc Eabc + Eabc

= [3<2 - %) - %C)’ -2 %ﬂ Eupe 12 {Eacb + Eepg + Ebac}

= 2 {3(4 —3)Ep.+ > Ea(abc)} : (9.104)

where o(abc) stands for the interchange of two indices and where the summation is
over all possible combinations in which two indices are interchanged.

Using formula ( 9.104), we find in the product space {2} ® {2} ® {2} at the basis
(19.101), for the Casimir operator ( 9.96) the following representation:

J2Eabc - %d(Aji)d(Aij)Eameabc + Bach + Ecba T Lpac - (9.105)

In order to find the reduction of the representation d of SU(2) in the product space
{2} ® {2} ® {2} into irreps of SU(2), we must first determine the matrices of the
representation of the Casimir operator and of the representation of J3 = Ay; at the
basis ( 9.101).

For J; = Ay, we find in the product space, using formula ( 9.103), the transfor-
mation:

d(An)E abe — 51@E1bc +515Ea1c de10Eabl Eabc {51@ + 51() + 01c — %} Eube -

(9.106)
We find that the basis vectors ( 9.101) are eigenvectors of A;;. Consequently, at
the basis vectors ( 9.101) the matrix representation of A;; = J3 is diagonal. The
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eigenvalues of d(Aj;) as given in formula ( 9.106) are collected in table ( 9.1) below.
From this table we read that the eigenvalues for the representation of J3 take values
i% and :i:%. So, we may expect that in the reduction of the representation d will
appear doublets (i.e. {2}) and quadruplets (i.e. {4}).

vector T 111 | 112 | 121 | 122 | 211 | 212 | 221 | 222

N[OV

+5 5| 5 |+

N[
N[
N
N[
N
N
[\

eigenvalue | +

Table 9.1: The eigenvalues of d(A;;) as defined in formula ( 9.106), for the various
basis vectors ( 9.101).

Notice from the results of table ( 9.1) that, as also can be read from formula ( 9.106),
there is a direct relation between the number of times that appears a 1 or a 2 in its
indices, and the eigenvalue of a basis vector.

The action of the transformation J? = %d(Aji)d(Aij) at the basis vectors (1 9.101)

is presented in table ( 9.2) below.

initial basis vector | transformed vector
111 %Enl
112 %Enz + Fia1 + Eany
121 £E121 + Eiiz + Eann
122 £E122 + Eaio + Eoyy
211 %Ezn + Fio1 + Ehio
212 £E212 + Fiag + Eaoy
221 £E221 + Eaio + B
222 %EQQQ

Table 9.2: The transformations of the Casimir operator as defined in formula
(19.105), for the various basis vectors ( 9.101).

Notice from the results of table ( 9.2), that the number of times it appears a 1
or a 2 in the indices of the basis vectors involved in one linear combination which
represents a transformed basis vector, is a constant.

The matrix for the Casimir operator is not diagonal at the basis ( 9.101). But, we
notice from table ( 9.2) that the Casimir operator has two eigenvectors, namely F1;
and FEso9, both with eigenvalue % = %(% + 1). Their eigenvalues for d(J; = Ajq)
are respectively equal to +3/2 and —3/2 (see table 9.1). Consequently, we might

identify:
%, +% >= E111 and|%, —% >= E222 . (9107)
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Repeated action of d(J_ = A ) on Eiq; or d(J4 = Ajz) on Esg, using formula
( 9.103), leads us to the other two basis vectors for the four-dimensional irrep {4}
contained in the product space given by ( 9.101). The final result is collected in
table ( 9.3).

{4t | {Zte{2ie{2}

S 42> | B
%7 +% > \/%{Eﬂl + Ero1 + Erio}

%7 —% > \/%{E221 + Eaia + Eao}
5 —5 > | Fax

Table 9.3: The irrep {4} contained in {2} ® {2} ® {2}.

In the space spanned by the basis vectors Fay1, 121 and Ejqo, which have eigenvalue
—i—% for d(J3 = A11), we construct two more orthonormal basis vectors perpendicular

to \/%{Ezn + Eio1 + Euia}, e

\/%{EQH — F191} and \/%{Ezu + Ey91 — 2E112} . (9.108)

So, we find two subspaces of the product space {2} ® {2} ® {2} in which the repre-
sentation d is equivalent to the two-dimensional irrep {2}. Using formula ( 9.103)
for d(J_ = As1), we find the other basis vector in each of the two subspaces. The
resulting bases are collected in table ( 9.4).

20 [Ze{2zie{z} )| {2Zte{2te{2} ()

> \/%{EZH — B} \/%{EQH + Ei91 — 2E112}
> \/%{E212 — Eia} \/%{2E221 — Eo1p — Ehao}

Table 9.4: The two irreps {2} contained in {2} ® {2} ® {2}.

When we select the basis:

&, = B,
ey = \/%{E211+E121+E112}7

ey = \/%{Ezm + Eoip + Eras}

N
ey = FEam

A 1 E E

€s = 5{ 211 — 121} )
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& = \/%{E212—E122} :
& = \/%{Ezn + Eio1 — 2F112} and

éé = \/%{2E221 — E212 - E122} ;

then we find for the representation D’(U) of all group elements U of SU(2) in the
product space {2} ® {2} ® {2}, the form:

DG2)(U) 0 0
D'(U) = 0 D2 (U) 0 : (9.109)
0 0 DU2(U)

Symbolically, we may write this result as:

2Zteo{2te{2t={4to{2ta{2} . (9.110)

9.13 Tensors for SU(2).

The basis vectors of the irrep {4}, which are collected in table ( 9.3), all have the
property that interchanging two indices does not alter the expression. Let us study
this phenomenon in a bit more detail.

An arbitrary vector T in the product space {2} ® {2} ® {2} can be written as a
linear combination of the basis vectors ( 9.101), as follows:

T:TijkEijk . (9.111)
When the coefficients 7" in ( 9.111) are symmetric in their indices, i.e. when:

Tyio = Thoy =Thn and Thge = Th1o = Tho )

then we find for the vector T' ( 9.111) the expression:

T =T\ B + Tz {Eoin + Eion + Ervie} + Thoo { Eaor + Eaio + Erao} + TosoEogo
(9.112)

Consequently, the vector T is entirely in the subspace spanned by the basis vectors of
the irrep {4} given in table ( 9.3). Under any transformation D(U), for U in SU(2),
such a vector transforms into a vector T which is also entirely in that subspace.
So, the subspace of the irrep {4} can be defined as the space of all vectors T' which
have symmetric coefficients 7.

The objects T of formula ( 9.111) are usually not called vectors but tensors for
SU(2).

Notice that {4} has the highest possible dimension of an irrep contained in the
product space {2} ® {2} ® {2}. Its eigenvalue j for the Casimir operator can be
determined from:

j=3+i+i=3" (9.113)



9.14 Irreducible tensors for SU(2).

In general, one might study tensor product spaces of length p, given by the direct
product of p times the defining space {2} of SU(2), i.e.

{2}@{2}®---®{2} p times. (9.114)

The basis vectors of this space can, in analogy with expression ( 9.101) be represented
by:

E-

Zlig...ip = éil ®éi2 ®---®éip for il,ig,...,ip =1,2. (9.115)

Tensors T are linear combinations of those basis vectors and take the general form:

T="1T;

Zlig e ZpE

Zlig...ip .

(9.116)

Such tensor is a vector in the 2P-dimensional product space given in ( 9.114) and is
said to have rank p.

For the representations d(Aij) of the standard matrices at the basis given in
formula ( 9.115), we find (compare formulas 9.102 and 9.103):

d( A7) E;

= YA s By iy [P Q] By iy T

1/2

— 6, E

Ju1 Z’lglp L;

++5 Zl’ig...ipfli_

p
ip ééleZ (9.117)

1Z2Zp :

And for the Casimir operator (compare formula 9.104), we find:

2 Ai)d(Aj) Eiiy iy = P4 = P) By iy + %XU: Eoiviy...ip) » (9-118)
where o (7172 .. .ip) stands for the interchange of two of the indices. The summation
is over all possible combinations where two indices are interchanged. Notice that
there are p(p — 1) such combinations.

Let us consider the subspace of the product space ( 9.114) which is spanned by all
tensors T' ( 9.116) for which the coefficients T" are symmetric under the interchange
of any pair of indices. It is easy to understand that such tensors are eigenvectors
for the Casimir operator ( 9.118). Their eigenvalues are given by:

LA )d(A)T = {p(a —p) + Iplp - D} T = £+ 1T (9.119)

Consequently, symmetric tensors span the subspace of the product space in which
the vectors transform according to the irrep for j = p/2 of SU(2). Notice, that
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J = p/2 is the maximum value for j possible in the product space given by formula
(9.114).

Using formula ( 9.117) one can also easily find the two eigenvectors of d(J5 = A1)
which have the maximum and minimum eigenvalues, i.e.

d(An)En...l = _'_gEH"'l and d(AH)EQQ...Q = _gEQQ...Q . (9120)

Conclusion: ” The vector spaces for the irreps {27 + 1} of SU(2) are formed by the
symmetric tensors of rank p = 2j5”.
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9.15 Rotations in the generator space.

In order not to complicate expressions too much, we will write here J for d(J).
A rotation in generator space is given by

e J Jo—ien I Feos (p) + 7 x Jsin (o) +ﬁ(ﬁf) {1 —cos(p)}. (9.121)

We will proof this relation in the following.
In order to do so, we will use the following identity (11.2) for matrices a and b:
eaebe_a:€b+[av b]+%[av [a7 b]]+%[av [av [a7 b]]]+

which is proven in section (11.1).

Here, we select .
a=in-J and b=J; , (9.122)

where we have defined 7 = pn.
We must determine the commutators which occur in the expansion (11.2).
For n = 0 we obtain

0 times
—~—
la, [a, [ [a,b] - ]]] = b= J,
For n = 1 we find
1 time
—N— — -
la, (@, [+ [a,b] - )} = a, 6] = i [ii - T, Ji] = Pnjegundi = (7 x T ).

For n = 2, we find

la, [a, 0] = i [7i - T, ejum Ji]| =

== i4ng€jiknj€gkam = (5jm5i£ — 5j€5im) njnng =Ny (ﬁ . j) — TLQJZ'
For n = 3, by the use of the previous results, we find

[a, [a, [a, b]]] :z{ﬁinl (ﬁj) —nQJi] = —in? {ﬁj,J,} = —n? (ﬁx j)

)

When we return to substitute 7 = pn, we obtain thus

0 times
la.[a, [~ [a,b] -] = Ji | (9.123)
1 time
la,fa,[---[a,b] -] = (7 x f)l. :
la,fa,b] = @*(fi (- J) = Ji)
[a’v [a’v [a’v bm = _903 (ﬁ X j)z s
[CL, [CL, [CL, [CL, b]m = _904 (ﬁz (ﬁ : j) - Jl) ;
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Putting things together, we obtain from this result
Jlen-J 7 —ipn-J _ T+

+ ( xf){w—"i}r“i—ﬂ.ju..} +

>

which demonstrates relation (9.121).
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9.16 Real representations

One should be careful enough not to transport the properties of spherical harmonics
(see section 8.9) to any representation of SU(2). Here, we will give an example of a
real representation. We denote its basis by |j,m) for which

J2lj.m) = j(j + 1)lj,m) and Jslj,m) =mlj,m) . (9.125)

In matrix notation we imagine for the basis

1 0 0
0 1 0
0 0 0
|.77.7>: : ) |j7j_1>: : )ty |.]7_j>: :
0 0 0
0 0 1

At this basis (e.g. for the case j = 5/2)

Y V5

and

Furthermore, using J; = (J4 + J_)/2 and J, = (J; — J_)/2i, one readily finds .J;
and Js.

We have obtained a real basis, i.e.
lj,m)" = [j,m) ,

real representations for J; and J3 and a purely imaginary representation for .Js.
This is, of course, possible for any j.
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Chapter 10

The special unitary group in three
dimensions.

In this chapter we study the representations of the special unitary group in three
dimensions, SU(3).
10.1 The generators.

The generators H of SU(3) are traceless and Hermitean 3 x 3 matrices (see formulas
5.26 and 6.49), and thus have the following general form:

. with a and b real, and
H(a,bjo, B,7)=| a b v o, 3 and  complex. (10.1)
B v —a-—b

Now, since a and b are real and «, § and v complex, such a matrix has 246 = 8
free parameters. Consequently, SU(3) is an eight parameter group and hence has
eight independent generators. A possible set is the Gell-Mann set of generators:

[1,]27[3,[(17[(2,[/17LQ,&HdM, (102)

given by the following matrices:

0
0 ) . (10.3)



The arbitrary traceless and Hermitean 3 x 3 matrix H given in formula ( 10.1), can
be written as a linear combination of the Gell-Mann set of generators, as follows:

H(a,b;a, 8,v) = 2Re(a)l; +28m(a)ls + (a — b) I3 + 2Re(B) K1 +

+23m(B) Ky + 2Re(y) L1 + 23m(y) Ly + (a + b)V3M |
(10.4)

where the symbols Re( ) and Sm( ) stand respectively for the real and imaginary
part of a complex number. When this matrix is exponentiated, we obtain an arbi-
trary unitary 3 x 3 matrix U with unit determinant, i.e.
Ula, by, 8,7) = (@ e B.7) (105)
The set of eight Gell-Mann generators forms a basis of the Lie-algebra of SU(3).
We define in this algebra, the following linear combinations of the generators:
I:tzjlillg s Ki:KlilKQ and Lj: :LliZLQ . (106)

They satisfy the following commutation relations with I3 and M (compare to the
commutation relations given in formula 8.28):

I3, I+] = 1+ , [M,I4] =0 ,
s, Ky| = 1Ky |, [M,Ki] = 9K (10.7)
Is, Ly| = FiL+ , [M, Ly] = +%Ly

The operators defined in formula ( 10.6) will show very useful in the construction
of irreducible representations.
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10.2 The representations of SU(3).

The subset of generators { I, Is, I3 } satisfies the same type of commutation
relations as the generators of SU(2) (see formula 9.17), i.e.

iy 1] = ey - (10.8)

They generate a subgroup of SU(3) which is equivalent to SU(2) and which is called
the subgroup for isospin. In the following we will study representations of SU(3)
for which the bases are chosen such that I3 is represented by a diagonal matrix. We
have then moreover the operator I2, given by:

I* = (L) + (I2)* + (Is)* (10.9)

which commutes with the generators Iy, I and I3, i.e.

[12, IZ} =0 for i =1,2,3. (10.10)

This operator does however not commute with all other generators and hence is not
a Casimir operator for SU(3). But, it distinguishes within the irreps of SU(3) the
so-called isomultiplets, as we will see in the following.

Using the representation ( 10.3) of the generators ( 10.2), we find that M com-
mutes with I, I, and I3, i.e.

[M, IZ} =0 for i=1,2,3. (10.11)

This implies that M commutes with 12, i.e.

2, M| =0 . (10.12)

Relation ( 10.11) implies also that it is possible to construct such a basis for a
representation of SU(3) that both d(I3) and d(M) are diagonal. So, we might
indicate the basis vectors for an irrep of SU(3) by their eigenvalues i3 and m of
respectively d(I3) and d(M) and moreover by their eigenvalues i(i + 1) of I?, i.e.:

d(13)|2',i3,m > = z'3|i,2'3,m >,
d(M)|i,iz,m > = mli,iz,m > and
Pliyig,m > = i(i+1)]i,iz,m > . (10.13)

The unitary matrices generated by I3, form an U(1) subgroup of SU(3). Con-
sequently, the eigenvalues, i3, can take any integer or half-integer value (see the
discussion preceding formula 9.37), i.e.

i =0, £1, £1, £3, £2,. .. (10.14)

The unitary matrices generated by M also form an U(1) subgroup of SU(3) and
which, because of relation ( 10.11) commute with the unitary matrices generated by
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I3. Due to the normalization of ( 10.3) of M, the eigenvalues which m can take are
given by:

m=0, £¥3 £33 £ 3 428 (10.15)

Now, because of the commutation relations ( 10.11) and ( 10.12), the basis vectors
within an irrep which have the same eigenvalue m for M, can be subdivided into
isomultiplets, which are sets of basis vectors which have the same eigenvalue (i + 1)
for I2. Within each isomultiplet the values for i3 run from —i to +¢ with integer
steps, because of the commutation relations ( 10.7) for I3 and I4. The operators
I, Ky and L4 defined in ( 10.6), function as step operators at the basis of an
irrep of SU(3), because of the commutation relations ( 10.7). At the above basis
vectors ( 10.13) one obtains:

d(IL)livis,m > = \[i(i+1) —iglis £ 1) |i,is £ 1,m > ,

d(K:l:)|’LvZ37m> - A:l:('l,lg,m) |Z+%723i%’mi§>+
By (iyig,m) i — §,i3=4,m+ ¥ > and

d(Ly)liviz,m > = Cyliyig,m) i+ 3,3 FLm+2L >+

Dy (iyig,m) i — L ig FLm+¥3 > (10.16)

The matrix elements A, B, C' and D are rather complicated functions of i, 73 and
m and moreover of some other ”quantum” numbers characterizing the irrep under
consideration. We will discuss them in some more detail at a later stage (see section
10.11 formula 10.68). Notice that since I? does not commute with K4 and L, the
eigenvalues for I? change under the action of d(KL) and d(L) at the basis vectors.
In general one even might obtain mixtures of eigenvectors for I2.

To define uniquely the matrix elements A, B, C' and D of formula ( 10.16), certain
conventions about the relative phases between the basis vectors within an irrep have
to be established. For the basis vectors within the same isomultiplet, we take the
standard Condon and Shortley phase convention. This says that the nonzero matrix
elements of d(/4) are all real and positive. This convention defines uniquely the
phases between the different basis vectors within the same isomultiplet. But leaves
undetermined an overall phase between the various isomultiplets of an irrep.

The relative phases between the different isomultiplets are defined by the require-
ment that the nonzero matrix elements of d(K 4 ) are all positive.

So, we find from formula ( 10.16) the following transformation rules:

d(Ix) : Ai=0 , Aig=+1 , Am=0 |,

d(K4) @ |Ail=1 | Aig=+1 | Am=+¥ and (10.17)

d(Ly) : |Ail=1 , Aiy=F1 , Am=+L
The above formula ( 10.17) summarizes the center piece of the irreducible represen-
tations of SU(3). It shows the sizes and the directions of the steps which lead from

one basis vector to another.
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10.3 Weight diagrams for SU(3).

A weight diagram for an irrep of SU(3) has two dimensions. Along the horizontal
axis of the plane we indicate i3, the eigenvalues of d(1I3) and along the vertical axis we
indicate m, the eigenvalues of d(M). For an example, we show in figure ( 10.1) the
weight diagram for the ten-dimensional irreducible representation {10} of SU(3).

m
° ° +§-— ° °
° : ° | 13
3 1 1 3
-3 -1 —3 +3 +1 +35
° _g-- °
_\/gu

Figure 10.1: The weight diagram for the ten-dimensional irrep {10} of SU(3). The
ten dots in the figure represent the ten basis vectors of this irrep.

For the eigenvalue m = +§ of di1°(M) we find an isoquartet with i = % for the
eigenvalues i3 = —3, i3 = —1, iy = +1 and i3 = +2 for d11%(I3). Restricted to the
set of generators { I, I, I3 } the four basis vectors of this isoquartet transform like
the irrep {4} of SU(2) under d{'%(1,), d'%(I,) and d{**(I5). The step operator
I generates in this isoquartet the following sequence of transformations:

1 1 1 1
[ RV By | R | R SR kI R =)
(10.18)
For the eigenvalue m = 0 of d{!% (M) we find an isotriplet with i = 1 for the
cigenvalues i3 = —1, i3 = 0 and i3 = +1 for d{'%(I3). Restricted to the set of

generators { Iy, I5, I3 } the three basis vectors of this isotriplet transform like the
irrep {3} of SU(2) under d{'%(1;), d11%(I,) and d*%(I3). The step operator I
generates in this isotriplet the following sequence of transformations:
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I I I
11,-1,0 >-511,0,0 >—5 |1,+1,0 >—5 0. (10.19)

For the eigenvalue m = —*2 of d1% (M) we find an isodoublet with ¢ = 1 for the
eigenvalues i3 = —% and i3 = +% for d{lo}(lg). Restricted to the set of generators
{ I, I, I3 } the two basis vectors of this isodoublet transform as the irrep {2} of
SU(2) under d'% (1), d1'%(Iy) and d'%(I;). The step operator I generates in
this isodoublet the following sequence of transformations:

I I
R . . () (10.20)
For the eigenvalue m = —/3 of d{!% (M) we find an isosinglet with i = 0 for the

eigenvalue i3 = 0 for dt1%(I3). Restricted to the set of generators { I, I, I3 } the
only basis vectors of this isosinglet transforms like the trivial irrep {1} of SU(2)
under d1% (1), d1% (1) and d1%(I;). The step operator Iy generates in this
isosinglet the following transformation:

I
10,0, —v/3 >—5 0. (10.21)

In figure ( 10.2) we show the directions of action of the various step operators defined
in formula ( 10.6), in a weight diagram.

m
d(Ly) y +¥%1 d(K4)
a(r_) ay)
I t t > 1
1 I
d(K_) ¥ —¥34 d(L-)

Figure 10.2: The action of the six step operators d(/4+), d(K4) and d(L4) defined
in formula ( 10.6), in the weight diagram for an irrep of SU(3).

In the irrep {10} of SU(3) as show in figure ( 10.1), the step operator K| generates
the following sequences:

K K K K
10,0, —VB>— |1 41 B Ky 410553 43 485K
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K K K
Ll B 10,0 > 34 48 5 F g ,
K K
I1,—-1,0 >—t|%,—%,+§ >—%0 and
K
3 _3 3 +
3, -3+ >3 0 (10.22)

10.4 The Lie-algebra of SU(3).

Like in the case of SU(2) (see formula 9.93), we select for the basis of the Lie-algebra
of SU(3) a set of traceless standard matrices Aij (1,7 =1,2,3), given by:

[A’ij}kl = 0041 — 50,705 for 4,5,k 1=1,2,3. (10.23)

Their relation to the generators ( 10.2) also using the definitions ( 10.6) for the step
operators, is as follows:

Ay :]3+%M , A =14 , A=Ky ;
Agl = I_ 5 A22 — —Ig + %M 5 A23 — L+ y (1024)
Az = K_ , Azp=1L_ , Asg = —%M

The commutation relations for the standard matrices are given by (see also formula
9.95 for the standard matrices of SU(2)):

[Aij - Ape] = 0534 — 0igAy; - (10.25)

For SU(3) one has two Casimir operators, given by:

)

F? = Aj5A5; and G* = 3{A; A1 Ay + A A A (10.26)

Unlike in the case of SU(2) (see formula 9.98), the contraction of three standard
matrices is in the case of SU(3) not equal to the contraction of two standard matrices
and hence give different operators.

When we use the representation ( 10.5) for an arbitrary unitary 3 x 3 matrix and
formula ( 10.4), or alternatively formula ( 10.1), for its generator, then by defining:

k %
an=0 , ap=« , o3 =p ,
_ _ b _ Ak
Qg1 =@ , Qg = a ) Qg3 =7 )
asr =0, azp="1 and ag3 = —2a—b

we may denote the arbitrary unitary 3 x 3 matrix U of formula ( 10.5) by:

Uly;) = o1ijAij (10.27)
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10.5 The three-dimensional irrep {3} of SU(3).

For the basis of the three-dimensional vector space V for the defining representation
{3} of SU(3), we select the notation:

1 0 0
él = 0 s éz = 1 and é3 = 0 . (1028)
0 0 1

The unitary 3 x 3 matrices U of SU(3) are represented by themselves, i.e.

DB Uy =U . (10.29)

Consequently, the transformation of a vector ¥ = 2t é; is given by:

DN U)E = Upjale; . (10.30)
One might alternatively view this equation as the transformation of the basis vectors,
given by:

é"i = D{3}<U)éj = Uijéi ; (10.31)

or as a transformation of the components of the vector &, given by:

o= DB = Uyl (10.32)

The components of a vector transform contra-variant, i.e. the summation in ( 10.32)
runs over the second index of U, whereas the summation in ( 10.31) for the basis
vectors, runs over the first index of U.

At the level of the algebra, using formulas (10.23) and ( 10.31), we have for the
standard matrices the following transformation rule at the basis vectors:

¢y = A (Agjep = [Aij] g er = 0508 — 56i5é0 - (10.33)
Notice that this transformation, except for the factor %, is the same as in the case
of the defining representation of SU(2) (see formula 9.100).

We are interested here in the eigenvalues for d{*}(I3) and d3}(M) for the various
basis vectors ( 10.28), for which we assume that the corresponding matrices are
diagonal. From the relations ( 10.24) we understand that it is sufficient to determine
the matrices for d®(A;;) and d3}(A,y). Hence, using formula ( 10.33), we find the
following:

A (An)ep = 661 — ey
AP (Ap)éy = 6,062 — 2é, and

AP (As3)ép = O,085— 6y . (10.34)
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The resulting eigenvalues (using the relations 10.24) for the matrices d3}(I3) =
% {d{3} (A11) — d{3}(A22)} and d{3}(M) = @ {d{3} (A11) + d{3}(A22)} are collected
in table ( 10.1).

e | dBH(Auy) | B (As) | dB (L) | d3H (M)
el e Loy | e | L
& || —iéy 2¢, —le, | L
& || —iés —1g 0 — L,

Table 10.1: The eigenvalues for dt3} (A1) and d3} (Ay,) as defined in formula ( 10.34),
and for d¥®¥(I3) and d® (M), using the relations ( 10.24), for the basis vectors
(10.28).

Notice from table ( 10.1) that the basis vectors é; and é; have the same eigenvalue
with respect to d3t(M), and respectively eigenvalues +% and —% with respect to
d3}(I3). The latter eigenvalues correspond to the eigenvalues for {2} of SU(2) with
respect to di?}(.J3) (compare formula 9.46).

According to the relations ( 10.24), we may associate the step operators to the
operation of replacing indices: The Kronecker delta d;; in formula ( 10.33) vanishes
for all step operators. The other Kronecker delta replaces the index ¢ by 7 in the
case that j equals ¢, or else vanishes. This process is expressed in the following

equation:

¢ if j=1
d{g}(Ai 2 j)ée = 5j€éi = (10.35)
0 if j#L
The resulting transformations d®} (1), d¥® (K4 ) and d®} (L 4) at the basis ( 10.28),
are collected in table ( 10.2).

o || PNy | W) | d® (i) | dPHE_) | A (Ly) | dB(Lo)
€1 0 €9 0 é3 0 0
€9 é1 0 0 0 0 €3
é3 0 0 €1 0 €9 0

Table 10.2: The eigenvalues for the step operators defined in formula ( 10.6), using
the relations ( 10.24) and ( 10.35), for the basis vectors ( 10.28).

Notice from table ( 10.2) that the isospin raising and lowering operators d*} (1) and
dBH(I_) connect the basis vectors é; and &, in the same way that the basis vectors
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of the irrep {2} of SU(2) are connected by the raising and lowering operators of
SU(2) (compare formula 9.47).

The information of tables ( 10.1) and ( 10.2) may be graphically represented in
the weight diagram for {3}. This is depicted in figure ( 10.3).

m
V3
. +f )
[ < + iy
d(I_)
d(Ly) d(K4)

1 I1 2.3
2 T3
d(L_) d(K_)
® .

_V3 |6
3

Figure 10.3: The action of the six step operators d®(14), d¥¥ (K1) and d®(L4)
given in table ( 10.2), in the weight diagram for the irrep {3} of SU(3). The dots
in the diagram represent the basis vectors ( 10.28). Their respective eigenvalues i3
and m can be read from table ( 10.1).

From figure ( 10.3) one might guess that the irrep {3} can be subdivided into an
isodoublet (é; and é3) and an isosinglet (é3). So, we might like to verify the values of
i for the isomultiplet Casimir operator I2. To this aim, we use the relation (compare
the corresponding relations 8.32 and 9.56):

P=(L)?*+L+I1_1 . (10.36)

Using the information of tables ( 10.2) for d®(I3) and ( 10.1) for d®(/_) and
d3 (1), we find:

[2é1 = %él s [2é2 = %ég and [2é3 =0 . (1037)

Formula ( 10.37) indeed confirms that the set of basis vectors { é;, é2 } span the
two-dimensional space of an isodoublet. Any linear combination of those two basis
vectors transforms under the action of d3}(I;), d®}(I;) and d'®(I3) into another
(or the same) linear combination of those two basis vectors. With respect to the
three isospin operators d3} (1), d3}(I,) and d*3} (1) the space spanned by é; and é,
transforms like the irrep {2} of SU(2). Similarly, spans the basis vector é3 an one-
dimensional isosinglet space (i.e. the trivial representation) for SU(2) with respect
to the three isospin operators.
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Finally, we must determine the eigenvalues for the two Casimir operators of SU(3)
which are defined in formula ( 10.26). Also using the formulas (10.23) and ( 10.33),
we determine:

) = %d{?’}(AjZ-)d{g}(Aij)ég
A i) o
} [zy]keem

4;
( im Ojf — jl(smk‘) (5ik5j€ - %%’j%f) ém

= 3ép , (10.38)

DO [

DO [

where we used moreover the identity ¢; ] 0 i = 0j;

So, we find the eigenvalue 3 for F2 at the 1rredu01ble representation {3} of SU(3).
Similarly, one obtains, after some algebra, for the Casimir operator G* the result:

Glep=2¢ . (10.39)
We find the eigenvalue 2 for the Casimir operator G* at the irrep {3} of SU(3).
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10.6 The conjugate representation {3*}.

In the case of SU(2) the two-dimensional conjugate representation D™)(U) = U* of
the 2 x 2 unitary matrices U is equivalent to the defining representation D(U) = U
of SU(2). Using the representation of formula ( 9.2) of a 2 x 2 unitary matrix U, it
is easy to demonstrate this, i.e.

(0 1 e a1 [ @ —bF fa b\ o«
For S_<—1 0) one has ST US =9 (b a S = b g =U".
(10.40)

Consequently, the representation D™)(U) = U* is equivalent to the representation
D(U) = U for the 2 x 2 unitary matrices U of SU(2).

However, in the case of 3 x 3 unitary matrices U this is not true, as can be seen
from one example: The matrix S which solves the equation S™'US = U™ for the
3 x 3 unitary matrix U given by:

U=

o O .

0
0
?

O = O

is equal to S = 0. Consequently, the conjugate representation for SU(3) is not
equivalent to the defining representation of SU(3).
We denote the vector space in this case by V* and its basis vectors by:

el , & and & . (10.41)

The unitary 3 x 3 matrices U of SU(3) are represented by their complex conjugate
matrices, 7.e.

p®Y Uy =v* = whHl = w T . (10.42)

Consequently, the transformation of a vector = yiéi is given by:

DEHUYG = (U587 (10.43)
One might alternatively view this equation as the transformation of the basis vectors,
given by:

évi = D{g*}(U)éi = (U_l)ijéj , (10.44)

or as a transformation of the components of the vector ¥, given by:

vy = [DEI 0] = Ui - (10.45)
The components of a vector transform co-variant, i.e. the summation in ( 10.45)
runs over the first index of U, which is the same index of summation as for the
transformation ( 10.31) of the basis vectors ( 10.28) of V.

In order to find the transformation rules for the standard matrices defined in
(10.23), we must recall that using formula ( 10.27)
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NI i AT
([U(alj)} ) ey (Agg)T (10.46)

Therefore, at the level of the algebra, using formulas (10.23), ( 10.44) and the above
relation ( 10.46), we have for the standard matrices the following transformation
rule at the basis vectors:

o b =d®I (A" = — [Ay] ¢ = 0,08 + 305" (10.47)
The weight diagram for the irrep {3*} of SU(3) is depicted in figure ( 10.4) below.

m

+
[

53
o€

13

é —? (1) é

Figure 10.4: The action of the six step operators dt*"} (1), d3"} (K1) and "} (L4)
in the weight diagram for the irrep {3*} of SU(3). The dots in the diagram represent
the basis vectors ( 10.41).

The eigenvalues for the Casimir operators F'? and G* are in this case respectively
given by:
F?¢p=3ép and G¢y = -3¢, . (10.48)

Notice that the eigenvalue for F? for the irrep {3*} is the same as for the irrep
{3} (see formula 10.38). This demonstrates that we really need one more Casimir
operator (i.e. G3) for SU(3) in order to distinguish between irreps.
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10.7 Tensors for SU(3).

For SU(3) one has two non-equivalent three-dimensional irreducible representations,
namely the irrep {3}, which is discussed in section ( 10.5), and the conjugate irrep
{3*}, which is studied in section ( 10.6). The basis for the irrep {3} in the three-
dimensional vector space V' is given in formula ( 10.28) and for the irrep {3*} in the
conjugate vector space V* in formula ( 10.41). In this section we study the direct
product space V#*9 given by the direct product of p times V and ¢ times V*, i.e.

p times q times

Voetrd _ VoV .- - VeV eV ... V*

In the literature one finds the alternative notation:
p times q times
Verd =131 3} @ - @ {3} {3"} @ {3%}--- @ {3} . (10.49)

Using the bases given in ( 10.28) and ( 10.41), one can define the basis vectors of
the direct product space V®+9 by:

j17j2"'7jq N N N N N N
Biliy iy =t @80 0,0 e e 0dl . (1050)

As one can read from the construction, there are 3°*9 linearly independent basis
vectors in the product space and therefore is its dimension equal to 39,

Tensors T for SU(3) are vectors in the direct product space VP*% and thus linear
combinations of the basis elements of this vector space, i.e.

T=T, e (10.51)
An arbitrary element U of SU(3) induces a transformation D®+9(U) in the vector
space VP9 represented by 3P+9 x 39 ynitary matrices. Using the formulas
( 10.30) and ( 10.43), we find for this transformation the expression:

T = D(erq)(U)T

= U U

ipkp [U_l}fljl'”[U_l} ke gl e 5y

quq flfq Zl...Zp

One may view this expression as either the transformation of the components of the
tensor T, i.e.

T’;.l P Lo (10.53)

— . .« e . _1 . o . _1
1jq - Ullkl Ulpkp [U }Eljl [U }fq]q Tglgq !
or as a transformation of the basis vectors:
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by...¢0
jot D = Ui g, U gltJda

ki ... kg ipkp {Uilhﬂl o [Uil}quq iy...ip (10.54)

At the level of the algebra of SU(3), using the formulas ( 10.33) and ( 10.47), we
find for the basis vectors ( 10.50) under the transformation induced by a standard
matrix Aij the following:

(ra)( 4. NIl Jq _
o gl H

:{d{3}(Aij)éZ.1}®éi2®...®éip®éjl®...®éJQ+...
A N 3 N ~1 N
+ei1®---®eipl®{d{ }(Aij)eip}ééejl ®-- @+

A~

+éi1®...®eip®{d{3*}(14ij)éjl}®éj2®...®éjq_|_...
+é, ®...®éip®éj1 ® el g {d{g*}(Aij)éjq}
:{5jl~1él~—éaijéil}®éi2®~-~®él~p®éﬁ®~-~®éjQ+-~-
+6,0 @&, | © {5ﬁpé2- - ééijéip} Rl .- @ed+
+él~1®~-~®él~p®{—%1@7+§5ﬁé~71}®éj2®-~-®éjq+~-~

+éi1®...®éip®éjl®...®éjq1®{_5 éj+l5..éjq}

1jq 3971

i s pdiedg
=0ji B, iy T 0 +

—{5¢j1E‘.7‘72"f‘7q+---+5 Ejl"'gqu}+

’Ll...lp qu ’il...Zp
J1...]
+ 500 =)o By .Z,Z;J . (10.55)

The representation D®*+9 is reducible. In the following, we first study some special
tensors and show how the representation D®+9 can be reduced. Then we concen-
trate on irreducible tensors and the related irreducible representations of SU(3).
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10.8 Traceless tensors.

Let us in the direct product space V®*+9 defined in formula ( 10.49), study tensors
T for which the components are given by:

’il Ce ’ia_lia+1 c. ’Lp

S . , i i g =7
Fivtiaip ) g gy g a=J (10.56)
0 it ig # Jp
Such tensors can be written in the form:
T:Ail...’ia_ﬂa-i-l---ip jqu ) (1(),57)

Jljb—ljb-i-qu Za,]b ’llZp

For an arbitrary SU(3)-induced transformation D®*%(U), we obtain for a tensor of
the form ( 10.57), the following:

T = DY ()T

— Yk, Uipkp {Uil}glji o [Uilhqjq .

kl---kaflkaﬂ---kp jqu
Byl kalyPiy . iy - (10.58)

When moreover, we use the relation:

-1 -5
Viaka [U bbjb 5kafb - 5la]b ’

then we find for the components of the transformed tensor T” the expression:

(T )]1 o Jg (4 )j1 o Tp1dbyr -+ g 5Zajb g (10.59)

where:

( ,)'L'.l R iq_liq+1 c. Zp _
Je b adbys -

=Uj p, U

’ia—lka—lUia+1l€a+1 U

ipkp
' [U_lhljl o {U_lhb—ljbq [U_l]gbﬂjbﬂ o [U_lbqjq '
kv... kag-1kasr .. kp .

A
bty Lyl

(10.60)

The components ( 10.59) of the transformed tensor (10.58) have exactly the same
form as the components (10.56) of the original tensor (10.57). Consequently, those
tensors form a subspace of V®+9 which is invariant under the transformations
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DP*+0(U) for all elements U of SU(3). Furthermore, counting the number of U’s and
[U~1]’s in formula (10.60), we find that at the subspace of tensors of the form (10.57)
the transformations D®*9(U7) form the representation D((P~D+@=1) of SU(3).

So, we must conclude that D®*+9 is reducible, since we found a subspace of V®+9)
at which SU(3) is represented by a representation of a lower dimension.

In fact, we found a whole set of such subspaces, because iq and jj; in formula
( 10.56) may be chosen freely amongst respectively the contra-variant and covariant
indices of the tensor T. When we remove all those subspaces from V#+9_ then we
are left with traceless tensors.

In order to define what is understood by traceless, we first study contractions: A
contraction of a pair of one contra-variant (for example ig) and one covariant index
(for example j) of the components of a tensor, is defined by:

Tllla = Ozlp _ i Til...ia_loz ia+1...ip . (1061)

jljb:ajq jljb*laijrqu

a=1
Such a contraction of one upper and one lower index of the components of a tensor,
is referred to as a trace of the tensor T'. A tensor T is said to be traceless if for the
contraction of any pair of one upper and one lower index one finds vanishing result,
1.€.

il .. .’ia_loé ia+1 .. Zp

iy @y dq (10.62)

A traceless tensor T' remains moreover traceless under SU(3)-induced transforma-
tions. This can easily be demonstrated: Using expression ( 10.53) and the relation

Uaka [Uﬁl}éba - 5ka€b ’

we find for the trace of the transformed tensor T” the following:
/il .. .’ia_la ia+1 .. ’Lp .
U Jp Q¥ Tpyq -+ - Jg o

Uitk U’ia—1ka—1Uia+1ka+1 o Uipkp '

' [U_lbljl o {U_lhb—ljbq [U_l]gbﬂjbﬂ o [U_lbqjq '

) kl...kafl()ékaﬁrl...kp
61...£b_104£b+1...£q ’

(10.63)

So, when T is traceless, then T is also traceless. This implies that the subspace
of V*+9 which is spanned by traceless tensors, is invariant under SU(3)-induced
transformations.
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10.9 Symmetric tensors.

Using the Levi-Civita tensors which are defined in formula ( 8.4), let us consider in
this section tensors T of the direct product space V®+9 (1 10.49) of the form:

. 'L.l---Z.a—l'i(l—i—l---'L.b_ll.b_H---'L.C—l'ic-i—l---l.p o jqu
T= le .. jq ezaZbZC ’il e ’Lp ’ (1064)

Notice that the components of this tensor are antisymmetric under the interchange
of any pair of the indices iq, 7, and ic.

In the expression for the transformation of this tensor under D®*9(U), we find
the following terms:

U

iaka U

"'bkme

ickc...ekakbkc...
Due to a property of unitary unimodular 3 x 3 matrices, the product of those four
terms gives:

U:

taka

Uipkp Vickc kakpke = Ciaipic

So, we end up with the expression:

T =
- Ui1k1 o Uia—1ka—1Uia+1ka+1 o U’ib_lk?b_lUink?bH o
-1 -1
“Uie ke Yiepken U’ipkp [U }Eljl o [U }quq '
Bkl [N l{}a[,lkaJrl [N kb*lkarl e kcflkchl PPN kp o jl .. jq
bl “atpiciy . ip
(10.65)

This is again a tensor of the form ( 10.64). Consequently, the subspace of V#+%)
which is spanned by tensors of the form ( 10.64) is invariant under SU(3)-induced
transformations. Moreover, is the representation D®+% at this subspace reduced to
the representation D((P=3)+9) of SU(3).

There are as many of those subspaces in V#+9 as one can take sets of three upper
indices. Similarly, one can find comparable subspaces for the lower indices.

When all such subspaces are removed from V®*+9_ then the remaining tensors are
all symmetric under the interchange of any pair of upper indices and of any pair
of lower indices. Such tensors are called symmetric. A symmetric tensor remains
symmetric under SU(3)-induced transformations. This can easily be understood
from equation ( 10.53).
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10.10 Irreducible tensors D@9,

Tensors which are symmetric (as defined in section 10.9) and traceless (as defined
in section 10.8) form a subspace V™ of V(P+9 which is invariant under SU(3)-
induced transformations. The group SU(3) is in V"9 represented by the irreducible
representation D®9.

The dimension of the irrep D9 is given by:

fp,q) =5+ 1)(q+1)p+q+2) . (10.66)

Formula ( 10.66) can be derived by considering the number of possible different
components of a tensor with p upper indices, ¢ lower indices and which is symmetric
and traceless: The number of ways in which one can arrange ones, twos and threes
on p places such that one gets first all ones, then all twos and then all threes, is

given by:
p+2 .
) =;p+D)p+2) .

So, a tensor with p upper and ¢ lower indices, totally symmetric in the upper indices
and totally symmetric in the lower indices, has

N =1p+1)p+2)(¢+1)(g+2)

linearly independent components. Moreover, because of the symmetry, there exists
only one trace tensor. This tensor has (p — 1) symmetric upper indices and (¢ — 1)
symmetric lower indices, and therefore

Ny = ip(p+1)g(g+1)

linearly independent components. The elements of the trace tensor must be zero,
since the original tensor is traceless. This gives N, linear relations between the Ny
components. So, the total number of linearly independent traceless and symmetric
tensors in VPt equals:

Ny =Ny =350+ 1)(g+1)(p+qg+2) .

The trivial one-dimensional representation is denoted by D@9 The two three-
dimensional irreducible representations are given by {3} = D% and {3*} = DOV,

The eigenvalues of the Casimir operators F? and G® defined in ( 10.26), are at
the irrep D9 respectively given by:

=50 +pa+q")+p+q and ¢’ =5(p—q)(2p+q+3)(p+2¢+3) . (10.67)

Those results can be obtained by applying the Casimir operators F2 and G® to the
basis tensor for which all indices are equal to 1, using repeatedly formula ( 10.53).
One may compare the results ( 10.39) and ( 10.48) for the eigenvalues of G* with the
above formula ( 10.67) in order to find how G? distinguishes between different irreps
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for which the number p of upper indices and ¢ of lower indices are interchanged;
cases for which F? gives the same eigenvalue.

For each value of p and ¢ there exists an irrep of SU(3) and there are also not
more irreps for SU(3). The irrep D®9 can moreover be represented by a Young
diagram (see 1.3 for the definition), as follows:

< —< >

q times p times

Figure 10.5: The Young diagram which represents the irrep D®9 of SU(3).

There is one exception, which is the Young diagram for the trivial representation
D©9 This representation is represented by a Young diagram of three rows of length
one.

In table ( 10.3) we have collected some information on the irreps for p+¢ =0, 1, 2
and 3.

irrep || p | q | Young diagram | f(p,q) | f* | ¢*
{1} oo ] 1 o o0
{3} [1]o0 0 3 2| +2
(3*1 [ o1 H 3 | 4]-2
{6} |[2]0 o 6 D42
{6*1 | 0] 2 H 6 |0 -1
(8 11 H 8 |3] 0
{10} 3]0 Emm 10 | 6 |+18
{10*} |0 | 3 £ 10 | 6|18
{15} |21 H- 15 | L] 45
{15%} | 1|2 HF 15 | L] 36

Table 10.3: The Young diagrams, dimensions and eigenvalues for the Casimir oper-
ators of some irreps of SU(3).

Notice that there may be more than just two non-equivalent irreps of SU(3) which
have the same dimension. For example f(0,4) = f(1,2) = f(2,1) = f(4,0) = 15 and
hence four non-equivalent irreps of SU(3) with dimension 15 exist. With dimension
9240 one finds ten non-equivalent irreps of SU(3), according to: f(2,76) = f(3,65)
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= £(6,47) = f(13,29) = f£(19,21) = f(21,19) = f(29,13) = f(47,6) = f(65,3) =
£(76,2) = 9240.

In the following we study the sextet and octet irreps of SU(3).

10.11 The matrix elements of the step operators.

We postponed to give the relations for the matrix elements A, B, C' and D for the
step operators which are defined in formula ( 10.16), untill all quantum numbers of
SU(3) irreps had been discussed. Since, with the definitions of p and ¢ we completed
the set of quantum numbers which fully characterize the states of the various SU(3)
irreps, we are now prepared to discuss those matrix elements for the step operators.

The matrix elements A (i,i3,m) and By (i,i3,m) are at the irrep D®% given
by:

Ay (p,g;iyis, y = 2m/V/3) =

\l(z’+z’3+1) Bo-o+i+d+1][ip+20)+i+ 442 [2p+q —i— Y]
20+ 1)(2i 4+ 1)

and

By (p,q;i,i3,y = 2m/V3) =

\l(z’—ig) Ba-p+i-Y| o+20)—i+4+1] [+ +i-4+1]
2i(2i + 1)

(10.68)

The expressions for A_(p, ¢; 1,13, m) and B_(p, ¢; i, i3, m) can be obtained by using
the relation:

K_=(K4)'.

And the matrix elements C(p,q;1,i3,m) and D4 (p,q;i,i3,m) follow when one
explores the relations:

Ly=|I_,Ki| and L_=(Ly)".
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10.12 The six-dimensional irrep D),
In the subspace V29 of the direct product space V0 = {3} ® {3} we define as a

basis for the symmetric tensors (there are no traces in this case) the following linear
combinations of the basisvectors ( 10.50) for {3} ® {3}:

u = En , Uy = %(Eu +En) Gy = Exn
R . X . R (10.69)
iy = (Bt Esn) U5 = F(Exs+ Ep) and i = Ey
Notice that the basis vectors ( 10.50) are orthonormal. Consequently, for the defini-
tion of the above basis vectors ( 10.69) for the subspace V(29 we have to introduce

some normalization constants % Forgetting about those normalization constants,

one might compactify the definitions of the above formula ( 10.69) into:

(bk‘f = Ek‘f + Egk: for k<(=1,2,3. (1070)

This way one obtains an elegant way to study the transformations of the irreducible
representation D% at the six-dimensional subspace V29  Exploring expression
( 10.54), one obtains for the SU(3)-induced transformations of the basis vectors
( 10.70) the relations:

d®O (A ) bpp = 05330 + 0005k — 30150kt - (10.71)

For the step operators one may forget about the last term containing the Kronecker
delta d;; in formula ( 10.71), since according to the relations ( 10.24) for those
operators one has standard matrices for which ¢ # j. The resulting transformations
for those operators at the basis vectors ( 10.69) are collected in table ( 10.4).

Ky | K_ | Ly | L_

>

~
_I_

R

(1) 0 V20, 0 V204 0
@y | V2a1 | V23| 0 s 0 iy
s | V2ay | O 0 0 0
Ty 0 Us | V201 | V206 | o 0
s | 0 Ty 0 | V23 | V2
ig |0 0 | V2| 0 [V2a5] 0

Table 10.4: The action of the step operators on the basis defined in formula ( 10.69)
for the sextet representation of SU(3).

Notice from table ( 10.4) that all matrix elements for I+ and K4 are positive, as
required by the phase conventions mentioned in section ( 10.2) in the discussion
following formula ( 10.16).
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Next, let us determine the Casimir operators in this case. As may be verified
by explicit calculations using repeatedly formula ( 10.71), we find for the Casimir
operators F'? and G®, defined in formula ( 10.26), at the tensors defined in ( 10.70),

the following eigenvalues:

F2¢k;£ = %‘b/{:f and GB(bk;E = %O(bkﬁ . (10.72)
Those values are in perfect agreement with formula ( 10.67) for p = 2 and ¢ = 0, as
also shown in table ( 10.3).

In order to obtain the full structure of the irrep D9 let us furthermore determine
the eigenvalues i3 and m for respectively the operators I3 = %(An — Agy) and
M = 3(Ay; + Ayy), and also the eigenvalues i(i + 1) for I? = (I3)> + Is + I_ 1.
The results, with the use of the formulas ( 10.69), ( 10.70) and ( 10.71) and the
information of table ( 10.4), are collected in table ( 10.5).

a | iy |y =2 114 | i(i+1) | i
iy || +1 | +3 0 2 |1
@ | 0 +2 2 2 |1
as || —1| 43 2 2 |1
R S U N
<k b |1
i | 0 -3 0 0 |0

Table 10.5: The isospin parameters i3 and i for the sextet representation of SU(3)
as well as the eigenvalues m for M.

As we notice from table ( 10.5), the SU(3) sextet contains one isotriplet (i.e. the
subspace spanned by 4y, Uy and u3), one isodoublet (i.e. the subspace spanned by
Gy and Us), one isosinglet (i.e. the subspace spanned by ). Using the expressions
( 10.69) for the various basis vectors of the iso-subspaces, one might also notice
that the isotriplet contains the indices 1 and 2, the isodoublet one index 3 and the
isosinglet two indices 3. From the table of the step operators ( 10.4) one might
notice moreover that / substitutes an index 2 for an index 1, whereas I__ does the
reverse.

In the original three quark model, the index 1 is associated with an "up” quark,
the index 2 with a "down” quark and the index 3 with a "strange” quark. The
isospin step operator I substitutes "up” for "down” and /_ does the reverse. In
that picture, the sextet represents the symmetric configuration (not observed in
Nature) of two quark states (uu, %(ud + du), dd, %(us + su), %(ds + sd) and
ss). The first three states form a triplet with isospin 1, the next two a doublet with
isospin % and the last an isosinglet.

The quantum number y = % is called the hypercharge of a (multi-)quark state.

As one might read from table ( 10.3) or alternatively from figure ( 10.1), the "up”
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and "down” quarks have hypercharge +§ and the "strange” quark hypercharge —%.
Hypercharge is an additive quantum number, and so the hypercharges of the two
quark states of table ( 10.5) are just the sum of the hypercharges of their constituents.
With the use of the information of the two tables ( 10.4) and ( 10.5), the weight
diagram for the sextet can be composed. The result is depicted in figure ( 10.6).

Y
(& 5 | U2 Uy
° ~|»§0 °
T T t } 7/3
1 1
-1 -3 +5 41
N 1 N
US. —g-— .U4
4 N
—g ® UG

Figure 10.6: The weight diagram for the sextet representation of SU(3).
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10.13 The eight-dimensional irrep DY,

In the subspace V'V of the direct product space V) = {3} ® {3*} we define
as a basis for the traceless tensors (no symmetry in this case) the following linear
combinations of the basisvectors ( 10.50) for {3} ® {3*}:

0, = —E} , iy —E3 )
03 = —FE7 | %(E% -E% , 05 = Fj ,
¢ = —F: , 0y = Fj and 05 = %(El1 + E2 — 2F3)
(10.73)
Besides the normalization constants, we also introduce some minus signs in the

definition ( 10.73) of the basis vectors for the octet representation of SU(3). Those
are necessary to get the relative phases right. Exploring expression ( 10.54), one
obtains for the SU(3)-induced transformations the relations:

d(l’l)(Aij)Elé; _ 5jkEf — o] . (10.74)

The transformations under the step operators at the basis vectors ( 10.73) are col-
lected in table ( 10.6).

o Iy | 1- K K_ Ly L_
o I 0 %3 0 oy

Oy || Dy 0 0 s 0 %
by | 0 | V204 0 g —dy 0

" 2% 2% ) g U5 Vg

V4 \/_U?, \/_UEJ \/é \/5 \/é \/é

Us | V2041 O s 0 0 U7

sl o | o By 0 %@ 0

o o | 0 %3 0 i 0

|| 0 0 2, 35, S5, —396

Table 10.6: The action of the step operators on the basis defined in formula ( 10.73)
for the octet representation of SU(3).

Notice from table ( 10.6) that, because of our choice of the basis ( 10.73), all ma-
trix elements for I+ and K are positive, as required by the phase conventions
mentioned in section ( 10.2) in the discussion following formula ( 10.16).

In order to obtain the full structure of the irrep DMV let us also determine
the eigenvalues i3 and m for respectively the operators I3 = %(An — Ay) and
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M = ?(An + Ags). The results, with the use of the formulas ( 10.73) and ( 10.74)
and the information of table ( 10.6), are joined in figure ( 10.7).

Y
g +1¢ LX)
s 0 | B by
° : : . i3
1 1
-1 -5 +3 +1
e —1+ ® g

Figure 10.7: The weight diagram for the octet representation of SU(3).

As we notice from figure ( 10.7), there are two states with the quantum numbers
i3 =y = 0. They can only be distinguished by the isospin Casimir operator 2. Its
respective eigenvalues for those two states are given by:

I 5 (B - E) = 25(E) - E3) and (10.75)
PB4+ By —2E3) = 0. (10.76)

Consequently, the SU(3) octet contains one isotriplet (i.e. the subspace spanned by
03, 04 and vs5), two isodoublets (i.e. the subspaces spanned by 0; and 05 and by vg
and 07), and moreover one isosinglet (i.e. the subspace spanned by 0g).

The covariant index of a tensor is in the original quark model associated with
antiquarks. Several quark-antiquark octets have been recognized in Nature: For
example the octet of pseudoscalar mesons: A triplet of pions with isospin 1, two
different doublets of Kaons, one with a strange antiquark and one with a strange

1

quark, both with isospin 5 and one isosinglet n-particle.
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Chapter 11

The classification of semi-simple
Lie groups.

In this chapter we present the full classification of all possible semi-simple Lie groups.
In the first section we will define the concept semi-simple.

11.1 Invariant subgoups and subalgebras.

In formula ( 1.22) we find the definition for an invariant subgroup, i.e ” A subgroup
S is called invariant if for all elements ¢ in the group G holds:

gSg'=28 (1.22).

Let the group G be a Lie group (as defined in section ( 6.9) at page 70) and generated
by the Lie algebra A. When S is a subgroup of G, then it is generated by a
subalgebra B of A. If S is moreover an invariant subgroup of G, then B is an
invariant subalgebra of A, i.e. for all elements a of A holds:

[a, B]=B . (11.1)

In order to gain some insight in the above afirmation, we will use the following
identity for matrices a and b:

eaebe_a:eb+[a7 b]_'_%[av [a’a b]]_'_%[av [CL, [a’a b]]]+ . (1]_2)
We will proof this identity at the end of this section.
Let b in formula ( 11.2) represent a generator of the subgroup S (i.e. eb is an

element of S) and hence an element of the subalgebra B, and a a generator of the
group G (i.e. €% is an element of G) and therefore an element of the algebra A.

1. When B is an invariant subalgebra of A, then according to the definition ( 11.1)
for an invariant subalgebra, we may conclude that the commutators, given by:

@, 0] 5 asfa, ] 5 e fa, o, 00l
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are elements of the subalgebra B and therefore that the following sum

b+la, b+ 5la,[a,b)]+5la, [a,[a, b]]] +--- (11.3)

is an element of B. Consequently, since B represents the generator space of the
subgroup S, the exponentiation of ( 11.3) gives an element of S. Now, because this
is true for any element g = e? of the group, we may conclude that S is an invariant
subgroup of G.

2. When S is an invariant subgroup of GG, then the righthand side of the equation
( 11.2) is an element of S, according to the definition ( 1.22) for an invariant sub-
group. Consequently, the expression ( 11.3) has to be an element of the generator
space B for S. Here we might introduce a parameter A and define a matrix field,
given by:

)\2
Aabo—Aa _ b+ Na, b+ 5 [a, fa, b+ (11.4)

b

The term e @ represents a field of matrices in the group G and e” an element of the

invariant subgroup S. So, the sum, given by:
)\2
b+Aa,b+5[a, [a, b]]+---

must be an element of the subalgebra B for any value of \. Consequently, we must
conclude that

@, 0] 5 a,fa, 0] 5 e, fa, fa, 00l .

are elements of B and hence that B forms an invariant subalgebra of A.

A group is called simple when it has no invariant subgroup and semi-simple when
it has no Abelian invariant subgroup. The Lie algebra for a semi-simple Lie group
has no Abelian invariant subalgebra and is also said to be semi-simple. It can
moreover be shown that each semi-simple Lie algebra is the direct sum of simple
Lie algebras. Consequently, we may concentrate on the classification of simple Lie
algebras.

Proof of the identity ( 11.2):
Let us for the arbitrary parameter A, define the following:

eAC = eBeMbe—a (11.5)

For A = 0 one obtains the identity I of the group GG. Now, since G is a Lie group,
we may expand the expression ( 11.5) around the identity, and therefore identify:

d xe d ., a b —a ap,—a
= : 11.
c G o )\(e e e ))\ . ebe (11.6)
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When we expand the exponents in the righthand side of formula ( 11.6), we obtain
the expression ( 11.3) for ¢ which proofs identity ( 11.2). For that we define

00 k

Mt he=ha = 3 % . (11.7)
k=0 IV

One has then for the lefthand side of equation (11.7)

dreMta pe—Ha
[ed—:} = (11.8)
n times n times
= elua [a’a [a’a [ o [a’a b] o H] e_ua - [av [av [ o [av b] o ]H )
pw=0
whereas, for the righthand side we obtain
d" > Iy k
"Xk ok s
Co = dif- - lz % cm} . (11.9)
I -0 k=0 . n= 0

From the relations (11.8) and (11.9) we find for the coefficients ¢, of the expansion
(11.7)

n times
e = la,[a, [ [a,b] -]

When we choose pr = 1 in equation (11.7) we obtain for ¢ of relations (11.5) and
(11.6), the result

c=>b+a,bl+5la,la,b)]+5la,la,la,d]]] 4+

When, next, we choose A =1 in equation (11.5), we obtain the expression (11.2).
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11.2 The general structure of the Lie algebra.

Let us consider a p-parameter simple Lie group, generated by a p-dimensional sim-
ple Lie-algebra. We select in the Lie algebra a basis which consists of a set of p
generators, indicated by:

{x1,....Xp} (11.10)
Any other generator of the group can be written as a linear combination of the above
set of basis generators. The generators {X;} span a Lie algebra and hence satisfy
certain commutation relations, the so-called Lie product, given by:

X, Xj| =Cijp Xy (11.11)

1

The constants {C; j 1} are called the structure constants of the group. Clearly, they

depend on the choice and normalization of the basis {X}.
Out of the set of basis generators { X, } one selects a set of generators {H1, ..., Hq}
which commute amongst each other, i.e.

[H;, Hj] =0 . (11.12)

When this set contains the largest possible number of commuting generators, it is
called the Cartan subalgebra of the Lie algebra. For example for SO(3) and for
SU(2) we only have one such generator, respectively L3 and Js; for SU(3) we have a
set of two of such generators, I3 and M. We assume that the set {Hy, ..., Hq} is the
Cartan algebra of our Lie group. We assume furthermore that from the remaining
generators it is not possible to construct a linear combination which commutes with
all elements of the Cartan subalgebra.

The dimension of the generator space is p and the dimension of the Cartan sub-
algebra equals q. Consequently, the dimension of the subalgebra which is spanned
by the remaining generators equals (p — ¢). We will refer to this vector space as the
subalgebra of the step operators. It can be shown that:

p—q>2q. (11.13)

It is allways possible to arrange such a basis {Eq} in the subalgebra of the step
operators, that for each basis element Eq holds:

[Hi : Ea} = a;FEq for real constants «a; (i =1,...,q). (11.14)

The constants {a;} depend on the choice of bases {H,} in the Cartan subalgebra
and {Eq} in the subalgebra of step operators.

For a matrix representation D of the Lie group in a vector space V, it is possible to
choose diagonal matrices for the generators of the Cartan subalgebra. We indicate
the basis vectors of V' by their eigenvalues for {d(H,)}, i.e.

d(HZ) |h1,,hq>:hZ |h1,,hq>, 1=1,...,q. (1]_]_5)

Due to the commutation relations ( 11.14), we find for the basis vectors of the vector
space V moreover the following:
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d(Ea) |h1,...,hq > = f(Oé, hl,...,hq) |h,1—|—0(1,...,hq+04q >, (1116)

which is the reason that the operators { Eq} are called step operators.

The weight diagrams for the matrix representations of the Lie group are ¢-dimen-
sional in this case, where ¢ is also referred to as the rank of the Lie group. SO(3)
and SU(2) have rank 1, SU(3) rank 2.

11.3 The step operators.

For each step operator En we construct a ¢-dimensional real root vector a. The
real components o of the root vector o are, using expression ( 11.14), defined as
follows:

[a]j = a; when [HZ', Ea} =a;jFEq i=1,...,q (11.17)

Clearly, the components of the root vectors depend on the choice of the bases {H,}
in the Cartan subalgebra and {Eq} in the subalgebra of step operators.

Let us in the following study the commutator or Lie product of two step operators
FEq and EB, i.€.

[Ea s Eg| (11.18)

For this Lie product we have, using the Jacobi identity and equation ( 11.14), the
following property:

His [Ea. Bgl] = [[H;, Eal , Bg| + [Ea, [H;, Eg]
= (o + 8;) [Ea,Eﬁ} for i=1,...,q. (11.19)

From this property we may conclude that in the case a+B3+# 0, the Lie product
( 11.18) is a step operator itself, i.e.

[Ea, Eﬁ} = N(a,8) By 4 5 - (11.20)

The constants N(a, ) depend on the choice and normalization of the basis in the
subalgebra of the step operators.
A special case happens when 8= —a, i.e.

[HZ-, [Ea, E_aﬂ =0 for i=1,...,q. (11.21)

In that case the Lie product of the two step operators Fn and E_, commutes
with all basis generators of the Cartan subalgebra. Which, because the Cartan
subalgebra is the largest possible subalgebra of commutating generators of the Lie
algebra, leads to the conclusion that the Lie product of En and E_, must be a
linear combination of {H;}, i.e.
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[Ea, BE_o| =a'H; . (11.22)

The constants {a'} depend on the choice of basis {H;} in the Cartan subalgebra
and {Eq} in the subalgebra of step operators. However, it is allways possible to
arrange such bases for both subalgebras that:

o' =a; . (11.23)

11.4 The root vectors.

The dimension of the root vector space in which the root vectors are defined, equals
q (see formula 11.17). So, because of the relation ( 11.13), the root vectors are not
linearly independent.

The root vectors may be divided into positive and negative root vectors, as follows:

A root vector « is said to be positive (negative) when the first nonzero component
of e in the row a1, s, ..., oy, is positive (negative).

There are 5(p — g) positive root vectors, which because of relation ( 11.13), are
not linearly independent. Out of this set we select those positive root vectors which
cannot be written as the sum of two other positive root vectors. Those positive
root vectors are said to be simple. There are exactly ¢ simple positive root vectors
and linearly independent for any simple Lie group. They form therefore a basis for
the vector space in which the root vectors are defined. Below we list some of their
properties:

1. When a and 3 are two simple positive roots, then 3—a cannot be a root of any
kind. For suppose:

B—a="+. (11.24)
-When ~ represents a positive root vector, then we find:
B=a+".

This implies that 3 can be written as the sum of two positive root vectors, which
contradicts the definition of 3 as a simple positive root.

-When ~ in formula ( 11.24) represents a negative root vector, then, since for each
step operator E there exists a step operator E_,, we have that —~ is a positive
root vector and we find:

a=p6+(—).

This implies that a can be written as the sum of two positive root vectors, which
contradicts the definition of ax as a simple positive root.
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2. However, there may be root vectors of the form B+a, and indeed, there will
generall be strings of roots of the form:

3, B8+a, B+2a, ...,08+na, (11.25)
which terminate at some integer n (i.e. B+(n + 1) is not a root vector of the Lie
group).

3. The value of the non-negative integer n in formula ( 11.25) is related to the
simple positive root vectors v and 3, according to

ne 2B (11.26)
Q-

Proof:
We first define the scalar product for the root vectors v and 3 by the expression:
« - B = aiﬁi . (11.27)

According to formula ( 11.25) there exists a step operator Eﬂ + mq for a non-
negative integer m < n. Let us for this step operator determine the following:

(a.ﬁ+ma.a)Eﬁ+ma:Z O‘i(ﬁierai)Eﬁ—l—ma . (11.28)
i
Using the formulas ( 11.14) and ( 11.17), we obtain for this expression:

(a.5+ma-a)Eﬁ+ma: |:Z aiHi7 Eﬁ+ma
1

Using furthermore the formulas ( 11.22) and ( 11.23), we may write this expression
as:

(@-B+me-a)Bg g = HEO“ E_O‘} ’EﬁijO‘}

Using finally, once more the Jacobi identity for commutators and moreover the
definition of N(«, ) as given in formula ( 11.20), we end up with:

—(a-B+mo-a)Eg 4 o =
= B8+ ma» |Fa B—q]
~ (B4 ma+ Ea] + B—a] + [Ea’ [Bg 4 ma s B—a]]
= N(B+ma,a) B3 4 ma+a» Fal
+ N (B +ma,—a) [Ea, Eg ¢ o — o
= {N(8 +ma,a)N(B + (m + 1)a, —a)
—N(B+ma, —a)N(B+(m—1)a,a)} Eg g -
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From which relation we conclude that the following identity holds:

—(a-B+ma-a) =
= N(B+ ma,a)N(B+ (m+ 1)a, —a) — N(B +ma, —a)N(B+ (m — 1)a, ) .
When moreover we define:
Am = N(B+ma,a)N(B+ (m+ 1), —a) (11.29)
then we end up with the relation:

This gives a recurrence relation for Ay,. Now, since we know that 3—a is not a root
vector (see formula 11.24 and the discussion following that formula), we have from
formula ( 11.20) that N(f, —a) = 0, which leads, by the use of formula ( 11.29), to
A_1 =0. So, we deduce:

Ay = A4 —-a-B = —a- g )
A = Ay—a-f—-a-a = 2a-f-a-a |
Ay = Ai—a-B-2a-aa = -3a-B8-3a-a ,...

One ends up with the following relation for Ap,:

Am=—-(m+1a-B-im(m+1la-a . (11.31)

The string of root vectors ( 11.25) is supposed to end at the root vector B+(n+1)a,
SO Eﬁ+(n+1)oz does not exist. This implies that N(5 + na,a) = 0 and hence,

according to the definition ( 11.29), Ay = 0. Consequently, we have
0=Ap=—-(n+Da-B—inn+la - a,
which is solved by equation ( 11.26).

4. Similarly, there exists a corresponding string of root vectors of the form:

a, at+fB a+28, ..., a+ns, (11.32)

which terminates at some integer n’ (i.e. a+(n'+1)3 is not a root vector of the Lie
group). The value of the non-negative integer n’ in formula ( 11.32) is, in a similar
way as given in formula ( 11.26), related to the simple positive root vectors a and

B3, i.e.
n=-2=— . (11.33)

5. This leads, using the formulas ( 11.26) and ( 11.33) and Schwarz’s inequality for
scalar products, to the relation:
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nn' = 4(6'—0{)2 <4 (11.34)

(a-a)(B-8) —
So, we find for the the product nn’ the possibilities: nn’ = 0, 1, 2, 3 or 4. However,
for nn’ = 4 one has for the relation ( 11.34) the solutions 8= +a, which solutions
are both excluded, since:

B = 4+« implies: B not simple
B = —a implies: B not positive

which both contradict the definition of 3 as a simple positive root vector. Conse-
quently, one has for the product nn’ the following possibilities:

nn'=0, 1, 2 and 3. (11.35)

6. We define moreover the relative weight of two root vectors a and 3, using
equations ( 11.26) and ( 11.33), as follows:
B-B _n

w(a, B) = Sl (11.36)
One might also define an absolute weight factor for each root vector, such that the
root vector v which has the lowest relative weight with respect to all other root
vectors takes absolute weight factor 1, and the absolute weight factors of all other
root vectors equal to their relative weights with respect to ~.
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11.5 Dynkin diagrams.

The simple positive root vectors of a simple Lie group and their related products nn’
defined in formula ( 11.34), can be represented diagramatically in a so-called Dynkin
diagram. Each simple positive root vector of the group is indicated by a point in
a Dynkin diagram. Those points are connected by lines, as many as indicated by
the product nn’ for the two simple positive root vectors represented by the points
they connect. So, points which represent simple positive root vectors for which the
product nn’ of formula ( 11.34) vanishes are not connected by a line. Points which
represent simple positive root vectors for which the product nn’ of formula ( 11.34)
equals to 1 are connected by one line. And so on.

Such a diagram has a series of properties related to the structure of a simple Lie

group:

1. Only connected diagrams occur. This means that there do not exist simple Lie
groups for which the corresponding Dynkin diagram contains parts which are by no
line connected to the other parts of the diagram.

2. There are no loops.
3. There can at most three lines radiate from one point.

4. There is at most one double-line-connection or one bifurcation in a Dynkin
diagram.

The various possible Dynkin diagrams (and hence the various possible simple Lie
groups) are grouped into different types. There are A, B, C' and D types of Dynkin
diagrams and furthermore five exceptional cases: Eg, E7, Eg, Fy and G5. The A-type
Dynkin diagrams have only one-line-junctions, the B- and C-type Dynkin diagrams
contain one double-line-junction and the D-type has one bifurcation. Below we show
the resulting Dynkin diagrams for the various types. The numbers written above
each point in the diagram indicate the absolute weight factor of the simple positive
root vector represented by that point.

Ag (¢=1,2,3,...) @ ° ® ®
(8 %] (8 %)) Oéq,1 Oéq

2 2 1

By (¢=2,3,4,...) ® ® ' E—
aq (87%)) Oéq,1 Oéq

1 1 2

Cq(g=3,45,...) @ ® e——®
(8 3] (8 7%)) aq_1 aq
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1
Dq (¢ =4,5,6,...) ® °

(&75)
1 1 1 1 1
E ° ° ° ®
(831 (8% Qg Qy (873
1
(&%
1 1 1 1 1 1
E; ° ° ® ® ®
(e %} (8 %)) (8 23 (8 %] (874 (8 74
1
Qg
1 1 1 1 1 1 1
Eqg ® ® ® ® ® ®
(831 (&%) Qg Qy (873 (875 (&%
2 2 1 1
Fy e—— e o o
a (87%)) (8 23 ay

3 1
Go —
(03] (85}

The diagrams for Ay, By and Cy are identical, from which it follows that the corre-
sponding Lie algebras are isomorphic. The diagram for By differs from that for Cs
only in the labelling of the simple positive root vectors, so the Lie algebras are also
isomorphic. The same is also true for A3 and D3. So, all Dynkin diagrams exhibited
above correspond to non-isomorphic simple Lie algebras.
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11.6 The Dynkin diagram for SU(3).

In this section we study the Dynkin diagram As, given by:

oo (11.37)

The diagram has two points and hence there are two simple positive root vectors,
which are indicated by a and 3. Moreover, because the number of simple positive
root vectors equals the dimension of the Cartan subalgebra, the rank of the group
equals 2 (see section 11.2 for the definition of the rank of a Lie group). The two
points are connected by one line, so the product nn’ defined in ( 11.34) equals 1,
and therefore n = n’ = 1. This leads, by the use of formula ( 11.26), to:

@B i and Jal= 18 =1 . (11.38)
o -

The latter relation can also be concluded from the absolute weight factors which
are indicated in the Dynkin diagram of formula ( 11.37). As a consequence of the
equations ( 11.38), we find that the angle between the simple positive root vectors
a and B equals 120°. In the figure below we show the two root vectors for this case
in the corresponding two-dimensional root diagram.

1St
Nl
B\ +%
" d
T > 1
1 T 2
_V3 1
2

Figure 11.1: The simple positive root vectors e and 8 defined in formula ( 11.37)
in the corresponding two-dimensional root diagram.

There is however a problem with the choice of the first and the second axis in the
root diagram. When we take the usual z-axis as the first and the y-axis as the
second axis, then the first component of 3 becomes negative, —%, which contradicts
the definition of 3 as a simple positive root. This problem can be solved by selecting
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the y-axis as the first axis and the z-axis as the second, as indicated in the root
diagram of figure ( 11.1). In that case we find for a and 8 the following vectors:

a=(0,1) and 8= (+2 1) . (11.39)
The string ( 11.26) has here length n = 1, i.e.
B, Bta.

So, a+3 is the third and also the only non-simple positive root vector. The corre-
sponding negative root vectors are:

—a, -3 and —a-p08.

In figure ( 11.2) we show all root vectors in the root diagram for the group corre-
sponding to the Dynkin diagram of formula ( 11.37).

1
By +41 ot 3
— o
::1 ) :1 > 1 2
B ty T
e V3 | _
o —2 B

Figure 11.2: All root vectors which follow from the Dynkin diagram given in formula
(11.37).

When we compare the above root diagram for the step operators of the Lie group
given by formula ( 11.37) with figure ( 10.2) at page 134 for the step operators
of SU(3), we come to the conclusion that both root diagrams are identical and
therefore both Lie algebras isomorphic, as we will see in the following.

As mentioned before, the Cartan subalgebra has two basis elements, say H; and
H,. Following formula ( 11.17) and using the results of formula ( 11.39), we obtain
the commutation relations for H; and H, with the step operators Fn and FE 3 i.e.

[Hy, Eq] = By = 0 ) {HlaEﬁ} = BlEﬁ = +§E5 )
[Hy, Eo] = a3 Eq = Eq and [HQ,Eﬁ} = hEg = —3Eg .
(11.40)
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When we compare those relations with the commutation relations for SU(3) given
in formula ( 10.7), then we find the following identifications:

Hi=M , Hy=13 , FEq=14 and E5:L+ :

When one also determines the other commutation relations, for example:
[Hi, By 5] = (@ +B)Ey 5 = +5E, ;5 and
[HQ’Ea—i-ﬁ} = (O‘2+52)Ea+6 = +%Ea+ﬁ ’

then one finds moreover:

Ea+5:K+ , E_o=1_, E_ﬁzL_ and E—a—BZK— )

The Lie algebra is now completely known and irreps can be constructed. Notice
that all this information is contained in the Dynkin diagram of formula ( 11.37).
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Chapter 12

The orthogonal group in four
dimensions.

Rotations in four dimensions may not seem relevant for physics, but incidentely
SO(4) is the symmetry group of (distance)™! potentials, like the Newton gravita-
tional potential and the Coulomb potential for the Hydrogen atom. We will study
this group in some detail, because it is also closely related to the symmetries of
special relativity.

12.1 The generators of SO(N).

The logarithm of any real, unimodular, orthogonal N x N matrix is, according to
the results of chapter 5 (see formulas 5.22 and 5.24), a real, traceless and anti-
symmetric N x N matrix. Moreover, the diagonal elements of an anti-symmetric
matrix are zero. Consequently, an anti-symmetric matrix is automatically traceless.
An elementary set of real, antisymmetric N x N matrices is formed by the set of
matrices M ;, (a,b=1,2,... N), whose matrix elements are defined by:

(Mab) ke = Oak%¢ t 9aObk (12.1)

i.e. matrix element ab of M ,;, (a # b) equals —1, matrix element ba of M ,;, (a # b)
equals +1 and all other of its matrix elements vanish.
The matrices M, are not all independent, because of the following properties:

Mp, =My and Myy=Mgp=---Myy=0 . (12.2)

As a consequence, one ends up with a set of %(N 2 — N) independent matrices
M ,p- This set forms a basis for the space of generators of the group SO(N). Any
real, unimodular, orthogonal N x N matrix O can be written as the exponent of a
linear combination of the matrices M, as follows:

N
O(Oz) = €exp Z %QZJMZJ . (12.3)
ij=1
As a consequence of property ( 12.2), one may choose for the set of real constants
v j the properties:
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ajj == and g =ap =--any =0 . (12.4)

This implies that all real, unimodular, orthogonal N x N matrices can be para-
metrized by a set of %(N 2 — N) independent parameters. Consequently, SO(N) is a
TN(N — 1) parameter group. SO(2) is thus a one parameter group, SO(3) a three
parameter group and SO(4) a six parameter group.

Alternatively, one might define the set of purely imaginary, traceless, Hermitean
N X N matrices M ,j, defined by:

My =iMyy, (12.5)

Then, substituting definition ( 12.5) into expression ( 12.3) we find that any real,
unimodular, orthogonal N x N matrix O can be written as the exponent of a linear
combination of the matrices M, as follows:

N .
l
O(Oé) = exp { Z QQUM,L]} . (12.6)
For the generators M ; of SO(N) one has the following commutation relations:

[Mab , Mcd] =1 {5aCMbd + (5bdMac — 5(1de0 — 5bcMad} . (12.7)

In order to proof the above relations, we determine one of the matrix elements of
the commutator in ( 12.7), using the definitions ( 12.1) and ( 12.5):

(Mg, . Mcd])ij = (Mg Mg — Mchab)Z'j
- (Mab)ik (Mcd)kj B (MCd)ik (Mab)kj
= — (34i0bk — OaSi) (Ockdj — Ocidar) +
+ (3ciSat — Sekdi) (SakOb; — Sajobi)
= Sac {pi%4j — 0ai%%; } + Opd {0aidej — Ocidaj} +
+ 60 {0¢i0%; — 4ide; } + Obe {0di0aj — Saida; |
= dqci (Mbd)l.j + 8pqi (Mac)ij + Saqi (Mep), ;T 0bet (Mga), j

= i {5achd + 0pgMac — 0qqMp. — 5bcMad}

Y

i
which shows the equality ( 12.7) for each matrix element and thus proofs relations
(12.7).
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12.2 The generators of SO(4).

For the six parameter group SO(4) we define the following six generators:

Ly =My , Ly=Ms , Ls= M ,

Or, using the property ( 12.2) of the matrices M, in a more compact notation:

L, = %eijijk (i,5,k=1,2,3) and K;=M,;, (i=1,2,3) . (12.9)

The related matrices are explicitly given by:

S N R T I

(12.11)
Using the commutation relations ( 12.7) for the matrices M, we find for the

generators L and K the following commutation relations:

[Li s L]] = ZEZ]]{ZLk s [LZ s Kj] = ZEZ]/{}Kk and [KZ s Kj] = ZEZ]]{ZLk . (12.12)

The simple way to proof the above relations is just to use the explicit form of the
commutation relations ( 12.7) and the definitions ( 12.8), i.e.:

(L1, L] = [Mss , M) = —iMy = iMp =il
(Lo, Ls] = [Ms1 , Mys] = —iMsy = iMy3 = il
(L, Li] = [Miy, Mas] = —iMy3 = iMs3 =il
[Ly, Ki| = [Ms, My =0

(L1, Ko| = [Ms, May] = iMszy = iK3

, K3] = [Maz , M3y = —iMyy = —iK,
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(Lo, K] = [M3zy, My] = —iMsy = —iK3
(Lo, Ko| =Mz, May] =0

(Lo, K3| = [Msy, Msy] =iMy =iK,
(L3, Ki] = [Mig, M) =iMy =iK,
[Ls , Ko| = [My, May] = —iMyy =iK,
[Ls, K3| = [Myy, Msy] =0

(K1, K] = [Myy, M| =iMypy =ils
[Ky, Ks] = [Msy, May] = iMss = ily
(K3, Ki] = [Msy, Myy| =iMs = ils

When we define the following six parameters:

ny=aog3 , Ng =03 , N3=012 , ki =1 , ko =001 , ks =034 ,

then, using the relations ( 12.2), ( 12.4), ( 12.6) and ( 12.8), we may express any
real, unimodular, orthogonal 4 x 4 matrix O by the exponent of a linear combination
of the matrices L and K, as follows:

O (71, k) = exp {—iii - L — ik - K} . (12.13)

From the commutation relations ( 12.12) for the generators E, one might observe
that the transformations O(7,0) form a subgroup of SO(4) which is equivalent to
SO(3). However, since the matrices O(7, 0) are 4 x4, they cannot form an irreducible
representation of SO(3), since irreducible representations of SO(3) can only have
odd dimensions. The reduction of the 4 x 4 matrices O(7,0) is most conveniently
studied by determining the Casimir operator L? for the four dimensional represen-
tation, i.e. L? = (L;)? + (Lg)? + (L3)?. Using the explicit expressions ( 12.10) and
( 12.11), we obtain for L? the following result:

2
L=
0
We find that the four dimensional representation of the subgroup SO(3) of SO(4)

can easily be reduced into two irreducible representations of SO(3): one of dimension
three (L? = 2), and one of dimension one (L? = 0).
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In order to construct irreducible representations of SO(4) it is convenient to in-
troduce yet another set of generators for this group, i.e.:

A=1(L+K) and B=}(L-K) . (12.14)
When, using the expression ( 12.13), we define the following six parameters:
Gd=n+k and b=7—Fk |,

then we may express any real, unimodular, orthogonal 4 x 4 matrix O by the expo-
nent of a linear combination of the matrices A and B, as follows:

O(db)=exp{—ia-A—ib- B} . (12.15)

The commutation relations for the generators A and B can easily be obtained,
using the relations ( 12.12)

[A’L y Aj] = ZE,ij,Ak, y [BZ 5 Bj] = ZE,ij,Bk, and [A'L 5 Bj] =0 . (12.16)
Because of the latter commutation relation and relation ( 12.15), remembering the
Baker-Campbell-Hausdorf relations, we may express any real, unimodular, orthog-

onal 4 x 4 matrix O by the product of two exponents: one of a linear combination
of the matrices A and one of a linear combination of the matrices B, as follows:

o (5,5) = exp{—zﬁ-ﬁ} exp{—iz?-é} . (12.17)

The matrices A and B are explicitly given by:

—1 7 —1
1 —1 1 . —1 1| ¢
Al__ i 7A2_§ —Z X 7A3__ — )
7 7 7 -
(12.18)
7 7 - —1
—1 1 7 11 4
By = 5 ; , By = o —i . | Bs=3 i
—q —q _
(12.19)

The generator subset formed by the matrices A generates a subgroup S, of SO(4)
which, because of the commutation relations ( 12.16), is equivalent either to SO(3)
or to SU(2), and similar for the generator subset formed by the matrices B. From
expressions ( 12.18) and ( 12.19) it is easy to determine the Casimir operators A?
and B? for each of the two subspaces of SO(4). One finds A% = % and B? = %.
Consequently, the subgroup Sy of real, unimodular, orthogonal 4 x4 matrices O(a, 0)
may be reduced to a two-dimensional representation of the group SU(2) as well as
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the subgroup Sy of real, unimodular, orthogonal 4 x 4 matrices O(0, l;) This can
be shown more explicitly, using the following similarity transformation S:

10 0 -1 1 =i 0 0
10 0 e 100 -1
S=Alo -1 1 0 | MRS =TE 0 0 o1

0 —i i 0 -1 = 0 0

When we apply this basis transformation to the matrices ( 12.18) and ( 12.19),
we find:

STLAS = % ©1 and S'BS=18 % . (12.20)

Consequently, for any real, unimodular, orthogonal 4 x 4 matrix O we obtain:
0 () — o] i T) o ey i
S O(a,b)S—eXp{ ia 2}®exp{ b 2} . (12.21)
Each group element O (E,Z_;) of SO(4) is equivalent to the direct product of

two group elements U (@ ) = exp {—ic_i- g} and U (5) = exp {—zg g} of SU(2).

Consequently, SO(4) is homomorphous with SU(2) ® SU(2). However, those two
groups are not equal.

12.3 The group SU(2) ® SU(2).

We represent the direct product U (EL’, b ) of two elements U (@) and U (5 ) of SU(2)
in the following abstract way, by:

Uab)= (U@, U(b)) . (12.22)
The group product is defined in analogy with the product ( 5.29) of two direct
products of two matrices, as follows:

U(ab)U(ed)=(U@u@ , vu@)u(d)) . (12.23)
It is easy to verify that under the product ( 12.23) the elements ( 12.22) form a
group, the group SU(2) ® SU(2): For example, the identity element I is given by:

I=U(0,0

)=(1,1) , (12.24)
b

N———

and the inverse of group element U (6,

Loyl . Syl
v(@s)] = (@ vE) ) (12.25)
The structure of SU(2) ® SU(2) is similar to the structure of SO(4) as described

in section ( 12.2). Their algebras are equal. The generators A and B defined in
formula ( 12.14) and in detail related to SU(2) ® SU(2) in formula ( 12.20), might
here, using the operators J for SU(2) defined in formula ( 9.15), be defined by:

by (compare formula ( 5.30)):
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A= (%,0) = (J,0) and B = (o,%) =(0,J) . (12.26)

The generators A generate the subgroup Sy = {(U (@), 1)} of SU(2) ® SU(2),

and the generators B the subgroup Sp = {(1,U (E))} The group elements of

SU(2) ® SU(2) can be represented by direct products of matrices. An irreducible
representation is fully determined by the eigenvalues of the two Casimir operators
A? and B2, or alternatively by j, and jy, i.e.

D Uas Jv) (U (5’ 5)) — DU (U (@) @ D) (U (g))
{e_i@’.d(]a)<j)} - {e_ig.d(]b)( *)} (12.27)
The dimension of the irreducible representation is given by:

dim (DUavjb)) = (20 + D25+ 1) . (12.28)

The first few irreps of SU(2) ® SU(2) and their dimensions are listed in the table
(12.1).

d (jaajb) d (jaajb)

11 (0,0) 9 | (L1), (0,4), (4,0)

21 (0.8), (1.0) 10| (09), (3.0), 2.4), 3.2)

31 (0,1), (1,0) 11 | (0,5), (5,0)

4 (O%)v (%’0)7 (%’%) 12 (07%>7 (%’O>7 (%73)7 (gé)v (17g>7 (3’1)
51 (0,2), (2,0) 13| (0,6), (6,0)

6] (0.5 G0 (LY. G1) | 14| (08). (3.0). 34). (3:3)

7| (0,3), (3,0) 15 | (0,7), (7,0, (1,2), (2,1)

8 (O’%)a (%’0)7 (%’%)7 (%’%) 16 (0712_5)7 (12_5’0) (%’%)7 (%’%)7 (%’%)

Table 12.1: Irreps of SU(2) ® SU(2) and their dimensions (d).
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As an example, let us study the two dimensional irrep (0,1) of SU(2) ® SU(2). A
group element U (6, b ) is, according to formula ( 12.27), represented by:

> 5 = G
= 1®{e‘lb'7} _h 7 (12.29)

which represents a 2 x 2 matrix.
The two dimensional irrep (0,1) is not a faithfull representation of SU(2)®@SU(2),
as one has:

1 - 1 -
p:2) (U (a@,5)) = D 3) (U (a,5)) forall @ and @, .
The identity I=(1, 1) is, as always, represented by the unit matrix, according to:

D<Ov%)(1)=D<0>(1)®D<%>(1)=1®1:(é ?)

The group element (—1,—1) is represented by the minus unit matrix, according
to:

p(3) ((-1,-1)) = DO (-1) & DY) (-1) = 1 (-1) = - ( 0 )

Notice from the above two expressions that for the two dimensional irrep (O,%)
one has:

p(:2) (1,1)) £ p©3) (-1,-1))

This is not always the case. For example, for the four dimensional irrep (%,%) one
finds:

P 1)=1e1=| ' = (De-1)=0ED(-1.-1)



So, also the four dimensional irrep (%,%) is not faithfull, since sets of two elements
of SU(2) @ SU(2) are represented by the the same matrix.

12.4 The relation between SO(4) and SU(2) ®
SU (2).

As we have seen in formula ( 12.21), each group element O (6,5) of SO(4) is

equivalent to the direct product of two group elements U (@ ) = exp {—ZE . g} and

U (5) = exp {—zg g} of SU(2). Consequently, SO(4) is isomorphous to the four

dimensional irrep (3,3) of SU(2) ® SU(2). Which implies that each group element
of SO(4) is equivalent to two different group elements of SU(2) ® SU(2).

The set of group elements of SU(2) ® SU(2) indicated by {(1,1) , (=1,-1)} is
called the kernel of the homomorphism of SU(2) ® SU(2) onto SO(4). When we
divide SU(2) ® SU(2) by this kernel, which means that when we either consider
group element (U (@),U (5)) or group element (—U (@),-U (5)), then we obtain

the following isomorphism for SO(4):

SO(4) = : (12.32)

12.5 Irreps for SO(4).

Let us compare the above relation ( 12.32) with the relation between SO(3) and
SU(2). All irreps for SO(3) can be obtained from the irreps of SU(2), provided
that we eliminate those irreps of SU(2) for which D(1) # D(—1), i.e. those with
even dimensions. For SO(4) the situation is similar: From all irreps of SU(2)®SU(2)
we just must eliminate those for which:

D((1,1)) # D((-1,-1)) . (12.33)

When we denote the eigenvalues of A? by 2j, + 1 and of B? by 2j, + 1, then, as
we have seen in formula ( 12.27), a general irrep for SU(2) ® SU(2) may be written
in the form

pUa o) (U (@), U (8))) = DU (0 (@)) @ D) (U (3)) . (12.34)
Now, for the element —1 of SU(2), one has:

‘ DU @) , j=01,23,...
pl)(~1) = . (12.35)
—pl)@y , j=1232 .
Consequently, using relation ( 12.34), one obtains for the representation of the
comparable group elements of SU(2) ® SU(2) the following:
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. DU 3) (L1)) , ju+ s =0,1,2,3,...
D Jas b) (-1,-1)) =
—pUe ) (1,1))  Gat =433
(12.36)
Now, since for SO(4) we must eliminate those irreps of SU(2) ® SU(2) for which
(

relation ( 12.33) holds, we find as a result from the above formula ( 12.36) that:

either j, and 7, both integer
Ja+Jp = integer < . (12.37)
or j, and 7, both half-integer

The dimension of an irrep of SO(4) is given by:

dim <D<ja’jb)> = (2, + 1)(2j +1) . (12.38)
In table ( 12.2), we indicate the first few irreps of SO(4) and their dimension:
dimension | (Ja, js) dimension | (jq, jp)
1 (0,0) 9 (1,1), (0,4), (4,0)
2 - 10 -
3 (0,1), (1,0) 11 (0,5), (5,0)
4| (53) 1213 Ga)
5 (0,2), (2,0) 13 (0,6), (6,0)
6 - 14 .
7 (0,3), (3,0) 15 (0,7), (7,0), (1,2), (2,1)
S FCEINCEYY IECR TS NEF e R

Table 12.2: Irreps of SO(4) and their dimension.

From this table, we notice that for some dimensions (2, 6 ,10, 14, ...) SO(4) has
no corresponding irreps. Whereas for other dimensions more than one inequivalent
irrep exist. There are, for instance, two three dimensional irreps, namely (j, = 0,
Jo=1) and (j, = 1, j, = 0). Let us, as an example, show that those two irreps are
not equivalent:

For the first irrep (j, = 0, j, = 1) we have the representations:

d*V(A) =0 and d°V(B)=1L |, (12.39)

where L represents the three 3 x 3 matrices given in formula ( 8.24). For the group
element O (FL, b ) of SO(4) we obtain then the representation:
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DY ((’) (6, 5)) = exp {—zﬁ- d(o’l)(g)} ® exp {—zg d(o’l)(é)}

= 1@e 0L = mib-L (12.40)

which represents a 3 X 3 matrix.
Similarly, for the other irrep (j, = 1, j, = 0) we have the representations:

d*(A) =L and d"9(B)=0 |, (12.41)

leading for the representation of the group element O (6, b ) of SO(4) to the expres-
sion:

e

DO (0 (b)) =e " L (12.42)

Now, representations (j, = 0, j, = 1) and (j, = 1, j, = 0) are equivalent when
there exists a similarity transformation S, such that for all possible @ and b yields:

st o (o(ab)) s=pM0(0(@b)) . (12.43)

which, using the expressions ( 12.40) and ( 12.42), amounts in finding a basis trans-
formation S such that:

e

§lemb-Lg_e—ta-L (12.44)

or at the level of the algebra, such that:

S'b-LS=a-L forall @ and b . (12.45)

This relation must hold for arbitrary and independent @ and g, which is impossible
for one single transformation S. Consequently, the two irreps (j, = 0, 7, = 1) and
(Jo = 1, j» = 0) are not equivalent.

12.6 Weight diagrams for SO(4).

Let us for the irreducible representation D(ja’jb), select basis vectors {|mg, my, >}

which are simultaneously eigenvectors for d(Jas Jb) (A3) and dUJas Jb) (B3) with eigen-
values m, and my respectively, i.e.:

d(ja’jb) (A3) |ma,mp > = my |me,mp > and

dlas Jb) (B3) |ma,mp > = my |mg,mp > . (12.46)

One might, in analogy with SO(3), also define the step operators AL = A; £iA,
for which:
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dUa36) (AL) [mg,my >=\[Gala + 1) = ma(mg £ 1) [mg £ 1,m, > . (12.47)

Similarly, we might define the step operators BL = By 4+ 1By for which:

dUar30) (BL) |mg, my >=\[Ga(ja + 1) — my(my £ 1) [ma,my £1> . (12.48)
Weight diagrams for SO(4) have consequently two dimensions. Let us select the

horizontal axis to indicate m, and the vertical axis to indicate my. Each basis vector
|, my, > is represented by a point as shown in the figure below.

my o |Ma, mp >

In this figure are also indicated the directions in which act the various step oper-
ators.

As an example we show in the figure below the weight diagrams for the two eight

dimensional irreps of SO(4) indicated by (3,3) and (2,3).

my
1.3 1.3
|*7,+7> 3 ‘+§,+7>
o 3 o
2
my
_3.1 _1.1 1.1 3.1
|,%7+%> ‘+%7+%> -5.+5> [-5.+5> [+5,+5> [+5,+5>
° +%— ° ° ° +%— ° °
| | | | | |
! 11 Mo —3 ! oI 3 M
2 2 2 2 2 2
1 1.® -t ®.1 1. ° o 1 o °
—5—3 3= 31 11 11 31
22 2r 2 I-5,—5> l-5,—5> l+35,—5> l+5,—5>
3 1
(575)
3
1 3. ® —3f 1.3
=35> 2 435>
13
(575)
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12.7 Invariant subgroups of SO(4).

In this section we show that the sets of group elements Sy = {O(a,0)} and Sp =
{(’)(O, 5)} are invariant subgroups of SO(4). Let us, using the expression ( 12.21),

-

represent group element O(a, b) of SO(4) by:

o(@b)=s{Uu@ eu(®)}s* . (12.49)
According to the definition of an invariant subgroup of a group, which is given in
formula ( 1.24), we must concentrate on the following expression:

[¢ (o?,/?)]_l o(ab)o(ans)] . (12.50)
Inserting the above expression ( 12.49) and using formula ( 5.30), we obtain:
-1

S{[U(o?)]1® v (3)] }515{U(5)®U(5)}51S{U(&)®U(E)}S1 .

Next, using the property ( 5.29) for the product of direct products of matrices,
we obtain:

s({wenrvavale{vE) vE)v@E)}) s

-

In case that the group element O(a, b) belongs to one of the two subgroups S4 or
Sg, we find in particular:

Su@nv@u@)el)st for b=0,

s(re{[v (@) v@E)v(E)})s for a=o.

This can be written in terms of the transformed vectors @’ and b’ , according to:

SWU@HY®1)st for b=0,
(12.51)
SAeU(b'))St for a=0.

So, we find that under the transformation ( 12.50) each subgroup element O(d, 0)
of S4 is transformed into another (or the same) subgroup element of S4 and similar
for Sp. It implies that for an arbitrary element O of SO(4) we have:

01540 =54 and O'Sz0 = Sp . (12.52)

Consequently, S4 and Sp are invariant subgroups of SO(4). From the commu-
tation relations ( 12.16) for the generators A of Sy and B of Sg, we conclude that
those subgroups are moreover not Abelian.

One may show in general that SO(4) has non-trivial invariant subgroups, but no
non-trivial Abelian invariant subgroups. Such a group is called semi-simple.
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12.8 The Hydrogen atom
As an application of the representations of SO(4) we study in this section the Hy-

drogen atom.

1. Classically

(Classically, the equations of motion of a charged spinless particle in a central
atractive Coulomb field (or a massive particle in a gravitational field) can be derived
from the following Lagrangian:

. . 1
L (7’, T) =35r + ; (1253)
The equations of motion are given by:
. 7
= 12.54
. (1254)

Associated with the Lagrangian ( 12.53) are the following two conserved quanti-
ties:

The orbital angular momentum L=FxT7 Cfi—% =0
The Runge-Lenz vector M=—-FxL+ g dd—]\g =0

Using the equations of motion ( 12.54), it is easy to show that the above quantities
are conserved:

% — FXFHTXF=0+47X <_;>:0
W xporxi+l- L
- FxEeoe -5
= gx(Fx?’)jL;—;('F-?)
= %{F(f-?)—?(f-f)}+§_g(7f.,,%):O

The Runge-Lenz vector for a bound state solution of the equations of motion
(elipse) points from the force center towards the perihelion of the elipse. The mod-
ulus of M equals the excentricity of the orbit.
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2. Quantum Mechanically

In Quantum Mechanics, the equations of motion are given by the following Hamil-
tonian:

) ) 1 )
H=r-p—L(FT)=2%ip>—= with g=—=7 . 12.55
() =307 = o (12.55)
In comparison with the classical case, one may derive from this Hamiltonian the

following constants of motion:

-

L=ixp and M=L{Lxj-pgxL}+° . (12.56)
T

It may be verified that both L and M commute with the Hamiltonian, i.e.

—

[H,L]=[H, M =0 . (12.57)

Furthermore, one has the expression:

L-M=M-L=0; . (12.58)

When we define next the following operators:
A=}(L+M) and B=}(L-M) | (12.59)

then we may verify for A and B the same commutation relations as those given in
formula ( 12.16). Moreover, using the commutation relations ( 12.57), it may be
clear that A and B commute with the Hamiltonian ( 12.55), and using the identity
( 12.58), it follows that the Casimir operators A? and B? satisfy the relation:

A2—B*=L-M=0 . (12.60)

The group associated with the operators A and B is evidently SO(4). Conse-
quently, we may expect that the eigenstates of the Hamiltonian ( 12.55) can be
grouped into irreps of SO(4).

Eigenstates of the Schrédinger equation may then be chosen such that they are
simultaneously eigenstates of d(As) and d(Bj3), i.e.:

1
H|n,mg, my > ~ 3 |n, Mg, my > |
d(Az) In,me,mp > = mg |n,mg,my > and
d(Bs) [n,mg,mp > = my |n,mg,my > . (12.61)

For the Casimir operators A% and B? one finds:

A? In,mg,my > = Jo(jo+1) |n,me,mp > and

B n,ma,my > = Gy(Gy + 1) |0, ma, mp > . (12.62)
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However, because of the relation ( 12.60), one has an extra condition for the
possible irreps of SO(4) into which the eigenstates of the Hamiltonian ( 12.55) can
be grouped, i.e.

JoGa+ 1) =0 +1) =0 & jo=7jp . (12.63)

Eigenstates which belong to the same irrep (j,, j,) of SO(4) must have the same
energy eigenvalues, because of the commutation relations ( 12.57). Consequently,
the degeneracy of an energy level is given by the dimension of the associated irrep.
For the permitted irreps of SO(4) we obtain dimensions 1, 4, 9, 16, ... , which can
easily be verified to be in agreement with the degeneracies of the solutions of the
Schrodinger equation for Hydrogen. In order to see that, we might select a basis for
the eigenstates of the Schrodinger equation which are simultaneously eigenstates of

L? and d(L3), i.e.:
1
Hn, 0L, > ~ —— [n {0, > , o on=1,2 3, ...
n
LPnt,0,> = (+1)|ntl,0,> , {<n, and
d(L3) [n, 0,0, > = {,|n 0,0, > . <. (12.64)

Below we compare the degeneracies for the two different bases, ( 12.61) and
( 12.64), for the first few levels of Hydrogen:

Ja | (244 +1)% || energy level, n | £ <n | number of states
0 1 1 0 1

1 4 2 0,1 | 1+3=4

1 9 3 0,1,2 1+3+5=9

3 16 4 0,1,2,3 | 1+3+5+7=16

9 25 5 0,1,2,3.4 | 14+34+5+7+9=25
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