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Chapter 1

Abstract Group Theory

1.1

Group

A group is a set of elements that have the following properties:

1.

Closure: if a and b are members of the group, ¢ = ab is also a
member of the group.

. Associativity: (ab)c = a(bc) for all a,b, c in the group.

Unit element: there is an element e such that ea = a for every
element a in the group.

Inverse: to every element a there is a corresponding inverse element

a~! in the group such that a~!a = e.

The following properties follow from the above definition:

1.

Left cancellation: If ax = ay then x = y for all a in the group.

Proof: ax = ay — a (ax) = a Yay) — (a7 'a)z = (a"ta)y —

er =ey — T =1y.

Unit element on the right: ae = a = ea.

Proof: a=t(ae) = (a7 ta)e = ee = e = a~

cancellation law we have ae = a.

la and using the left
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3. Inverse element on the right: aa™! = e = a"la.
Proof: a (aa™) = (a7 ta)a™t = ea™! = a=! = a~'le. Using the
left cancellation law, aa™' = e.

4. Right cancellation: If za = ya then = y for all a in the group.
Proof: za = ya — (za)a™ = (ya)a™ — x(aa™') = y(aa™) —
re =ye — xr =1y.

We note the importance of associativity in the above proofs.
The following identity is often useful:

(ab) ' =b"ta!

which follows from (ab)~!(ab) =1 — (ab)ta =01 — (ab)™t =b"ta™L.

1.2 Abelian Group

If a group has a further property that ab = ba for all a,b in the group, the
group is called Abelian.

1.3 Subgroup

A subgroup is a set of elements within a group which forms a group by
itself. Evidently, the unit element forms a subgroup by itself.

We note that the definition of a group does not require all elements to
be distinct from one another. However, when two elements are identical,
then one of them is redundant so that we usually assume that all elements
are different. A group with n identical elements evidently has at least n
identical subgroups.

1.4 Examples

1. Integers under addition. The unit element e = 0 and the inverse of

an element a is a=! = —a. This group is Abelian and infinite.
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2. A set of all n x n unitary matrices U (U' = U~!) under matrix
multiplication. The unit element is the unit matrix and the inverse
of U is UT by definition. We have to show that a product of two
unitary matrices is unitary .

(L)t = Uiuf
= U;'U7!
= (UUy)7!

3. The set of permutation operations that take ABC into ABC, ACB,
BAC, CAB, BCA, CBA. The elements of the group are

_<ABC’) _(ABC) ﬁ_(ABC’>
“~“\aBc)* \Bc a)” \c 4B
_(ABC) _(ABC’) _(ABC)
T =\ac B)F\c B 4a)""\B AC
The operation af means: first do permutation 3 and then permuta-
tion « on the previous result. We show below that every permutation

has an inverse permutation and two successive permutations corre-
spond to a single permutation i.e. the permutations form a group.

We see from the above examples that " multiplication” can mean addi-
tion, matrix multiplication etc. or simply that one operation is performed
on the result of the preceeding operation like in the example 3.

1.5 Multiplication Table

The group multiplication table is a matrix M,, = ab, where a and b are
elements of the group and the matrix element corresponding to row a and
column b is given by the group multiplication ab. We illustrate this defini-
tion by constructing the multiplication table of the permutation group in
the example 3 above.
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Thus, for example, the inverse of a is # and vice versa. The group is
clearly not Abelian because e.g. ay # ya. The elements (e,7) form a
subgroup, so do (e, 1), (e,v) and (e, a, 3). Obviously, the unit element e
forms a subgroup by itself.

The group multiplication table mathematically characterises the group.
All groups with the same multiplication table are mathematically identical
with respect to their group properties. The multiplication table has the
following properties:

1. Rearrangement Theorem: In every row or column, each element must

appear once and once only and therefore each row (column) is dif-
ferent from any other row (column).
Proof: Suppose element b appears twice in the row a. This means
that ac = b and ad = b where ¢ # d. But this implies that
ac = ad — ¢ = d which is a contradiction. Thus element b cannot
appear more than once and since the size of the row or column is the
same as the number of elements in the group, it follows that each
element must appear once and once only.

2. The multiplication table is symmetric across the diagonal when the
group is Abelian because the elements commute with one another.

1.6 Cyclic Groups

A group of n elements is said to be cyclic if it can be generated from one
element. The elements of the group must be
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n is called the order of the cyclic group. A cyclic group is evidently Abelian
but an Abelian group is not necessarily cyclic. It is shown below that every
non-cyclic group has at least a cyclic subgroup.

Examples of cyclic groups are the subgroups of the permutation group in
the example 3. The subgroup (e, a, 3) is the same as (o, a? = 3,03 = ¢).

1.7 Order of an Element

Let a # e be an element of a group. Form the products a?,a?,.... a®

must be either e or a different element from a because if a> = a — a = e.
If a> # e we continue forming a. By a similar argument, a® must be
either e or a different element from a and a?. If a,a?, ..., a" are distinct
from each other and a™ = e then n is called the order of element a. These
elements form a cyclic group. Thus every group must have at least one
cyclic subgroup. In the example 3 above, o and (3 are of order 3 and , p,

and v are of order 2.

1.8 Properties of Finite Groups

We summarise below the properties of finite groups.
1. Every element a has a finite order n such that a” = e.

2. Rearrangement Theorem: Multiplying all elements in a group by an
arbitrary element reproduces the group. This has been proven above
in the properties of the multiplication table.

3. Every non-cyclic group has at least a cyclic subgroup.

1.9 Cosets

If S is a subgroup of GG and a is an element of G not in .S, then the sets
aS and Sa are called the left and right cosets of S respectively. a cannot
be a unit element and therefore a coset can never be a group because it
has no unit element. It is also evident that aS or Sa have no element in
common with S for otherwise, a should be included in S. Morevoer, if b is
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an element of G which is neither in S nor in a5, then bS has no element
in common with either S or aS.

Proof: Let 2 and y be in S such that axz = by. We have azy~! = b, but
xy~! is an element in S and therefore b is in a.S which is a contradiction.

Consequently, a finite group can be factorised as
G=S4aS+bS+...

but the factorisation is not unique. It depends on the choice of S, a, b,
..., etc. The number of factors must be finite and the factorisation must
exhaust the group. Thus we have the following theorem:

Let h be the number of elements of a group G and g be the number of
elements of a subgroup S of GG. Then

— = integer

As a consequence, if h is prime then G must be cyclic and it has no
subgroup other than the trivial subgroup of e.

1.10 Class

Two elements a and b of a group are conjugate to one another if there is
an element g in the group such that

a=gbg! (1.1)

(Since every element has an inverse, it also follows that b = ¢’ag’~" where
g = g~'). The transformation ghg~' is often called a similarity transfor-
mation. If a and b are conjugate to each other and b and ¢ are conjugate to
each other, then a and c are also conjugate to each other. This is because
a=gibg; " and b= gacgy ' — a = gigacgs g1 = g192¢(g192) "

A class C'is a set of elements which are conjugate to each other. The
unit element evidently forms a class by itself. If GG is Abelian, each element
also forms a class by itself. It is clear that a group may be broken up into
classes

G=Ci+0Cy+...

and an element cannot belong to more than one class.
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As an example, we work out one of the classes of the permutation
group. In working out the classes, it is obviously not necessary to consider
similarity transformations with either the unit element or the element itself.
We use the multiplication table that we have constructed previously:

fap™! = Paa=pp=a

vyt = qay =qp =0
pop™t = pap = =
var™! = vav=vy=p4

Thus « and 3 belong to the same class. Similarly we can show that (7, i, v)
also form a class.

Elements belonging to the same class usually have the same characteris-
tic. In the above example, a and 3 both correspond to cyclic permutations
whereas 7, 1, and v correspond to permutations with one member fixed.

1.11 Isomorphism and Homomorphism

Two groups are said to be isomorphic if they have the same multiplication
table, by reordering the elements if necessary. If F' is isomorphic to GG then
there is a one-to-one correspondence between the elements of [’ and G,
fi — ¢, such that if f;f; = fi then ¢g;g; = gx. Two groups can only
be isomorphic if they have the same number of elements. As an example,
the permutation group in the example 3 is isomorphic to the symmetry
operations that take an equilateral triangle into itself. This isomorphism
can be seen by labelling the corners of the triangle with A, B, C.

Homomorphism is similar to isomorphism except that the relationship
is many-to-one. Two groups GG and (&’ are said to be homomorphic if each
element of G can be associated with some elements of G': a — d =
(a'1,d'9,...), b = = (b'1,ls,...), c = ¢ = (1,3,...), such that if
ab = c then o’;b'; = ¢/, i.e. for every i, j, ¢/j; lies in .
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1.12 Invariant Subgroup

We prove the following theorem:

Theorem: If S is a subgroup of G and a is an element of G then
S" = aSa~! is also a subgroup and it is isomorphic to S. We assume
that the elements of S are distinct.

Proof: We first show that the elements of S’ are distinct. Let as,a™! =
asja”' and i # j. Then by the cancellation law, s; = s;, which is a
contradiction. Thus the elements of S’ are distinct. We now show that if

sis; = si then §;s'; = §'y. Proof: §;s'; = as;a”tas;a™t = as;sja™t =

asya~! = s';. Thus S and S’ are isomorphic with the same unit element
_ . . -1 1\ — -1

¢ = aea”' = e and the inverse of s/ is s/ = (as;a™')7! = as;'a”! =

(57"

If S’ is the same as S for every a in the group then the subgroup S is
called an invariant subgroup. This implies that the left coset of S is the
same as its right coset, i.e.

aS = Sa

If we break a group into its cosets,
G=S+aS+0bS,...

with an invariant subgroup S, then these cosets form a group with the unit
element equal to S. Thus aSbS = abSS = abS = ¢S if ab = ¢. This
group is called a factor group. It is an example of homomorphism where
the invariant subgroup S is associated with the elements of S and the coset
aS is associated with the elements of aS.

1.13 Direct Product Group

Let F' be a group with elements f;, i =1,..., hr, and G be a group with
elements ¢;, © = 1,..., hq, such that fig; = g;f; for all ¢ and j. The
direct product group F'® G is defined to be the set of all distinct elements
fig;- 1f I and G have no common element, apart from the identity, then
the order of the direct product group will be hphg.

We show that F'® G is a group.
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3.
4,

. Closure: (fig;)(frgr) = (fifx)(g;91) = frgs. Since f, is in F and g,

is in GG then by definition f,.g isin F'® G.

Unit element is ereg.

Inverse of fig; is (fig;) ™ = gjlffl = fflgfl-

Associativity: obvious.

We have the following theorem:

Theorem: The classes of the direct product group are given by the direct
products of the classes of the individual groups.

Proof: We label the elements of the product group a;; = f;g;. According
to the definition of a class, we have

Cij = ar_slaijars, for all r;s
= [, 9. figifrgs
= (f7 fif)(95 " 9595)
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Chapter 2

Theory of Group
Representations

2.1 Definitions

A group {A, B,C,...} may be represented by a set of square matrices
{T'(A), T(B), T(C), ...}. These matrices are said to form a representa-
tion for the group if they satisfy the same group multiplication rule:

AB = C — T(A)T(B) = T(C) (2.1)

The identity element E is represented by a unit matrix and each matrix
must have an inverse. Some or all of the matrices may be the same. If
the matrices are different, the representation is called faithful (isomorphic).
The order of the matrices is called the dimension of the representation.

2.2 Equivalent Representations
If T" is a representation then
T =S8"'TS (2.2)
with an arbitrary but non-singular S is also a representation because
T'(AT'(B) = S 'T(A)SS'T(B)S

11
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= S7'T(A)T(B)S
= S7'T(AB)S
= T'(AB)

T and T’ are equivalent and there are an infinite number of equivalent
representations.

2.3 Reducible and Irreducible Represen-
tation

A representation T is reducible if there exists a non-singular matrix .S such
that the equivalent representation 7" = S™1T'S has the form

T
T
T = T,

for all elements in the group. T}, 15, T3, ... are square matrices and the
rest of the elements are zero. The representation is irreducible if it cannot
be reduced into the above form.

2.4 Equivalent Unitary Representation

There are an infinite number of equivalent representations but it is possible
to find one which is unitary.

Theorem 1:

Given an arbitrary representation 7T, there is always an equivalent unitary
representation.

Proof:
Construct a Hermitian matrix

H=> T(G)TG)
G
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According to matrix algebra, we can always diagonalise a Hermitian matrix
by a unitary transformation

D = U 'HU
= Y U'T(QTHG)U
G

— ZU‘lT(G)UU‘lTT(G)U
= ZT’ eyadite

U is made up of the eigenvectors of H and D is diagonal by definition and
its diagonal elements are real and positive.

Dj; = ZZT/Jk )T (G)
= Z Z T'u(G)T"3(G)
= Z Z |T,]k | >0

In fact, it can never be equal to zero because otherwise 77 = 0. Since D is
diagonal, we may define a diagonal matrix D~/2 with diagonal elements
equal to D;m so that

1/227—# T/T D—1/2

Using the above result, the matrix 7"(G) = D~'/2T'(G)D/? can be shown
to be unitary.

T”(G)T“T(G) _ D—1/2T/(G D1/2 1/2ZT/ T/T G/) 1/2]

x Dl/QT’T(G)D 1/2
_ 1/22T/ T/ el TIT(G/)T/T(G)Dfl/Z

_ 1/2ZT/ T/ G/ T/(G)T/(G/)]TD—I/Z

— 1/227‘!/ GG/ TIT(GG/)Dfl/Q

G/
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D—1/2 Z TI<G1/)T/T(G/1)D—1/2
Il
= 1

The second last step has been obtained by using the Rearrangement The-
orem. Thus, given an arbitrary representation 7T, it is always possible to
construct a unitary representation by forming

T" = D~V2U-lTUDY? (2.3)

From now on we assume that we have a unitary representation.

2.5 Schur’s Lemma

Schur’'s lemma is used in proving many of the theorems in group theory.
Theorem 2 (Schur’s lemma):

Given that [M,T] = MT —TM = 0 for all elements in the group, then
(a) if T is irreducible, M = cI where ¢ is a constant and [ is a unit matrix.
(b) if M # cI then T is reducible.

Proof: We first show that it is sufficient to prove the theorem for a Her-
mitian M.

TM = MT
(rm)t = (M)
MITH = TTMT
T(M'THT = T(TTMNT
™" = M'T
since TT = T~ (unitary). Adding and substracting the first and the last

equations, we get
T(M + M"Y = (M + MHT

and
Ti(M—-M")=iM—-M)T

Let Hy = M + M' and Hy = i(M — M?) so that [H,T] = [Hy,T] = 0.
H, and Hy are Hermitian and M = 1/2(H; —iH>). Thus, if the theorem is
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true for a Hermitian matrix, it must be true for M. We can now assume M
to be Hermitian and perform a unitary transformation so that M becomes
diagonal, D = U 'MU, and define an equivalent representation 7" =
U='TU. Then

T'D = U 'TUU'MU
= U 'TMU
= U 'MTU
= U 'MUUT'TU
= DT’

We have to show that the diagonal elements of D are all identical if T", or
equivalently 77, is irreducible. Consider the ij, i # j, element,

T'iDj; = DT’y
T';;(Djj — D) = 0 (2.4)

Let us order the diagonal elements of D such that D;; < D;; for i < j
which can always be done by rearranging the columns of U. Suppose
D1 = D,,, and Dy; < D;; where n > 1 and ¢ > n. Then it follows from
Eq. ( 2.4) that 7" must have the form

, (X 0 )
= < 0 Y
where X is an n X n matrix, i.e. 7" is reducible.
Let us summarise the conclusions: If M # cI then T" must be reducible.
If M = cI then obviously it commutes with 7" whether it is reducible or

irreducible. Hence if T' is irreducible then M must be equal to ¢l for oth-
erwise T would be reducible.

Theorem 3:

Given T*M = MT?, where T and T? are irreducible representations of
dimension [, and [3 respectively and M is a rectangular [, x [z matrix,
then

(a) if lo #lg, M =0or

(b) if I, =l either M = 0 or |[M| # 0. In the latter case, M will have an
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inverse so that 7% and T are equivalent.

Proof:
T*(GYM MTA(G)
(T(G)M)! (MT?(@))!
M@y = TG M
MiT* Y G) = TP H(G)MT
MMIT*YG) = MT° Q)M
MM'T*(G™Y) MTP (G HMT
MM'T*(G™Y) TG HYMMT

Since T* is irreducible, it follows from Schur's lemma (Theorem 2) that
MM = cI. Consider the case I, = l;.

(MM =el|; |M||MT] = ||M||* = c*

If ¢ # 0, then |M| # 0 i.e. M~ exists. It follows that 7% and T* are
equivalent since

MY (T*(G)M) = M~ (MT?(G)) = T%(G)
If c =0, then MM' = 0. Let us look at the diagonal elements of MM
ZMszIL =0
%
ZM’Lk‘M;;{: =0
%
S IMyl> = 0
%

Since this is positive definite, each term must vanish i.e. M = 0. Consider
now the case [, # I3, I, > lg. We enlarge M into a [, X [, square matrix
N with the additional elements equal to zero. Then NNt = MMT = cI.
But | V| = 0 because one of its columns is zero.

NNV =c¢I — [NNT| = e = |N||NT| =c = c=0

Hence NNT = 0 which implies N = 0. Since M is contained in N, then
M = 0.



2.6. ORTHOGONALITY THEOREM 17

2.6 Orthogonality Theorem

We are now in a position to prove the Orthogonality Theorem which is
central in representation theory.

Theorem 4: Orthogonality Theorem

Z G Ti(G) = (h/1a)0apdikd (2.5)

« and [ label the |rredUC|bIe representations, [, and [g are the dimensions
of these irreducible representations, and h is the number of elements in the

group.

Proof:
Define a matrix
M = ZT‘“ G)XTP(G™)

where X is an arbitrary matrlx and o # (. We want to show that this
matrix satisfies the postulates of Theorem 3. Consider

T*(A)M = ZT"‘ G)XT?(G™)
= ZT“ G)XTP(GHTP(AHTP(A)
= ZT"‘ (AG)XTP(GTA™HTP(A)
= EG:T"‘(AG)XTB((AG)‘I)TB(A)
= E::T"‘(AG)XTB_I(AG)Tﬁ(A)

S TG XT? (@) TP (A)
G
= MT"(A)

We have again made use of the Rearrangement Theorem in the second last
step. According to Theorem 3, M = 0 since we are considering the case
of a # [ so that

=33 TH(G)XWT(GT
G ki
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Since X is arbitrary, we may set X;; = 0gn0p,. Then
o — [e% -1
ST (GTG) = an<G>Tﬂnj (G)
G
)17 (@)

2. T
= Z G (G)
0

When a = (3, according to Schur's lemma (Theorem 2)

My =cdy = > Ta(G)XuT5(G)
G Kkl

= Y TH.(G)T(G™)
€]
Putting « = j and summing over 7 yields
clo = D Y TH(G)TH(G™)
G i
= > To.(E
€]

Thus we have

ZE%(G)T%(G_I) = (h/la)(snm(;ij

G
Since T is unitary,

> T (G)T5(G)" = (h/1a)dnmbi;

Eqn. ( 2.5) has the form of a dot product with Tj3(G) as the G'th
component of a vector labelled by «, i and j, in the h dimensional space of
the group elements. This means that the number of distinct labels («, 1, j)
cannot exceed h, i.e. 3,12 < h. It will be proven later that in fact

S 2 =h

The result is very useful in working out the irreducible representations of a
group.
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2.7 The Characters of a Representation

We have seen that a representation is not unique. We recall that if 7" is a
representation, so is 7" = S™'T'S. Given T and 7", how can we then tell
that they are equivalent 7 One way will be to figure out if there is a matrix
S, such that 7" = S~!'T'S. But this is a complicated procedure. What
we are looking for are properties of a matrix which are invariant under a
similarity transformation. The eigenvalues are one of them but they are
too cumbersome to calculate. A simpler quantity is the trace of a matrix
or the sum of the diagonal elements:

XH(G) =Tr T%(G) = 3_T3(G) (2.6)

We show that the trace or character of a matrix is invariant under a simi-
larity transformation:

TrT = Zzsi;lj—‘jkski
T
g 7

= D 0T
Jk

= TrT

The characters of a representation « is a set of h numbers {x*(G)}. It
will be shown later that if the representation is irreducible, its characters
are unique.

Theorem 5:
If elements A and B of a group belong to the same class, then the char-
acters of their representations are the same.

Proof:
Since A and B belong to the same class, there is an element C such that
A = C~'BC. Consequently,

TrT(A) = Tr[T(C™T(B)T(C)
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I
~
.

Theorem 6: First Orthogonality Relation

> X(G) ¥’ Zx (CR)*X*(Ch) Ny = héug (2.7)

C). labels a class with NV, elements.

Proof:
Setting ¢ = j and k = [ in Eqn. ( 2.5) (Orthogonality Theorem) and
summing over ¢ and [ we have

Zx%G)*xﬁ(G) = (h/la) agzauad
ZXa Ck) = hdap

k

Eqn. ( 2.7) has the form of a weighted dot product with weight N}, in a
space with dimension equal to the number of classes of the group. x*(C)
is the k'th component of vector . It follows that the number of irreducible
representations must be less than or equal to the number of classes.

2.8 The Regular Representation

We prove the following theorem:
Theorem 7:

Proof:
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A proof of this theorem is provided by considering the so called regular
representation. The regular representation is formed in the following way.
We write the multiplication table as follows:

e a [ v
e

We form the regular representation of an element a by writing 1 wher-
ever the element a occurs in the table and zero otherwise. Let the group
elements be a;, © = 1,2, ..., h, then the regular representation is given by
Ti(a;) = 1 if aj'ax=a
= 0 otherwise

It is clear from the definition that the representation is faithful. To show
that it is really a representation, we have to prove that

Z jk(ai) T(am) = Ty(ay)

if and only if a;a,,, = a,. By definition, Tj;(a;) # 0 only when k is such that
ar = a;a; and similarly Ty (a,,) # 0 only when k is such that a; = q;a;,
Therefore Y, Tix(a;)Tri(am) = 1 if and only if ax = aja; = @a,, and
zero otherwise. However, a;a; = aa,;! implies aj_lal = iy, = p.

The character is given by

Z iila;)) = hif a;=e

= 0 otherwise

This is clear by inspection of the multiplication table. We can now prove
Theorem 7 by writing the character of the regular representation as a sum
over characters of the irreducible representations:

(a:) = D> max*(a;)
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From the orthogonality relation we have
1 v
=7 ZX (ai)x(a;)

Since x*(e) = la, x(e) = h, and x(a; # €) = 0 it follows that m, =
lo. Each irreducible representation occurs in the regular representation a
number of times equal to the dimension of the irreducible representation.
On the other hand, h = ", myl, so that

h=31

This result together with the orthogonality theorem show that there are
exactly i orthogonal vectors T7.

Theorem 8: Second Orthogonality Relation

ZX ) X*(C1) = (h/Ni)ow (2.9)

Proof:

We recall that the matrix representation 7} can be regarded as a set of or-
thogonal vectors in the h- dimensional space of the group elements. T3(G)
is the component of the vector T} along the " G-axis”. T} themselves can
be regarded as a basis in the space of the group elements since the number
of a, 1, j is precisely h. Any vector in this space can therefore be expanded

in T35
X = Z Caij Lj

[e%%)
We sum the components of x along (G-axes which belong to a given class
Ck,

x(Cr) = Z xX(G

GeCy,

= > D caiT(G

GECk aij

= *Z D 2 caTi(Gy GG

G’1 GeCy, aij



2.8. THE REGULAR REPRESENTATION 23

= *Z Z chawTﬁé Tkl(G)ﬂ?(Gl)

G1 GeCy aij ki

= > > caiidiiouTi(G)/la

GeCy, aij kl

= Z anu‘Xa(G

GeCy ot

= Z aaX*(Ck)

where a, = (Ni/lo) i Casi- The third step uses the fact that G;'C.G =
Cy, for every GG in the group, the fifth step uses the orthogonality theorem,
and the last step uses the fact that the characters of elements belonging
to the same class are identical. Thus the set of vectors {x(Cy)} are lin-
early independent because the group elements can be divided uniquely and
completely into distinct classes.

Multiplying x (C%) by x?*(C%) Ny and summing over the classes  yields

S XCOXT(C)Ne = Y aa > x*(C)X" (Cu)N,
= Zaahéag
~ hay

Consequently,

xX(C) = Z%’X (C)

_ 1/h ZZX (COX” (CNX® ()

0 = > x(Ck) | (Nk/R) 3 X7 (CRX(CL) — bu
k B

This is true for an arbitrary x(C}) so that the quantity in the square bracket
must vanish which proves the theorem.

Eqn. ( 2.9) has the form of a dot product in a space with dimen-
sion equal to the number of irreducible representations. It follows that the
number of classes must be less than or equal to the number of irreducible
representations. On the other hand by Theorem 6 the number of irreducible
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representations must be less than or equal to the number of classes. Thus
we conclude the following corollary:

The number of irreducible representations is equal to the number of
classes.

Theorem 6 and 8 imply that the irreducible representations are uniquely
characterised by their characters and consequently two distinct irreducible
representations cannot have the same set of characters.

2.9 The Character Table

The character table is a square matrix with dimension equal to the number
of classes or irreducible representations:

Qak = Xa(Ck>
It has the form

‘C'l:CE ‘ NQCQ ‘ N303 ‘

T! 1 1 1
T? la
T3 l3

The row is labelled by the irreducible representations and the column by
the classes.

2.10 Properties of the Character Table

The properties listed below are useful for constructing the character table.

1. The number of irreducible representations is equal to the number of
classes.

2. The first column contains the dimension of each representation and
the sum of its square is the total number of elements in the group

(Theorem 7): >, 12 = h.
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3. As a convention, the first row is the identity or unit representation
consisting of 1.

4. Each row or column can be regarded as a vector. In this sense:

(a) The rows are orthogonal with weighting factor Ny (Theorem 6)
and normalised to h.

(b) The columns are orthogonal and normalised to h/N}, (Theorem
8).

5. If the character table of a factor group is known, then due to homo-
morphism, the character of an element aS in the factor group may
be assigned to the classes which are contained in a.S. We recall that
if a group has an invariant subgroup S, then we can form a group
S,aS,bS,... where a is not in S, bis not in S and aS etc. This
group is a called a factor group with S as the unit element and it
is homomorphic with the group itself. An invariant subgroup means
that 2715z = S for every element x in the group and by Theorem
9 discussed in the next section, S must consist wholly of classes.
The homomorphism between the factor group and the group itself
means that if 7'(aS) is a matrix representation of the element a.S of
the factor group then the same matrix may be used to represent all
elements in the coset aS. Thus, the characters of the classes in a5
is just the same as the character of T'(a5).

The above five rules are often sufficient to construct the character
table but the following rule, which is described in the next section,
can be of help.

6. The characters of the « representation are related by

NiXa(Ci>Nan(Cj) = la Z mijkaXO‘(C'k) (210)
k

where m;j;;, is the coefficients of class multiplication, C;C; =
>k Mk Ck.
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2.11 Class Multiplication

Let C' be a collection of classes. From the definition of a class we have
x 1Cr=C

for every element x in the group. This is evident from the fact that all
elements in a class are conjugate to one another and if two elements a and
b are different then 27 'ax # 2~ 'bx. Moreover, an element cannot belong
to more than one class. Thus the elements on the right hand side must be
identical to the elements in C.

Theorem 9:

A set of elements C' obeying 27 'Cxz = C for all z in the group must be
composed wholly of classes.

Proof:

Suppose R is a set of elements in C' which do not form a class. But 27! Rz
must be equal to R itself since (C'— R) form classes and by definition they
will never be conjugate to elements in R. Thus R must be a class.

We now consider a product of two classes and here we do count all re-
sulting elements even when some are the same.

cC; = x_lCi:I:x_lex
xilCiij

By Theorem 9, it follows that C;C; must consist wholly of classes. There-
fore it must be possible to write

CiCj = meka (2.11)
k

where m;;;, are integers telling how often the class C); appears in the prod-
uct CZC]

Let us consider the class multiplication in terms of matrix representa-
tions. If we let S(C;) be the sum of matrices of all elements in the class
C; and T'(x) be a matrix representation of the element x then we have
T=Hz)S(C)T(x) = S(C;) or S(C;)T'(z) = T(2)S(C;). If the representa-
tion T is irreducible, then it follows from Schur’'s Lemma that S(C;) = ¢; 1.
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Thus

CiCj = Zmijkck
k

Taking the trace of S(C;) and assuming we are in the irreducible represen-

tation a we get
Tr S(C;) =Tr ¢;l = ¢il,

On the other hand,
Tr S(Cl) = NZXOC(Cl)

Therefore
G = Nz’Xa<Ci)/la

and Eq. ( 2.10) follows.

2.12 Direct Product Groups

If a group is a direct product of two groups, then the irreducible represen-
tations and the character table of the product group can be worked out
easily from those of the two individual groups with the help of the following
theorem.

Theorem 10:

If G = G, ® Gy then TP =T @ Tf is an irreducible representation of
G. Moreover, for all 17 and Tf these are all possible irreducible represen-
tations of the product group.

Proof:

We first show that 7" is a representation of GG. Let ay,as,... and by, bs, ...
be the elements of G and G respectively and let ¢;; = a;b; be the
elements of the direct product group G. Suppose c;jcii = Cmp Which
implies that a;bjarb; = anby, or a;azbjb; = anb, since the elements of
Gi and G commute. This means that a;a, = a, and b;b, = b, or

T (a;)T*(ax) = T*(ay,) and TP(b,)TP(b;) = TP(b,). Writing the last
two matrix equations in component form, multiplying them and using the
definition of direct product yield the required result.

Let M be a matrix which commutes with every T7°®%. M may be
written in the form M = M; ® M, where M; and M, have the same
dimensions as 77" and Tzﬂ respectively. The commutivity of M with 7°®8



28 CHAPTER 2. THEORY OF GROUP REPRESENTATIONS

implies the commutivity of M; with 71 and M, with TQB. By Schur's
lemma, My, = kI, and My = ksl and hence M = kiksI and no non-
constant matrix M exists so that by Schur's lemma 7% is irreducible.

To show the last part of the theorem, we recall that 3,12, = M
and >4 lgﬂ = hy. Let lyp = lf‘lg be the dimension of the irreducible
representation 7°®%. We have

Y 12s=> 11> 155="hihs
af a B

But hihs is the order of the direct product group and therefore there are
no more possible irreducible representations other than 7% for all T and
Ty,

2.13 Examples

1. We construct the character table of the permutation group of three
objects which we have considered previously. There are three classes
Cy =e¢ Cy = (a,0), and C3 = (v, p,v) and therefore by rule
1 there are three irreducible representations. Rule 2 tells us that
2 +12+ 12 = 6. There is always an identity representation so we
may take [y = 1. Then [ = 1 and I3 = 2 are the only possible
solution and the character table must look like as follows:

O, | 20, | 3Cs
T | 1 1 1
T? | 1 a b
T3 | 2 c d

To determine a,b,c, and d we need to know one of them and
we can find the others by orthogonality (rule 4). The subgroup
S = (e,a,B) = Cy + Cy is an invariant subgroup and the corre-
sponding factor group has the multiplication table

S| S
S| S|~S
¥S | vS| S
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where vS = puS = vS = (y,u,v) = Cs. This is a group of two
elements and there are evidently two classes, the first class consists
of the unit element S and the second class consists of the element
~vS. The number of irreducible representations is two and both must
have dimension one, by rule 2. The irreducible representations of
the factor group must be (1,1) and (1,—1). Then from rule 5 we
may assign a = 1 and b = —1 (a = 1 and b = 1 gives the iden-
tity representation). Note that we have taken a and b and not ¢
and d because the irreducible representations of the factor group are
one dimensional and 77 is also a one dimensional representation.
The other two characters ¢ and d can be easily obtained from the
orthogonality between columns.

1-1+1-a+2-¢c = 0—c=-1
1-1+1-64+2-d = 0—=d=0

Finally we have

Cy | 205 | 3C5
T 1 1 1
T 1 1] -1
1 2 | -1 0

2. Abelian groups: Every element in an Abelian group forms a class by
itself. Therefore the number of irreducible representations is simply
equal to the number of elements in the group. Moreover, rule 2
implies that all irreducible representations have dimension one. The
consequences are

(a) Unitarity of representations implies that the numbers represent-
ing an Abelian group have modulus one.
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(b) If the number X represents an element = then X™* represents
-1
xT.

(c) The character table serves also as a representation table.

As an example we consider a non-cyclic group of fourth order with
the following multiplication table

QLI |O |
IR O|O

QIR D
QTR D
ool el ol f el ¥ e

a? = b =% = esoa, b, and c are represented either by +1.
If a is represented by 1 then b = ¢ = 41 because bc = a. If a = —1
then eitherb=1and ¢c= —1or b= —1 and ¢ = 1. Thus we have

e a b c
T 1 1 1 1
T | 1 1]-1|-1
T3 (1] -1 1| -1
T4 1] —-1] -1 1

3. Cyclic groups: These are Abelian groups which can be generated by
a single element: G = (a,a?,...,a" = ¢). If a is represented by a
number A then a? is represented by A2 etc. and A} = 1 since e
is always represented by 1. Thus, Ax must be one of the h roots of
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unity, i.e. Ap = exp(i27k/h) and the character table is given by

ela a? a1
TV 11 1 1
2114, | A AT
T3 1[4, |A2 AbT
Th 1| Ay | A2 An1

31
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Chapter 3

Group Theory in Quantum
Mechanics

3.1 Linear Vector Space

A set {ry,ry,...} is said to form a linear vector space L if r; + r; is
another member in the set for every i, and cr; is also another member
in the set where ¢ is a complex constant. The quantities {ry,rs,...} are
called vectors and there are an infinite number of them.

A set of vectors {vy,vs,...,V,} is said to be linearly independent if
none of them can be expressed as a linear combination of the others. If a
set of coefficients {c;} can be found such that

p
Z CrVE — 0
k=1

then the vectors are said to be linearly dependent. The largest number of
vectors in L which form a linearly independent set is called the dimension
of L. This is the same as the smallest number of vectors needed to describe
every vector in L and these vectors are said to form a basis. We denote
the dimension of L by s and the basis vectors by {ej, ez, ..., es} so that
any vector v may be written as

s
vV = Z V;€;
=1

33
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In order to determine the coefficients v; from a given vector v we in-
troduce the concept of scalar or dot product between two vectors v; and
vy which we denote by (vy,vs). The particular definition of the scalar
product is arbitrary but it must satisfy the following general conditions:

1. (vy,Vv2) is a complex number

2. (v1,va) = (vg,v)*

3. (vi,eve) = ¢(vy, V) — (evy, Vo) = (v, cvy)* = ¢*(vy, Vo)

4. (v + vy, v3) = (vy,v3) + (Va, v3)

5. (v1,v1) > 0. It is only zero when v; = 0.

Examples:

1. Vectors in 3-dimensional space. The dot product is defined as
(v1,ve) = v1v9cosf where vy and vy are the lengths of the vec-
tors and @ is the angle between the two vectors.

2. Function spaces. The dot product is defined as (;,7;) =

[ dr w(r)yi(r);(r) where w is a weight function which is usu-
ally real and positive definite so that the last condition is satisfied.
We can also define orthonormal basis functions {¢;} such that any
function can be expanded in this basis: ¢ = >>7°; ¢;¢; The linear
space spanned by this basis is called the Hilbert space.

We define an operator T by

Tv=v

where v is an arbitrary vector or function which is carried into another
vector or function v'. Both v and v’ are in L. The operator is called linear

if

T(Vl +vy) = Tvy + T
Tev = cTv
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We will consider only linear operators.
Since any vector in L can be expanded in the basis vectors, it is only
necessary to study the effects of the operator on the basis vectors.

Te; =Y ey

The matrix 7Tj; is said to form a representation for the operator T in the
linear vector space L.

It is usually convenient to choose an orthonormal basis, by this we
mean (¢;, ¢;) = d;;. This can always be done by the Gramm-Schmidt
orthogonalisation procedure. We illustrate the method for three vectors.
The generalisation to an arbitrary number of vectors is straightforward. Let
¢1, P2, @3 be three linearly independent functions which are not necessarily

orthogonal nor normalised. Let ¢y = ¢ /1/(¢1,$1) and construct 1), =
¢o — 1 (1)1, ¢2) which is orthogonal to ;. We normalise s to get by =

Q;2/ (@/;2,1/;2) and construct @Z;g = b5 — Un(th, d3) — 11 (Y1, ¢3) which

is orthogonal to both %; and 5 and which is then normalised to give

Pg = 1;3/\/123,2/33) In this way we have constructed an orthonormal set of
functions and we can see that for a general case we have

B n—1
1/}n = d)n - Z 1/)1(% ¢n)
=1

3.2 Symmetry Transformations

A symmetry transformation G with respect to a given function f(x,y, 2)
is a real linear coordinate transformation that preserves the length (real
unitary transformation)

/ /
r :GrﬁriZZGijTj, i =xY,%
J

such that the function calculated with the new variables r; by the above
substitution of coordinates is the same as the function calculated with the

old variables: f(2',y,2") = f'(x,y,2) = f(z,y,2) — f(Gr) = f(r). In
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other words, the function looks the same in the old and the new coordinate
system. This also implies that

f(Gr) = f(r) = f(G"'r)
because f(r') = f(r) = f(G~'r’) and r’ is just a dummy variable.

A

A symmetry operator 7'(G) associated with a symmetry transformation
G is defined by

T(G)f(r) = f(G'r)
It is important to note that the operator acts upon the coordinates r, and
not upon the argument of f. Thus we mean that

T(G)f(Ar) = f(AG™'r) # f(G™'Ar)

We also have G~! instead of G in our definition. This is a natural choice
because two successive operations 7'(G1) and T'(G3) on a function f(r)
correspond to the same order of coordinate transformation:

T(Go)T(Gh) f(x) = T(G2) f(Gy'r) = f(GT'Gy'r) = f([G2Gy] 'r)

Theorem 1:
If {G} is a set of all symmetry transformations of a function, then the
associated symmetry operators {T'(G)} form a group.

Proof:

The set {G'} evidently form a group because if G is a symmetry transfor-
mation, then so is G~ ! as discussed above. A succession of two symmetry
transformations is itself a symmetry transformation and the identity trans-
formation is obviously a symmetry transformation. From the definition, we
have

T(G1)T(G2)f(r)

= f
f

(G1) (G5 ')
(G3'Gy'r)

Hence T'(G1)T(G5) = T(G1G>) and the symmetry operators form a group.
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3.3 Invariant Subspace and Its Genera-
tion

A set of functions or vectors {¢;} is said to span an invariant subspace Vg
under a given set of symmetry operators {T'(G)} if T(G)¢; is also in Vg
for all G and 7.

An invariant subspace can be generated from an arbitrary function f and
a set of symmetry operators {T( )} by applying each of the operators on
f. The set of functions {T( )f} form an invariant subspace under {T'(G)}
because T(GH[T(G)f] = T(G'G)f, which must lie in the subspace since

T(G'G) is just another member of {T(G)}. We note that the number of
functions that span the subspace is not necessarily equal to the number of
(G. Some of the functions may be the same or can be expressed as linear
combinations of the others. The largest number of linearly independent
functions in Vg is called the dimension of the subspace.

It may happen that we can construct a function f’ in Vg such that the
invariant subspace {T'(G)f'} has a smaller dimension than that of Vs. In
this case the subspace Vs is said to be reducible. When such a function
cannot be found than Vg is said to be irreducible.

3.4 Basis Functions for a Representation

Let {¢;} be a set of orthonormal functions that span an invariant subspace
Vs. Then T(G)¢i(r) = ¢;(G~'r) is in Vg by definition and it can therefore
be expanded as a linear combination of {¢;}:

)i = zj:ﬁf)jsz‘(G) (3.1)
If the basis functions are orthonormal, then T'(G) is unitary because
(T(@)¢i, T(G)py) = 65 = (Z ¢kaz‘(G)7Z¢zﬂj(G
= ZT;W )115(G) Dk, Pr)

= Z Tzk Tk]
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Theorem 2: R
The matrices {T'(G)} form a representation for {T'(G)}

Proof:

T(G)T(Ga)¢: = Z T(G1)¢;T5i(G2)

J

T(GiGa)pi = Y ¢Tii(G1)T(G)
ik

Y 0uTii(G1Ga) = > nTi(G1)T5i(Ga)
P k

Thus T'(G1)T(G2) = T(G1G2). The functions {¢;} are said to form a ba-
sis for a representation, which may be reducible. Evidently, if the subspace
is irreducible under {T(G)} then the representation is also irreducible.
This simply follows from the fact that one always generates the entire sub-
space starting from any function in the subspace. If the representation
were reducible, then it would be possible to start from a function that does
not generate the entire subspace, in which case the subspace is reducible.
We now see the relevance of matrix representation theory studied in the
previous chapter. Since the theorems were developed for arbitrary matrices,
they are also applicable here.

Theorem 3:
A change of basis vectors ¢; = >~; ¢;S;; corresponds to a similarity trans-
formation of the original representation, which is an equivalent representa-

tion. .S is assumed to be unitary so that (¢, ;) = d;;.

Proof:

T(G)di = 3 6;Ti(G)
TG XS5 = 33 wnS5 Tl G)
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Multiplying both sides by S;,, and summing over i yields

where T, (G) = i S T5i(G) Sim (G) or T' = STIT'S which is a simi-
larity transformation. It is clear that the reverse is also true, i.e. a similarity
transformation of the representation with a unitary matrix S corresponds
to a unitary transformation of the basis vectors.

3.5 Projection Operators

It is possible to construct a projection operator PP such that given an arbi-
trary function v, PP1) is a component of ¢ in the irreducible subspace (3,
i.e. Pﬂw transforms according to the irreducible representation 5. Thisis a
very useful tool. In the following, we construct these projection operators.

Suppose {1¢} span an irreducible subspace transforming according to
the irreducible representation o of {T(G)}. That is

Z%a TG

Multiplying by T7*(G) and summing over G yields

DT (GG =32 UG )T (G)
a
Using the Orthogonality Theorem on the right side, we get
DT (OT@W] = 35 (h/l)sebdudas
J
= (h/lg)dudapii
We define
= (l3/h) Z
G
so that

Pl = 6u0asty — Pabe = 47 (3.2)
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Starting from a given function that belongs to the ith row of a given
irreducible representation «, the projection operator can be used to gener-
ate the other " partner functions” corresponding to the other rows. These
functions form a basis for the irreducible representation .

Moreover, we can also define

A

P= YR

= (Is/H) X (OT()

G

so that R
Pﬁng = 5ﬁa¢? (33)

The projection operators allow us to decompose the space, in which the
symmetry operators are defined, into irreducible subspaces. Any function
1) can therefore be written as follows

v=2 20 (3.4)

where 1% belongs to the ith row of the irreducible representation a. We
note also that if ¢ and 1§ belong to the ith row of the irreducible repre-
sentation «, so does any linear combination a¢$* + by,

Suppose that a given representation T is reducible. Then there is a uni-
tary matrix S such that 77 = S71T'S = 3", ®m,T* has the block form
and each block cannot be reduced any further. « labels the irreducible rep-
resentation and m,, tells us how many times the irreducible representation
« appears in the reduction. We note that when m, > 1 the irreducible
representations 7' are assumed to be the same. This can always be done
by means of similarity transformations in each subspace which transforms
according to the same irreducible representation .. The new basis vectors
according to Theorem 3 are given by ©; = >, ¢;S;; and they may be la-
belled according to the irreducible subspaces to which they belong. Any
vector in Vg can therefore be expanded as follows:

T

e RX)

= ZU? (3.5)
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where t labels the different possible subspaces transforming according to
the same irreducible representation «, which is necessary when m, > 1,
and ¢ labels the basis functions in the subspace «,t. We have also defined

= 21 e’ However, T'(G)vf" is not necessarily equal to 3= ; v$75:(G)
unless there is only one t¢.

3.6 Orthogonality of Basis Functions

Theorem 4:

Two vectors belonging to two inequivalent irreducible representations must
be orthogonal. If they transform according to the same irreducible repre-
sentation, they are still orthogonal if they belong to different rows.

Proof:
Let ¢$ and wf belong to the irreducible representations 7 and T respec-

tively. Then R
T(G)of = > i Ti(G
k

= UG
Recalling that 7" is or may always be chosen to be unitary, we have
(08.0]) = (TG TG
= ZT;?Z* VT3 (G (0747
= 1/h > T (GTHG) (@, )

G Kkl

= 1/l aﬁéwz

3.7 Examples

As an example, we consider the group D3 which is the group of permu-
tations of three objects. The elements are ¢ = unit element, ¢;,c =
anticlockwise rotations about the z—axis by 27/3 and 47/3 respectively,
and di, dy,d3 = rotations by 7 about axes lebelled 1,2,3 in Figure 3.1.
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The classes are C, = e, C. = (¢1,¢3), and Cy = (dy,ds, d3). We choose
a set of basis vectors or functions in order to form a representation for the
group elements. The choice is arbitrary.

1. The first obvious choice is the three Cartesian unit vectors e,, e,, e,
as shown in the figure. Let us see how they transform under the
group operations.

e, ey e,
T(e) e, ey e,
T(cl) —%ex + @ey —@ex %ey e,
T(cz) —%ex — ?ey ?ex éey e,
T(dy) —e, ey —e,
T(dg) %ex + ?ey ?ex %ey —e,
T(d;;) %ex — ?ey —@ex %ey —e,

We see that applying the group operations on e, or e, generate
an invariant subspace (e,,e,) whereas e, forms an invariant sub-
space by itself. The set of Cartesian unit vectors (e,, e,, e,) do form
a basis for the representation of the group. The matrices can be
calculated by using the definition T;;(G) = (¢4, T(G)o;):

V3

1 0 0 —% —¥3 0
T(e) = 01 0| T(n)= g _% 0
0 0 1 0 0 1
-1 £ 9 10 0
0 0 1 0 —1
V3 V3
Lo L -4 o
Ty = [ Z1 o | T)=[-¥8 —1 g
0 0 -1 0o 0 -1

The characters are x(C.) = 3, x(C.) =0, and x(Cy) = —1. As can
be seen, the 3 x 3 representation is reducible intoa2x2andalx1
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representations. The 1 x 1 representation is obviously irreducible, but
it may be possible to further reduce the 2 x 2 representation. We
recall that the character of a given representation can be written as
X = Do MaX® and by using the first orthonormality relation between
characters the coefficients m,, can be calculated as follows:

1
Mo = 5 > Niex® (Ci)x(Cy)
k

For convenience, we reproduce the character table of the group Ds.

Ce | 2C, | 3Cy
T |1 1 1
T 1 1] -1
T3 2 | —1 0

Thus

1
m; = 6[1-1-3+2-1-0+3-1-(—1)]=0

1

my = C[-1-342:1-043-(-1)-(-1) =1
1

mg = Z[1-2:342-(=1)-0+3-0-(-1) =1

Hence the representation breaks up into 7' = T2 @ T° and therefore
(ex,e,) do form an irreducible subspace for the representation 7°.
We could have arrived at this conclusion simply by calculating the
characters of the 2 x 2 representation which are x(C.) = 2, x(C,) =
—1, and x(Cy4) = 0 and which agree with the characters of the T
representation.

2. As a second example, we consider the same group but we choose a
basis which consists of functions rather than the Cartesian vectors.
We can take an arbitrary function, say 2, and generate an invariant
subspace from it. We construct an orthonormal basis that spans this
subspace and we form the representation for the group. We then use
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the projection operator method to figure out which functions belong
to a given irreducible subspace.

What we need to know is how x transforms under the group op-
erations. We have defined T(G)f(r) = f(G™'r), ie. T(G)x =
T(G)(ey - 1) = (e - G~ 'r) = (Ge, - r). Thus z,y and z transform
like the Cartesian vectors e,, e,, and e, and we have

T(e)z® = a?
. 1 V3 1 3 V3
T _ (_t 2 _ 1t 2 9 9

(er)z (mge+ 5y =0+ - 5wy
. 1 3 1 3 3
T(cp)a* = (—595 - iy)Z 1 2+ 13/2 + \g—xy

. 1 1 3 V3
T(dy)a? = (so+-—y)?=-2"+"9y* +
(do)x (2£B+ 5 Y) i +4y + 5 Y
R 1 V3 1 3 V3
T(d3)z? = (=2 — ——y)? = —2? + ¢ — 2=
(ds)z (295 5 y) 4ty S

These six functions form an invariant subspace for D3 but all of them
can be written as linear combinations of only three distinct functions
X1 = 2%, x2 = vy?, and yx3 = xy. Evidently none of these three
functions can be written as a linear combination of the other two so
that they are linearly independent and form a basis for the invariant
subspace, although they are neither orthogonal nor normalised.

We now use the Gramm-Schmidt orthogonalisation procedure to con-
struct a set of orthonormal basis needed to construct a unitary repre-
sentation for the group. We can start with any of the three functions
or any linear combination of them. Let us start with x; = 22 which
we normalise inside a unit sphere so that

1 ™ 27
|A|2(X1,X1) :/0 dr 7’2/0 dfsin 9/0 do xix1 =1

which gives A = /35/4m. The normalised function is then

¢ = Az?
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The second function is constructed by using ¢ = Y2 — ¢1(b1, X2)
which yields after normalisation

¢2 \/—(3y - 3172)

The function xy is already orthogonal to both z? and y? due to
antysymmetry so that the third orthonormalised function is

¢3 = AV3zy

To construct the representation matrices, we need to know how these
basis functions transform into one another under the group opera-

tions.

$1 P2 P3
T (e) $1 P2 P3
T(c1) | 5¢1+ %Qb — 303 7(9251 +¢3) | 21— %cbz — 303
T(ca) | 301 + %(?2 + 13 7(¢1 ¢s3) | —21 + %(152 — 13
T(dy) ¢ P2 — 3
T(dy) | 561+ %Cbz + 503 7(¢1 ¢3) | 5¢1— %Qb + 503
T(ds) | 561 + 502 — 505 | J5(d1+ @) | =561 + 500 + 505

The matrix representations can be easily obtained and these are

10 0 Iy I
Te) = |0 1 0| T(e)=|5 0 -5
1 1 1
00 1 S
A B 10 0
1 1
T(CQ) = ? 01 721 T(dl): 0 1 0
R 00 -1
1 1 1 1 1 1
T rov )
Td) = |55 0 -5 | Td)=|5 0 =
r _ 1 1 _1 1 1
2 V2 2 2 V2 2
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Unlike the previous example, these matrices are not in block form but
we know that they are reducible because there is no three dimensional
representation of Ds. Let us figure out which irreducible representations
are contained in these matrices by using the same formula as in the pre-
vious example. The reducible characters are x(C.) = 3, x(C.) = 0, and
X(Cyq) = 1. We get

1
my = 6[1'1'3+2'1'0+3'1’1]:1
1
my = 6[1-1-3+2-1-0+3-(—1)-1]:0

1
my = 12342 (~1)-0+3-0-1] =1

Hence the representation breaks up into 7' = T" @ T°.

Since the representation contains an identity representation, it must be
possible to construct a linear combination of ¢y, ¢5, and ¢3 such that it
is invariant under the group operations. We do this in a systematic way
using the projection operator method. The projection operator is given by

. l, .
P =23 (@) TG
h G

which when applied to an arbitrary function gives the component of the
function in the irreducible subspace . Let us apply P! to ¢1, ¢2, and ¢s:

Pl¢, = (13[¢1+( ¢1+\}§¢2 ;Gﬁ) (¢1+\}§¢2+;¢3)
1
+¢1+(2¢1+\}§¢2+2¢3) (1¢ \}5@ ;¢)]

= ?(\/iﬁﬁl + ¢2)

Pl = é[¢2+(\1f(¢1+¢3))+(\1f(¢1—¢3))

+¢2+(

(le ¢3)) + (\/—(¢1+¢3))]

Sl
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1
= §(\/§¢1 + ¢2)

Plgs = 0

The linear combination (v/2¢; + ¢3)/v/3 transforms according to the iden-
tity representation. The component of ¢; in the third irreducible subspace
is given by

535 — 2 l9g — (L4 i — Lo — (Lo 4 Ly 4 L
P'pr = 5 2¢1 (2¢1+\/§¢2 2¢3) (2¢1+\/§¢2+2¢3)
= (61— Vg
Thus we may choose a new basis
= \}§<\/§¢1+¢2)
P = \}g(ﬁbl—\@d)z)
Vs = o3

which brings the representation into block form with v; transforming ac-
cording to the identity representation T and (15, ¢3) transforming accord-
ing to the irreducible representation 7. The new basis may be written as
i = >2; 9355 where S is the unitary matrix that reduces the representa-
tion into block form which is given by

PoVs o
S:%_\/go

0 0 1

3.8 Relationship to Quantum Mechanics

A basic problem in quantum mechanics is finding the eigenvectors and
eigenvalues of a Hamiltonian H. A general procedure is to calculate the
Hamiltonian matrix in an arbitrary basis and diagonalise it, but in most
cases, this procedure is too difficult to carry out. Instead one tries to find
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a basis in which the off diagonal elements of H are small or zero so that
they can be neglected or treated perturbatively. It is here that the study
of the symmetry of the Hamiltonian is of great value because group theory
can tell us which matrix elements are zero and how the matrix elements
are related to one another. The results are exact and depend only on the
symmetry of the systems and not on the particular form of interactions or
potentials.

3.8.1 The Group of the Schrodinger Equation

If {G} is a set of all symmetry transformations of a Hamiltonian, H, then
according to Theorem 1 the associated symmetry operators {T'(G)} form
a group which is called the group of the Schrodinger equation or in short
the Schrodinger group.

Theorem 5:

Each element of the Schrodinger group commutes with the Hamiltonian.
Moreover, if 1(r) is an eigenvector of H, then T(G)i(r) = (G~ 'r) is
also an eigenvector of H with the same eigenvalue.

Proof:
By definition
T(G)H(r) = H(G™'r) = H(r)

Let us investigate the consequences of this symmetry by considering the
effect of T'(G) on H)(r) where 1 is an arbitrary function .

T(Q)H(r)e(r) = H(G 1) (G 'r)
S H(xr)T(G)y(x)
[T(G)H(x) = H)T(G)| ¢(r) = 0

Since ¥(r) is arbitrary, [T, H] = 0. The second part of the theorem follows
directly from this result:

A

H(r)T(G)(r) =

/’_ﬂ\>
8
=
=
<
=
I
™
=
a
=
=
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3.8.2 Degeneracy and Invariant Subspace

The implication of Theorem 5 is that a degenerate set of eigenfunctions
of H form an invariant subspace under the symmetry operations of the
Schrodinger group and therefore form a basis for a representation of the
group. Let {1);} be a set of degenerate eigenfunctions with energy €. Since
T(G)wi(r) = 1;(G~'r) is also an eigenfunction with the same energy ¢, it
must be possible to expand T/(G)v;(r) as a linear combination of {1;}:

TG = Y ¥ Ti(G)

The matrices {T'(G)} form a representation for the Schrodinger group.
The representation is normally irreducible but if it is reducible, then
there are two possibilities:

1. There is an accidental degeneracy so that the subspace can be broken
up into two or more irreducible subspaces. A vector in one irreducible
subspace evidently cannot be brought into another irreducible sub-
space by the symmetry operators.

2. The group is a subgroup of a larger group.

In practice, accidental degeneracies my be lifted up by varying parameters
in the Hamiltonian without changing the symmetry of it. If the subspace
is irreducible, the degeneracy is termed "normal”.

Assuming that there is no accidental degeneracy, each degenerate set
of eigenfunctions of H form a basis for an irreducible representation of
the Schrodinger group. We may label each eigenfunction by the row and
the irreducible representation to which it belongs. In this sense, the row
index and the irreducible representation provide "quantum numbers”. The
degeneracy is simply given by the dimensionality of the irreducible repre-
sentation. Thus by knowing the symmetry of the Hamiltonian, we can tell
the degrees of degeneracy possible in any problem. It follows that these de-
generacies can only be broken by a perturbation if it has a lower symmetry
than the unperturbed Hamiltonian. Moreover, by knowing the symmetry
of the perturbation, we can also tell how the degeneracies are split.
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3.8.3 Partial Diagonalisation of H

Theorem 6:
The matrix element ( ?,Hzﬁf) is zero unless « = 3 and 7 = j.

Proof:
(67 Hy) = (T(G)es, T(G)HYS)
= (T(G)e¢, HT(G)yY)
= S T(G)TG) (g, HyY)
kl
| .
_ h;%w;i(amﬁ(G)(qﬁ%,Hwﬁ)
= i%ékléijéaﬁ(qﬁg:ﬁwlﬁ)

1 N
- réaﬂ(sij Z(¢g7 quzjlf)
a k

This result is very useful because by choosing basis functions with the
appropriate symmetry, the Hamiltonian is partially diagonalised with very
little effort. Also, (¢@, Hv)) is independent of 7. This is a special case of
the so called Wigner-Eckart theorem discussed later.

3.9 Irreducible Sets of Operators

We have studied the concept of irreducible subspace formed by a set of
functions which transform among themselves under the group operations.
A similar concept may be extended to operators and we define an irreducible
set of operators Of by the closure property

OY =T(G)OLTHG) = S OT%(G) (3.6)

J o

J

Thus the irreducible set of operators O% transform among themselves under
the irreducible representation 7*. The number of operators in such a set
is equal to the dimension [, of the irreducible representation. An example
of an irreducible set of operators is given by the momentum operators p,,
Py, and p. under rotation.
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3.10 Direct Product Representations of a
Group

The direct product of an n x n matrix A and and m x m matrix B is
defined by

(A® B) is an (mn x mn) matrix and it is not the same as a matrix mul-
tiplication of A and B.

Theorem 7:
If T and T are two representations of a group, then 7°®% = T* ® T¥ is
also a representation of the group.

Proof:

[T (G)T P (Go)lid', ji = Y T (G T 7 (Go)
kEk'
= > TH(G)T0, (G)TE(Ga) T (Go)
kK’

= TO‘(Gng) (G]_GQ)
= (G1G2)

T ]J

Theorem 8:
The character of a direct product representation 7°®? is the product of
the characters of 7% and T°.

Proof:

® _ ®B
Xa g - ‘ZT‘;“

= ZTG‘T?,

1 v
i’

= XX
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Theorem 9:
If {12} transform according to the representation 7 and {wf} transform

according to the representation 77, then {wfwf} transform according to
the direct product representation 7°®5.

Proof:

TG (W) = Y e (G TH(G)
k !
= S (W) T

kl

In general, the direct product representation is reducible even when the
two constituent representations are irreducible. There is a unitary matrix
U, independent of the group elements, which transforms 7" into a block
form:

a®pB rrt _ Y
Z Uvmk,isz‘j,z"j'Uij;y'm/k' = Oyt O T (3.8)
iji' '
The label m distinguishes blocks with the same irreducible representation.
Thus, we may write

TP =" @m, T (3.9)
v

7 labels the irreducible representations and the coefficients m., which tells
us the number of times the irreducible representation v occurs in the de-
composition, can be calculated using the first orthogonality relation of the
characters

Xa@ﬁ — Zm’YX’Y
Y

XX = Y mx?
il

my = (1/h) 3 Nix*(Cox(Ci)x ™ (Ci)
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3.11 Clebsch-Gordan Coefficients

Since the set of product functions 1/}?@/)]@ transform according to the prod-
uct representation 7°®% which is in general reducible, evidently the space
formed by the product functions are also reducible and the product func-
tions may then be projected into these irreducible subspaces:

el =S F]

where F}}(m) belongs to the irreducible subspace . The label m distin-
guishes functions with the same « which is necessary only when m, > 1
in the decomposition of the product representation. In other words, there
may be more than one subspace which transform according to the same
irreducible representation. [}(m) itself may be expanded in an orthogonal
basis which spans the irreducible subspace ~:

Zn )CRi;(m)

and therefore

Vi) =303 R(m)C;(m) (3.10)

ym k
The coefficients C' are called the Clebsch-Gordan coefficients and they
depend on « and §3.

Apart from a possible phase factor, the Clebsch-Gordan coefficients are
actually identical to the unitary matrix U defined in the previous section. To
see this, we consider how the state ¥)(m) = 3, ,¢a¢5 Ui ymi transform
under a group symmetry operation:

T(G)W(m) = > Ui TedL Ul

i'j' 45 ij,ymk

85!

_ U

- Z ¢a¢ ] 'ymk’Tk/k
i j k!

= Z \IJ,Y/ T];’;k

We have used Eq. ( 3.8) in the second step. Thus the states ¥} (m)
transform according to the irreducible representation ~v. We may also write

e = 37 WU m) Ui (3.11)

kym
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which shows that the Clebsch-Gordan coefficients are identical to the uni-
tary matrix U, apart from a phase factor. By convention, they are nor-

malised as follows:
> ICTm)I =1 (3.12)
1)

Since C' is unitary, it satisfies the following relations
Z Ol;y,ij(m)C*Zij (m') = Oy Orru Okt

Z Ck 4] Ok:zg ( ) - 5ii'5jj'

ykm

3.12 The Wigner-Eckart Theorem

In physics, we are often faced with a problem of calculating matrix elements
of an operator O between two states Y and ¢: (1, ngﬁ) In practice, the
calculation of matrix elements can be very complicated and we would like
to study if group theory can help us in simplifying this problem.

First of all, from previous sections, we know that an arbitrary function
belonging to a linear space L which transforms into itself under group
operations can be projected into the different irreducible components of
the group. Consequently, we need only consider matrix elements of the
type: A

(7,07 17)
We study the transformation of the function v;; = Of‘ff under a group
symmetry operation:

TGy = T(G)OLf}
= [T(G)OT @) T(G >fﬁ
= ZO?Tkz Zf’réz

= Z wka]?gfj

The new function v;; may then be completely expanded into its irreducible
components as in Eq. ( 3.11):

= > Wm)CY y(m)

/k/
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The matrix element is then given by

(FLO8f) = 32 (FL L (m)C5(m)
'Y/k/m
= Z(fQ,‘PZ(m))CZW(m)

The significance of the above result is that the Clebsch-Gordan coefficients
C,Z”(m) are obtained entirely from symmetry and they do not depend on
the details of the potential of the system. Information about the details
of the system is contained in the matrix elements (f, ¥} (m)) which do
not depend on i and j. In fact, it does not depend on k as shown in
section 3.6. These matrix elements are often referred to as reduced matrix
elements and they are written as

(f2, Wi (m) = (SO f”)m

emphasising the fact that the reduced matrix elements are independent of
1, 7, and k. Thus we have

(F1.08 1)) = AL N0 )mCLi(m) (3.13)
m
This is known as the Wigner-Eckart theorem which tells us that the matrix
element (f,O¢ f}) is zero unless the product representation 7°®” contains
the irreducible representation . This is a general form of selection rules.
The Clebsch-Gordan coefficients relate the matrix elements for a given «,
[, and ~ but with different 7, 7, and k to one another.

We can see that theorem 6 follows immediately from the Wigner-Eckart
theorem because the Hamiltonian is an invariant under the group symmetry
operations, i.e. T(G)HT1(G) = H, so that H transforms according to
the identity representation.

3.13 Applications

We list a few of the common applications of group theory.

1. Selection rules: As an example we consider optical transitions in a
molecule which has a D3 symmetry. This could correspond to a
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molecule with three identical atoms at the corners of a triangle. Ac-
tually, the full symmetry is higher than D3 but as an illustration it
is sufficient to consider the D3 symmetry. Optical transitions are
governed by dipole operators x, y, and z which transform like the
three Cartesian unit vectors. The groundstate of the molecule may
be assumed to be non-degenerate and symmetric so that it trans-
forms according to the identity representation. From the previous
example, the dipole operators transform according to the represen-
tation 7' = T2 @ T and therefore the final states can only be those
which transform according to (1T? ®T3) @ T =T? @ T3.

2. Symmetry breaking: In the above example, we know from symmetry
alone that the eigenfunctions can only be at most doubly degener-
ate. If we replace one of the atoms by a different atom so that the
symmetry becomes (), then this degeneracy, if it exists, must split
into two non-degenerate levels because C5 is an Abelian group and
the irreducible representations are one dimensional. The actual re-
duction can be figured out straightforwardly using the orthogonality
relation between the characters. The ordering of the energy levels,
however, cannot be determined by group theory alone.

3. Variational principle: We are often interested in finding the ground-
state of a given Hamiltonian which usually cannot be solved analyti-
cally. One method of obtaining an approximate groundstate is based
on variational principle. We start with some basis functions {¢;} and
approximate the true groundstate W as a linear combination of these

functions.
=23 g

From the variational principle, the energy expectation value < £ >=
(\I/,fI\I/) > FEy, where Ej is the true groundstate energy. The co-
efficients {c;} are determined by minimising < E > subject to the
condition (¥, ¥) = 1:

0 [< E>-\T,0)] = ;C* ZC§(¢jaﬁ¢k)Ck_)‘Zc;ci

*
oc; il

= ZszCk — /\Ci =0
k
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which is just an eigenvalue problem.

From Theorem 6, it is clear that we should sort out the basis func-
tions, using the projection operator method for example, according
to the rows and irreducible representations {¢$™} where m labels
different possible subspaces transforming according to the same ir-
reducible representation «. It is only necessary to express the trial
function as follows: ¢ = >, c&™p3™. When m = 1, the Hamilto-
nian is already diagonal and when m > 1, we need only diagonalise
an m X m matrix instead of an [ x [ matrix where [ = >__,.. 1, which
is usually much larger than m.

ami

4. Degenerate perturbation theory: In many cases, the Hamiltonian
may be broken up into two terms H = Hy+ H, such that H; may
be treated as a small perturbation to H,y. H, usually has a higher
symmetry than H,. A typical example of this is an atom placed in a
crystal where the crystal field symmetry is lower than the rotational
symmetry of the atom. If the eigenfunctions of H, are degenerate, we
may use the variational principle to calculate the energy shifts. The
eigenfunction of His approximated as a linear combination of the
degenerate eigenfunctions of H,. This leads to an eigenvalue problem
for Hy and the eigenvalues give the first order shifts. As before, we
should sort out the degenerate eigenfunctions of H, according to the
rows and irreducible representations of the symmetry group of Hi in
order to minimise the size of the matrix to be diagonalised.

3.14 Examples

1. Bloch Theorem: A lattice is a parallelepiped formed by three linearly
independent vectors a;, as, as. A set of vectors t = nja; + nqas +
ngag for all possible integers nq, ny, n3 generate lattice points which
together with the associated lattices form a crystal. The set ¢t = {t}
clearly form a group under vector addition and the group is Abelian.
In fact, it is a direct product of three groups

=1t Qt®t3
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where t; = {nja;}, to = {nsas}, and t3 = {nzaz}. It is customary
to have a periodic boundary condition such that

T(Nyay)¥(r) = ¥(r + Nyay) = ¢(r) — T(Nay) = T(0) = 1

Similarly for the other two groups. V; is taken to be infinite at the
end. The groups ti, t9, and t3 become cyclic and the irreducible
representations are given by e??™1/Nt L =12 ... Np, and their
powers. It is useful at this stage to introduce the concept of reciprocal
space defined by

Ao X ag
g = 2rn——
a; A X ag

ag X aj
g = 21— —
a; A X aAg

a; X as
g = 21—
a; A X ag

so that
g, -a; = 27T5ij

With this definition, the direct product representations can be written

where k = (k1 /N1)g, + (ka/N2)g, + (k3/N3)gs. It follows that the
eigenfunctions of a Hamiltonian with translational lattice symmetry
form basis functions for the irreducible representations of the group
of translations and they may be labelled by the irreducible represen-
tations k. This means

T(6) ey (r) = Yy (r + t) = ty (r)e’ K
which is the Bloch theorem.

2. Normal modes (chapter 6 of Elliot and Dawber): When the atoms
in a molecule are displaced from their equilibrium positions, the po-
tential energy will increase. If the atoms are let free, there will be
an interchange between potential and kinetic energies resulting in
vibrations. These vibrations may be thought of as being composed



3.14. EXAMPLES 59

of eigen modes or normal modes, each with a well defined frequency,
in the same way that a wavefunction can be decomposed into a
sum of eigenstates with well defined energies. The eigen modes may
be classified according to the irreducible representations of the sym-
metry group of the molecule, just like the the eigenstates of the
Hamiltonian.

The potential energy for arbitrary displacements of N atoms in a
molecule is given by

ov 0*V
VeVt Y g+ Y o aig

The sums run from 1 to 3N. At equilibrium, 0V /dq; = 0 so that
the Hamiltonian for molecular vibrations is given by

1 . 1
H = Z §qu12 + Z iBijQin
i ]

where B;; = 0*V/0q;0q;. It is conventional to absorb the masses
into the displacement coordinates by defining

Qy = \/M%, Dij = Bij/\/ MiMj

The Hamiltonian becomes

1 1
H = Z 50612 -+ Z §DijOéiOéj

tj
The matrix D is known as the dynamical matrix.

We can now introduce a 3N dimensional abstract space with or-
thonormal basis vectors {e;}. The 3N displacements of atoms in
real space may be mapped into a vector in the 3N dimensional ab-
stract space:

(1,92, -, @38) — Q= Zeiai

The unit vector e; corresponds to a displacement ¢; = 1/+/M; in real
space but we note that e; itself is not a displacement in real space
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but rather a displacement in the abstract space. We may define an
operator D in the abstract space so that

Vig) = ;(q, Dq)

= — Z oo (e, Dej)

ij

which implies
D;; = (e, De] — DeJ Z e;D;;
We would like to transform the Hamiltonian into the form H = ", h;

so that the eigenvenctors of H can be written as a product of the
eigenvectors of h. This can be done by a unitary transformation

Ui = Zeiaik
i
An arbitrary vector g may be written as

= Zeiai = Zquk = Zeiaika — Q= Zaika
i k ki k

By choosing u; to be an eigenvector of D, i.e. Du, = wiuy or
> Dijaji, = wyag,, the Hamiltonian becomes

1. 1
H = Z [2@3 + 2%@2]
k
which is the desired form. Quantum mechanically, we replace Q%
with —92/0Q7 and the solutions to h = —02/0Q3 + 1w, Q7 are

Unty = AHnu(VwrQr)erp(—wiQr/2)

1

We have set the Planck constant h/2m = 1.

)W

So far we have not made any use of group theory and in principle we
can calculate the dynamical matrix D and diagonalise it to obtain
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the normal modes and the corresponding eigen frequencies. The
diagonalisation of D is greatly simplified by using group theory. The
eigen frequencies, however, cannot be obtained from group theory
alone because they depend on the strength of the potential. By
definition, we have

[T(G),D] =0

for all G and it immediately follows from Theorem 5 that the degen-
erate eigenvectors of D (normal modes) form basis vectors for the
irreducible representations of the group.

The 3N dimensional space forms a 3N x 3N representation which
is in general reducible:

M= > myx?
R

To calculate ¥V, we first write the basis vector as e (R),i=uy,z,
R =1,2,..., N, which corresponds to a displacement of atom R
along the i-axis. The effect of the symmetry operation on the basis
vector is given by

Ze] (R) TR‘/ (G)

The character is given by

X3N Z TRR N X
Ri

where Ny is the number of atoms unmoved by the symmetry oper-
ation T(G) and X" is the character of the three dimensional vector
representation. This result can be understood by observing that when
T(G) moves atom R to atom R/, ¥, T.FR = 0. When atom R is

not moved, then 3°, TR = V.

As an example, we consider a molecule with D3 symmetry (three
atoms at the corners of an equilateral triangle). We have already
worked out the characters for the vector representation x" and they
are given by \V(C.) = 3, x¥(C.) = 0, and xV(Cy) = —1. Thus
X3N(Ce) =3-3=09, XSN(OC> = 0, and X3N<Od) =1 <_1) =
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—1. It is then straightforward to decompose 3V into the different
irreducible components using the character table of D3. We get

1

my = c(1-1:942:1:043-1- (1) =1
1

my = 6(1.1.9+2-1-0+3'(—1)'(—1)):2
1

msg = 6(1'2'9+2'(_1)'0—'_3'0'(_1)):3

There are three non-degenerate modes and three doubly degenerate
modes. Actually, six of them correspond to rigid motions, i.e. there is
no relative motion between the atoms. The significance of classifying
the vibrations into normal modes is that when calculating absorption
or emission spectra it is possible to figure out which modes are al-
lowed in the absorption process. The simplest absorption processes
are caused by electric dipole transitions from the groundstate to some
vibrational excited states. The groundstate usually tranforms accord-
ing to the identity representation and the dipole operators transform
according to the vector representation. Thus the modes allowed are
given by those corresponding to the irreducible representations oc-
curing in the decomposition of the vector representation. In more
complicated absorption processes, there are intermediate states in-
volved. In this case the dominant operators are of the form zy, yz,
zz, %, y?, and 2% (Raman spectra). These are in fact products of
x, y, and z, i.e. they transform according to the product of the
vector representations which can be decomposed into the irreducible
components. Care, however, has to be taken due to the fact that
the product functions are not linearly independent. See chapter 6 of
Elliot and Dawber for more examples and details.



Chapter 4

Lie Groups

4.1 Definitions

So far we have considered groups with a finite number of elements. In
this Chapter, we will study the so called continuous groups in which the
elements GG are defined uniquely by a set of n independent continuous
real parameters a = (ay,as, ..., a,) so that G(a) # G(b) unless a = b.
The number n is called the dimension of the group. Such groups have an
infinite number of elements. The elements of a continuous group satisfy
the multiplication law:

G(a)G(b) = G(c) (4.1)
This means that operating a group element G(b) followed by G(a) has
the same effect as operating a group element G(c) represented by a set of
parameters c. ¢ must be a function of the paramaters a and b:

c=F(a,b) (4.2)
and we may write the multiplication law as:
G(a)G(b) = G(F(a,b)) (4.3)
As a convention, a = 0 is chosen to represent the unit element:
G(0) =1 (4.4)
With this definition, it follows from Eqgs. ( 4.1) and ( 4.2) that
F(a,0) =a; F(0,b)=b; F(0,0) =0 (4.5)

63
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OF(0,0) 0F(0,0)
ga  ~  ob (4.6)

In addition, every element must have an inverse i.e. for a given set of
parameters a, there is a set of parameters q such that

G(a)G(a) = Gla)G(a) = G(0) = 1 (4.7)

The functions F(a,b) are assumed to be analytic functions of the pa-
rameters a and b, and this kind of group is called a Lie-group.

4.2 Infinitesimal Operators

An important concept in continuous groups is the concept of infinitesimal
operators which are obtained by considering group elements near the unit
element i.e. elements with small a:

Gla)=1+X-a+... (4.8)

oG
A= [3%’1 a0 49

The set of operators X = (X3, Xs,...,X,,) are called the infinitesimal

operators, or generators, which are independent of the parameters a. It

will be shown below that every group element may be expressed in terms

of the infinitesimal operators so that the study of continuous groups may

be restricted in most cases to the study of these infinitesimal operators.
For small a and b we have

9F(0,0)

F(a,b) = F(a,0)+ b

= a+b

b

using Eq. ( 4.6). As a convention, a dot denotes a dot product or a
summation over the lower and upper vectors. This implies that

G(a)G(b) = G(F(a,b)) = G(a+ b)

G(b)G(a) = G(F(b,a)) = G(b + a)



4.2. INFINITESIMAL OPERATORS 65

i.e. the group elements are commutative in the vicinity of the unit element.

To relate the group elements and the infinitesimal operators, we study
the product G(a)G(b) for an arbitrary a but small b. To simplify the
writing, we define a matrix

OF(a,0) 0Fi(a,0)

Mla) = =5, — = Myla) = =5, =

(4.10)

and a convention that a dot on the left of M means a summation over the
rows whereas a dot on the right means a summation over the columns.

G(a)G(b) = G(F(a b))
= G(F(a,0)+M(a)-b)
= G(a+Mf(a)-b)
= G(a)+ E)Ca}'a) -M(a) - b

On the other hand

so that oG (a)
a
X.b= .M(a) - b
G(a) -2 M(a)
Since b are arbitrary and independent parameters, it must be that
Gla)X = a(;(a) - M(a) (4.11)
a

This equation relates the group element and its derivative at a to the
infinitesimal operators X.
We now try to find an explicit expression relating G(a) to X. Let

u = (up,us,...,u,) be a unit vector (u-u = 1) in the parameter space
and let us project Eq. ( 4.11) along this unit vector:
oG
Ga)X - -u= 9Ga) M(a) - u (4.12)
Oa
We define a curve in the parameter space by the following equation
da(t
al) _ nia)-u (4.13)

dt
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with boundary condition a(0) = 0. The direction of this curve at t =0 is

along the unit vector u because M(0) = % = 1. Using Eq. ( 4.13)
in (4.12) yields
0G(a) da
X-u = i
Ga)X -u da dt
_ dG(a)
o dt
which can be formally solved to give
G(a(t)) = X1 (4.14)

Thus, the group elements at finite parameters a can be obtained from
the infinitesimal operators X. The global properties of Lie groups are
determined by the infinitesimal operators X which are independent of the
parameters a. We have made an assumption, however, that every point a
in the parameter space can be reached by the curve defined in Eq. ( 4.13),
by starting along an appropriate direction u from the origin.

4.3 Lie Algebra

The infinitesimal operators satisfy commutation relations and to find these
relations, we differentiate Eq. ( 4.11) with respect to a parameter a; for
each component j:

0G(a)

B 9*G(a) dF}(a,0) N G (a) 0*Fy(a,0)
(?ai

N & aaiaak 8bj 8ak 8&1-86]-

X;

Evaluating this expression for a = 0, we get

0*G(0) 0?F},(0,0)
Xin N 8aiaaj zk: F 80%'8[)]'

Interchanging ¢ <+ j and taking the difference, we get

(X5, X;] = Xy (4.15)
k
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where

Cl-c o 82Fk(070) . asz(()?O)

v E)aiﬁbj 8aj8bi

(4.16)

We see that the infinitesimal operators possess a closure property under
commutation. Operators possessing this property are said to form an al-
gebra and for Lie groups it is called Lie algebra. For every Lie group there
is a corresponding Lie algebra.

The coefficients cfj are called the structure constants and they are
purely determined by the functions F(a,b) which means that they are
independent of any particular representation of the group.

The structure constants are antisymmetric in the lower indices:

ko ok (4.17)

We can construct symmetric and anti-symmetric quantities from the struc-
ture constants. By summing over products of two structure constants, we
obtain symmetric matrices

k1
gij = Z CiCik = Yji (4.18)
kl
Summing over products of these matrices and the structure constants yields
m

which are anti-symmetric with respect to an interchange of two indices.
This is because we have the following relation

> [clijcfz + et + cﬁgic}ﬂ =0 (4.20)
I

which follows from the Jacobi identity
[[A, B],Cl+[[B,C], Al + [[C, A], B] = 0

In this way, we can continue forming symmetric and antisymmetric quan-
tities from the structure constants.
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4.4 Casimir Operators

To construct the irreducible representations of a continuous group, it will
be useful to have some operators which commute with all of the infinitesi-
mal operators. The degenerate eigenfunctions of these operators may then
be used as basis functions for the irreducible representations because they
transform among themselves under group operations. We recall from Chap-
ter 3 that when [T(G), H] = 0, the sets of degenerate eigenfunctions of H
form basis sets for the irreducible representations of the group (assuming
we have the full group, not a subgroup of a larger group).

The simplest operator that commute with the infinitesimal operators
X must be at least of second order in these operators because a linear
combination of X; clearly will not in general commute with X due to Eq.
(4.15). Thus we form the most general linear combination of second order
operators

C =Y ¢"X;X; (4.21)
ij

The matrix g% must be symmetric since every matrix can be written as a
sum of symmetric and anti-symmetric matrices and from Eq. ( 4.15) the
anti-symmetric part reduces to a linear combination of X;. We evaluate
the commutation of this operator with an arbitrary Xj:

C.X] = > ¢7[XiX;, X]
ij
= > g7 {X[X;, Xi] + [Xi, Xi] X}
ij

= > ¢y {XZ-ch;k + chéka}
ij ]
= > g7 XX+ X X5}
ijl
The last step makes use of the fact that ¢/ is symmetric. If we can find ¢/
such that 3~ gijcék is anti-symmetric with respect to the interchange i < [
then C is the required operator. We have in Eq. ( 4.19) an anti-symmetric
quantity with three indices but it involves no upper indices in the structure
constant. We may, however, write
cé’k; = Zglmgml’cé'k

ml’
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= Zglmamjk
where we have defined the inverse of g%
> 4" g = bw

and
l/
Amjk = Z Imi’ Cjg,
l/

as in Eq. ( 4.19) Continuing the evaluation of [C, X}] we get
C.Xy] = ) i > 9" i { X X1 + X0 X}

il m

= 5 Z lg g+ glig |amk { XX + X1 X}
ijlm
1 ij Im j _im
T4 Y1979 + 97 g amgn + ami] { X X0 + X0 X}
ijlm
Since apjr = —a;mi we obtain [C, X}] = 0.

In general, it may be possible to form higher order Casimir operators,
which also commute with all of the infinitesimal operators. The irreducible
representations of the group may be labelled by the eigenvalues of these
Casimir operators. In the rotation group discussed later, we need only one
Casimir operator to label the irreducible representations.

4.5 Ladder Operators and Multiplets

For a given Lie group, some of the infinitesimal operators may commute
among themselves. The largest number of mutually commuting infinites-
imal operators is called the rank of the group. Let {H;} be such a set
and {F,} be the rest of the infinitesimal operators. Let also {C;} be a
set of Casimir operators. Since {C;} commute with {H,} it is possible
to construct simultaneous eigenstates of {C;} and {H,} with eigenvalues

{CZ} and {Hz}
CilCy, H)) = C|Cy, H)
H\C;, H) H;|C;, H;)
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The remaining set of operators {Ea} can be expressed as ladder oper-
ators: o A
[Hia Eoz] = €ialo (422)

This can be done by forming a linear combination Ea = > Xiaia and
requiring that

[.HZ‘,ZX]‘CL]‘Q] = eiaZXjaja
J

J

ZXkcfjaja = eiaZXjaja
ik J
DX ) le — €iadinlaje =0 — D Cliaja = €atia
k J J

The coefficients a;, are the eigenvectors of the structure constants and ¢,
are called the root vectors. Eq. ( 4.22) implies that

[ﬁiyEa]’Cia Hi) — eiaEa|Ci7 Hi>
(ﬁz - Hi>Ea|Cia Hi) = EiaEa|Oi> Hi>
Hi(Ea’Oz‘, H)) = (Hi+€ia)(Ea|Oiu H;))

ie. Ea|Ci, H,) is also an eigenstate of H; but with an eigenvalue (H;+¢€;,).
This means R
Eoz|0ia Hz> = AQ(CZ‘, HZ)|O“ Hz + Eioc> (423)

The constants A, can be determined from the Lie algebra. The states
generated by the ladder operators are the degenerate eigenstates of the
Casimir operators. This is because the Casimir operators commute with
all the infinitesimal operators and therefore the degenerate eigenstates of
the Casimir operators form an invariant subspace under the infinitesimal
operators. Acting X’i on |C;, H;) results in a linear combination of states
with the same eigenvalues {C;}. Such a set of degenerate states are called
a multiplet and they form an invariant subspace under the group operations.
Assuming that the multiplet spans a finite space, there must be a state
|¢1) and [¢_) with the largest and smallest values of {H;} such that

Ealty) =0, Bglg_) =0

if E, and Ej3 increases and decreases the eigenvalues.
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We also have

~ ~ ~

i, [Ba, Es]] = [[Hi, Bal, Bg)| + | Eas [Hi, Bg)| = (€ia + €19)[Eas E]

so that the commutator [Ea,Eﬁ} is itself a ladder operator with a root

(€ia + €ip). If €in + €5 =0, then [Ea, Eg] is a linear combination of {H}
It is clear from the above discussion that the number of Casimir oper-

ators needed to specify a multiplet is equal to the rank of the Lie group.

4.6 Summation over group elements

Many of the theorems that we have encountered involve summation over
group elements. In this section, we will study how to perform this sum-
mation for continuous groups. We have to replace the summation by an
integral over the parameters in the following way:

= / da w(a)f(G(a)) (4.24)

w(a) is a weight function describing the "density” of elements in the pa-
rameter space.

In proving some theorems for finite groups, we make use of the rear-
rangement theorem. For these theorems to remain valid in the case of
continuous groups, we must require

[ da w@)f(G@)Gb) = [ daw(a)f(Ge) = [ dew(e)f(Gle))

(4.25)
From Eq. ( 4.3), G(a)G(b) = G(c) = G(F(a,b)), and for a fixed b, c is
a function of a.

[daw@(G@) = [dew(e)f(Gle)

Comparison with Eq. ( 4.25) gives

aw(c) =w(a) (4.26)
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where dc/0a is the Jacobian.
To relate a to ¢ we consider a small b:

c = F(a,b)
JOF(a,0)

Ob b

= F(a,0)+
= a+Mf(a)-b

where the matrix M is defined as in Eq. ( 4.10). To first order in b, the
Jacobian is given by

dc 0

“T —~ .M(a)-b

da b da ()
Expanding w(c) about a to first order in b yields

w(c) = w(a+M(a)-b)

= w(a)+ 3125::1) -M(a)-b

Substituting the above expressions into Eq. ( 4.26) gives

[1 + 8‘1 . M(a) - b] lw(a) + aqgga) -M(a) - b| = w(a)

Since b is arbitrary, we thus have

1 Jw(a) 0
Wa) a M(a) = “9a M(a)
o dinwa) 0
%2 = " 3a M(a) - M !(a) (4.27)

4.7 Rotation Group Rj

As an example, we consider the rotation group in three dimensions, Rj,
which often appears in many applications in physics, in particular in the
theory of angular momentum. The technique used in constructing the
irreducible representations of the rotation group is actually quite common
in Lie groups.
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4.7.1 Infinitesimal operators

A rotation in three dimensions may be denoted by R(ca) where a is the
axis of rotation and « is the angle of anti-clockwise rotation. It is easy to
show that

R(aa)r = cos ar+ (1 —cos a)(r-a)a+ sin o (a xr) (4.28)
For small o we have to first order

R(a,a)r = (1+aax)r
= 1+« Zaieix)r

= (1+ Z ;e X )r (4.29)

We identify

Xy =e;x, Xy=¢,x, X, =e¢e,X,

as the infinitesimal operators of the rotation group associated with the
parameters o, = Qa;, y = Qay and a, = aa, corresponding to rotations
about x—, y— and z— axes respectively. In other words, when « is small,
the rotation can be regarded as a vector sum of rotations about x—, y—
and z— axes.

In the Cartesian basis, we have explicitly

00 0
X,=[0 0 —1
01 0
0 0 1
X,=| 0 0 0
1.0 0

s

I
o = O
OC)I
—
o O O
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4.7.2 Commutation Relations

In Cartesian coordinates, the commutation relations for the infinitesimal
operators are

(X.. X, = X., [X,,X.]=X,, [X.,X,] =X, (4.30)

The infinitesimal operators are skew Hermitian (this is true in general if the
representation is unitary) but it is possible to define equivalent infinitesimal
operators J, = X, which are Hermitian. The commutation relations

become
(S, Jy) =iy, [Jy, Jo] =iy, [Js Ju] =i, (4.31)

We will show below that the commutation relations also follow from the
general results derived in the previous sections.

We consider a rotation R((b) followed by R(«a) which may be affected
by a rotation R(vc):

R(yc) = R(aa)R(Ab)

The main quantities to calculate are the three functions F(aa,fb) =
~vc. What we have to calculate are the structure constants defined in Eq.
( 4.16). Since the derivatives of F(aa,b) are taken at aa = 0 and
Bb = 0, it is sufficient to consider small « and 3. For small a, R(ca)
takes the form:

1 —Q,
R(aa)=| a, 1 —ay
—y Oy 1

and similarly for R(8b). Thus we have
R(yc) = R(aa)R(Sb) =

1- O‘yﬁy - O‘zﬁz _<04z + ﬁz - O‘yﬁx) Oy + ﬁy + O‘zﬂm
o, + ﬁz + O‘wﬁy 1— O‘xﬁx - Oézﬁz _<am + ﬁ:}c - O‘zﬁy)
_<ay + ﬁy + afﬁz) Qp + [y — ayﬁz 1 — a3, — ayﬁy

The trace of R(vc) is (1 + 2cos ), independent of the basis. Equating
this with the trace of R(aa)R(Sb) gives
14 2cosy = 3—2(ay0; + By + a.f,)
1+2(1 - 72/2) = 3—2(a.0: + ay B3y + a.f3.)
72 = Q(O%ﬁx + ayﬁy + azﬁz)
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We also know that R(~c) is unitary and it does not alter yc so that
R(vye)ye = R'(ye)ye = yc or

[R(vc) = Ri(ve)]ye =0
This gives us the following equations:
—Cvy+ By, = 0

Cv, — Ay, = 0
_BVI_I'A’YZI =0

A = 20, + By) + oy, — .,
B = 2(Oéy + ﬁy) + Oézﬁx - axﬁz
Cc = 2(az + /82) + O‘Iﬁy - ayﬁx

With 4* = 72 + 77 4 72, the solution to the above equations is

Yo = DA, vy =pB, 7. =pC

where 12
Q(C%ﬁz + O‘yﬂy + O‘zﬁz)

A% 4 B? 4 (7
A straightforward algebra shows that p = 1/2 to linear order in o and £.
The non-zero structure constants are then

Coy = =0y, =1 (4.32)

which gives the commutation relations in Eq. ( 4.30).

4.7.3 Casimir Operator

The Casimir operator can also be obtained directly from the results of the
previous section. We calculate the matrix g;; defined in Eq. ( 4.18):

_ kol
Jex = Zcmlczk
kl

_ Z LY Y R
- nycxz+ca:zcxy

= -2
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The same results are obtained for g,, and g.. whereas the other matrix
elements are zero. Thus we get

gi; = —20;5, g7 = —=6;

and the Casimir operator is therefore

(]
1
= —§(X§+X§+XZ2)
1 1

4.8 Irreducible Representations of Rj

The method of constructing the irreducible representations for the rotation
group Rj3 is quite general since it is based on the commutation relations
in Eqn. ( 4.30) alone. The method may therefore be applied to other
continuous groups. Since every rotation can be built up from the infinites-
imal operators, an irreducible subspace under these infinitesimal operators
is also an irreducible subspace under the rotation group. The steps for
constructing the irreducible representations are as follows:

1. The sets of degenerate eigenvectors of the Casimir operator J? form
irreducible subspaces under the infinitesimal operators .7, Jy, and .J,.
The rank of Rj is one because there are no two mutually commuting
operators. Since J? commutes with the infinitesimal operators, the
eigenvectors of J? may be chosen simultaneously to be eigenvectors
of one of the infinitesimal operators. As a convention, we choose jz

We construct the following ladder operators

A

Jy = J, +ilJ, (4.34)

which may be obtained by solving the eigenvectors and eigenvalues
of cij. Clearly, the set of operators J., J, are equivalent to the set
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of operators I, jy, J.. We may therefore work with the former set.
The commutation relations of these operators are

A

[, Je] = +Js, [Jo, J]=2J. (4.35)

The usefulness of these operators may be seen by applying J, to
Jﬂbm where 1, is an eigenfunction of J, with an eigenvalue m.

jz(ji¢m) = (j:tjzj:j:t)l/)m
= Ju(m+ 1)y,
= (m£1)(Jetom)

Thus, ji¢m must be proportional to ¢,,41.

2. We assume that the irreducible representations of R3 have a finite
dimension. We choose basis functions which are eigenfunctions of
J,. Let j be the largest eigenvalue of J, in this basis. Then

Jip; =0 (4.36)

There may be more than one function with the largest eigenvalue.
We take one of these and operate J_ repeatedly on this function:

J—lbj = Cj—ﬂ/’j—1
wajfl = ijgwjfg etc.

The ¢'s are normalisation constants. Since we have assumed that
the dimension of the irreducible representations is finite, it must be
that for some integer n we have

j—¢j—n =0
The problem is to figure out what n is.

3. We show that ,, is an eigenfunction of J? irrespective of the value
of m. This is to be expected because a set of degenerate eigenvectors
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of J2 form a basis for an irreducible representation.
JP o= 2+ I+ T2
1 ~ - A A A

= 5(J+J_ +JJy)+ J?

S A T

= JJ o+ T+ ],
The last two relations have been obtained by using the the second
commutation relation in Eq. ( 4.35). Operating J* on v; we get

T = (
= JU

A

J_Jy + J2+ 1)
G+ 1),
Operating J2.J_ on 1); yields
J2I oy = J_J*Y;
= J+1)Jvia
Thus v, is also an eigenfunction of J? with eigenvalue j(7+1).
We can continue the same procedure starting from 1);_; so that it
follows that ¢,,, m = j,j —1,...,7 —n is an eigenfunction of J2
with eigenvalue j(j + 1). We now operate J? on ¢;_,:
Pyn = (Jodo+ J2 = L)dbjon
= [G-n)" = (G =)
= (—n)J—n—-1)Yjn

It follows that (j —n)(j —n — 1) = j(5 + 1), which implies that
n = 27 and therefore 5 can be an integer or a half-integer.

. Finally we show that the 25 4 1 functions v;, ¥;_, ...,¢_; form

an irreducible subspace (transform among themselves or invariant)
under the operators j+, j,, J.. It is clear that the functions trans-
form among themselves under J_ and J,. We show that they also
transform among themselves under J+

j+cm¢m = j—f— j—wm—kl
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- (jQ—j3+jZ)¢m+1
= [+ —(m+12+ (m+ D]|vme
= (+m+1)(J—m)mn

To calculate the normalisation constants ¢,,, we take the dot product
(Ut Jem) = (j+m~+1)(j—m). Using the fact that J_ = J1,
we have

(¢m+17 j+¢m) = (leerla wm)
= (J—¢m+1, wm)
= (Cmqu)ma wm) = C:,L
Thus |¢,,|? = (j +m+1)(j —m). There is an arbitrary phase factor

in ¢,, and the usual convention due to Condon and Shortley is to
choose ¢,, to be real and positive so that

en =1/ +m+1)(j —m) (4.37)
Ttbm = (G +m+1)( = m)thmia (4.38)
Tt = (G +m) (G = m+ 1)hm (4.39)

To summarise, the irreducible representations of R3 are labelled by R7,
with j = 0, £1/2, +£1, £3/2, £2..., which transform the (2j + 1)
functions 1;, ¥;_1, ...,1_; among themselves.

4.9 Characters of Rj

Rotations by the same angle, R(a, ¢) and R(b,(b), belong to the same
class irrespective of the axes a and b. This must be true because there is
always a rotation R(c, ¢’) that brings the axis a to b or vice versa, i.e.

R(a,¢) = R'(c,¢')R(b,¢)R(c, ¢')

Geometrically,AR(c, ¢') rotates a to b, ]%(b, ¢) does a rotation by ¢ about
b and finally R7!(c, ¢') rotates b back to a and the net result is the same
as a rotation by ¢ about a.
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Since the characters of representations belonging to the same class are
the same, it is sufficient to consider the characters of R,. We consider
the subgroup R, consisting of rotations about the z-axis. This subgroup is
Abelian and the irreducible representations are therefore one dimensional.
We require R(z, ¢)R(z,d¢) = R(z,¢ + 0¢). Expanding both sides in d¢
we get

R(Zv ¢)(1+5¢R/(Zv0)) = R(Zv ¢)+5¢R,(27¢)
R(z,0)R(z,¢) = R'(z,9¢)

The solution is R(z,¢) = ¢ exp(R'(z,0)¢). For a unitary representation,
we may choose ¢ = 1 and from the boundary condition R(z, ¢) = R(z, ¢+

27), we deduce that R'(z,0) = —im where m is a positive or negative
integer. Thus the irreducible representations of R, are
R™(9) = cap(—imo) (4.40)

labelled by m = 0, £1,£2,... and the angle ¢. These are also the eigen-
functions of the infinitesimal operator .J, with eigenvalues m, as may be
easily verified.

It is clear that representation R7(a, ¢) is reducible under the group R,
and by choosing the z-axis along a, it may be decomposed as

Rl(a,¢) = RJ(0)® R (9) ... @ RL(9)

= Y eRrM9)

m=—j
Thus the character is given by

m=j

X'(9) = ) exp(—img)

m=—j
sin (7 +1/2)¢
sin ¢/2
which is easily obtained from the geometric series formula S, =

St tar® = a(l —r™)/(1 —7) with n = (25 + 1), a = exp(ijo),
and 7 = exp(i¢).

(4.41)
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4.10 The Vector-Coupling Theorem

The direct product of two irreducible representations of I3 referring to the
same rotation ¢ about a given axis a is given by

R (a,0) @ R*(a,¢) = 3 @c; R (a, ) (4.42)

To figure out the coefficient c; we use the fact that the character of a direct
product representation is the product of the characters of the individual
representations:

X', o) (a,0) = > @ (a¢)
J
The left hand side is given by

o Ji J2 ‘ '
XJ1XJ2 — Z Z 6—1m1¢6—%m2¢
mi1=—j1 mo=—j2

= [Urti)e | iUt 4y i)

[t | ilitia=2¢ o 4 p=ilii+ia=1)9]

[ei(jl—j2)¢ + etl1=72=1)¢ N e—i(j1—j2)¢]
— Xj1+j2 + le+j2—1 4+ ...+ le—jZ

assuming that j; > j» without loss of generality. Therefore j; — jo becomes
|71 — 72| in the general case. Comparison with the previous equation shows
that ¢; = 1 for j = j1 + jo, j1+J2— 1, ... +[j1 — jo| which yields the
vector-coupling theorem:

Ji+j2
R'(a,¢) ® R2(a,¢) = >  @R(a,¢) (4.43)

J=lj1—jz2|

The rotation group is called simply reducible because m., = 1.
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4.11 Clebsch-Gordan Coefficients

As discussed in section 3.11, a product of two states M;lwﬁ% transforming
according to the product representation 7172 of the rotation group may
be expanded as follows:

W(my,mo) = il 2 =>" W Cif(mi, my)
JM

where the C's are the Clebsch-Gordan coefficients which form a matrix
that brings the product representation 27172 into the block diagonal form
(section 3.4, Theorem 3):

J1 J2
Rm’lml Rm’sz
J1+j2

= > > Cin(my,my) Ry Cif (my,ma)  (4.44)

J=|j1—ja2| MM’

This expansion is known as the Clebsch-Gordan series. No additional label
is needed in C' because the rotation group is simply reducible. We have
dropped the dependence on j; and js for clarity. We may also write, using
the unitarity of C'

\If& == Z C’j\]/[(ml, m2)¢(m1, mg) (445)
Thus
C3y(m1,ma) = ((my,my), U) (4.46)

Since the new functions \111{4 are orthonormal, we have

Y- |G (my,mo) P =1 (4.47)

mi1ma2

By applying .J. to both sides of Eq. (4.45), it follows that C;(m1,ms) = 0
unless m = my + mso and from the vector-coupling theorem we also have
171 — J2| < J < ji + Jo

M =mqy+my or

) . i ) 4.48
l71 = do| < J < j1+ Jo ( )

Cy(my,my) =0 unless {
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With the Condon and Shortley phase convention

j+¢£n = Aj,+m¢7];1+1
j—qu)in = Aﬁ—m@bi‘nfl

where

A =G —m)G+m+1), A=A sy =0 (4.49)

the Clebsch-Gordan coefficients become real.
The Clebsch-Gordan coefficients for fixed j; and j; and a chosen j can

be calculated from recursion relations obtained by applying J_ and J+ to
both sides of Eq. ( 4.45):

AV,
Z 01{4(72'17 n2) [ Aj1,—n1w(n1 - 17 712) + Ajz,—nzl/)<nlan2 - 1) ]

ning

Agem Wi
Y Cirlny,no) [ Ay pmy (1 + 1,19) + Ajy ynyth(na,ng +1) ]

ninz

Taking the dot product with t(mq,ms) and setting M — M + 1 and
M — M — 1 in the first and second equation above we get the recursion
relations:

AsimCu(mi,ma) = Aj o, Crra(ma + 1,my)

+ Ajytme Crra(ma, mo + 1) (4.50)
Aj—mCu(mi,ma) = Ajy —p Crr—a(ma — 1,mo)

+ Ajy o, Cya(my,my — 1) (4.51)

To simplify the notation, we have dropped the superscript J since it is
fixed. There is an ambiguity in the sign and this is fixed by choosing the
convention that

Cy(j1,J —71) >0 (4.52)
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As an example we evaluate the Clebsch-Gordan coefficients for a given
jo = 1/2 which gives possible values of J = j; — 1/2, j; + 1/2. To
simplify the notation further, we drop the second argument in C' since
it can be obtained by substracting the first argument from the subscript.
We consider the case J = j; — 1/2. With my = £1/2 we get from the
recursion relations

AsuCu(M =1/2) = Aj 17200 (M +1/2)
Aji1Crupr(M +1/2) = Aj 120 (M —1/2)
Ajy 120041 (M +1/2)
gt Cor (M =1/2) = Ay a1 joCar(M +1/2)
Ay —12Cu (M —1/2)
AponiCot(M 4 1/2) = Ay _ar1jsCrra (M — 1/2)

+

+

These are four linear equations with four unknowns but since the equations
are homogeneous, the solutions can only be expressed as ratios. However,
the additional condition in Eq. ( 4.47) determines the absolute magnitudes
and condition 4.52 fixes the sign. Similarly we can generate the recursion
relations for J = j; + 1/2. The solutions in complete notation are

< £ M+ 1/2
CHEV20M —1/2,1/2) = 4|22 T2/
v /2,1/2) T
4 M+ 1/2
Cdljil/2 M+1 2,-1/2) = ‘71:!:—
SR =B

The Clebsch-Gordan coefficients can be also calculated by using the
projection operator:

= A= I

K#J K#J

[ J?— K(K +1) ] (453)

JJ+1) - K(K+1)

which when applied to ,,, », will annihilate all components except
Ci(my, me) VY, where M = my + may:

pmel,mz = C]‘\]/[(mth)\IjX/[

= C’JL\]/I (mllv m/2) CJ{I (mlv m2) = (¢m§,mg7 pJ¢m1,m2)
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We evaluate Pyt m,, using the identity J2 = J_J, + J.(J. + 1):

Plpmim, = [J(J+1)— K(K +1)]"
X [ { AjhmlAjh—ml—l + Aj27m2Aj2,—m2—1
+M(M +1) — K(K +1) } ¥(mq, ms)
+Aj1,m1Aj2,—m2w(m1 +1,my — 1)
+ Ay my Ay —my (M1 — 1,mg + 1) ]

= [JJ+1) - K(K+1)]!
x [ { Ur=m)(+m+1) + (j2 —ma)(ja + ma + 1)
+M(M+1) — K(K +1) } ¥(mq,mg)
+\/]1 m1)(j1 +mi + 1) (j2 + m2)(j2 — ma + 1)
x(my +1,mg — 1)
+ /(o — ma) (ja +ma + 1) (j1 +ma) (1 —my + 1)
xtp(my —1,mg +1) |

We evaluate the previous example using the projection operator
method. Consider the case J = j; —1/2, my = —1/2 = my = M +1/2.
We have P/ = PJH/2 since there are only two possible values of
K =j,£1/2. Thus,

O 12, -1/2)f
= (M +1/2,-1/2), PLLR0(M +1/2,-1/2)
n+M+1/2
251 +1
Using the sign convention in ( 4.52) we get

- M+ 1/2
CUTVAM 412, -1/2) = [ 2

because it must be positive when M = j; — 1/2. We also have
CITVH(M = 1/2,1/2) CITYA(M +1/2,-1/2)
V0 + M +1/2) (i — M +1/2)
—(21+1)
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so that

h—M+1/2

CHTVA(M —1/2,1/2 = —
m( /2,1/ 51

in agreement with the previous results.

The general formula for the Clebsch-Gordan coefficients has been eval-
uated by Wigner (Gruppentheorie, Vieweg-Verlag, Brunswick, 1931 or in
the translated version, Group Theory, Academic Press, New York, 1959).
Wigner's closed expression is

CHr(m1,ma) = Satmy 4my V2J + 1
(J +j1 = 32)!(J = jr + 32)!(Gr + G2 — I)IJ + M)Y(J — M)!
(1 + g2 +J + DG — ma)! (1 + ma)! (G — ma)! (G2 + mo)!
X Y (—1)rtseima (2 +J +mu — V)1 —my +v)!
” v! (J—p+p—v)IJ+M-v)(v+j—js— M)
(4.54)

Racah (G. Racah, Phys. Rev. 62, 438 (1942)) derived a more symmetrical
form:
C}\]/[(ml, mg) = 5M,m1+m2\/ 2J +1

(g1 + 72— DT + 51 — j2)U(J + 32 — 51)!
(j1 + jo + J + 1)

<=

x /it + ma) Gy — ma)! (o + ma)l(Gz — ma)!(J + M)I(J — M)!
L 1

i\

v {(jl +j2 = J = v)!(j1 — m1 — v)!(ja + my — v)!

1
X(J—j2+m1+V)!(J—j1—m2+1/)!}
(4.55)

The most frequently used Clebsch-Gordan coefficients are tabulated in
many books on atomic physics.
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4.12 Spherical Harmonics

We wish to find explicit basis functions for the irreducible representations of
the rotation group. To do this, we need to know the form of the infinitesi-
mal operators in function space. We form an operator representation of the
group elements, R — T(R) and study its effect on an arbitrary function
(x,y,z). First we consider a small rotation about the z-axis:

~

T(R(ya)v(z,y,2) = (R '(yz)(z,y,2))
= Yz +yy,y — 7z, 2)

[1 + (yﬁax — x;y)] U(7,y,2)

The same procedure can be applied to the x- and y-axes. The infinitesimal
operators in function space are therefore

Y 0
- (0 0
s (0 0

These are identical to the angular momentum operators in quantum me-
chanics.

The procedure for constructing the irreducible representations of Rj
tells us that we should start with an eigenfunction of J. and J? and then
we apply the ladder operators repeatedly in order to span the irreducible
subspace corresponding to a set of degenerate eigenvectors of J2. The sim-
plest function, other than a constant, that one can think of is x — iy which
is an eigenfunction of J. with eigenvalue —1 and it is also an eigenfunction
of J2. Furthermore,

J_ = (J,—iJ,)(x—iy) =0

which implies that (z — gy) has the smallest value of m among the degen-
erate eigenfunctions of J2. To generate the irreducible subspace, we apply



88 CHAPTER 4. LIE GROUPS

the operator .J, repeatedly on (x —iy) until it vanishes:

Jo(x —iy) = 2z
Jiz = —(z+1iy)
Ji(z+iy) = 0

(x—iy), z, and —(z+iy) thus form an irreducible subspace with eigenvalues
of J, equal to m = —1,0, 1 respectively. We immediately recognise that
this set corresponds to the j = 1 representation with eigenvalue of J? equal
to j(j+1) = 2, as may be easily verified. These functions are proportional
to the spherical harmonics for [ = 1. Since r? = 2% + y2 + 22 is invariant
under rotation, we may choose r = 1. In polar coordinates, we then have
z=cos 0, y=sinbsin ¢, and r = sin 0 cos ¢, so that

Vi = =& (w+iy) = —\/& sinfe?

1 _ 3 _ 3

Y, = i 2 = i cos 0
1 3 (0 _ 3 o —i¢

Y, = o (x—1y) = /g sinbe

which are the spherical harmonics V! for [ = 1. The normalisation con-
stants are determined by integrating the square of each function over the
solid angle and requiring the integral to be unity. Higher [ spherical har-
monics may be generated in the same fashion by applying the operator
j+ on (x — iy)! repeatedly and normalising the resulting functions as just
mentioned above. There is an ambiguity in the sign. As a convention, the
spherical harmonics are defined such that

c V@D 241

= — iy)’ 4.
-1 QZZ' A7 (SC Zy) ( 59)

which fixes the sign.

The spherical harmonics for each [ form an irreducible subspace under
rotation and therefore provide an irreducible representation of the rotation
group R3. Under rotation, the spherical harmonics transform among them-
selves with the same [. Two spherical harmonics with different [ values will
never transform to each other under rotation because they belong to two
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distinct irreducibe subspaces of the rotation group. This means that we can
decompose an arbitrary function f(r,,¢) into the irreducible subspaces
formed by the spherical harmonics as follows:

7"9¢ Zflm ¢)

From the definition of the spherical harmonics it is easy to show that:

20 + 1

Yo(0.6) = /= —0mo (4.60)
20+ 1

V0.0 =\ 2L Beos ) (461)

The last equation may be thought of as the definition of the Legendre
polynomials.

We can now derive some useful identities but first we write down the
transformation of spherical harmonics under an arbitrary rotation R in the
following way:

T(R)YL(0,0) =Y. (0, ¢ Zyl (4.62)
or
Vi0.6) = 3 R VL6 (4.63)
m'=—1
where R! , is the irreducible representation of a rotation R in the spher-

ical harmonics basis. We take the point of view that (6,¢) and (¢, ¢)
correspond to the same physical point, i.e. it is the coordinate system
which is rotated. Considering a point (6,¢) = (0., ¢.) on the rotated z
axis corresponding to ¢’ = 0 we get

4m .

It follows immediately by substituting this into Eq. ( 4.62) for m = 0 that

Am ! ; e

m=—1

Yz)l(gla ¢/) =



90 CHAPTER 4. LIE GROUPS

By Eq. ( 4.61) we get the addition theorem

uv

Py(cos §') = A1

0., 6:)Y,(0, ¢) (4.66)

For the special case of # = 0, and ¢ = ¢. we have ' = 0 so that

d 20+ 1
1% ! _
Z Ym (97¢)Ym<97¢) - 47T

m=-—I

Thus the quantity on the left hand side is invariant under rotation since
the (6, ¢) is arbitrary.

A product of two spherical harmonics transforms according to the direct
product representation which is in general reducible. Using Eq. ( 4.64) in
Eq. ( 4.44) we obtain

L=|l1—Iy
x CE(0,0)CL (my, ma) Y5 ((6, ¢)
(4.67)

hitlo J (20 + 1) (2l + 1)
|

where M = mj;+msy. From this we can evaluate the frequently encountered
integral of three spherical harmonics:

. 2 +1)(2, + 1
/dQ Yirvhyl = « 147T(2)L(+21) )COL(O,O)CMmbmz)

(4.68)



Chapter 5

Atomic Physics

The Hamiltonian H of an atom in the absence of external fields is given by

H= DMt = Z/ril +1/23 i + 30 E(ra)li - sy (5.1)

1#] )

It is useful to break up H as follows:

H = Hy+ H, + H, (5.2)
where
Hy = > ho(r;) = D [t = Z/ri+ Vegy(ri)] (5.3)
H = 12/2§ 1/ . Z Vers(r:) (5.4)
H, = ;g(;)li .S (5.5)

Ver s is a spherically symmetric single-particle potential. The reason for the
above division of H is that Hy is a single-particle operator which can be
solved easily. By choosing Vs appropriately, H, may be made small so
that it can be treated as a perturbation. H, is usually small and can also
be treated as a perturbation and we assume that H, << H.

The objective of the present chapter is to set up the Hamiltonian ma-
trix and exploit the symmetry properties of the Hamiltonian by means of
group theory in order to simplify our task. We consider the terms in the
Hamiltonian one by one starting with H,.

91
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5.1 H,

Hy has two kinds of symmetry. It is invariant under permutations of the
electron coordinates (indistinguishability) and under separate rotations of
the electron coordinates. The eigenfunctions of Hy must therefore form
basis functions for the irreducible representations of the permutation and
rotation groups. For a permutation group of N elements, there is always a
one-dimensional irreducible representation whose basis functions are totally
anti-symmetric, meaning that the functions change sign whenever two co-
ordinates are interchanged. It does not follow from group theory that the
eigenfunctions of the Hamiltonian should be totally anti-symmetric but for
fermions, these are the only ones found in nature (Pauli principle). These
anti-symmetric functions can be written most conveniently as Slater de-
terminants which are linear combinations of [T; ¢;(r;), where ;lowi = €1,
with the coordinates permuted:

=
—
—~
[S—Y
~—
<=
[\
—~
[S—Y
~— —
<
N
—~
—_
~— —

W2, )= | (5.6)
0i(Z) a(Z) ... vz(Z)
We have labeled the coordinates r; by ¢ for simplicity. Take for example
the simplest non-trivial case of two electrons. The Slater determinant is

1
75 [11(092(2) =1 (2)ea(D)]

which changes sign when the coordinates or the quantum labels 1 and 2
are interchanged Moreover, it becomes zero when the coordinates or the
quantum labels 1 = 2, which is a general property of a determinant that
it is zero whenever two rows or columns are the same. This is simply the
Pauli exclusion principle. Since Hy is a sum of single-particle operators, its
solution is just a single Slater determinant. From now on we assume that
basis functions needed to set up the secular equation for H must be Slater
determinants.
We now consider the rotational symmetry which implies that

\1112(1, 2) -
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It follows that
[ﬁoaﬁx] = VLO’ Ey] = [ﬁoa ZA-JZ] = [ﬁ0’£2] =0

and the eigenstates of ho may be chosen to be simultaneous eigenstates
of L? and L,. Each energy level of ho is (20 + 1) degenerate since the
irreducible representations of Rj are labelled by R' with dimensions (2(+1).
Neglecting spin, the eigenstates must have the following form:

Vi (1) = unl<7")Ynlz(97 )

where Y is an eigenfunction of L, and L2. Operating ho on Ynim Shows
that w,,;(r) must be a solution to the radial Schrodinger equation corre-
sponding to ho, which is a familiar result.

We now take into account spin and label the spin states by x.,. (o)
where the spin coordinate o can only take two discrete values o = +1:

X-l—(l) =1, X-l—(_l) =0, X—(l) =0, X—(_l) =1,

Physical observation shows that the spin behaves like angular momentum
so that

T(R) X, () = 3= X (7) T, (R)

The spin states form a basis for the two dimensional irreducible representa-
tion of R3 corresponding to j = 1/2. The eigenstate of kg including spin
is

Yutim, (€, ) = (1) Y, (0, 9) X, (0)

To summarise, the eigenfunctions of H, are simply single Slater deter-
minants with the orbitals given by the eigenfunctions of ho. In determining
the eigenstates of (FIO + ]:Il) we will use these eigenfunctions as basis
functions.

5.2 ﬁo—f-]:[l

We now consider (Hy+ H) which is invariant under simultaneous rotations
of the position coordinates of the electrons. It is also implicitly invariant
under simultaneous rotations in the spin coordinates. Although (H, +
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ﬁl) has no explicit spin dependence, it is assumed that each electron
carries a spin and the spin dependence enters implicitly through the Pauli
principle. The degenerate eigenfunctions of (H, + H;) must therefore
form an invariant subspace under simultaneous rotations of the space or
spin coordinates.

The infinitesimal operators for the simultaneous rotations in space or
spin coordinates are given by the sum of the infinitesimal operators corre-
sponding to each electron coordinate. Thus

where ﬁz(z) acts on the coordinate r;. Similarly for the infinitesimal op-
erators in the spin space S, S*y, and S,. These six infinitesimal operators
correspond to a direct product RY ®RS since the orbital and spin operators
commute. (Hy+ H;) commutes with L,, Ly, L., and L? and with the spin
counterpart. As before we may choose the eigenfunctions of (HO + Hl) to
be simultaneous eigenfunctions of L. and L? and of S, and S2. (Ho—i-Hl)
no longer commutes with the angular momentum or spin operators of each
electron. The eigenfunctions of Hy are still eigenfunctions of L, and S,
but not of L2 or 52

5.2.1 Configuration and Term

In atoms, we need only consider the valence electrons because the electrons
forming a closed shell act effectively like a spherically symmetric potential
which can be combined with V.;s. We define a configuration by a sym-
bol such as s'p' meaning that there is one electron in an s-shell and one
electron in a p-shell. Thus the superscript indicates the number of elec-
trons. We use the spectroscopic notations s, p,d, f,... corresponding to
[=0,1,2,3,... respectively.

When there are more than one electron, the representation for simul-
taneous rotations of the electron coordinates is given by a direct product
of each rotation. According to the vector-coupling theorem, the direct
product representation is in general reducible. Since (Ho + f[l) com-
mute with rotation operators in space and spin coordinates separately,
the energy levels of (]:IO + f[l) can be labelled with L and S and each
energy level is (2L 4 1)(2S + 1) degenerate. The corresponding states
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are conventionally written as 2*!L and they are called "term” (multi-
plet). To illustrate the concept of term, consider two p electrons. Ac-
cording to the vector-coupling theorem, the irreducible representations for
simultaneous rotations of the two electron space coordinates correspond to
L=10+l,li+l—1,...,|li—1] =2,1,0since l; =l = 1. Similarly, the
irreducible representations for simultaneous rotations of the two electron
spin coordinates correspond to S = 1,0 since s; = sy = 1/2. The possible
terms are then given by 2D, 3P, 35, 1D 1P 1S. Some of these terms
may not be allowed by the Pauli exclusion principle when the two electrons
are equivalent as we shall see below.

5.2.2 Ladder Operator Method

As just discussed above, the eigenfunctions of H, are still eigenfunctions
of L, and S, but not of L2 or S%. However, we know that we can al-
ways generate an invariant subspace by applying the symmetry operators
repeatedly on an arbitrary function in that subspace. If we know one of the
eigenfunctions of L? and S? then we can construct the other degenerate
eigenfunctions by using the ladder operators. Let us illustrate this method
by considering a specific example since the generalisation to an arbitrary
case is quite clear.

Consider a configuration p* and let us use the notation | + 11)| — 17)
to represent a Slater determinant where one electron has m; = +1 and
ms = +1/2 and the other electron has m; = —1 and m, = —1/2. my
and my are respectively the eigenvalues of L, and S, of the individual elec-
trons. Let us list the possible Slater determinants corresponding to this
configuration starting with the largest possible value of My = Y, my(i).
We note also that the two electrons are equivalent because they occupy
the same p shell. There are (2 x 3)!/2!(2 x 3 — 2)! = 15 possible ways of
placing two identical electrons in a p-shell:
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My | Mg
Uy =[17)]17) 21 0
Uy = [17)]0T) 1 1
Uy =[17)]07) 1{ 0
Uy =|[17)]0T) 1| 0
U5 = |17)[07) 1 -1
U= [17)] —17) 0| 1
U7 =[17)]-17) 0 0
b= -1 | 0] o
Wy = 1) — 17) 0| -1
W9 =[07)[07) 0 0
Uy =1[0F) —17F) -1 1
Uy =[0%)]—17) -1 0
Uy =[07) —17) -1/ 0
\1’14 == |0_>| - 1_> —1 —1
Uyy=|—1")—-17) | =2 0

We keep in mind that W, is a Slater determinant so that e.g. |17)|17) =
—|17)|1T). It is natural when using the ladder operator method to start
from a Slater determinant with the largest values of M, and/or Mg since
it is more likely that it is an eigenstate of L2 and/or S2. W, has the largest
value of M}, and it is the only one. Moreover, it has Mg = 0 and therefore
it must be an eigenfunction belonging to singlet 'D. We check that it is
an eigenfunction of L2 and 52

ZA-J+\IJ1 =
LV, =

L2y, =
£2\I/1 -

g+\yl ==
qujl =
S2, =

L (1) +L+( NM+1[+17) =0

[

(L.(1) + L.(2)| + 1) +17)
(1+1D]+17+17)

20,

47,

60,

[:+(1)+§’+( N +15)+17) =0
[S.(1) + S.(2)]] +1T)]+17) =0
0
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We generate the invariant subspace formed by the degenerate eigenfunc-
tions of L? corresponding to the term ' D:

LW, = [L.()+L_(2]+15)]+17)

= A+ DA —-1+D)0")+17)
+/(L+ 11— 1+ 1)+ 1H)07)

= V2(U5 — Uy)

We continue applying the lowering operator:

~

L_(U5—0,) = V220,04 Uy — W)
Lo(2U1+ W7 — W) = 3v2(Vyy — Uy)
L (U —TUy) = 2¢/20y
L Uy = 0

The functions Wy, (U3 — Wy), (U; — Wg +2Wyg), (V1o — ¥y3), and Uy5
are degenerate eigenfunctions of L? and 52 corresponding to the term ' D.

W, must be an eigenfunction belonging to P because it is the only one
with M; = 1 and Mg = 1 and the term 3D does not exist. We operate
S_ on U, to obtain the triplets with M = 1.

~

S0, = S_|1H)]0F)
= [17)[07) +[17)|07)

= U+ Y5
S_(U,+0Uy) = 20,
S’,\Ifg, = O

Operating L on W, yields a state | + 17)| 4+ 1) which is forbidden
by the Pauli exclusion principle. This state would be allowed if the two
electrons occupied different p shells. We operate L_ on Uy and then use
S_ to generate the triplets with M = 0:

LU, = V2V,

S Ug = Ug+ Uy
S_(Ug+T;) = 20y

S Wy = 0
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Continuing along the same fashion we generate the triplets with M =
-1

L W = V2V,

S Wy = U+ Up,
g—(\l’ls + W) = 20y

S Uy, =0

We have generated 14 eigenfunctions. The only one left must belong
to the term 1S. There are three Slater determinants, ¥,, Wg, U;,, with
M, = 0and Mg = 0. We have already found two eigenfunctions W;—Wg+
2W,o and U7+ Uy belonging to ' D and 2P respectively. The eigenfunction
belonging to 1S must be ¥, —Wg— W since it is orthogonal to the previous
two eigenfunctions.

Below we summarise our results, where the eigenfunctions have been
normalised:

Term | My | Mg | Eigenfunction
'D 2 0] v,y
1| 0] (Ws5—Wy)/V2
0 0| (U7 — Wg+2Uy0) /6
0| (T — Wyy)/V2
-2 0| Uys
3p 1 1|9,
0| (34 0y)/V2
-1 | Uy
0 1| U
0| (V7 + Vg)/V2
-1 Uy
-1 1|9,
0| (Vo + ‘1’13)/\/5
g 0 0 (\117—\118—\1110)/\/3

The method that we have used to construct the eigenfunctions of L?
and S? and hence of (Hy + H;) is systematic but it becomes tedious as
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the number of Slater determinants increases. We discuss below a different
method which is more suitable for the latter case.

5.2.3 Projection Operator Method

Let us illustrate the method by using the example we have just considered.
Each of the Slater determinant W, W,,... must be a linear combination
of eigenfunctions belonging to D, 2P, and 1S. It is best to start with a
Slater determinant with M; = 0 and Mg = 0 since it is contained in all
the terms. Let us take W7 and suppose that we are interested in finding
the component of !D. We first project out the component of 3P out of
V- and then we project out the comoponent of 1S:

=11+ 1] ¥ = 20y
(L2 =000+ 1) Wiy = 20+ V7 — Vg

This is proportional to the eigenfunction of D with M} = 0 and Mg = 0
which is in agreement with the result obtained by using the ladder operator
method.

We can arrive at the same result if we first find the eigenfunction of S2
with S = 0 by projecting out the component with S = 1:

(2 —1(1+1)]T; = ;4 Ug—20;
= Uy— Ty

Thus (g — W) is an eigenfunction of 52 corresponding to S = 0 (singlet).
Now we project out the component of 1S. It is not necessary to project
out the component of 3P because (Ug — Uy) is a singlet and therefore it
cannot contain eigenfunctions of 3P.

[L* =000+ 1)](Us — ;) = 2(=Ty+ Tg) — 2(Tyo + T7)
= —2(U; — Ug + 2Uy)

which is proportional to the previous result.

From a given Slater determinant, the projection operator method allows
us to arrive at a particular eigenfunction of a term by projecting out all the
other terms one by one.
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5.2.4 Term Energies

In this section we discuss the calculations of term energies. To calculate
the term energies, we need matrix elements of the type

(Ui Ho + Hy|W;)
It is convenient to calculate them in the occupation number representation
in which (Hy + H,) is given by
- ~ S U
Ho+ Hi = ¢(ilholj)a; + 3 > i (ig|olklaay, (5.7)
ij ijkl
where
Gilholi) = 8(sivs) [l i (Dho(Des(1), 1=1y

P (D)7 (2)e(1)4(2)
12|

Gilolkl) = O(si,s1)0(s;,51) / d1d2

¢ = dI and a; = éj are creation and annihilation operators respectively

which obey the commutation relations
(¢, 6]+ =0, [as,a5]+ =0, [6,a;]4 = b (5.8)

We write the Slater determinants W; in the occupation number repre-
sentation and order the single-particle states v); as follows

|1+, 1_, 0+, O_, —1+, —1_> - 61+ 617 60+ 607 é_1+ 6_17|O>

where |0) is a state with no electrons in the p shell. We note that for
fermions the ordering of the states is very important. Thus we have

\Ifl == 61+ 617‘0>

\112 = él+ éo+|0>

11115 = é,1+ 6717|0>
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The matrix elements of H; between W = ¢,,|0) and ¥’ = &,&,|0) will
be of the following form:

(U|H W) = 72 i7|01kl) (0|aga,Ci¢;a1a5c,¢5]0)

z]kl
= (pql|o|rs) — (pq|v|sr)

The first term is the direct term and the second term is the so called
exchange term.

The matrix elements of Hy between ¥ = ¢,¢,/0) and U’ = &,&,|0) are
quite simple:

(WHo[PY = 3" (ilho|5){0|agancia;énés|0)
ij

= [{plholp) + (alhola)](Sprdys — Gpsbar)

We have made use of the fact that 1); are eigenfunctions of ho so that
(i|ho|j) = 05 Hy is diagonal because the Slater determinants are eigen-
functions of Hy and they are degenerate. Therefore H, only contributes
the same constant term to all the terms.

We must also evaluate the integral (pq|v|rs) before we can calculate the
term energies. To do this, we use the multipole expansion of the Coulomb
potential: z

1 4
o g Ta e (YA (5.9)
where r~ and r_ are the greater and the smaller of 1 and r5. We recall
that ¥; = ¢;(r)Y,L (2) where ¢;(r) is the solution to the radial Schrodinger
equation.

(V1a|0|hsthy) = /d37“1 dgrzzii@ (11) b1, (12) 1, (1) D1, (72)
- 20+ 1 Tl>+1 1 2 3 4
X /dQlyﬁf(Ql)eril*(Ql)Yﬁfg(Ql)
x [ AV (02 ()Y (02)

The integrals over three spherical harmonics are given by Eq. ( 4.68) and
the Clebsch-Gordan coefficients are tabulated extensively in many books
on atomic physics.
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Let us calculate the energy of the term 1 D. Since all the eigenfunctions
of 1D are degenerate we can take the state Uy:

(U1 |Hi|[W1) = (pq|dlrs) — (pg|d|sr)
_ 3 3 am Tl< 2 2
= [dndn Y g st
X /dQlYﬁ(Ql)}f*(Ql)Yf(Ql)
x [ Y ()Y ()Y ()

The second term (exchange term) vanishes because of the orthogonality of
the spin states.

5.3 H=Hy,+ H, + H,

Finally we include the spin-orbit term H, which is invariant under simulta-
neous rotations in space and spin coordinates. This implies

[ﬁajx] = [Hajy] = [ﬁvjz] = [[:sz] =0

where

~

Jo = S [La(i) + S.(3)] ete.

2

H does not commute with f/z or SZ and the group is now reduced to Rj3.
This means that the (2L + 1)(2S + 1) degeneracy of each term will be in
general split and each energy level of H is now (2J + 1) degenerate with
J=L+S,L+S—1,...,|L— S| which follows from the vector-coupling
rule R @ RS = Eﬁifhs‘ R’. The J dependence of the splitting for given
L, S may be evaluated by using the Wigner-Eckart theorem. We assume
that Hy is small enough so that it causes no mixing between the different
terms. Let v ), be an eigenstate of J? which is also an eigenstate of L2
and 52 since it is formed as a linear combination of the eigenstates of a
given term. We have

Ay = (?/JJM,Zf(Ti)li'Si Yim)

= AWy, L-S ¥yun)
_ ;A[J(J+1)—L(L+1)—S(S+1)]
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The second step follows from the fact that L - S = 1/2(.J2 — L? — §?)
transforms exactly like 3>, £(r;)];-s; and the fact that Rj is simply reducible
i.,e. m = 1 in the Wigner-Eckart theorem. The actual magnitude of the
splitting depends on the details of the wavefunctions which are contained

in A.
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Chapter 6

The Group SUj: Isospin

It is found experimentally that the strong nuclear force that binds nucleons
(protons and neutrons) is the same within 1 % between proton-proton,
proton-neutron and neutron-neutron. We may regard a proton and a neu-
tron as two different states of a nucleon. The Hamiltonian describing the
nucleus is invariant under the interchange of proton and neutron states.
This symmetry is called isospin. The group corresponding to isospin is
called SU,, which is homomorphic with the rotation group R3 and the
mathematical description is identical to that of the spin 1/2. This means
that the results we have derived for the group R3 may be readily used here.

6.1 The Group SU,

A 2 x 2 unitary matrix has four independent parameters and it may be
written as

U = exp(if) (3 ?)

Since UUT = 1, we have mod(det U) = 1 and we may choose ad— 3y = 1.
A little algebra shows that 6 = a* and v = —3* so that

v =eap(io) (% 1)

105
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The set of matrices U with 6 = 0 and determinant = 1 form a subgroup
of Uy, called SU; (special unitary). Thus, SU, is a group with elements

v=(% 1) (6.1)
and the condition |a|? + |3|* = 1. We should note that these matrices are
themselves the elements of the group SU, and they may be regarded as
representations of rotation operators in a two-dimensional Hilbert space.
Since U are unitary, the corresponding infinitesimal matrices must be
skew Hermitian which can be made Hermitian by including the factor ¢:

=0 1) = 0) =0 5) =6 )

Since the determinant of SUs is +1, its infinitesimal matrices must have
zero trace and the unit matrix is therefore excluded. The remaining three
matrices are just the Pauli spin matrices which are also the infinitesimal
matrices of the rotation group Rj corresponding to j = 1/2. However,
the relationship between the two group elements of SU, and Rj is not
necessarily one-to-one (isomorphic).

Physically, we may generate the group SU, by considering two nucleon
states,

Ip) = c;10), In) = c;10)

corresponding to proton and neutron. The bilinear products of the annihi-
lation and creation operators that conserve particle number are

+ + + +
CpCpy CpCny CpCny CpCp

We define a new set of operators

— .+ +
B = c o+ cen
-+
T+ = Cp Cp,
T = cie

1 A 1

A + +.) —
T, = i(cpcp—cncn)—Q—§B

which have the following Lie algebra

A A A

[Bv%-i-] = [Ba%—] = [B77A_z] =0
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[To, o] =70y [T, 7] =72, [T, 7] =27,

The operator B may be interpreted as the Baryon number operator and
it is an invariant reflecting the conservation of Baryon number. The three
operators 7, 7_, and 7, form a Lie algebra by themselves and it is identical
to the Lie algebra of the rotation group R3. The two dimensional repre-
sentations of these operators are obtained by evaluating matrix elements
such as (7, )12 = (p|c caln) = 1 and this gives:
. 1 , 1
B=1r1. = 5(% +i0y), T_ = 5(% —ioy), T, = 50>
In physical applications, it is usually the Lie algebra which is important
rather than the Lie group. Two different Lie groups may have the same
Lie algebra. As we have seen, the rotation group Rj3 is not the same as
the group SU; although they have the same Lie algebra.

6.2 Relationship between SU; and Rj3

To relate the elements of R3 to those of SU; we consider explicitly the
two-dimensional representation of R3 corresponding to j = 1/2. A rotation
about an axis a by an angle ¢ is represented by

D'*(a,¢) = exp(a - X) (6.2)

with X = —io/2. The anti-commutation relations of the infinitesimal
matrices X are given by

1

which implies

1 1
ij i

sine a is a unit vector. We can now easily work out the representation
matrix D'/?(a, ¢)

D'*(a,¢) = exp(pa-X)
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= 1+¢>(é-X)+;qbQ(é-X)QnLé¢3(é-X)3+214¢4(é-X)4+...

= 1+;¢2(5~X)2+2Z¢4(5~X)4+...
+(a-X)[o + égb?’(é X)L ]
1 1
= 1- 5(¢/2)2 + Z(¢/2)4 + ...

+2(a- X)[¢/2 — ‘;(¢/2)3 + ..
= cos ¢/2+2(a-X)sin ¢/2

_ [(cos /2 —iaysin ¢/2 —(a, + tay)sin ¢/2
N ( (a, —iaz)sin ¢/2  cos ¢/2 + ia,sin ¢/2>

These matrices are the matrices of SU, in Eq. ( 6.1) if we make the
identification o = cos ¢/2 —ia,sin ¢/2 and § = —(a, +ia,)sin ¢/2 with
0 < ¢ < 27 and a pointing in all possible directions. The representation
D2 for the rotation group is however double-valued because there are two
matrices corresponding to the same rotation. This can be seen by noting
that, to produce all rotations, the angle ¢ need only cover either 0 to T,
or m to 27 since

R<aa ¢) = R(_a7 _¢) = R(_a7 2 — ¢)

The D'/? representations corresponding to this same physical rotation are
different because

DY?(—a, 2w — ¢) = —DY?*(a, ¢)

The relationship between SU, and Rj3 is thus homomorphic because there
are two distinct SU, matrices corresponding to the same physical rotation.
The representation D'/ for the rotation group can be made single-valued
by extending the physical rotation angle artificially to 47 (similar to Rie-
mannian sheets in complex plane). A rotation R(a, 27 + ¢) is regarded
as a new rotation different from R(a, ¢) whereas R(a, 41 + ¢) = R(a, ¢)
since D'/?(a, 47 4+ ¢) = D'?(a,¢). A rotation such as R(—a,2r — ¢)
is to be regarded as equivalent to a rotation R(a,2m + ¢) because
R(—a, 27 — ¢) = R(a,—(2m — ¢)) = R(a, 47 — (2m — ¢)) = R(a, 27 + ¢).
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6.3 SU, in Nuclei

As we have discussed in the previous section, the infinitesimal operators
of the group SU; have the same commutation relations as those of the
rotation group Rj3. Since the irreducible representations of R3 were deduced
entirely from the commutation relations of the infinitesimal operators, it
follows that we have the same irreducible representations in SU; which we
may label with DT, T'=0,1/2,1,3/2..., as in R3. T is called the isospin,
similar to L for angular momentum in R3.

We recall that when a Hamiltonian is invariant under Rj3, the eigen-
functions transforming according to the irreducible representations D’ are
degenerate labelled by the z components of angular momentum M; =
L,L—1,...,—L. Similarly, when a Hamiltonian is invariant under SUs,
the degenerate eigenfunctions tranforming according to the irreducible rep-
resentation D7 will have z-components of isospin My =T,T—1,...,-T.
These multiplets are interpreted as different possible states of nuclei. For
example, the two-dimensional space of proton and neutron, |p) and |n),
tranforms according to D'/? and consequently the eigenfunctions of a sin-
gle nucleon will have My = 1/2,—1/2. Conventionally, M = 1/2 corre-
sponds to |p) and My = —1/2 to |n).

Physically, the operator Q= %B—FTZ is regarded as a charge operator.
A given nucleus with a fixed neutron number N and proton number Z
corresponds to a state with My = (Z — N)/2 since (Q) = Z. This
state may correspond to a state with 7' = |Z — N|/2 or higher. It is found
experimentally that the ground state of a nucleus has the minimum value of
the total isospin T whereas in an atom, the ground state has the maximum
value of the total spin S (Hund's rule). This is because the forces between
the nucleons are attractive whereas the forces between the electrons are
repulsive. The physical interpretation of this result is that a nucleus with
a fixed mass number A = N + Z can exist in different nucleon states with
z-components of isospin My = (Z — N)/2, where Z and N may take any
values constrained by the mass number. For a given nucleus with fixed N
and 7, states with My = (Z — N)/2 but T > |Z — N|/2 correspond to
excited states.

For the general case of several nucleons, we consider simultaneous SU,
transformation in every nucleon. To find the irreducible representations of
two nucleons, we use the same vector-coupling theory as in the angular
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momentum theory:
T +T>

D" @D"™ = > @D"
Ty —T2|
which may be extended to an arbitrary number of nucleons.

As a first example, we consider two nucleons. From the vector-coupling
theory, we have states with 7' = 1 and 7" = 0. The ground state will
correspond to a singlet with 7" = 0 and the excited states to a triplet with
T =1 with My = 1,0,—1. To work out these states, let us write down
explicitly the four vectors that form the space of two nucleons:

1) = |pip2) 12) = [pina) [3) = [nip2) [4) = [ning)

The vectors |1) and |4) have My = 1 and —1 respectively and therefore
belong to T' = 1 states. To find the other states, we apply the lowering
operator

T =i_(1)+i_(2)

on the vector |1) which conserves the value of T" but lowers the value of
My by one:

T_[1) = |nips) + |pine)
2) + [3)

The resulting vector has My = 0 and we conclude that the 7" = 1 states
must be

1), 1/v2(12) +13)), 14)
The remaining vector
1/v2(|2) - 13))

must have 7' = 0 as may be checked by considering

T%(2) = I3)) = (T3T- + 12 = T.)(Jmups) — Ipins))
~ 0

Another example of isospin labelling is provided by nuclei with A = 13.
The lowest value of 7' = 1/2 must be given by the nuclei with Z = 6, N =
7, My = —1/2 (C'3) and Z =7, N =6, My = 1/2 (N'3). Since
A = 13is odd, it is not possible to have states with 7" = 1. The next higher
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states must be formed by the nuclei with Z =5, N =8, Mp = —3/2
and Z =8, N =5, My = 3/2 corresponding to T' = 3/2. The remaining
two states with My = +1/2 must correspond to excited states of C'® and
N1,

6.4 Tensor Operators

Tensor operators are irreducible sets of operators associated in particular
with the rotation group R3. The general definition of an irreducible set of
operators {O%} is

~ ~

T(G)OSTH(G) =Y OpT(G)
k

In Lie groups, T(a) =1+>, aqu for small a so that

T(@0rT @) = (143 a,X)08 (1 =Y aX,)

= O? + Z aq[Xqv OAza]
q

Since
ZOng(a) = ZO,‘: [5;“» + Zaq(X:;)ki]
k k q

we have

(X, 00 =Y Of (X (6.4)
k

which is the equivalent definition of irreducible set of operators in Lie
groups.

The relations defining tensor operators associated with the rotation
group are

11,00 = SO, i) =m0,

e, 00] = SO0, (0, Judd) = \/(j £m + 1)(j Fm)Ol,y
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7 is called the rank of the tensor and the number of operators in a set is
(2j4+1) withm = —j,—j+1,...,j. For example, the angular momentum
operators themselves form a tensor operator of rank 1 (vector operator):

Ol = —JjN3, Ol = J.. OL, = J /3



Chapter 7

The Point Groups

7.1 Crystal Symmetry

A lattice is defined by three linearly independent vectors a;, a, and aj
and a crystal is a regular array of lattices such that it is invariant under
translations t = nja; + nga, + nzas. Apart from translations, there are
also symmetry operations which are performed with a point fixed (origin)
and which form a point group. The fundamental covering operations of
point groups are

1. Rotations about axes through the origin.
2. Inversion

The complete set of symmetry operations including translations is called
the space group.

7.2 Schoenflies Notation

There are several notations used in describing point groups. We follow the
notation due to Schoenflies.

E = identity
C,, = rotation through 27 /n.
o = reflection in a plane.

113
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o, = reflection in the plane through the origin and perpendicular to the
axis of highest rotation symmetry.

o, = reflection in the plane through the axis of highest rotation symmetry.
oq = reflection in the plane through the axis of highest rotation symmetry
and bisecting the angle between the two-fold axes perpendicular to the
symmetry axis. This is a special kind of o,.

S,, = improper rotation through 27 /n. An improper rotation is a rotation
followed by a reflection in a plane perpendicular to the axis of rotation.

1 = Sy = inversion.

7.3 Commuting Operations

We list pairs of operations which commute. They are useful for working
out group multiplication tables.

1. Two rotations about the same axis.
2. Two reflections in perpendicular planes
3. Two rotations by 7 about perpendicular axes.

4. A rotation and a reflection in a plane perpendicular to the axis of
rotation

5. The inversion and any rotation or reflection

The following rules are useful in determining the complete symmetry of
the problem.

1. The intersection of two reflection planes is a symmetry axis. The
axis is n—fold if the angle between the planes is 7/n. If a reflection
plane contains an n—fold axis, there must be n — 1 other reflection
planes at angles of 7/n.

2. If two 2—fold axes make an angle 7/n, then there must be a per-
pendicular n—fold axis. A two-fold axis and an n—fold axis implies
the existence of n — 1 additional two-fold axes separated by angles
of m/n.
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3. Any two of the following: an even-fold axis, a reflection plane per-
pendicular to it, and an inversion centre implies the existence of the
other.

7.4 Enumeration of Point Groups
The point groups may be divided into two categories:

1. Simple rotation groups which have one symmetry axis of highest
symmetry.

2. Higher symmetry groups which have no unique axis of highest sym-
metry, but which have more than one n—fold axis where n > 2.

It is convenient to visualise the point group operations by means of
stereographic projections as shown in Figure 7.1. These are formed by
projecting on to the XY plane a general point on a unit sphere which is
subjected to the symmetry operations. The labels +/o mean that the
point is above/below the plane respectively. The n-fold rotation axes are
indicated by the symbols at the centre of the circle. Solid radial lines
indicate vertical reflection planes and dashed radial lines indicate rotation
axes. Horizontal reflection planes are indicated by unit circles with solid
lines rather than broken lines.

There are thirty two point groups and we list them in order of increasing
complexity.

Simple rotation groups:

C,, ® These are groups of rotations about n—fold axes. They are cyclic
groups of order n. It can be shown that n can only be 1, 2, 3, 4, and
6. Other rotations are not consistent with translational symmetry. The
groups are therefore C, Cy, C3, Cy, and Cy.

Proof: If t is a translational vector and t' = Rt, then the translational
vector t' — t must be perpendicular to the rotation axis. Let s be the
shortest translational vector perpendicular to the axis of rotation. Apply-
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ing C,, on s generates a new vector s’ and we must have
|s" —s| =2ssin/n>s

since s is defined to be the smallest translational vector perpendicular to
the axis of rotation. It follows immediately that n < 6 and geometrical
consideration shows that n = 5 is not possible.

Chn ® These groups have a oy, reflection plane in addition to the C),
axis. When n is even, the group includes the inversion element so that
Conn = Co, @ I. The groups are Cyp,, Cop, = Co @ I, C3p, Cyp, = Cy ® 1,
and O6h :CG®I

Chw ® These groups have a o, reflection plane in addition to the C), axis.
According to rule 1 there must also be n reflection planes separated by an

angle 7/n around the C,, axis. (1, is identical to C,. The groups are
OQU, C3U, 041,, and 0671-

So, ® These groups have an 2n-fold axis for improper rotations and each
has C,, as a subgroup. The groups are S;, Sy, and Sg = C3 ® I.

D,, e These groups have n two-fold axes perpendicular to the C), axis.
The groups are Dy, D3, Dy, Dg.

D, e Each of these groups has D, as a subgroup and in addition it
contains the horizontal reflection plane ;. Since o, commutes with rota-
tions, D,;, = D,, ® I.

D,,q ® Each of these groups has D,, as a subgroup and in addition it con-
tains diagonal reflection planes o, bisecting the angles between the twofold
axes perpendicular to the principal rotation axis. The groups are Dy; and
Dsg.

Higher symmetry groups:
T e This group consists of 12 proper rotations that take a regular tetrahe-

dron into itself. This is shown in Figure 7.2. The elements are E/, 3 C5's
about the X, Y, and Z axes and 8 Cj3's about the body diagonals which
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consist of two classes, clockwise and anticlockwise rotations by 27/3.

T, @ This group has T' as a subgroup and in addition it contains 6 diagonal
reflection planes o4 normal to a cube face and containing a tetrahedral
edge such as ac or ab. The presence of 6 ¢,'s implies the existence of 6
S4's about the X, Y and Z axes. The total number of elements is 24.

T}, e This group has T' as a subgroup and in addition it contains inver-
sionsothat 7, =T ® 1.

O e This is one of the most important point groups, shown in Figures
7.3a and 7.3b. This group consists of 24 proper rotations that take an
octahedron into itself. These are E, 8 ('3's about the body diagonals, 3
Cs'sand 6 C'y's about the X, Y, and Z axes, and 6 C5's about axes through
thr origin parallel to face diagonals. All the C3's are in the same class but
the two kinds of C'; operations form two distinct classes.

Oy, ® This group has O as a subgroup and in addition it contains inversion
sothat O, =0 ® I.

The following point groups are useful to know but they are not consis-
tent with translational symmetry because they contain fivefold axes.

Y e This group consists of 60 proper rotations that take an icosahedron
or a dodecahedron into itself. This is illustrated in Figures 7.4a and 7.4b.

Y}, @ This group has Y as a subgroup and in addition it contains inversion
sothat Y, =Y ® I.

We list also in Table 7.1 the classification of the 32 point groups according
to the crystal systems to which they belong. The unit cell required for
compatibility with the point-group symmtery is specified by three trans-
lations a, b, and c and three angles «, 3, and v as illustrated in Figure
7.5.
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7.5 Improper Point Groups

The product of two improper elements is a proper element since an improper
element has a determinant —1. It follows also that a product of a proper
and an improper element is an improper element. Let G be an improper
group. We may write

G=P+Q

wher P and () contain proper and improper elements respectively. Let ¢
be any improper element. Then from the rearrangement theorem we have

G=iP+iQ
and therefore iP = () and i() = P so that
G = P(1+1)
If i commutes with all elements in the group, then
G=P®I

where [ = (1,7). For example, i can be the inversion or horizontal reflec-
tion. If the inversion is not contained in the group, it is isomorphic with the
proper group G’ = P 4 i(). This isomorphism can be seen by noting that
1() cannot overlap with P since ¢ is not contained in G. Thus we associate
the element i@, of G’ with the element Q) of G while P is common to
both groups.

7.6 Double-Group Representations

We have seen that the half-integer representations of the rotation group R3
are double-valued. Each rotation is represented by two distinct matrices.
The half-integer representations arise for example when the basis functions
are the spin functions x,(m;) which give the representation D'/2.

Since point groups are subgroups of the rotations group, we also expect
to have double-valued representations when the basis functions transform
according to the half-integer representations, which are often the case in
physical applications.
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Consider a point group g consisiting of proper rotations and the corre-
sponding group G of matrices taken from the representation D'/?, say. G
contains twice as many elements as g does and the group G is called the
double group of g. The two groups G and g are homomorphic. To work
out the character table of the double group, we can proceed as usual but
the following rules simplify the procedure:

1. Let T(R) and T'(R) be two matrices of G representing the same
rotation R. T(R) = ET(R) where E is minus a unit matrix repre-
senting a rotation by 27 and E? = E represents a rotation by 4.
Evidently, £ commutes with all elements of the double group. The

characters of T'(R) and T'(R) must therefore have opposite sign:

except when R is a rotation by , in which case x(R) = x(R) = 0.

2. Neglecting for the moment the special case of rotation by m, it follows
that if a set of rotations R form a class of g, then the matrices T'(R)

and T'(R) form two classes of G, such that if T'(R) belongs to one

than T'(R) belongs to the other.

3. If R is rotation by 7, then T'(R) and T'(R) may or may not belong
to the same class. They belong to the same class if and only if the
axis of rotation is bilateral, i.e. there is an element that reverses
the direction of the axis. This is because for bilateral axis, R(+6)
belong to the same class so that in the double group R(w) and

R(—7n) = R(37), or T(R) and T'(R), belong to the same class.

As an example, we consider the double group of D3. The classes of
D3 are C,, C,, and C;. The classes of the double group can be worked
out by using the rules discussed above. € is in a class by itself because it
commutes with all elements. There is no bilateral axis so that the character
table is given by
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Ce
T | 1 1 1 1 1 1
T | 1 1 1 1| —1] —1
731 2 2 -1 —1 0 0
T4 1 | —1 1| -1 1 —1
70| 1 | -1 1] =1 —i i
T | 2 | =2| —1 1 0 0

The first three are the single-valued representations of D3 and the last three
are the new representations arising from the double group. The characters
x(Cy) can be obtained by observing that d? = € so that x?(C,) = —1 and
therefore \(C,) = 4. The rest of the table can be filled in by using the
orthogonality between the characters.

E commutes with all elements and E* = E so that (E, E) form a
subgroup. The double group, however, is not a direct product of this
subgroup and the original group because from the point of view of the
double group, the original group ¢ is no longer a group.

As a simple example of physical applications of the double groups we
consider an atom with three s-electrons. The product of three spin func-
tions tranform according to the product representation D'/? @ D'/? @
D'Y? = D32 @ 2D'Y?. Let us suppose that we break the rotational sym-
metry by putting the atom in a potential with D3 symmetry. The product
functions transform according to the double group of D3 and not accord-
ing to the group Ds. The representations D3/? and D'/? may be reduced
by using the usual formula x = 3, m, X" where  labels the irreducible
representations of the double group.

7.7 Space Group

The space group, which is the full symmetry of a crystal, contains
translational-symmetry operators, rotational-symmetry operators from the
point group, and the combinations of the two. The elements of the space
group are conventionally represented by { R|t} meaning

{R|t}r = Rr + t (7.1)
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The multiplication rule for the elements of the space group is

{RItH Rt r = {R[t} (R +t)
= R(Rr+t)+t
= {RR'|Rt' +t}r (7.2)

If {R'|t'} = {R|t} ! then {RR/|Rt' + t} = {E|0} so that

R=R"' t=-R'% (7.3)
Thus the inverse element is

{RIt} " ={R"'| - Rt} (7.4)

We have already shown in example 1 (3.14) that the eigenfunctions
of a Hamiltonian with a lattice translational symmetry must obey Bloch
theorem:

V(v + t) = Kby (1) (7.5)

Functions having this property are called Bloch functions. This means that
we can write

Yy (r) = uk(r)eik'r (7.6)

where U 1s periodic, i.e.

up (r +1t) = up(r)

We consider here only simple space groups (symmorphic). By this we
mean that all the point group elements are members of the space group or
in other words, the point group is a subgroup of the space group. This is
not true in general.

The form of the Bloch functions explicitly takes into account the lattice
translational symmetry. Now we consider the effects of the point group
operations on these functions.

T(R)y(r) = T(Ryuy(r)eXT
R—lr)eikR_lI‘
Rlp)etRkT (7.7)

I
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The function uy (R~ 'r) is also periodic because
u (R (r+t) =y (R 'r +t') = up (R 'r)

where t' = R™!t is just another translational vector.

If we apply all the point-group operations on a wave vector k we obtain
what is called the star of k. If k lies on a symmetry point, some of the
operations will take k into itself. These operations that take k into itself
clearly form a subgroup because RiRsok = Rsk = k where R Ry = Rs.
This subgroup is called the group of the wave vector. Under the operations
of this group, we have

TRy (r) = up (R'r)eKT (7.8)

Thus we see that {uy (R~ 'r) transform among themselves under the group
of k according to an irreducible representation of the group which is called
the small representation.

The eigenfunctions of the Hamiltonian of a crystal are then specified
by two quantities: the k vector (Bloch theorem) and the irreducible repre-
sentation of the group of k.

Formally, we have (in atomic units h = m =e = 1)

V)| vy = By (79)

Using the Bloch form, we get
1 .
—5 {V2 + 2tk -V — ]{32} Ul = Ekuk (710)
which may be rewritten
1
{—QVQ + V(I‘) +k- p:| Uk = Ei{uk (7.11)

where ' = E — k?/2. This equation shows the significance of the group
of k. We can think of the last term as a perturbation which breaks the
symmetry of the lattice potential V (r).

Consider first the case of k = 0. Then u will transform according to
an irreducible representation of the full point group. The degeneracy at this
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point is given by the dimension of the irreducible representation as usual.
Let us now consider the case k # 0 with the corresponding k vector group
which is a subgroup of the full point group. In this case, the degenerate
states at k = 0 still form an invariant subspace for the subgroup but they
are in general reducible. We expect that the degeneracy will be split. In
this way we can figure out the degeneracies at any k point. As a simple
example, consider a two dimensional crystal with a square primitive lattice.
The reciprocal space is also a square. Let us assume that the point group is
Dy. If we take a point along the z-axis, then the k vector group is (e, a,)
(using the same notation as in the exercise). This is an Abelian group
and the irreducible representations are one dimensional. Thus the states at
this point cannot be degenerate. If we consider the point k = 0, we might
have states which are doubly degenerate because there is a two dimensional
irreducible representation of D,. Along the z-axis, these degenerate states
will in general be split.
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Chapter 8

The Group SU;

8.1 Infinitesimal Operators and Lie Alge-
bra

The group SUjs is an extension of the group SU;. We derive the Lie
algebra from a physical point of view by considering three states which
may be associated with the proton, neutron and lambda particle states:

p) = ¢ 10}, [n) = c;710), [A) = ¢x[0)

The bilinear products of annihilation and creation operators that conserve
particle number are:

+ + +
CpCpy  CpCny  CACA,
+ + +

CpCny  CpCA,  CACp,

+ + +
CpCAy  CpCpy  CACh

These operators form a Lie algebra. We define a new set of infinitesimal
operators as follows:

B =cc,+ ¢l e+ ciea,

- 1
Tz — 5(0;’;61) - C:’L_Cn)7
1

e

+ + +
§(CP Cp+ €y — 2CxCn),

125
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oo ot Tt 7t
Ty =c e, Up=cyen,  Vi=cpo,

T_=clep, U_-=cen, Vo=clea

We could have chosen

- 1 3~ 1.
U, = §(c:fcn —ciep) = ZY — §Tz (8.1)

o 1 3 1
V, = i(cj{c,\ —Cycp) = _ZY — §TZ (8.2)

instead of 7,. The operator B commutes with all other operators and
it may be interpreted as the (baryon) number operator. The rest of the
operators form a Lie algebra by themselves and there are at most two
operators that mutually commute, T, and Y, so that the corresponding
Lie group is of rank 2. The other operators Ti, Ui, and Vi are the ladder
operators, as the notation already suggests. Thus the desired Lie algebra
is

7.,Y] = 0 (8.3)
1., Js] = i;(SéjT—l)ji (8.4)
Y, Je| = (0w =) Js (8.5)

where J = T,U,V. The Lie algebras for U and V' can be obtained from
Egs. ( 8.1), ( 8.2), (1 8.3), ( 8.4) and ( 8.5). In additions, we have
commutation relations among the ladder operators which are useful for
generating the multiplets:

{j:t,j:/':} = 26JJ/jZ (86)
{Ti,ffi} = +Vi and eyclic permutations (8.7)

We observe also that
[, Jo =+Jy,  [Jy,J ] =2J. (8.8)

which is the Lie algebra of SU,.
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The representation of the infinitesimal operators in the three dimen-
sional space of |p), |n), and |A) is given by

5 0 0 : 0 0
T.=|10 —3 0] Y=]|0 3 0
0 0 0 0 0 -2
010 0 0 0
T.,=|0 0 0| T-=[|10 0
0 0 0 0 0 0
00 0 00 0
Us=[0 0 1| U-=[0 0 0
00 0 010
00 0 00 1
Vi=|0 0 0 Vo=]0 0 0
100 000

These are in fact the generators of the group SUs.

8.2 Subgroups

Knowledge of the subgroups is useful for working out the multiplet struc-
ture. Eq. ( 8.8) shows that there are three SU, subgroups. Visa generator
of an Abelian group as indicated by the diagonal form of Y, just like T,
is a generator of an Abelian group Rs. The generators (?,TZ, Ti) form a
direct product group SU; ® U, since Y commutes with 7, and T%. The
Abelian group U; can be shown to be isomorphic with the group R,. There
are other subgroups but they are not important for the purpose of working
out the multiplet structure.

8.3 Multiplet Structure

There are two mutually commuting operators, T, and Y, so that a multiplet
may be labelled by two numbers related to the eigenvalues of two Casimir
operators. Each state in a multiplet may be labelled by the eigenvalues
of Tz and Y. However, due to the presence of SU; subgroups, the states
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may be degenerate and additional labels are required to distinguish these
degenerate states. Thus the states in a given multiplet can be written as

w(MTa Y7 OZ)

where My and Y are the eigenvalues of T, and Y respectively and « is
a set of additional labels required to distinguish states with the same My
and Y. Since Y corresponds to an Abelian group, its representation is one
dimensional and uniquely labelled by Y. The label M7 on the other hand
may arise from several different values of T'. To label each state uniquely,
we may then choose oo = T'.

From Eq. ( 8.8), the operators (TZ,T+,T,) are the infinitesimal op-
erators of the group SU, and therefore M; takes the values M; =
0,£1/2,£1,.... Similarly for (UZ,U+,U_) and (172,\7+,V_). It fol-
lows from Eq. ( 8.1) or ( 8.2) that the eigenvalues of ¥ are ¥ =
0,+£1/3,£2/3,£1,.... Each state in a given multiplet may then be repre-
sented by a point in (Mr,Y)-plane as illustrated in Fig. (8.1), keeping in
mind that each point may represent more than one state. Each state is not
only an eigenstate of T, and Y but it is also an eigenstate of U, and V, as
follows from Eqs. ( 8.1) and ( 8.2) but 7}, U., and V. are interrelated so
that one of them determines the other two.

The ladder operators may be conveniently represented by arrows as
shown in Fig. (8.2). For example, Egs. ( 8.4) and ( 8.5) tell us that

V(M Y, T) =3 ¢(T") (Myp + ;,Y + 1,7

T/

To generate a multiplet, we use the same procedure as in the case of
the rotation group. We start from a state i) with the highest value of Y
and for this Y the highest value of My . Or alternatively, we could start
from the highest value of My and for this My the highest value of Y. The
first alternative implies:

Typ=Up =V =0

Although U_ increases Mr, U_ 1 is not necessarily zero because U_ lowers
the value of Y. The above equations imply that ¢ is an elgenfunctlon of
T2, U?, and V2 which may be verified by operating 72 = T_ T, + T2+ 1T,
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on 1, and similarly for U2 and V2. In other words it has definite T, U,
and V. Conventionally, v is labelled by two numbers A = 27" and p = 2U,
which implies from Eqs. ( 8.1) and ( 8.2) that A + u = 2V. Or

1 1 1

The two numbers \ and 1 may also be used to label the multiplet: DM
The state v has the following values of My and Y:

1 1
Mp=-)\ Y=-(\+2
T 27 3( +:u)

and let us denote the state by the point A = [, $(\ 4 2u)] as shown in
the Fig. (8.3). The steps to generate the multiplet is as follows:

1. We apply T_ repeatedly on Y (A) until we reach point F at which
T_4(F) = 0. The coordinate of point F is F' = [—3X, 5(A + 2p)]

2. We apply U_ repeatedly on 1(A) until we reach point B at which
U_1p(B) = 0. To figure out the coordinate of point B, we observe
that U_ increases My by 1/2 and decreases Y by 1 and U_ has been
applied 4 times from A to B. Thus B = [5(A+1), 3(A—p)]. There
cannot be states to the right of AB because from Eq. ( 8.6) we have
T,U™p = V_U™p = 0 Thus the states along AB still have definite

but different values of T" and V' and the same value of U.

3. The states along BC' can be obtained by applying V+ repeatedly on
¥ (B) or we can argue from symmetry that the states must be sym-
metrical about the diagonal bisecting AB. The rest of the hexagon
can be obtained by symmetry about the diagonal bisecting BC'. We
have shown that the states in a given multiplet must lie on or inside
a hexagon. In general, it can also be a triangle which is the case
when A = 0 or = 0. States on the outermost hexagon are unique
and they have definite 7, U, and V.

4. We can now generate states inside the hexagon and there may be
more than one independent state at each point. Consider the state
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labelled by point GG. There are three basic ways of reaching point G
from A which generate the states:

=T U ¢g=UT b ¢3=V,

The states ¢; and ¢ are linearly independent since T_ and U_ do
not commute but ¢3 is not independent of the other two because

[T—7 U—W = —V+¢ — @1 — P = —@3

The state ¢; has a definite 7 = 1(X + 1) and it is possible to form
a linear combination of ¢9 and ¢3 so that it has a definite 7"

Ty (2 + cbs) T U T+ T Vi
= UT T4+ (Vi Ty — U )b
= U_(T_T, +2T.)¢ — cU_v
= (A=U_¢

using the fact that T+¢ = 0. By choosing ¢ = A the linear combi-
nation ¢, = ¢ + A@3 has a definite T' = %(/\ — 1) since T ¢ = 0
and T,y = (A — 1)¢,. It is of course possible to choose the states

to have definite U or V. Applying T_ on (@) generate two sets of
states parallel to AF. Continuing along the same fashion, it is not
difficult to show that the next line parallel to AF' consists of three
sets of states with ' = $(A — 2), 1A, 2(A + 2). For example, the

state U2¢) has T = 1(A+2) while the state U_¢o has T = X since

T+U_952 = U_T+gz~52 = 0. The third state may be formed by a similar
linear combination as the one described above.

The multiplet structure consists of hexagons of decreasing size with
the degeneracy increased by one as we move inside. Eventually we
may arrive at a triangle instead of a hexagon at which stage the
degeneracy remains constant as we move further. The reason is that
with a triangle we cannot generate an new state such as qgg. This
implies that when A = 0 or x = 0 each point corresponds to one state
because we start with a triangle and no extra states are generated
as we move inside. This is illustrated by the representation D3° in
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Fig. (8.4) where the point O can be reached from A by V,T_1(A)
or T_V,1)(A) but [V, T_] = 0 so that the two paths are equivalent.
The multiplet structure also allows us to work out the dimension
of the irreducible representation. Thus the outermost hexagon
contributes 3(\ + () states and the next one inside contributes
2 x 3(A + p — 2) states and so on taking care of the special case of

a triangle. The general formula is given by

d(\, pu) = ;(A+1)(u+1)(>\+u+2) (8.10)

which is symmteric with respect to interchange of A and u. Given
a representation D it is straightforward to map the states in the
(My,Y)—plane. Starting from the point A = [A, 5(A + 2u)], we
form the line AF' by moving A steps along T_ and [t steps along U_.
The rest of the hexagon and the inner hexagons can be formed from
the rules discussed above.

8.4 Example

As an example, let us construct explicitly the multiplet D?! as shown in
Fig. (8.5). We start with the state

which has definite valuesof T'=1, U = % and V = % Applying T_ twice
generates

4 4
-1 —-1,-,1
¢<O7 37 )7 w( 7 37 )
Applying U_ on 1)(A) gives

9(B) =93, 2)

The T = % multiplet is generated by repeated applications of T_on W(B).
The T = 1 multiplet is generated from the linear combination

2
111 A N
¢(§7 3 5) =c(U-T- +2V,)y(A)
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The normalisation constant is obtained by requiring

e (072 + 2V ) (4), (0T + 2V, )i(4)) = 1

We have
(0T 9(A), UT(A) = (U(A), T.O0 T (4)
= (@A), T (00, + 207 p(4)
= 2p(A), T(T0 + ST (4))
= 2((A4), T,T_(4))

(O T9(A), Vig(4) = (9(4), TL0V,(4))

(Vip(A), Vi(A) = 3

Thus the normalisation constant is given by ¢ = 1/1/24. The states at C'
are given by

2 PN 2 A 111
w(07 _57 1) = Cleerw(B)a w<07 _57 O) = CQU7w<§7 gu 5)

The normalisation constants can be calculated in the same way as above.

8.5 Product Representations

In physical applications such as analysing the possible final states in a colli-
sion between two particles, we have to decompose product representations:

DMHL g Dr2kz — Z o) m}\uD)\M (8.11)
Ap

The general formula for the coefficients m,,, is complicated but it possible
to obtain them directly by the method of reduction. We illustrate this
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method by considering the product D' @ D', First we list all possible T'
and Y multiplets contained in D' and label them by (T,Y):

1 1

We form products of (T, Y)
T1+T5
(T, )@ (T, Ya) = ) @ (T,Y1+ 1Y)
T=|T,~Ts|

To determine T we have used the usual vector coupling theorem and to
determine Y we note that it represents an Abelian group so that the repre-
sentation is of the form exp(icY’) and therefore the product of two represen-
tations Y] and Y3 is explic(Y: + Y2)]. Forming all products and substract-
ing all possible representations contained in the product representation we
have:

_ 9 1 0 —1 —2
DT D[ T="10 2(3),4() 2.5(1),4(0) 2(5),4(3) 1,0
et — 51 2,1,0 53 1
- — 3731(%) (1), 3(0) %,33(%) 0
D = 0 ; 51 1 51
T 5 23(5) 3(1),3(0) 3(1§> 0
D = 51 1 51 0
oD T 2(1) 2(1),2(0) 2(3)
T= 0
oo — 0

The first row is a list of all possible Y that arise from the product rep-
resentation. The second row is a list of all possible 7" and the number
preceeding each bracket is the number of times the 7" multiplets arise for
a given Y. The product D' ® D' must contain a representation with
T = 1,Y = 2 which is the representation D?2. We substract the T values
of D?? listed in the third row from the product representation which yields
the fourth row. Following the same argument, there must be a represen-
tation with 7' = 0,Y = 2 which is the representation D%. We substract
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the T values of D% from the remaining 7"'s and continue along the same
fashion. Thus we conclude finally

Dll ® Dll — D22 D DO3 D D30 D 2D11 D DOO

8.6 SU; Multiplets and Hadrons

Hadrons are strongly interacting particles with decay time < 107® sec, ex-
cept proton and neutron. By strong we mean that the energy involved in a
reaction is of the order of MeV or greater. Apart from, mass, spin, charge,
and parity, hadrons may be assigned the following intrinsic quantities:

1. Isospin T": Among an isospin multiplet, hadrons have (almost) the
same masses. For example, proton and neutrons which correspond to
T = 1/2 or the three m-particles which correspond to 7' = 1. Strong
interactions are found to be invariant under isospin tranformation,
i.e. states in a given isospin multiplets transform among themselves
under isospin transformation such as transformation among (p,n) or
(r*, 77, 7°) (c.f. angular momentum states).

2. Hypercharge Y: The quantity Y in the group SUjs is related to the
charge and the z-component of isospin by

Y = Q(Q_MT)

This relation is a physical interpretation which does not follow from
group theory. It is known experimentally that the hypercharge is
conserved in strong interaction. Hadrons can be divided into baryons
with half-integer spins and mesons with integer spins, the former are
heavier than the latter.

3. Baryon number B: It is conserved in all reactions, including weak
ones. The assignment of baryon number if as follows: B = +1 for
baryons, B = —1 for anti-baryons, and B = 0 for mesons.

With the above assignments of intrinsic quantities, hadrons can be
beautifully classified according to SU; multiplets. Fig. (8.6) (figure 11.8 of
Elliot and Dawber) shows some of these classifications. The corresponding
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particles are listed in Table (8.1) (from table 11.1 of Elliot and Dawber).
The representation D' and D?3° consist of baryons with spin 1/2 and 3/2
respectively while the other D!! representation corresponds to the mesons.
Particles with short life-time, which arise as resonances in collisions, may
often be regarded as excited states of the more stable ones.

It has been suggested that baryons are composed of three more funda-
mental spin 1/2 particles known as quarks which are labelled by u, d, and
s. These three quarks are supposed to correspond to the representation
D' so that

1 1 1 2

T = — My = +— Y = +— —

u — 27 T +27 37 Q +3
1 1 1 1

d >T=- Mp=—= Y= —
- 27 T 2a +37 Q 3
2 1

T=0, My= 0, Y=-2 Q=-—-

s — ) T ) 37 Q 3

Since the largest spin is S = 3/2, it is then proposed that the baryons can
be constructed from the triple product

DIO ® DIO ® DIO — D30 D 2D11 oy DOO

A more complicated model involving nine quarks has also been proposed
which introduces, apart from spin, additional intrinsic properties known as
colours.

8.7 Casimir Operators

We have not made any explicit use of the Casimir operators in working out
the structure of the multiplets. To construct the second order Casimir op-
erator, it is possible to use the general formula derived before and a similar
formula for higher order Casimir operators can also be derived although
they become more complicated. For the group SUj there is a simple way
of working out the Casimir operators which is based on the observation
that the infinitesimal operators may be written in terms of the matrices

defined by:
j 1
(AD)wt = dirdj — 3010k (8.12)
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We have
T.=(A—-4)/2, Y=-45 T,=4] T =4
Uy =A5, U =435 Vy=A4; V. =4}
The commutation relations for the A7 are
[A], A}] = AL = 0u A,
It is then easy to show that the operators

Co =D A4, Cy= Z’;A;?Ang;;
1) )

commute with all of the infinitesimal operators. Instead of (5 it is more
convenient to define

3
Cy =Cs+ 502
so that
2
5

Cotp = 3A2+u2+Au)+2(A+u) Y

Chp = GO = A+t A+ A+3) Y

which may be easily verified by using the Lie algebra.



