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Preface

This book, the second in a two-part work, deals with topics that are essential for a
mastery of the quantum mechanics underlying the nuclear many-body problem.
These topics represent what can fairly be described as ‘an intermediate level view’,
and so we adopted this subtitle. There are also some more specialised topics that we
have selected because it is our opinion that they are important for handling the
emerging view of the quantum mechanics needed to understand nuclei.

We begin with a thorough treatment of angular momentum theory, handled in
three chapters. First, we present representations of rotations, angular momentum,
and spin. This is manifested in all of their popular guises; and in some less familiar
ones such as Bargmann representations. Implicit in our treatment is the need to
think in terms of representations that have a tensor structure: we note such structures
where they appear; but these structures play a much more important role than just
their manifestation in the handling of angular momentum and spin. We continue
with the details of the coupling of spins and angular momenta. The techniques are
fundamental to handling finite many-body quantum systems. The Clebsch—Gordan
coefficients that are encountered here are an essential topic that must be mastered by
a researcher in nuclear structure, whether theorist or experimentalist. We give a brief
introduction to ‘recoupling’ coefficients, 6-j and 9-j symbols. The manipulation of
recoupling is straightforward but takes practice to achieve mastery: that is left for
our more advanced reader to take up at a later stage in the series. We complete the
angular momentum topics with details of vector and tensor operators. This is also a
topic that must be mastered by the nuclear structure researcher, such that they have
a clear appreciation of the power of the Wigner—Eckart theorem.

The focus then turns to identical particles and the representation of many-body
states and operators. A heavy emphasis is placed on second quantization or the
occupation number representation. We pay particular attention to how this
language can be used to formulate solvable models of systems with correlations.
Such systems exhibit properties that lie completely outside of any classical
mechanical concepts. The quasi-spin formalism is a powerful language for the
description of many-fermion systems that form Cooper pairs and is developed in
detail. We also introduce the Lipkin model: this is a ‘toy’ model, i.e. it is not realised
in nature (it is too simple). But it is exactly solvable and so can be used to test many-
body approximation methods. Many-body approximations such as Hartree—Fock
theory will be handled later in the series.

We then turn to the role of group theory and of algebraic structures in quantum
mechanics. These two topics are closely related in quantum mechanics because of
the close relationship between Lie groups and Lie algebras. We give a basic
introduction to these topics, using what has been learned via angular momentum
theory. We particularly emphasize the role that groups and algebras play in
quantum mechanics, both as a way to a deeper understanding of the subject and
as a set of tools for formulating models. We provide an introduction to Young
diagrams and their manipulation. We take a few steps into the Cartan theory of Lie

1X
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algebras, sufficient to acquire a deeper appreciation for the mathematics behind their
application to quantum systems, especially ladder operators and spectrum generat-
ing algebras.

We complete the volume with standard treatments of perturbation theory, the
variational method, and a brief handling of the quantization of the electromagnetic
field and its interactions with matter.

We have aimed to focus on the quantum mechanics needed for taking up research
into the nuclear many-body problem, without going into the details of nuclear
modelling and approximation methods. These require familiarity with nuclear data
and transformation processes, which adds another ‘dimension’ to the path to
mastery of the subject. These steps will be taken later in the series.
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Kris Heyde and John L Wood

Chapter 1

Representation of rotations, angular momentum
and spin

The various representations of rotations in physical space, (3, R) and Hilbert space
(n, C) are developed in detail. This leads to an in-depth treatment of the represen-
tation of states of well-defined spin and angular momentum in quantum systems.
The peculiarities of the physics of spin-% systems (spinors) are outlined. The tensorial
character of representations is implicit in the treatment. The Schwinger and
Bargmann representations are introduced in some detail; and this leads to SU(2)
coherent states (which are important for more advanced group representation
theory).

Concepts: Euler angles; matrix representations; Pauli spin matrices; ket rotations;
SU(2) and SO(3) tensor representations; Schwinger representation; spherical har-
monics as Cartesian tensors; spin—% neutron interferometry; Bargmann space;
measure of a space; SU(2) coherent states; non-unitary representations.

Angular momentum and spin are dynamical variables that are fundamental to
finite systems in quantum mechanics, i.e. for molecules, atoms, nuclei and hadrons.
To fully handle the quantum mechanics of these systems, the mathematical
representation of rotations is fundamental. Some elements of these issues in quantum
mechanics are introduced in Volume 1. Namely, the concept of a group, the use of
matrices, the distinction between rotations in physical space, (3, R), and Hilbert
space is presented in chapter 10; and the basic quantization of spin and angular
momentum, using algebraic methods, is presented in chapter 11. Further, the facility
with which these methods reduce the solution of central force problems in quantum
mechanics to simple algebraic problems in terms of a single (radial) degree of
freedom is presented in chapter 12.

The mathematical representation of rotations is a rich paradigm for the whole of
quantum mechanics. In this chapter, a wide range of mathematical tools is
introduced. Matrix algebra and the algebra of polynomials in real and complex

doi:10.1088/978-0-7503-2171-6¢h1 1-1 © IOP Publishing Ltd 2020
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variables feature prominently. The peculiar physics of spin—% particles and spinors is
presented. But, the primary aim is to initiate a language that is suitable for the
theoretical formulation of finite many-body quantum systems. Group theory and
Lie algebras are implicit in the material presented in this chapter: the groups SO(2),
SO(3) and SU(2) feature prominently in their behind-the-scene role. The road into
many-body systems necessitates more complicated groups such as SU(3): some of
the material in this chapter is intended to ‘pave’ this road.

1.1 Rotations in (3, R)

One way to describe a rotation in (3, R) is in terms of rotation in a plane through a
specified angle'. This is defined in terms of an axis of rotation /4 and an angle ¢. The
axis 71 is perpendicular to the plane defined by the initial and final orientations of the
vectors IV, V': R(¢)V = V. The difficulty lies in ascertaining the direction of A.
Although this ‘axis-angle’ parameterisation or Darboux parameterisation is simple
in principle, it is difficult to use in practice.

The most widely used practical parameterisation of rotations in (3, R) is in terms
of Euler rotations. Consider a space-fixed coordinate frame Oxyz and a body-fixed
coordinate frame Oxjyz. The orientation of an object can be specified by the rotation
R that rotates the Oxyz frame into the Oxyz frame. This can be done in three steps
as illustrated in figure 1.1.

Figure 1.1 depicts the following:

R(a, p, v) = RAr) Ry(p) R(a). (1.1)

Note the order of the three rotations. The problem is that these three rotations are
about axes belonging to three different frames of reference. The three rotations on
the right-hand side of equation (1.1) can be restated in terms of a single frame of
reference using similarity transformations, specifically

R.(y) = Ry(B) R.(y) Ry'(B) (1.2)
and
Ry() = RA(a) Ry(p) R \(a). (1.3)
Thus,
1
R(at,B,7) = Ry(B) R:(7) Ry ABIRY(B) Re(a), (1.4)
R(aa /Ba }’) = RY('B) R;‘(Y) RZ_((Z); (15)

and, since R.(y) and R_(a) commute,

'It should be noted that rotations in (3, R) can be elegantly represented using quaternions. Use of quaternions
avoids gimbal lock; they are used for programming robots and computer games.
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Figure 1.1. The Euler angles (a, f, y) defined in terms of a three-step sequence of rotations that take an
intrinsic or body-fixed frame Oxyz into a space-fixed frame Oxyz. Note that the axes of rotation are: Oz; the
line of intersection of the Oxj and Oxy planes, OY; and Oz. In Step I, j rotates to Y and Z remains fixed; in
Step 11, Z rotates to z and Y remains fixed; in Step III, Y rotates to y and z remains fixed. Further, note that the
ranges of the angles are: 0 < a < 27, 0 < ff < 7, 0 < y < 2x. This results in an ambiguity for the rotation
f=0,(a, 0,7y)=(a,0,7)ifa+y=a + y thisis referred to as ‘gimbal lock’ (where ‘gimbal’ refers to the
rotation device or mechanical operator). This figure is adapted from that found on the Easyspin website.

R(aa ﬂa 7) = RY(:B) Rz(a) Rf(y)’ (16)

1
~.R(a,B,7) = Re(a) Ry(B) RZeR(ax) Re(y), (1.7)
S R(a, p,y) = R(a) R(p) RAy). (1.8)

Note the new order of the three rotations (cf. equation (1.1)).

1.2 Matrix representations of spin and angular momentum operators

3 .
PRIRERE

A S

The  matrix elements of J,J. in the {[jm); j=0, %, 1,
m=+j, +j — 1, ..., —j} basis are (cf. Volume 1, chapter 11):

(]/mlljzllm> = mfléjfjﬁm’m, (19)

G'm'\Llim) = JGF m)G £ m + 1) Ad; 8, mar. (1.10)

1-3
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Matrix elements of J, and J, follow from:

Jo= %(i L0, (L11)

n 1 4 N

J= L0 - b, (1.12)
2i

where, recall J, := J, + zJA} Thus, the matrix representations of J,, JA},, and J. in a
{|jm)} basis are:

0| 0 0 0
01
10 0
0vJ2 0
000(J2 0 V2 0
Jeol 0 V2 0 , (1.13)
2
0J30 0
0| 0 0 V3o 20
0 2 043
0 0J30
0| 0 0 0
01
0_10 0
0 V2 0
00 0 |=v2 0 V2 0
Jyo 0 —v2 0 : (1.14)
2i
0 J3 0 0
0l 0 0 -3 0 2 0
0 -2 0 3
0 0-J30
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0] 0 0 0
10
00_1 0
200
. 4|0 0 oo o 0
Jz<—>5 00-2 . (1.15)
300 0
010 0
0 0 0 00-10
000 -3

Note the ‘block-diagonal’ form of J, and fy These blocks correspond to

j=0, %, 1, %, .... The matrix representation of J. is diagonal with eigenvalues
0; %h, —%h; n, 0, —h; %h, %h, —%h, —%h; .... It is normal practice to reduce these

(infinite) matrices by breaking apart the blocks to give finite dimensional matrices.
Thus, e.g.
S

J =3
i(2) B0 1 i(3) R0 —i i(3) L R(1 0
= 2o = J2) o = : 1.16
< 2(1 o)’ y 2(1 0)’ 2 ‘_’2(0—1) (1.16)
j=1L
0 V2 0
~(1) h
Jx « — \/5 0 \/5 5
2
0 V2 0
o Al Y —2i 0 1.17
eS|z 0 V2l (1.17)
2
0 J2i 0
20 0
5 h
Jfl)eao 0 0|
00 -2
The terminology:
s, e, IBes (113

1-5



Quantum Mechanics for Nuclear Structure, Volume 2

—_ (01 (0 =i (1 0
a=(V3) o=("7) =) ") (1.19)

(cf. equation (1.16)), where oy, 0,, 0. are the Pauli spin matrices, is in common use.

1.3 The Pauli spin matrices

The Pauli spin matrices, oy, 0,, 0., possess a number of useful properties. We redefine
them by o}, or, a1, (j, k, ) = (x, y, z). Then

o;=0i=0f =1, (1.20)
oio) + ox0; = 0, forj # k, (1.21)
ie.
{0, o1} = 28, (1.22)
where ‘{, }’ is an anticommutator bracket (also written ‘[, ],’). Further,
loj, 0k] = 2igjni01, (1.23)
where
il = € = € = 1 el = € = €5 = — 1. (1.24)

From equations (1.22) and (1.23)

00 = —00; = I0]. (1.25)
Also,
o] = o, (1.26)
det(s)) = -1, (1.27)
tr(o;) = 0. (1.28)
For the three-dimensional Cartesian vector @, & - @ is a 2 X 2 matrix>:
G - d = 0ya, + 6,4, + o.a., (1.29)
- o a a; — iay

.0-d= ) . (1.30)

ag +ia, —a.

2The notation 3, i.e. (ox, oy, 0;), viewed as a vector when the components are matrices, needs to be adopted as
a powerful language. This will lead to the concept of vector operators in chapter 3; therein, the concept is
formally developed. (See also Volume 1, equation (7.72).)

1-6
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This leads to the important identity:

(G-a@)G-by=a-bl+i5-(@xDb). (1.31)
This can be obtained from equations (1.22) and (1.23):
@-2)G-5) = Yoa Do (132)
j k

e e T 1 1

S(@-a)e-b)= ZZ 5{6_/, okt + 5[0_/, o] |ab, (1.33)
j ok
~(G-a)G-b)= ZZ(% + igjor)aby, (1.34)
j ok

o (G-a)G-b)=ad-bl+i-(@xDb). (1.35)

(- a)? = |al*l, (1.36)

where |d| is the magnitude of the vector 4.

1.4 Matrix representations of rotations in ket space

We are now in a position to obtain matrix representations of rotation operators in
ket space. For a rotation about an axis 7/ through an angle ¢ (cf. Volume 1,
chapter 10),

D(R) = D(#, ¢) = exp{—iji;lﬁqﬁ}, (1.37)
the matrix elements of D(i, ¢) are
(jm'lexp {—zj _ ﬁ¢}vm> = DU, (#, ), (1.38)
where j/ = j is explicitly incorporated: this is because
J*D(R)|jm) = D(R)J*|jm), (1.39)
L JHDR)im)} = jG + DA {D(R)|jm)}, (1.40)

which follows from the general relationship [A, exp{4}] = 0. This is sensible
because rotations cannot change the length of a vector. Thus, the matrix represen-
tation of D(R) has the form:
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DOl 0 [0 0
o oG o] o
DRY<| o | o |DD| 0 (1.41)
3
ol o |ol|pB)

and we can discuss the DY) individually.
The Euler angle parameterisation leads to a simplification when one considers a
matrix representation:

: —ika i il
DY (@, B.y) = (m'le e r e n |jim); (1.42)
but,
—ifa .,
Um/leT‘ — <]-m/|e—lm a’ (143)
. L, _,‘jyﬁ
Dg1)/n1(a, ﬂ’ ]/) — e—l(m (t+m}/)0~mrleTI]~m>, (144)

i.e. only the ‘fy’ rotation is non-trivial. We define

j _ij,\ﬂ
d3),(B) = (jm'le n |jm). (1.45)
The DY), (R)'s (R = A, ¢ or a, f, y) are called Wigner functions. They tell us how

m'm

much of |jm) rotates into |jm’) under the action of R:

D(R)|jm) = Y |jm")(jm'|D(R)|jm), (1.46)

where the completeness relation has been used.
We are now in a position to obtain explicit matrix representations of D(R), the so-
called Wigner matrices:
DO: This is trivial. It is the 1 x 1 matrix (1).
DG): This is a 2 X 2 matrix and can be evaluated from the properties of the Pauli
spin matrices. Consider

on 5.0
2/ .
DA, ¢) = expd =i - " :exp{—i" 2”‘/’} (1.47)
Then, expanding the exponential:
Do s b o (V. an i (DY au
p3)a, ¢)_1—150-n—5(5) @ - ) +§(E G- A + . (148)

1-8
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But, from equation (1.36),

G- =1, m even, (1.49)
(6 -A)" =(o-h), m odd, (1.50)
(). s (oY ~ )P L(¢Y
- D), ¢) = 1 cos % _ i3 fisin % (1.52)
Explicitly,
| cos ¢ _ in. sin 4 (—=in, — ny)sin 4
~oBa gy =| 2 2 2 (1.53)
(—in, + ny)sing cos % + in. sin %

for an axis-angle parameterisation.
For an Euler angle parameterisation

D, . ) = DD p o), (1.54)
then using equation (1.52):
X _ia cosé —siné iy
D )a, g, ) = (6 : 0] 2 }2 [6 2 ?y], (1.55)
0 e2)lsin 4 cos PNo o
2
(1) e‘@ cos ﬁ —e” i(az_” sin g
D Na, B, y) = -  f ) 5 | (1.56)

e 2 sin— e 2 CoS—
2 2

Note that DG, ¢) and DGXa, f, y) fulfil the unitary unimodular or special
unitary form ( ab* b*), cf. Volume 1, equation (10.42), and herein
—-b* a
section 5.10.2.
DO : This is a 3 X 3 matrix. It can be evaluated using a series expansion if we use
its Euler angle parameterisation. From

Dy)ula. B.y) = e dL (). (1.57)
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expanding the exponential in dV:

A1
i\

e n =1-

1 B2 ()2
2!fz2(Jy ) *

i B0\

This is greatly simplified by the following identity

(jy“’)3 (o =2 0o
So=g|V2i 0 —V2iflV2i
0 J2i 0 0
0 —2i 0
x|V2i 0 =V2il
0 J2i 0
(.7},“)3 (o -vzi o
A =gV 0 =20
0 J2i 0
(jy“))3 (o -4z
- P 3 42i 0
0 4V2i
(‘i}(,l))3 j(l)
»n

Then, equation (1.58) reduces to

-J2i 0
0 —2i
2i 0

2 0 -2
0 4 0
-2 0 2

0
—42i|,
0

~(1)

2
IJJ(,»U/)' A j i3 (J, ) 'y
[ :]+L_iﬂ+£+... +}—i
n 3! n? 2!
5 5(D)?
LA g (1) 1
.e” =1 - — + 1.
e h P sin f3 o (cosp—1)
Thus,
l(1 + cos p) _—lsinﬂ l(1 — cos ff)
2 J2 2
1 -1
dV(p) =] —=sin cos — sin
) 7 p p N p
%(1 — cosf) % sin %(1 + cos f)

1-10
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(1.59)

(1.60)

(1.61)

(1.62)

(1.63)

(1.64)

(1.65)
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To evaluate D7, ¢) and DA, ¢p) or DV)a, B, y) with j > 1, we must develop the
theory of tensor bases of representation in ket space.

1.5 Tensor representations for SU(2)
Consider the general SU(2) transformation (cf. Volume 1, chapter 10)

(4 2= () (166

where the 2 X 2 matrix may, for example, have the form given by equation (1.53) or
equation (1.56). Then, defining
ql = ulza 512 = \/51411/{2, q3 = u323 (167)

under the transformation, equation (1.66), we obtain

g/ = W'y = (au + bup)> = a’u® + 2abuu, + bu3, (1.68)
g = dq + N2abg, + bg; (1.69)
and similarly,
q, = -2 ab*q, + (aa*—bb*)q, + V2 bag,, (1.70)
4i = (b")q; — N2ab*q, + (a*)qy; (1.71)

whence

a> N R A
—V2ab* (aa*—bb*) 2ba* [%] =1q, | (1.72)
(b*)2 _ \/Ea*b* (a*)z q3 q3

This is still a representation of an SU(2) transformation: there are no new
parameters. However, it is a 3 X 3 matrix representation of SU(2). From the
Euler angle parameterisation, equation (1.56),

a= exp{—@} cos g, b= —exp{—@} sin g; (1.73)

and substitution of these values of @ and b into the matrix in equation (1.72) will
yield DN (a, B, y), the f-dependent part of which is given by equation (1.65).
The process can be iterated by defining

pl = u13’ p2 = ﬁulzuz, p3 = \/guluzz, p4 = u23’ (174)

which will yield a 4 x 4 matrix representation of SU(2), i.e. an expression for DG)(R).
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Expressions for DV(a, S, y) can be obtained by this process, for any j, together
with the values of @ and b given in equation (1.73). Likewise, DV)#, ¢) can be
obtained using (cf. equation (1.53))

o . P

a = cos 37" in, sin Ex b = (—in, — ny)sin %, (1.75)

where, recall, the constraint n? + ny2 + n? =1 ensures that (n,, ny, n., ¢) corre-
sponds to three free parameters. To reiterate: SU(2) is a three-parameter group.
The representation associated with the two-component spinor (i, u,) is called the
fundamental representation. The representation associated with the three-component
entity (g, ¢,, ¢;) 1s a rank-2 SU(2) tensor, i.e. it is constituted from quadratic

combinations of the fundamental representation. In turn, (p,, p,, p;, p,) is a rank-3
SU(2) tensor.

1.6 Tensor representations for SO(3)

Consider the general SO(3) transformation of the vector V¥
Vi= DRV, (1.76)

where the V; are the Cartesian components of the vector and the R;/; are the elements
of the 3 x 3 matrix R that effects the orthogonal transformation. This can be

generalised to
zzle i Rk kT 1/k B (177)

where the Ty... are the Cartesian components of a tensor, the rank of which is equal
to the number of indices and the R;/; are, as before, elements of the 3 X 3 matrix R.
Details are clarified in the following.

The simplest Cartesian tensor is of rank 2 and is often called a dyad or dyadic. It is
formed from two Cartesian vectors, e.g.

U= (U, Uy, Uy), V=W, W 1), (1.78)

T, = UV, (1.79)

iV,

of which there are nine components. Thus,
= D 2Ry Ty, (1.80)
i

where the T}; are the nine components of the dyadic and the R;;R;,; are the elements
of the 9 X 9 matrix that effects the underlying transformation. We note that there are
still only three parameters involved in describing this (SO(3)) transformation.
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The nine components of T are reducible, i.e. they can be expressed as linear
combinations that form subsets which transform among themselves under rotations.

They are:
Ui+ BVt Uls=TU-V =T,
1
E(UZV3 - U3V2) = Ay,
1
5(U3V1 - UlVE) = A,
1
E(UIVZ - Ule) = As,
1.e.
1
E(UIV_/ = UV) = Aregpe.
Further,
1
E(Ule + V) = S,
1
§(U2V3 + Ushs) = Sy,
1
§(U3V1 + UW;) = S5,
UW - 7= 5,
3
WL - %T: S22,
1.e.

1 1

The combination Us1; — %T is excluded because

1 1 1
UV — =T ==tV = =T |+ | s - =T|}.
3V3 3 {(11 3) (22 3 )}

(1.81)

(1.82)

(1.83)

(1.84)

(1.85)

(1.86)

(1.87)

(1.88)

(1.89)

(1.90)

(1.91)

(1.92)

T is a scalar product which is invariant under rotations. The A4, are the three
independent components of an antisymmetric tensor: by antisymmetric we mean
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that they change sign under exchange of the indices. The S; are the five independent
components of a traceless second-rank tensor. The trace, Z;Sﬁ is evidently zero
from equation (1.92). Note that

1% uv, — UV, uv.+ UV, T.-V
gy, = LV s U= OG0 (U Oh UV (03
3 2 2 3
ie.
T
U;V/ = ?5” + AkE'!‘/‘k + 5ij- (194)

Consider a rotation around the z-axis through an angle y:
cosy —siny 0)(U Ul
siny cosy OfUx|=|Uz} (1.95)
0 0 IN\U; U;
whence
U/ = Uicosy — U, siny, U, = Upsiny + U, cosy, Ui =U;;  (1.96)
and similarly
V/ = Vicosy — V,sinv, Vy, = Visiny + V;cosy, Vi = Vi (1.97)
Then for the A,

’ 1 ’ ! ! ’
A= 5(U2V3 - Ui Vz)

:%{(Ul siny + Uy cosy)Vs — Us(Visiny + Vhcosy)} (1.98)
= A cosy — A, siny;
similarly
A; = Aysiny + A, cosy (1.99)
and
A3 = 4, (1.100)
ie.

cosy —siny 0 4 Af
siny cosy O|l4|=]4:] (1.101)
0 0 1 )\ 43 A5
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Evidently, we can write

NY)
Il
1]
X
<

N | —

Further, for the Sj,
St =3 {(Uicosy = Ussin)(ising + Vscos7)
+ (Uysiny + U, cosy)(Vcosy — Visiny)}
= (UFi = GIapsing cosy + (Ul + Gali)(eos’y = sin’ )
= (811 — Syp)siny cosy + Spy(cos?y — sin?y)
= %(S“ — 85)sin 2y + Sy, cos 2y;
similarly,
Sy = Sy cosy + S3ysiny,

S3/l = —Sy;siny + S3;cosy,

S| = —=Sppsin 2y + %Sll(l + cos2y) + %Szz(l — cos2y),

and
/ . 1 1
S22 = S, sin 2}/ + ESH(I — COS 2}/) + ESzz(l + cos 2]/),
ie.
1 . 1 .
cos 2y 0 0 —sin 2y — —sin 2y
2 2 5 S/
. 12 12
0 cosy siny 0 0 p
. S23 S23
0 —siny cosy 0 0 /
| 1 S| =S|
—sin2y O 0 —=(1+cos2y) =(1 =cos2y) ||l Su S
2 2 I S /
1 1 22 S22
sin 2y 0 0 5(1 — cos2y) 5(1 + cos 2y)

(1.102)

(1.103)

(1.104)
(1.105)

(1.106)

(1.107)

(1.108)

Similar equations can be obtained for {S},, S»3, S31, Si1, S»,} for rotations about the

x and y axes.

The {4}, T, and the {S;;} transform separately under rotations. Dyadics are said

to possess a reducible structure with respect to rotations.

1.7 The Schwinger representations for SU(2)

Representations of SU(2) can be constructed using a method due to Schwinger.

Consider
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o1 1 + .1 1 ;
=—,m=—):=a.|0), =—,m=——):=a’|0); 1.109
i=gom=3)=ao. | g)=alon (1109
i.e. a/ creates a state (particle in a state) of spin—% up and a_' creates a state of spin—%

down by action on the ‘vacuum’ |0) (which has no particles), where

[a[, a;] = 6,]‘, {l,]} = {+, —}- (1110)
Then, defining
T _ 4t
Jo=dla,  Le=ala,  Jy= w (1.111)
it follows that
Vo, L] = =1, (1.112)
[, L] = 2J, (1.113)

which define the structure developed for angular momentum and spin (here, # = 1).
Although the elementary building blocks in the Schwinger representation have

spin-%, they should not be regarded as fermions. These spin-% ‘objects’ are designed

to be combined to produce any desired value of total spin: the number of spin—%’s

needed to produce a total spin of j will be 2;. These building blocks can be regarded
as bosons. They can be visualised in terms of a two-dimensional harmonic oscillator:

la,, af]l=1, [a_,a’l1=1, (1.114)
N, = a:a+, N.=da'a_, (1.115)
my =0 = @, (1.116)
Jnd N
Nilny) = nilny),  Nlno) = n_jn_), (1.117)
ajlny = n + e+ 1), alln) =Jn_+Tin_+ 1), (1.118)
adny) = Jnylne = 1), an) = JnZ|n_ - 1), (1.119)
a0y=0,  a_0)=0. (1.120)

The states |n.), |n_) can be written in the combined form |n,n_) which, from

la_, ajl=[a_, a;] =[a], af] =[a], a;] =0, (1.121)

1-16
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obey
|nn_)y = MlOO), (1.122)
]\7+|n+n_) = ny|nmn_), N_|n+n_> =n_|nyn_), (1.123)
allnn_) = mlmr + 1, n.), allnn.) = mlmr, n_+ 1), (1.124)
anin_) = nylng — 1, n_), a_lnn’y = yn_|ny, n_ — 1), (1.125)
a,|00) =0, a_|00) = 0. (1.126)

Then, from equations (1.111) and (1.115), i.e.
J, = aia_, J =ala,, Jo = %(aim - a_Ta_) = %(Z\ALr - ]\7_), (1.127)

together with

Ne=N+N=ala, +a’a_ (1.128)
and
) a2 1 A A A A
J =Jy + 5(J+J_ + JJ), (1.129)
we obtain:
JinnZy = Jn_(ny + )|ny + 1, n_ = 1), (1.130)
Jlnmn ) = Jno(n_ + Dny — 1, n_ + 1), (1.131)
4 1
Jolnyn_) = 5(ﬂ+ = n-)|nn_), (1.132)
Nlnn_)y = (ny + n_)|n,n_), (1.133)
and

o o | R | A
Py = Jnon) + Sk dnansy + S L)
1 |
= Z(”+ —n_)|nn_) + E”+(n— + Dingn_)

1
+ En_(mr + 1)|nn_) (1.134)

ny +n_\(ny + n_
:( +2 )( +2 + 1)|n+n_)

nf(n
= E(E + 1)|I’l+l’l_>,
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where
n=n,+n_. (1.135)
Evidently, by making the associations
ny < j+m, n_<j—m, (1.136)
we obtain
n=72j (1.137)
and from equations (1.130)—(1.132) and (1.134)
Jinan_) = \/(j—m)(j+m+ Diny +1,n_— 1), (1.138)
Jngn )y = JG+m)G—m+ Dlny — 1, n_+ 1), (1.139)
Jolnan_y = minn_), (1.140)
Plnnzy = jG + Dingn.), (1.141)
respectively. Thus, by comparison with
Jlim)y = G = m)G+m+ D} m+ 1), (1.142)
Jmy = JG+m)G—m+ )i m—1), (1.143)
Joljim) = ml|jim), (1.144)
Jjm) = jG + Dljm), (1.145)
we can assert that
|nin_) = |jm), (1.146)

and from equation (1.122)

(al')j+m(a_'t)j—m

lim) = |00). 1.147
VG + m)G — m)! ) (1147
Two special cases of note are: m = +/, i.e.
2
.. a
i = £ 100); (1.148)

V!
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and m = —j, i.e.

|00). (1.149)

Consider then the rotation of the states U:%,m: %) = |%, %) and

.1 1 1 1
[]=5,m=—5)5|7, —§>3

11 cosg —sing { cosé
D}Lﬁ)‘ 5,5><—> 5 5 (0)= 5| (1.150)
sin=  cos = sin —
2 2 2
1 1 cosg —sing 0 —sinﬁ
e N Y (A0
sinZ=  cost coSs —
2 2 2
i.e.
11 Bl1 1 AR 1>
DB =, —=)=cosZ | =, =) +sinl | =, == ), 1.152
y(ﬂ)‘ 2 2> €085 ‘ 2 2> M1 (1.152)
11 AR g1 1
DB =, —=|=-sinZ | =, =) +cost | =, —= ). 1.153
}(ﬁ)(z 2) sz‘z 2> Cosz‘z 2> (1.153)
Then from
11 . 11 ’
o~ = 0 ) ~N T A =d_ 0 5 1154
‘22> a;10) ‘2 2>a|> (1.154)
we have
11 _
D) 3:3 ) = DAL DD (1.155)
11 o
D) 3. -3 ) = DD BP0 (1.156)
whence
D,(B)aiD\P) = a = cos Bai v sinfa (1.157)
y +=y =0y = P DR .
D(ﬂ) %‘D—l - 1 _ : ﬁ T é 1
W(B)a y(ﬂ)=a__—s1n2a++cos2a_. (1.158)

1-19
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Thus,
) a'r J+m 1 —m
D(B)\jm) += J((/” )'((,- _) — 100). (1.159)
B+ B )/ B+ B )"
costa/ +sinta sin Za/ + cos ~a
= Dyp)lim) = ( Ei i/(l?i- m)('(/'— ;)T 2 ) 100y. (1.160)
The right-hand side of equation (1.160) can be expanded using the binomial
theorem:
. G +m) ( ; ﬁ)’( o ﬁ)f*’""
D, = PY(aisin 2
y(B)ljm) = i+ )'Q ) Z 1G +m— DI\ e 43 i
_ Jj—m—k :
Z G—m) (—a) sin ﬂ)k a’ cos b |00)
= kI(j —m — k)! 2

j—m+l-k J+m—I+k
(cos é) (sin g)

NG +m— DG —m -k (1-162)

= DB)im) = G+ m)!(G — m)! Z(—l)k

X(al)prk(a[)z] I- k|00>

and comparing with

Dy(p)ljim) = Zl/m Y, (1.163)
ie.
Dy(B)ljm) = Zdn%(ﬂ) (@) @) 100), (1.164)
’ VG +m)G = m')!
equating coefficients of powers of ¢, in equations (1.162) and (1.164),
I+k=j+m. (1.165)
Then, for a particular choice of n’,
I=j+m —k (1.166)
and
49 () = y (<1 JG+m)lG—m)G+ 1G]
T G+m —k)m—m + k)k!(G—m—k)!
(no negative factorials) (1 167)

2j=2k+m’'—m 2k+m—m’
X (cos é) X (sin E) .
2 2

1-20
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1.8 A spinor function basis for SU(2)

The Schwinger representation and its associated basis leads directly to a spinor
Sfunction basis for SU(2):

mgom=g)eu |i=gm=-1)en (1.168)
where u and v are independent functions. We require u and v to satisfy (again, 4 = 1)
R 1 . 1
Jou = Eu, Jou = —EU, (1.169)
j+u = O, j+7] = u, (1170)
Ju=v, Jv=0. (1.171)
Thus, we deduce the realisation
. I({ o 0
Joo —|lu— —v—|, 1.172
° 2(”au av) (1172)
o 0
Jp o u—, (1.173)
dv
. 0
J o v—. (1.174)
ou

It follows from equations (1.148), (1.149) and (1.147) that

0¥

lif) = W’ U, =j) = o (1.175)
and
. uj+mvj—m
[im) == JTrmi=mt (1.176)

It should be noted that {u, v} are elements of a complex function space which is
formally developed in section 1.17 under the title of the Bargmann representation, i.e.
this function space is known as Bargmann space. These bases are irreducible (unlike
Cartesian tensors).

1.9 A spherical harmonic basis for SO(3)

The use of spinor functions as a basis for SU(2) and the relations for J;, J:_, given in
equations (1.172)—(1.174) lead to the consideration of a functional representation of
the |lm) for (h = 1)

1-21
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L 0 0
Lo=L.=%p, — pp. o —ix— + iy—; 1.177
0 = y Y X « ay yax ( )
Lo=L.+iLl,=pp. - 2p, + izp, — ifP.. (1.178)
N P L AL (1.179)

o y@z oy ox oz’ '
ool % 29 0. (1.180)

ST T Ty Tt T Y '

where the postion representation has been used. Evidently, L, L, in the form given
by equations (1.177), (1.179) and (1.180) leave the degree of a polynomial in X, y and
z unchanged. Therefore, we consider the space of homogeneous polynomials in x, y
and z, i.e.

f(x,y, 2) = (ax + by + cz), (1.181)

where a, b, and ¢ are complex numbers.
We start with the homogeneous polynomials ¢,,,__,(¥), 7 := (x, y, z), that satisfy
the so-called ‘lowest weight’ conditions:

ﬁ0¢1,—1(?) = _[¢1,_1(7) (1-182)
and
Lg_(F)=0. (1.183)

Then, consider

Lo(ax + by + cz)

- ixi + iyi (ax + by + cz)
ay ox

(1.184)
= —ixl(ax + by + ¢cz)"'b + iyl(ax + by + cz)la
= l(ax + by + cz)"Y(=ibx + iay),
and the right-hand side fulfils equation (1.182), i.e.
Lo(ax + by + ¢z)' = =l(ax + by + cz), (1.185)
provided a = 1, b = —i, ¢ = 0. Thus,
& _(F) = (x = iy). (1.186)
Evidently,
lA,_gb,’_l(?) = (— iyai + izai - Zai + xai)(x —iy)
- v g (1.187)

= izl(=i)(x — iy)~! = zI(x — ip)!
=0.

1-22
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We can construct the ¢,,(7) using (7 = 1)

L, (F) = JU = m)I + m + 1) ¢, ,(F).

For [ = 1: from

¢ () = x = iy,

. - .0 .0 0 0 .
L.p, _(F)= (— y—+iz—+z— — xa—)(x —iy)
’ Z

0z ay ox
=iz(—i)+z
=2z
=26, ()

S o(F) =2z

Then,

P - .0 .0 0 0
L, ((7) = ﬁ(—ly— +iz—+z— — x—)z
’ oz ay

ox
=V2(-iy - x)
=- \/E(x + iy)
= \/5471,1(7);

S (F) = —(x + iy).
For [ = 2: from

$y 5(F) = (x — iy)?,

» - .0 .0 0 0
L, F)=|-iy—+iz— +z— — x—
’ 0z 0

oy ox
=iz2(x — iy)(—i) + z2(x — iy)
=4z(x — iy)
= 2¢2,_1(7);

Sy (F) = 2z(x — iy).

1-23
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)(x —iy)?

(1.188)

(1.189)

(1.190)

(1.191)

(1.192)

(1.193)

(1.194)

(1.195)

(1.196)
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Then,

. - .0 .0 0 0 .
L.¢, ([7) (— lya— +iz—+z— — xa—)2z(x —1y)
’ Z

Z ay ox
= —iy2(x — iy) + iz2z(—i) + z2z — x2(x — i)
=—2(x — iy)(x + iy) + 422
=—2(x2 4 y?) + 4z

=60, (F);

Sy (F) = \/g(—xz — y? +22%).
Similarly,

$y4(F) = =2z(x + iy),

¢2,2(7) = (x + iy)z-

(1.197)

(1.198)

(1.199)

(1.200)

The functions ¢, (7) are proportional to the spherical harmonics, Y,,(6, ¢) (see
table 1.1). This follows from the relationship between Cartesian coordinates and

spherical polar coordinates:

x =rsiné cos ¢, y =rsinésin ¢, z =rcosé,
whence
P =F(x x1p)
= F r sin Q=
|87
=T = )/1,11(67 ¢)
3
Similarly,

¢ o(F) = J2rcos6

= V\/? K,O(aa ¢)

b, o(F) = r? sin® G2

2r
=12 ==Y, .50, ¢).
T 2.42(0, ¢)

¢, 1(F) = F 2r* cos 0 sin Ge**

|32%
=12 == Y, .0, ¢).
r 15 2,_1( ?)
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Table 1.1. The spherical harmonics, ¥;,,(0, ¢), m=1,1-1,1-2,...,1,0, =1, ...,

—l+1,-I,for/=0, 1, 2, and 3. They are normalized for 0 < ¢ < 27,0 < 0 < 7.

I m Yin(0. )
1
0 0 N

! 0 \/gcosﬁ
! £l ¢\/geii¢ sin 6
2 0 1l%@coszé)—l)

2 +1 :Jgeﬂ'/’ cos @ sin

2 +2 % e=2i¢ gin2 0

3 0 % (% cos*6 — cos 0)

3 £1 T % e*#(5cos’§ — 1)sin @
3 2 \/geﬁ"‘ﬁ sin? @ cos @

3 +3 T/ 22 %3 5ind 9
64r

b, o(F) = rzg(3 cos?0 — 1)

32r
=12 | == Y540, ¢).
r 15 2,0( )

In general,
#) (F) = (F1)!(r sin 0 cos ¢ + ir sin 0 sin Y,
Le.
#y.,(F) = (F1)'r! sin’ Gex?.

The spherical harmonics Y;,,-.,/(6, ¢) are:

204+ D
Y0, ) = | Glx D2 4ﬂ(2l))” e sin' 6,

where (21)!! := (2/)(2/ — 2)(2] — 4)...2 or 1 and
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2 T
/ dg / $in 0d0]Y; (6, )P = 1. (1.210)
0 0
Thus,
o 4z(2DH"
by.(F) = Vl,{—(zl T Y, .10, ¢). (1.211)
It then follows from
7Y — T=m) o me _ iy
BlP) = | Gy (B0 = 0. (1212)

which is obtained by repeated application of equations (1.186)—(1.188), that a
general spherical harmonic is given by

1 21+ D)(I - 11 .
m&@=ﬁdli£b§mﬂuww—w% (1213)

This leads to the general expression for spherical harmonics:
_ ) [+m
Y, (0. ) = —— [GLEDE= MY g i gym| —9
20 4r(l + m)! d(cos 9)
(cos?0 — 1).

(1.214)

The spherical harmonics are related to the Legendre polynomials, P; by:

Pi(cos §) = /214—:1 Ymeo(0, B). (1.215)

1.10 Spherical harmonics and wave functions

Spherical harmonics naturally arise when using three-dimensional position wave
functions in quantum mechanics. Thus, for the position eigenkets |7):

lay = f d7[7)(Fla), (1.216)

the position wave function ¥,(7) is the amplitude (¥|a) and ¥,(¥) is often expressed in
spherical polar coordinates:

P,(7) = Ro(r)Q,(0, ¢). (1.217)

The functions Q,(0, ¢) are then expanded in terms of spherical harmonics

Qa(e, ¢) = anlm Y[m(ga ¢) (1218)
Im
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Within the above framework, we can define direction eigenkets |#), /i = ;:
la) = f dalaY(Ala): (1.219)
and for
\im) = / dAAY(Alim), (1.220)
(Allm) = Y, (0, ¢) = Yi(R), (1.221)

1.e. Y,,(0, ¢) is the amplitude for the state |/m) to be found in the direction 7 specified
by 6 and ¢.

1.11 Spherical harmonics and rotation matrices

Spherical harmonics can be related to (the elements of) rotation matrices because of
their connection to direction eigenkets:

i) = Y lim)(imlay = Y Y (0, )lim). (1222)

Im Im
To see this, consider
|7) = D(R)|2), (1.223)
i.e. |Ai) is obtained by the rotation of |£). Evidently,
DR)=D(a=¢,f=0,y=0) (1.224)

will do the job. Then for equation (1.223), from the completeness relation:

i)y = D D(R)|Im)(Imlz), (1.225)

Im

s AUm' Y = ) ('m [D(R)|Im)(Im]2)
Im (1.226)
=D") (a=0,8=0,y=0)I'm?).

But, (I'm|%) is just ¥;',,(0 = 0, ¢) and ¥;,,(6 = 0, ¢) = 0 for m # 0: this is seen by
inspection of table 1.1. Thus,

<l/m|2> = )Iljkm(e = Oa ¢)5m0

21 + 1
= \/7 Py(cos 6)]p=00m0 (1.227)
_ 21 + 1 S,
4r
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where the P(cos 0) are the Legendre polynomials given by equation (1.215). Hence,
from equations (1.226), (1.223) and (1.227):

Vi0, ) = Dl = ¢, p= 0.y = 0) | 2L, (1.228)
7T
or
% _oy= |47
DmO(a ﬂ Y= ) Y/m(e ¢)|9 —B.p=a > (1229)
2A+1
and for m =0
Dia, B, 7) = dig(B), (1.230)
and
- d§i)(B) = Pi(cos 0)lo—. (1.231)
Theorem 1.11.1. The addition theorem for spherical harmonics,
4
Pi(cos ) = Z T ad RGN ACRAE (1.232)
where 0 is defined by
cos @ := cos 6 cos 6, + sin 6, sin &, cos(¢p, — ¢,). (1.233)
Proof. Consider
(I01D(¢h, 6, 0)I10) = ([0]D(¢h,, 0, 0)YD(¢hy, 61, 0)[10), (1.234)

where the group properties of rotations in ket space have been used. Then, from the
completeness relation

(101D, 6, 0)110) = Y (10D, 0, Olm)(mID(y, 0, ONO), (1 235)

m

Db, 6, 0) = Y Db, 62, 00Dy, 61, 0), (1.236)

m

and from equations (1.229) and (1.231),

Pi(cos 0) = Z 21471 Y (02, @) Y301, ). (1.237)

O
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1.12 Properties of the rotation matrices

The rotation matrices DYXa, B, y) are unitary. Thus, their matrix elements
Dgli’n'(as ﬁs y) Obey:

D(r{?’m(_y’ _ﬂa _a) = D(r{;l);;/(a’ /Ba y)a (1238)
D DA, B, VYD, By ¥) = S, (1.239)
ZD(I’{?)'ZI(Q’ ﬂa V)Dgl)”m(aa ﬂa 7/) = Om'm- (1240)
m

The reduced rotation matrices dV)(8) are real. Thus, their matrix elements,
d?) (p), from equation (1.238), obey:

dy).(=B) = d i (p). (1.241)

From the general expression for the matrix elements of ¢Y) (8), equation (1.167), it
follows that

(_1)’77,_n1d£/;21’,—)11(ﬁ) = dlg’)m(ﬂ) = (_1)m/_md1gr)n’(ﬂ)a (1242)
and hence

DY), B, y) = (=1)"""DYr _(a, B, 7). (1.243)

1.13 The rotation of ( jm|

The rotation of (jm| involves an important phase factor. From the rotation of |jm) by
DWXa, f, 7):

D(a, p, y)lim) = Y DY)(a. p, y)lim'), (1.244)
- mIDi(a, B, y) = Y. DYha, B y)(m'|. (1.245)
o
Then, from the complex conjugate of equation (1.243):

(imIDY(a, B, ) = (=1 "DV, (e, B. y)jnt'l. (1.246)
and replacing —-m’ < m’, —m < m, and noting that the sum is over
m =—j,—j+ 1, ...,j—1,j and so is unaffected,

2 (i, =mID(a, B, ) = P(=D7" D), B, 1), =, (1.247)
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(_1)_’”05 —mlDT(a, ﬁ: }/) = Z(_l)_m/Dgl)’m(aa ﬂ’ y)Oa _m,l’ (1248)

’

m

i.e. (=1)™(j, —m| transforms like [jm). It is conventional to multiply both sides of
equation (1.248) by (—1)/ and then (—1)/="(j, —m| transforms like |jm), and the
phase is real.

1.14 The rotation of the v,,©0, ¢)

The transformations of the ¥,,,(8, ¢) under rotation follow from equation (1.221)

(illm) = Y, (6, §) = Yiu(#), (1.249)
and
D(R)|) = |n'):; (1.250)
whence from
D(Rmy = Y |Im')(Im'|D(R~Y)\Im), (1.251)
1.e.
D(R)|Im) = Y |Im')D),(RY, (1.252)
then
(AID(RY)Im) = Y (Allm' YD), (R). (1.253)
But
(AID(R™Y) = (#'], (1.254)
" Y(R) = Y Vi (Dl R), (1.255)
or
YiulOr. ) = D Y (0, YD R). (1.256)

Similarly, from equation (1.248)

(=D Y nOr, ) = D (=1 Y (0, PYDA(R). (1.257)
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1.15 Exercises

1.1.

1.2.

1.3.

1.4.

L.5.

Explore the commutator properties of

00 0 0 0 i 0 —-i 0

=10 0 —if, L=10 00} L=|i 0 0} (1.258)
0:i 0 -i 00 0 0 0

in comparison with SO(3) and SU(2), (3, R) and (2, C).

Show that

3 —J3¢3s J3es? —s3
3% 3= 2¢s? $3—2¢%  J3es?
J3es? =53+ 2¢% 3 =25t — 3|

53 J3es? J3¢3s c?

where ¢ := cos g, s = sin g

Show that the results of equation (1.167) agree with equation (1.229) for
¢=a=0and j=[/=1, 2, and 3.

Show that

a3)p) = (1.259)

d¥.(B) = (=1)""d 5 (). (1.260)

[Hint: in the binomial expansion of equation (1.160), which results in
equation (1.162) and eventually equation (1.167), reverse the positions of

B+ ﬂ’r Bt Bt
2

cos Jay., sin and —sin 5ay,cosza’, i.e. express the expansion so that it

. T B Jj+m—I
contains (a 4 COS 5) , etc.]

Show that for R = (0, g, 0) the ¥,(6, ¢), u = 0, £1 obey equation (1.256).
[Hint: express the Y,,(0, ¢) in terms of x, y and z (cf. equations (1.188),
(1.191), (1.193), (1.202) and (1.203)), obtain (x, y, z)g using R,(f), and
show that d(8) (equation (1.65)) transforms the Y¥,(0, ¢) into the

Y1,(Or, ¢p)-]

1.16 Spin-% particles; neutron interferometry

The constituents of matter—electrons, protons, and neutrons—all have intrinsic spin
of %fz. ‘Intrinsic’ is the term coined to convey the fact that the dynamics of spin does
not occur in physical space. ‘Spin space’ is not accessible to the physicist in the sense
that the spin of a particle cannot be changed: it is intrinsic to the particle. In fact, it is
not known what spin is. It is only known what spin does, namely ‘couple’ to other
spins and angular momenta such that it behaves as a j = % representation of SU(2).

In the absence of other particles and when its own angular momentum is zero, the
quantum mechanics of a spin-% particle is almost trivial. It can exist in two possible

states: ‘spin up’ and ‘spin down’. These are directional components of the spin vector
and are usually defined by

1-31



Quantum Mechanics for Nuclear Structure, Volume 2

N 1 1 1
S, |s=—,my=x—)==x—h
2 2 2

s=Lm = +l>, (1.261)

where the direction is defined to be the z-axis in (3, R). However, there is one
extraordinary property of spin-% particles: a rotation through 2z does not leave their

state kets unchanged! This is seen immediately from equation (1.52) for ¢ = 2x,
whence (using [sm,) < y,)

1 »
D(f)(ﬁ, 27)y, = (I cosn — i - Aisinm)y,, (1.262)

= p0)a, 20y, = 1. (1.263)

This property is not observable where expectation values are involved; but it has a
dramatic effect on the interferometry of beams of spin-% particles.

The interferometry (diffractive splitting and recombination) of particle beams is a
well-established property of quantum mechanical particles. It is most elegantly
illustrated using beams of neutrons. Neutrons, being electrically neutral, are not
subject to stray electric fields which can obscure the interferometric properties of
electrically charged particles. However, neutrons have magnetic moments and
through the use of suitable magnetic fields it is possible to effect the rotation of
the state of a neutron. This has been done using the experimental arrangement
shown schematically in figure 1.2. A picture of the silicon crystal, which is the
essential component of the interferometer is shown in figure 1.3. The neutron beam
is divided and recombined in such a way that one part passes through a magnetic
field B which causes the neutron state ket to undergo a phase change. The
recombined beam exhibits an interference pattern which can be varied by changing
B. Some results are shown in figure 1.4. (Note: by ‘divided’ it is meant that for each
individual neutron, it is not certain which path it takes. It is not a situation where
some neutrons take one path and the other neutrons take the other path.)

The phase change produced by the magnetic field is e” , where T is the time spent
by the neutrons in the magnetic field, @ is the spin-precession frequency,

_ 2u,B
)

(0]

(1.264)

B

u, 18 the magnetic moment of the neutron, and the magnetic field is assumed to be of
uniform constant strength B. The phase change is the standard result for a magnetic
field B acting for a time 7 on a magnetic moment ,, causing the spin to precess. The
connection between precession and rotation is seen to follow directly from the
Hamiltonian for a neutron in the magnetic field (chosen to be in the z direction)

A

H=wS., (1.265)
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phase C;

O beam

G

—_ —

Figure 1.2. A schematic diagram of the paths of a beam of neutrons through the neutron interferometer shown
in figure 1.3. The lattice planes are continuous from slab to slab and the distances «a, d;, and d, are machined to
optical precision. The phase shift (state ket rotation) is effected in the darkened region using a magnetic field.
The distances d; and d, are typically 3 cm and a is typically 0.5 cm.

Figure 1.3. The essential component of the neutron interferometer in use at the University of Missouri. It
consists of three silicon slabs machined from a single crystal of high-purity silicon to ensure alignment of
crystal planes from slab to slab. (Reproduced from [1], with the permission of the American Institute of
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Figure 1.4. Observed neutron intensities in counts/2 min in the O beam and H beam, i.e. in counters C; and C5,
respectively, in figure 1.2. This is effected by changing the magnetic field action (given in Gauss cm) on the
neutron beam by varying the magnet current (given in milliamps). One oscillation corresponds to a rotation of
47 not 2z. (Reprinted from [2], Copyright (1975), with permission from Elsevier.)

the time evolution operator for the system

U1, 0) = exp{—lH—t} - exp{—l&—“”}, (1.266)
h h
and a comparison with the rotation operator about the z-axis
D) = exp {——’S;f” } (1.267)
ie.
¢ = wt. (1.268)

For a monoenergetic beam of neutrons, 7 is fixed. To produce the results shown in
figure 1.4, B is varied (by varying the current to the magnet). The change in B
necessary to yield successive maxima is given by
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hZ
ﬂn m

where 4 is the de Broglie wavelength of the neutrons, m is the neutron mass, and d is
the length of the path for which B # 0.

The extraordinary property of the states of spin—% particles, that they must be

rotated through 4z to ‘bring them back to their unchanged orientation’, does not
parallel our experience of rotating everyday objects. Such states are called spinors.

1.17 The Bargmann representation

The functions

Z}’l
(2) = 1.270
X(2) N (1.270)
provide an orthonormal basis for expanding functions realised on z-space (the
complex plane), with scalar products defined in terms of z-space integrals with

Bargmann measure’, <— [3] This space is called Bargmann space.

The relevance of these functions to coherent states is implicit in the normalized
coherent state form |z);, i.e. (cf. Volume 1, section 5.5)

YL, (1.271)
n=0

B
|z); ==e 2

N

Whence, consider

K= f / dz|z) (2] = f f dze""zg(z—\/gln)%%(’nl; (1.272)

which, for z = re®, gives

2z
K= / rdr / dpe"" Ze’(’" n

n,m

In><ml (1.273)

Now,

2z
f dpeim=mb = 275, (1.274)
0

3 The measure of a space appears in the infinitesimal volumes under integrals. For example, polar coordinates
in three dimensions possess an infinitesimal volume expressed as r2dr sin #dfd¢ and the measure is 12 sin 6.
Cartesian coordinates possess a trivial measure because the infinitesimal volume under an integral is dxdydz
(this space could be said to be ‘flat’).
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27[
. — 2n+1,-r2
K= E /0 dr r*tle _n! |n){n|

_ zF(n +D2

~ 2l
7 Y In)(n|

=l

Thus, the resolution of the identity on Bargmann space is:

I://i—z|z)”<z| :://dz

where |z);; < y,(z), cf. equation (1.270). Then,

—=2
e
|Z>11 11<Z|,
T

z|2

-
)= [ dz S e

_ / / dze:'Z‘P;*(z)qlz(z)

:/ / du(z)¥i(z)¥a(z2),

where
¥(z) = y(z|¥),

e—|:|2

du(z) = dz.
V3

(1.275)

(1.276)

(1.277)

(1.278)

(1.279)

Bargmann representations of functions are transformed into position representa-

tions of functions by the Bargmann transformation,
v = [ [ au@ace, e,

where
1 1, 1, .
A(x, z¥) = —exp § —7X" + V2 xz5—=(z%)
T4 2 2

is the Bargmann kernel function.
Comments:

(1.280)

(1.281)

1. The orthogonality of the y,(z) is evident in a polar coordinate representation

L . 2 A
which gives (z*)"z" — €% and /o ”d¢e’<m‘”)¢ = 276,-

2. The normalizability of the y,(z) is evident from the Gaussian form of
Bargmann measure which ‘quenches’ the scalar products for large |z|.
(Indeed, the scalar products involve ‘camouflaged” Hermite polynomials.)

1-36



Quantum Mechanics for Nuclear Structure, Volume 2

3. The functions y,(z) are trivially generalised to tensor product functions,
(7)) ® 1, (2) ® -+

which yields functions

n1 ny

2 =
a - .
nyNo, ... " \/_ l’lz.

(cf. equations (1.147) and (1.176)).

1.17.1 Representation of operators
Consider the operator @ and its representation, @ « I'(Q) in terms of z and %,

O(z, %) acting on z-space wave functions, ¥(z). This is similar to the procedure
presented in Volume 1, chapter 8, where, e.g. the operator p, (momentum in the x
direction) was shown to have a “position’ representation p_ < —ih% when acting on
Cartesian-space wave functions ¥(x, y, z). The key there is to define a position
eigenket basis {|x)} and arrive at statements such as (x|p |¥) = —ihi<x|‘P>=

h‘”’(v) Thus, we proceed with the |z); basis, (z); = ¢7|0), cf. Volume I,

sectlon 5.5, equation (5.118))
O1P) = F(O(z, :—Z))‘P(z) = O = (0le=O|P)
— <0|(e:aoe—za)e:a|lp> (1282)
= (Ol((’) + [za, O] + %[za, [za, O]] + ---)e”|‘l‘),

where the Baker—Campbell-Hausdorff lemma is used (cf. Volume 1, chapter 5,
equation (5.110)). Essentially all operators of relevance can be expressed in terms of
a and af, whence: for O = a

o) = (0] (aﬂ;a/f ) )| ) (1.283)
and from %(e“‘) = ae™
9
=T(a) = —. (1.284)
0z

For O = 4

. 1 wr0
OW) = (0| | a" +[za,a'] +5 [za,[za o | &)
—_—— 2
4 Z

= (0[ze*|¥) = T(a") =z. (1.285)
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Note:

[i, z] =1,cf [a,a"]=1. (1.286)
oz

9 .. ..
2. z and - are Hermitian adjoints for scalar products defined on Bargmann
measure:

e. g for ¥, = Yaz", W= bz, (1.287)
n n

|2

P
n

[ [

T

-2
Wi, = Yabn+ D = [ [aCweny. 1289
0z -

1.18 Coherent states for SU(2)

The generalisation of the coherent state concept from the one-dimensional harmonic
oscillator (Volume 1, section 5.5) to angular momentum is effected through their
respective algebras: the Heisenberg—Weyl algebra in one dimension, Aw(1) and su(2).

hw(1) su(2)
Generators af Jy

a J

I Jo
Commutator relations la, af]=1T [, Ji]= -2/

[l,a']=0 [Jo, J1] = +J¢

[I,al =0 [Jo. J-] = —J-
Lowest-weight state |0) V. =iy =1-7)

al0) = 0 Jl=j)=0

Generalising the type-1 coherent state from HW(1) to SU(2)
|C1) = exp {{*e = S} =), (1.289)
for ¢ := %Hei‘/’,
C Il — iU sing—Jy cos ) — o=ib(T ), (1.290)

where 7 is a unit vector in the x, y plane making an angle ¢ with the negative y-axis.
This is illustrated in figure 1.5. All physically significant rotations are accommo-
dated by this formalism (the apparent exclusion of rotations about the z-axis only
excludes changes in phase, which could be introduced using e=#*%).

The state |£), £ = £(0, ¢), can be expressed:
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) =10, ¢ = e~ T Dj, —jy
= Y lim)(jmle= D], —j)

- (1.291)
= Y limyDY) (4, 6, 0y
From the orthonormality of the D functions, sections 1.11 and 1.12,
1= (214& /dgw, O (0, ¢, dQ = sing do dg. (1.292)
T

The states exp{{*J. — {J_}|j, —j) are sometimes called ‘atomic coherent’ or
‘Bloch’ states (see, e.g. [4]).
The type-1I coherent states of HW(1) can be generalised to SU(2):

120 = exp{(z* L)}/, —/)- (1.293)

(¢); and |z); are no longer trivially related, hence the use of z and {.)
The SU(2) states can be expressed in terms of the {|z); }:

V) = W(2) = p(z|'¥) = (—jle*¥) = ¥(2). (1.294)

Operators are mapped into z-space realisations, I'(Q) by

»
»

Figure 1.5. A depiction of the parameters ¢ and 6 that define a type-I1 SU(2) coherent state.
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O|¥) = T(0)¥(2) = (z|O¥) = (—jle*-O|¥)
= (—/l(e*-Oe™"")e"|¥) (1.295)
= (—jl(O + [z, O] + %[ZJ_, [z, O] + -)e* |¥).

Essentially all operators of relevance can be expressed in terms of J_, Jo, and J,,
whence: for O = J_

P(U-) = (10 + [T o)) (1.296)

and from %(e”*) = J e

Iy =2 (1.297)
0z
For O = J;
0
I'(Jo) = (=]l \Jg_ﬁ[zL,JoH[zL, Z_d5]] +-- | W), (1.298)
—J - 2
and from z%(e”—) = zJe*-
.0
=>T(J) = —j + z—. (1.299)
0z
For O = J,
0 | ,
Ty = (—jl| 0 +1l T+ I )| R Kk 93 (1.300)
—2zJy —2zJy
. 0
=>0(J,) = 2jz — z2—. (1.301)
0z
Then
Zn i ZVI
F(Jo)ﬁ =(-j+ ”)W’ n=0,1,2,.., (1.302)
rJ,)— = (2j - 2j —n)vn + 1 1.303
Zh= 1 Zh= 1
I(L)—= 1.304
J— SRR ey (309
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Comments

1. Starting from the state|j, —j), the raising action of I'(J,) terminates at n = 2;j
(as it should for SU(2)).

2. The representation is non-unitary, i.e. I'(J,)" # I['(J.) for scalar products
defined on Bargmann measure (for which (%)T =2z).

3. This type of non-unitary representation is an example of a Dyson represen-
tation [5].

4. The |z); basis is defined on an SU(2) irrep labelled by j, i.e. it is a linear
combination of the states [jm), m=j,j— 1, ..., —j.

1.19 Properties of SU(2) from coherent states

To obtain the properties of a quantum system which possesses an algebraic structure
requires that unitary representations of the operators be found. This can be done in
different ways. One way (which will not be developed here) is to change the measure
of the z-space to enforce orthonormality. Thus, for the atomic coherent states:

Q2+ 1)
1= [ a2ty e (1.305)

(1 +| |2)2]+2

provides resolution into orthonormal (unitary) representations in z-space. A second
way (which is developed here) uses a similarity transformation. This choice is made
because for higher symmetry algebras changing the measure of the z-space (even if it
can be found!) involves very complicated integrals.

The non-unitarity of the z-space realisation of J_, Jy, J. —I'(JL), T'(Jy), T'(J,);
(C(J,)" # I'(J_))—can be converted to a unitary realisation by a similarity trans-
formation with an operator K:

y(J) = K-T(JL)K, (1.306)
y(Jy) = KT (J,)K, (1.307)
¥(Jo) = K- 'T(J)K, (1.308)
where it is required that
r() = (r(L))'. (1.309)

Now, from the form of I'(Jy)(=—j + z%), it is already Hermitian (z = di) Thus,
we have the condition that K commutes with I'(J;) and so K is diagonal in m.
Therefore, it is sufficient for K to simply normalize each ladder step in m,
m=—j,—j+ 1, ..., +j. Hence, for SU(2) it is sufficient for K to be a diagonal
matrix. (For higher symmetry groups K will be more complicated.) The ‘K-matrix
method is being introduced in the context of SU(2), where standard methods are
simpler, to ‘see how it works’.
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Then, from y(J,) = K~'T'(J;)K, multiplying from the left with K and from the
right with K¥

Ky(J)K" = KK-'T(J,)KK". (1.310)

But

YL) = (L) = (K-T(K) = (K-I;—ZK)T

(1.311)

= K'z(K~'),
- Ky(J)K' = KK'z(K-YK' = KK "z(KKY', (1.312)
- T(J)KK' = KK'z. (1.313)

Thus, from the above condition that for SU(2), K is diagonal with real matrix
elements,

~TU)K? = K’z. (1.314)

The matrix elements of KK (a real diagonal matrix for SU(2), KK = K?) can be
obtained by proceeding in either of two ways:
1. Take matrix elements, with Bargmann measure, between the statesn, n + 1,
viz.

Uit IPUDK 7, = Gt | Kivizl,) - (1.315)

2. Introduce the auxiliary operator, A,, with the property
[Aop, 2] =T(J4), (1.316)
whence
(Agpz — zA,))K? = K7z, (1.317)

and then take matrix elements, with Bargmann measure, between states
n, n + 1, see the following.

The second way is easier to use for higher symmetry algebras and is the one
developed here. (In particular, the second way solves for the representation of an
algebra by obtaining the ratios of matrix elements of K, which are all that is ever
needed.)

The motivation for defining A,, can be seen from the analogy between
[Ayp, z] = I(J;) and [y, J,] = J,, recalling that for the aw(1) algebra, z = I'(a").

From

[A

op»

21 =TW,) = 2z — zzai, (1.318)
Z
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the right-hand side suggests that A ,, must have terms of the form z% and zzaiz, viz.
Z

(Zi)(z) =z+ Zzi,
0z 0z

(Zzi)(z) = (zzi)(l + Zi) = Zzi + (Zzi)(Zi)
0z? 0z 0z 0z z )\ oz
0

whence
A,y = 2jzai - %22% %(4]' - z(;iz + l)za%.
Now
J0 z" z"
Za_z N =n Nk
hence

Aeigenvalue =A, = %(4] —-n+ l)l’l

Then, from I'(J;)K? = K’z and I'(J;) = [A,,, z], taking matrix elements,

<)(n+]|(AopZ - ZAop)KZIX;» = ()(n+1|KZZ|)(n>a

S (A’1+1 - Aﬂ)(Zn+l|Z|)(n>an = K112+1 n+l|Z|Xn>’

and so
2
Kn+1 — ] —-n
K, '
Starting with a normalized |—j), K = 1 and we obtain on iteration

2 _ @)
t@Qi-n)
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The matrix elements of Jy, J,, and J_ are then straightforwardly deduced:

(i = Gt ols)
- [ [ < K UK,

el (Z )’” ) 0 z"
o K (ﬂ+zé}m75' (1.328)
e —|z)? (Z )m Z—n
./fd P4 \/_K H)M
:c3m,7 “(—j + n), n=0,1,2, ...

m

mln) = (g )
3/fw”5ﬂm&k%@

e||(2)m -1
S [

(1.329)
el (z) K, Z”Jrl
= dz Jn
f / r Jm! K, J(n + 1)!
=5m,n+l%\ln+1; }’l=0,1,2,,,,;
and, similarly,
Kl‘)‘l
(m|J_|n) = 8- A Jn, n=0,1,2, ... (1.330)
Specifically, the matrix elements of Jy, J., and J_ are:
=(—j =0,1,2, ...
(nldolm) = ( /T _n), " 0,1,2, (1.331)
=—j,—j+1,—-j+2, ..
K, 2)! (Zj = n)!
n+ 1ny=="2/n+1 = ( In+ 1
< k) K, 2j—@m+ D) @) (1.332)
= J@ — nn+ D).
and, fromm = —j+n,ie.n=m+j
(n+ 1)y = JG — m)(G +m + 1); (1.333)
and, similarly,
(n—=1|1n)=Jy2j—n+ n, (1.334)
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sAn = 1|Ln)y = \J(j = m + D) + m). (1.335)

Note: for n = 2j, {n + 1]|J|n) = 0, i.e. n,,,, = 2j (as it should for SU(2)); and it
follows also, therefore, that 2j = integer.

.. 0
1. The associations S eazo a', n & aa reveal that:

IJ) < a, (1.336)
T(Jy) < —j + d'a, (1.337)
I(L) < a'(2j — a'a); (1.338)

and that I'(J_), I'(J,) can be made into an adjoint pair via
(L) - y(JL) =2/ — d'a a, (1.339)
() = y(J),)=a"\2j —a'a. (1.340)

This type of representation is called a Holstein—Primakoff representation [6].
2. There is an extensive literature on boson realisations of Lie algebras (see, e.g.

[7D).

The material in this section relies on a treatment adopted by K T Hecht [§].

1.20 Exercises

1.6.
(a) Derive the result, equation (1.269).
(b) For d=1.00cm and neutrons of de Broglie wavelength
A2 =182A, show that a 4z rotation is produced by ABd = 149
Gauss -cm. (4, = 9.65 x 1072 erg -Gauss ', m = 1.67 x 1027 kg.)
1.7. Show that substituting ¥(z) = y,(z) (cf. equation (1.170)) into equation
(1.280) gives

Y(x) = M‘ (1.341)
NVAANEA
Use the generating function for Hermite polynomials
—s242sx s" 3 — z*
e = » H(x)—, with s = .
En: )= NG (1.342)

1.8. Show that ¥(z) = chn%, where the ¢, are the expansion coefficients for

Y(x) in the (orthonormal) basis defined by the one-dimensional harmonic
oscillator energy eigenfunctions.

1-45



Quantum Mechanics for Nuclear Structure, Volume 2

1.9. Show that
(L), T(J)] == 2I(),
(C(J), T(J)]=+T(J,),
[C(J), T(L)]=—T(L).
1.10. Show that:

[(J?) = %{F(J-)F(L) + TN} + D) =jG + D).
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An intermediate level view
Kris Heyde and John L Wood

Chapter 2

Addition of angular momenta and spins

The coupling of spins and angular momenta is introduced at the simplest possible
level: the coupling of two spin-% particles. The concepts of reducible and irreducible
representations are clarified. A thorough introduction to Clebsch-Gordan coeffi-
cients (CG coeffs) and the related Wigner or 3-j coefficients (3-j symbols) is given.
Spin-orbit coupling is described. The interconnection between CG coeffs. and
rotation matrices is presented. A brief introduction to recoupling coefficients—6-j
and 9-j coefficients—is given. Tables of simple CG and 3-j coefficients are given in
appendix A.

Concepts: direct, tensor, or Kronecker products; reducibility of a representation;
irreducible representations (irreps); Clebsch—Gordan (CG) coefficients; Wigner or 3-
j coefficients; CG series; irrep character; spin—orbit interaction and coupling; vector
spherical harmonics; 6-j coefficients; 9-j coefficients.

The epitome of quantum systems possessing SO(3) and SU(2) symmetry is
provided by quantum particles with angular momentum and spin. This naturally
leads us to consider the coupling of spins and angular momenta in many-particle
quantum systems. This is an essential part of the physics of molecules, atoms, nuclei
and hadrons.

2.1 The coupling of two spin-% particles

The simplest possible coupling in SU(2) is that of two spin-% particles. This is
realised, for example, in the ground state of the hydrogen atom where one is
concerned with a proton and an electron (both spin-% particles) in a state of relative
motion with angular momentum zero (/ = 0). Thus, the possible ground-state
configurations of the hydrogen atom are completely described by

| s =Y, mg), @ |s =", m), =%, Y2), ® |V2, V2)., (2.1)

or
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=|15, 1), ® |V2, 1A, (2.2)
or

=|Va, —15), ® |V2, V2., 2.3)
or

=|Vs, —1h), ® |V, —VA).. (2.4)

These basis states, made up of the s, = %, m, = i% and s, = %, m, = i% basis states
for the proton and electron, respectively, are in a form referred to as a direct product,
tensor product, or Kronecker product.

Just as we considered the rotation of spin—% particles in chapter 1, we can discuss
the separate rotation of the proton and the electron in the four states, equations

2.1)-(2.4)

LS e A\ 1 &
—m;) ®|—-my) =D2 (a,,, B, yp) —m;) ® D2 (ae, B, ye)
P e P

1
A s 5 2
2 2 2 2m‘>e (2:5)

where a,,, 8,, and y, and a,, f3, and y, are the Euler angles describing the rotations of
the proton and the electron ket states, respectively. These rotations can be viewed in
the form

| %mS>R ® ‘ %mS>R = (D(]Z)(ap, B, yp) ® D(%)(ae, B, 72))

V4 e
<(I3m), @3]
Zsp 2569

1 1
i.e. as transformations DE}) ® D on a four-dimensional space spanned by

(2.6)

1 1
| %ms>p ® | %ms>€. The matrices representing D(pz) ® Dgz) are 4 X 4. For example,

if a, = 0, 7,=0,a,=0,7=0, they have the form

D20, 4, 0) ® D20, 4, 0) = D220, B, 0; 0, 4, 0)

cos 2 cos=¢  —cos - sin b —sin -£ cos b sin -2 sin b
2 2 2 2 2
B . B B B BB b B
COS—sin—  COS—COS—  —sin-—sin—  —SIn — COS — 2.7
_ 2 2 2 2 2 2 2 2
BB BB B B B . B
sin2cosZ  —sin—ZLsinZ  cosZLcos=  —cos—2sin ¢
2 2 2 2 2 2 2
sin —Z sin b sin =£ cos b cos & sin £¢ cos -2 cos b
2 2 2 2 2 2
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where the 4 X 4 matrix is generated from

b
1 cos = —sin =
Do, b, 0 =| 2 (28)
sin by cos =
2 2

and
| cos 56 —sin 5‘
DY)0, B, 0) = (2.9)

. B, b,
sin == cos =
2 2

in a straightforward way.

The proton and the electron in hydrogen experience a ‘spin—spin’ interaction
through their magnetic moments: this results in a splitting in energy of the states,
equations (2.1)—~(2.4). Thus, transformations such as that described by equation (2.7)
do not leave the energy of the hydrogen atom ground state unchanged. However,
‘rigid” rotations with @, = a,, f,, =/ and y, =y, which preserve the relative
orientation of the two spins, will leave the energy unchanged. In equation (2.7),
for example, if g, = = § then

D0, B, 0) ® DO, B, 0)

cos? 4 —sin b cos b —sin 4 cos b sin? i

2 2 2 2 2 2
PP 2B B BB

B sin 5 cos 5 cos 5 sin 5 sin = cos 5 (2.10)

sin I cos 4 —sin? b cos? /4 —sin I cos 4
2 2 2 2 2

sin? E sin é cos ﬁ sin é cos ﬁ cos? ﬁ

2 2 2 2 2 2

This matrix is reducible:

CDYX0, B, 0) ® DO, 4, 0)C

1 —sn L4 _
2(1+cosﬂ) sin 2(1 cosp) O

2

_ sin% cos 8 —sin% 0 ’ (2.11)
1 . P 1
5(1 — cosfl) smﬁ 5(1 +cosf) 0
0 0 0 1
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where
1 0 O 0
1 1
0 — 0 —
C= V2 V2 (2.12)
o L o __L
V2 V2
0 0 1 0

A comparison of the matrix in equation (2.11) with that in equation (1.65) reveals
that
CDX0, 4, 0) ® D)0, 4, 0)C = DN, B, 0) & DO, 4, 0), (2.13)

where the @ symbol describes the combining of the 3 x 3 matrix, D10, g, 0)
(equation (1.65)) and the 1 x 1 matrix D©(0, g, 0) = (1) to yield the 4 x 4 matrix in
equation (2.11), i.e.
DO, 3,0) 0

0 [p%0.5.0)

DO, B, 0) & DO, g, 0) = (2.14)

Thus, under rotations the four spin—spin couplings of the hydrogen atom ground
state behave as a (total) spin J = 1 triplet and a (total) spin J = 0 singlet.

The relationship between the basis, equations (2.1)—(2.4) and the basis for the
spin-1 and spin-0 couplings is obtained from the form of the matrix C. Recall that
the elements of a unitary transformation are {old basis | new basis) (cf. Volume 1,
equation (6.85)). Thus, denoting the old basis (equations (2.1)-(2.4)) by

| ll> ® ‘ ll> < |11), etc., and the new basis by {|1), |2), |3), |4)}, we have
22/, 22/,

() =1, (2.15)
1 1
(tL2) = Nk (ti14) = ek (2.16)
1 1
(112) = Nk (I114) = 5 (2.17)
{3y =1, (2.18)
whence
1) =111), (2.19)
1
12) = ﬁ(nw + 1), (2.20)
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13) = 14), (2.21)
and
1
14) = fmw - m). (2.22)

The kets |1), |2), and |3) form a triplet representing the spin-1 coupling of the proton
and the electron. The ket |4) forms a singlet representing the spin-0 coupling of the
proton and the electron. The expansion coefficients, e.g. (1] |2) = %, are called
Clebsch—Gordan coefficients. They are the amplitudes of the uncoupled base kets
needed for combinations that have definite total spin (S = 0 and S = 1 in this case).

These results can also be obtained algebraically. For ‘rigid’ rotations,

y=a=a f,=f=p7y,=y=y, and

D(%)((l By 7, ) ® D(%)(a s 7)=e_i§:(:z)ap e_iS}:)ﬁp e ii:)}',) e ii:m e_iﬁ‘:)ﬂe e_@#
s Bys 7p o Pos Ye (2.23)
CiSa S8 iy
=e¢ hn e n e n,
where
$.=8"+8"=8"gi+i"® 3", (2.24)
$,=8"+38"=8"01+i"gs" (2.25)
and similarly,
$,=8"+8"=8"01+i"g s (2.26)
1.e.
§:=87+59=25"@ 1 +1” g 5" (2.27)
Then for
S =87 48" (2.28)
6. =8 + S\, (2.29)
S, =87 +8Y, (2.30)
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consider
A |1 1> ’1 1> NOIR! 1> ’1 1>
+ s PE) =4 ~° T A ® AN A
27 2/, 27 2/, 27 2/, 27 2/,
~le) | 1 1 1 1
+8.7 =, —= E—
T2 2>p®‘2 2>€ 2l
|11y oLty =0
22/, 27 2/,
MELRARNE
27 2/, 272/,
Similarly,
A11> ‘11> ‘1 1> ‘11> ‘11>
S— N A ® N A =%~ x ® ~N° A + AN A
272/, 272/, 27 2/, 272/, 272/,
(2.32)
o[4-)
27 2/)
and
S LR NP L S IR PN I
A2 2 27 2/, |2 2 2’2/,
r ’ (2.33)
1 1 11
=2 _ai_ ® _9i_ .
=), 8|3,
But (cf. Volume 1, equations (11.58) and (11.60)), (& = 1)
SUSM) = (ST M)(S + M + 1)|SM + 1), (2.34)
whence
Sdl, -1y =V2|1,0),  SJ1,-1)=0, (2.35)
Sd1,0y =21, 1),  S1,0) = V2|1, 1), (2.36)
Sl 1y=0,  SJ1, 1) =211, 0). (2.37)

Hence, equations (2.19)—(2.21) follow. Equation (2.22) follows from equation (2.20)
by orthogonal construction, and

A 11 11 11 11
S+ ~0 A ~ A — | A T A ~N° A = O’ 2.38
—( 2 2>F®‘2 2>€ ‘2 2>p®‘2 2>] 239
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cf.
$.10, 0) = 0. (2.39)
A spin—spin interaction in the hydrogen atom can be defined as
Vs_s = kS . 3§ (k constant). (2.40)

This can be expressed as

Ves = %{5‘ 5575759, S*(”}, (2.41)
o Ves= %{52 _ 8 S‘W}. (2.42)
The eigenvalues of Vg_g for the states |S, S®, S©, M) = | 1%%1>, 1%%0>,
11 11 .
‘ 155, —1>, and‘ OE§O> follow:
Vss 1111>=5 11 +1) - 1(1 + 1) - 1(1 + 1) ‘ 1111>
22 2 2\2 2\2 22
. (2.43)
)
) 22
. 11 11 i
and similarly f0r| 1550> and‘ 155, —1>, and
Vss 0110>=5 000 + 1) — 1(1 + 1) - 1(1 + 1) ‘ ollo>
22 2 2\2 2\2 22
% (2.44)
__3k ‘ ollo>.
4 22

For k > 0, this can be depicted as shown in figure 2.1. Thus, algebraically the
coupled basis emerges as the eigenbasis for the ground-state multiplet of the
hydrogen atom, as it did by considering rotational invariants for the hydrogen
atom ground state under the condition of ‘rigid’ rotations.

2.2 The general coupling of two particles with spin or angular
momentum

The general coupling problem for a pair of SU(2) representations is realised in the
coupling of the spins or angular momenta j;, j» of two particles. The result can be
stated as a theorem:

Theorem 2.1. For two SU(2) representations DY and DY), the Kronecker product
DW @ DV contains the SU(2) representations DV, |j; — j,| < j < J, + j,, Le.
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s\ 1%%1) , [1%2%0) ,|1%%,-1)
7~ k/4 “s=1 ”»

-3k/4

v]|011.0)
“s=0”

Figure 2.1. Spin-spin splitting of the hydrogen atom ground state. The S = 1 to S = 0 transition corresponds to
a wavelength of 21 cm: it is well known in radioastronomy.

Jiti
D @ DV = 122 DY) = DUi=D @ DUi=2I+D @ ...DUIH), (2.45)
7=l =1l

(The expansion on the right-hand side is called the (SU(2)) Clebsch—Gordan series;
the sum @ is defined in equation (2.14).)

Proof. The theorem can be proved by the brute-force method of computing the
dimensions of the representations on each side of equation (2.45). The left-hand side
is the product of two representations of dimension (2j, + 1) and (2j, + 1), respec-
tively (my = —j;, —j, + 1, ..., ji; ma = —j,, —j, + 1, ..., j,); the right-hand side is
the sum of representations of dimension (2j + 1) where j = |j, — |, | — Al + 1,
v i

Tllle thzeorem is more elegantly proved by considering the traces of the Wigner
matrices and the fact that the trace of a matrix is invariant under a similarity
transformation (cf. Volume 1, theorem 6.2). Thus,

+/
Tr {DY#, ¢)} = Tr {DVZ, ¢)} = Z e, (2.46)
m=—j
whence
a2 +h hth 4

Z Z pilmimp — Z Z oM. (2.47)

M=M=, == lm==j
O

(The quantity Z:;j:_/ei”m = y0)(¢) is called the character of the SU(2) irrep j for
angle ¢.) '
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Two choices of basis are available for describing the two particles: the coupled basis
|im) = | jj,j,m) and the uncoupled basis |j; mj, m;) = |j,m) @ |j,m,). These two bases

are simultaneous eigenkets of the operators {J 2, flz, f;, J.} and {flz, Ji-, fzz, b},
respectively.

For two particles described by the uncoupled basis states | jm;), |j,m,), they can
be alternatively described by the coupled basis states |jm):

lim) = Zml(mFm_ml)‘j1m1j2m2><]1m1]2m2|jm>, (2.48)
where j; and j, are fixed and j can take the values
J=W = ALV —Al+ 1 )+ 1, (2.49)

(note each j value occurs only once, i.e. it is multiplicity free with m = m; + m,). The
expansion coefficients (j, myj, my|jm) are called Clebsch—Gordan coefficients or vector-
coupling coefficients or Wigner SU(2) coefficients. They are the amplitudes of
l;m1) & |j,my) needed for combinations that have total spin j. Stated in another way,
they are the amplitudes for combining the elements of the uncoupled basis so as to
give an irreducible form. The transformation between the two bases is unitary. The
relation, m = my + my, follows from J, = J;, + J,.. The Clebsch-Gordan coefficients
are real. The range of j values looks ‘obvious’ in that, with the restriction to integer
increments, the values are given by a classical vector picture; BUT: the coupling
involves cones of indeterminacy, as depicted in figure 2.2.

A powerful method for computing allowed J values for the coupling of two
particles is the so-called m-scheme:

Ex. ji=1, jo=1 J=2, 1, O

mj mo M

+1 +1 +2 DT
+1 0 +1 D
+1 =1 0 DEE—
0 +1 +1 <

0 0 0 <

0 -1 -1 <

-1 +1 0 <

-1 0 -1 D
-1 -1 -2 B
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min
mo

max

Figure 2.2. Depiction of the combining of the ‘cones of uncertainty’ for directional components »n1; and m,
when coupling j; and j, to definite J and M. The vectors ]_i and fz can be viewed as ‘rotating’ around J which is
in turn rotating around the z-axis in the sense of generating (hyper)cones of uncertainty. However, this
descriptive use of the word ‘rotating’ must not be adopted as a hidden view of such uncertainty.

The method is especially useful when there are restrictions, e.g. for two identical
bosons:

Ex. j1=1, jo=1 J=2, 0

m1 mz M

+1 +1 +2 ]

+1 0 +1 D m—

+1 -1 0 <+

0 0 0 <

0 -1 -1 —

-1 -1 -2 S B
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Symmetrization, e.g. |my, my) = %{Hl, 0) + [0, +1)} excludes (my, m,) = (0, +1);

similarly, (-1, 0) and (-1, +1) are excluded.

Similarly, for two identical fermions:

Ex. j1=3/2, j2=3/2

mi ma
+3/2 +1/2
+3/2 -1/2
+3/2 -3/2
+1/2 -1/2
+1/2 -3/2
-1/2 -3/2

J=2, 0

]

—

(the j; and j, states are presumed identical in every respect except for m; and m,, i.e. all
other quantum numbers equal). The Pauli principle excludes (m, m,) = (+3/2, +3/2),
(+1/2, +1/2), etc.; antisymmetrization excludes (m;, m,) = (+1/2, +3/2), etc.

The m-scheme can be used for any number of particles to ascertain the allowed J

values, e.g. for three identical fermions:

Ex. j1=3/2, j2=3/2, js = 3/2

m1 m2
+3/2 +1/2
+3/2 +1/2
+3/2 -1/2
+1/2 -1/2

ms

-1/2

-3/2

-3/2

-3/2

M

+3/2

+1/2

-1/2

-3/2

J=3/2

This leads to the common artifice of describing an almost filled fermion ‘shell’ in

terms of holes, i.e. (j = 3/2)> = (j = 3/2)7".
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A dramatisation of the non-classical
momentum is provided by:

nature of quantum mechanical angular

e, e, e
Lopx Lyp=| L Ly L. | = e(L,L. - L.L,)
L, L, L.
+e (L.L,~L.L)+e(L.L,~L,L,)
=e[L,L.]+ e [L.L.]+ e[L.L,]

The Clebsch-Gordan coefficients can be depicted conveniently using ‘i, m,’
diagrams. For example, figure 2.3 shows the diagrams for the possible couplings of

mz
(2m12mo|3m)
\ \ /m 23 coefficients
\\\ ™
N 4
2

(b)

(2m12ma|1m)

13 coefficients

h=2jh =2
m2
i=ittiz=4
(2m12ma|dm)
m
/ 25 coefficients ,
m, |44) = [2222) (2p22700)
WY £ [43) = [2122)(2122]43)
N e + 2221)(2221]43)
01
1
2
£)
4
(a)
m2
j=j1+j2-2=2
N\
\ m (2m12ma|2m)
\ \ / 19 coefficients
\ my

(©)

(2m12m2|00)

5 coefficients

(e

)

Figure 2.3. Depiction of the Clebsch—Gordan coefficient (a) (2m12my|4 m), (b) (2m2m;|3 m), (c) (2m12m;>|2 m),

(d) 2m2my|1 m), and (e) (2m;2m;|00).
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It remains to compute the numerical values of the Clebsch—Gordan coefficients:
so far we have determined their values only for the coupling j, = %, h = % toj=0or

1. In principle, one can repeat the process illustrated for j, = %, h = %, and block-

diagonalize dW(B) ® d)(B): the Clebsch-Gordan coefficients are the matrix
elements of C in:

CTd(il)(ﬂ) ® d(/z)(ﬂ)c = d(fl"‘jz)m) D d(f|+j2_1)(ﬂ) (=) ...@d(lil‘jzn(ﬂ)' (250)

However, as for j = %, h = %, one can obtain Clebsch—Gordan coefficients by
algebraic methods. Some examples are given below.

Algebraic methods can be used to generate Clebsch—-Gordan coefficients by
noting two points:

(1) The raising and lowering operators in the coupled and uncoupled basis are

related by
Jo=Jis + s (2.51)
(i1) The coefficient
Uio i =Jis o m=jli=Jjs + oo m=Jj, +jp) =1 (2.52)
because
s =) ® |y ma = jo) = |j=ji + s m=Jji + o) (2.53)

The second point is clear from figure 2.3, where |22) ® |22) = |44). Thus, applying
J = Ji_ + J,_ to the ‘maximum weight’ state, equation (2.53),

A

J

J=jth.m=j +j) =+ )| j.m=j) b m=j), (254

from

Jjmy = G+ m)G = m + |, m = 1) (2.55)
(cf. Volume 1, equation (11.60) (7 = 1)),
200+ 0 Vi m =gy = 1) = 2 L=y = 1) Ly, ma = )

(2.56)
+ 20 V> m=ji) Ljy, m2=jp = 1),
i A hem=g 4y =)= [ |jam=j = 1) |y m=jy)
hth (2.57)

+ /jljjjz i =) [ s ma = jo = 1),
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Ji

S(m=j =Ly m=pli=j A m=j +j, —1)= |—— (2.58)
hth
and
Goom=j,hom=j =1j=ji+jhp.m=j+j-1)= |[—2—. (2.5
L th

For j, = j,, these reduce to %

The procedure then divides into two paths. The other coefficients with j = j, + j,
(cf. figure 2.3) are generated by successive application of equations (2.51)—(2.57),
whence:

<i1mdzmzvl +j2> m; + m2>
_ \/(jl + )y —mi — m)\Giy + j, + my + my)!(2)1(2),)! (2.60)

(il - ml)!(jz - mz)!(j1 + ml)!(/z + mz)!(zjl + 2j2)! .

The second path leads to the coefficients with j =j + j, — 1 (cf. figure 2.3) by
constructing |j=j +j, — 1,m=j, +j, —1) which must be orthogonal to
Vi =Jj +Jj,m=j +j, — 1) (equation (2.57)), i.e.

i 4y = Lom= gy = 1) = [ Lom =y = 1) [y ma = )

j] {’1'12 |j1a m :j1> |j29 my :jz - 1>'

2.61)

The other coefficients with j = j, + j, — 1 are generated by successive application of
equations (2.51)~(2.61). Coefficients with j =j +j, — 2, j=j +j, — 3, etc., are
constructed by appropriate orthogonalization and application of equation (2.51).
General expressions for some Clebsch—-Gordan coefficients are given in
tables A.1-A 4.
Clebsch—Gordan coefficients possess a number of general properties:
(1) They are real: this is by convention.
() j, +j =Jj =iy — | : this is proved in theorem 2.2.1.
(iil) m = my + m, : this follows from
J. = Ji. + J., (cf. equation (2.51))
whence

0=(L - J. — Jo.)|jm)
= (jymyjymo|(J. = Ji- = Jo:)ljm) (2.62)

= (jymyjymo|(m — my — my)|jm),

50 = (m = my — m){(jmyjymalj,, ). (2.63)
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Thus, either
m=m +my or (jimyjymljm)=0.
(iv)
{ymijymaljmy) = (jm]jymijy ma):

this follows from (i).

v)
zzylmjzmzvm><ilm172m/zvm> = 5m1,n715mz,mz:

j m
this follows from the orthogonality of the |j,mj,m,) basis
Ulmjzmzvm><ilm1j2mévm> = 6n71m1, 5mzm2,

by using the completeness relation for the |jm) basis,
Zz<]lml]2m2\]m></m\]1m1,]2m2,> = 5m1ml/ 5n12m2/’
Jom

from which equation (2.66) follows using (iv).

ZZUlmvzszm><flm1/zmz\i’m’> = Oy Oy

my m,

(vi)

this follows in a manner similar to (v).

X D s ol P = 1:

my m,

(vii)

(2.64)

(2.65)

(2.66)

2.67)

(2.68)

(2.69)

(2.70)

this follows from equation (2.69) for j = j, m’ = m, and using (iv).

(viii)

JGF w6 = p+ D) (imijymolju + 1)
= \/(71 Fmy + D)(j, £ m) <jlml F 1,j2mzlfﬂ>
+ G F my + DGy = mo) (jymy, yma F 1ju):

.71

this is a general recursion relationship for Clebsch—-Gordan coefficients

which follows from

Lliwy = (e + D) D0 X | imijym3 ) (jymi fyms)ju)

my m,

(2.72)
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where the completeness relation for the | j,m/j,m,) basis has been used;

whence
JOFWG£p+ Dljp = 1)
= 226 FmOG =+ Dl £ 1, jyms) 2.73)

+ \/(/2 Fmy )y £ my' + D jym'jmy + 1>}<ilmljzm2,VM>,
and taking the inner products on both sides of this equation with
(imy,mal,
SNGFWG £ u+ D (imyjym|ju + 1)
= ZZ{\/(A Fm)Gy £ my’ + 1) (imjymaljimy’ £ 1, jymy’) (2.74)

my my’

+ \/(]2 Fm')j, £+ my’ + 1) <j1MJ2sz1m1/jzm2/ + 1>}<jlm1/jzmzllfﬂ>,

and equation (2.71) follows from the orthonormality of the | j,myj,m;)
basis.

Note: my+my =pu + 1. (2.75)

The recursion relations embodied in equation (2.71) can be viewed
usefully in a graphical way by plotting the (my, m,) values of the
coefficients in the recursion relation. This is shown in figure 2.4. Thus,
J, connects (m; — 1, my) and (my, my — 1) to (my, my); and J_ connects

1173
A
(m4-1,my) (m1,m2) (m1,m2+1)
RHS@======== @ LHS @ RHS
hN ~ ! e
LN 1 L} ~
ENCANE AN
~ ol ~
M- g S
‘ot 1 e
RHS W LHS @ cccccma ® RHS
(m1,m2-1) (m1,my) (m1+1,my)
> M1

Figure 2.4. The action of J, and J_ in the n;—m, plane. LHS and RHS refer to the left-hand side and right-
hand side of equation (2.71). Thus, the points in the n,—m;, plane corresponding to the RHS of equation (2.71),
which are connected to the LHS of equation (2.71) by [, are (m; + 1, my) and (my, my + 1).
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ma = j2

) )
mi+me =7
D A P
A ° (- o Forbidden

My = —jJp=mmmofrm e my = ji :
)
mi +me = —jJ °

mz = —J2
(a) (b)

Figure 2.5. A graphical view of the manner in which the recursion relation (equation (2.71)) connects points in
the m,—m, plane, each point of which represents a Clebsch—Gordan coefficient. (Compare with figures 2.3(a)(e).)

(my + 1, my) and (my, my + 1) to (my, my). To determine the Clebsch—
Gordan coefficients defined by equation (2.71), the procedure is to draw
the boundary, in the n;—m, plane, defined by

—h S <j, —h S, jSm+m<j (2.76)

for specified j,, j», and j. This is shown in figure 2.5. Then, starting at
location A in figure 2.5, we determine which RHS points contribute to the
LHS (cf. figure 2.4 and equation (2.71)). Evidently, because there is no point
in the m;—m, plane with (m, = j; + 1, m,), under the action of J_ the point
B can only be reached from the point A. Thus, from the Clebsch-Gordan
coefficient corresponding to the point A, we obtain the Clebsch-Gordan
coefficient corresponding to the point B. Continuing, we then determine,
using J,, the Clebsch-Gordan coefficient for point D from those at points A
and B. This can be iterated, B and D giving E, B and E giving C, E and C
giving F, and so on.

The literature contains many conventions for expressing (SU(2)) Clebsch—-Gordan
coefficients. Some of them are:

(jymyjyma|jm) or (j,myj,my|jm) (note angular and curved brackets)
<ilm1/2 m2V1j2Jm>

<71j2 m1m2Vm>

<i]j2 m1mZV1j2le>

C(ifpJ; mumym)

C(ifpJ; numy)

lejz(in; mym;)

X (/m]1J2 my)

cm

Jimyjymat
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Clebsch—Gordan coefficients possess a high degree of permutational symmetry.
Wigner introduced a form that facilitates the execution of these permutations by
defining the ( Wigner) 3-j symbol:

b h B iy L,
(W;I mzz m33) = (= 1)A=27m5(2), + 1) 2<jlm1]2m2\]3,—m3>- (2.77)

Note: the —m; in the Clebsch—Gordan coefficient. The 3-j symbols possess the
following symmetry properties:

(1)
my + nmy + my = 0; (2.78)
(i)
hoh Bk s A)_(h A R (2.79)
my nyp N my mz m ms my ) .
(iii)
(= 1)/t b B~ & ) (2.80)
nmy mp ny my my mz) .
(iv)
(j1 b j3)=(_1)j]+j2+j3( J 5 J3 ) (2.81)
my nyp N —my —np =3

General expressions for some 3-j coefficients are given in table A.5. These are in a
highly-compacted notation that requires the use of the permutational symmetry.

2.3 Spin—orbit coupling

Intrinsic spin and orbital angular momentum have the same units, namely %, and
appear in specific combinations in molecules, atoms, nuclei and hadrons. We
describe states of specified spin and position by, e.g.

7, +) =17) ® |+), (2.82)

where this is to be interpreted as describing a particle in a state of spin up along z
located at the position 7. Spin operators only act on {|+), | — )}; operators such as 7,

p, L only act on {|7)}. The space spanned by {|F) @ | + ), |F) ® | — )} is called the
direct product space. The spin operators commute with the space operators:
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[S:. 41=0,[8. p]=0.[S: L] =0, Vi, ;. (2.83)
The rotation operator for the coupled system has the form
DA, ¢) = exp {—i‘]};[ﬁqb}, (2.84)
where
J=L® lyin+ lpnee ® S=L+ S, (2.85)

and fspm is the identity operator acting only on the spin kets and fspace is the identity
operator acting only on the space kets. Note, with respect to vector operators, the
symbols being used indicate explicitly that they are operators; but usually
the symbols do not indicate that they are operators. We ask the Reader to make
the necessary inferences with respect to vector operators versus vectors. From
S, 1:/‘] =0,V4,j,

D(#, ¢) = exp {—izf -ﬁqb} - exp{—iLf'lﬁqa} exp{—iSf'lﬁd)}. (2.86)

Space—spin wave functions can be written:

(F; xla) = YoulF), (2.87)
and are usually arranged in column matrix form
G ;+Ia>) (‘Pa+(7)]

_ = - (2.88)
((F; —|a) ¥e(F)

Here, |'¥,.(F)I* gives the probability for finding the particle at the position ¥ with spin
up or down. We can also write:

(Fitla) = Yol Phy,, (73 —la) = Yo (Pl (2.89)

Expressing ¥,,(¥) as

You(F) = Rax(r) Yinl 0, )1, (2.90)
we are confronted with the task of coupling spin to orbital angular momentum in
(F; £la) = Roulr) Y0, P, . (2.91)

We know the following:
L*Y,(0, $) = I + DI*Y,,(0, ¢), (2.92)
L.Y,(0, ) = mhY,,(0, ¢), (2.93)
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S, = %hz;(i, (2.94)
. 1
Sa. = 15%, (2.95)

The {Y,m(e, d));(i} are simultaneous eigenfunctions of the set of mutually

commuting operators {ﬁz, L., §2, §} They are referred to as the uncoupled basis.
We seek the coupled basis which are simultaneous eigenfunctions of the set of

mutually commuting operators {.J 2, x, f,z, §2}. From the development of Clebsch—
Gordan coefficients, the coupled basis can be directly constructed:

e gy=(m - L Loy e
/ (a¢) <am 2a22 12 ],m_%(aqé))(-f-

U U (2:50)
+ <1, m + 5375 [+ 7 m> Y;,m%(‘ga e
or
l,m—l,lllil,m Y10, ¢)
j:li%,m 2 22 2 o 2
v ) = D . @)
<l, m + 5, E, _E‘l + 5, m> I/;’m_'.%(e) ¢)

where m is an odd-half integer. The functions ) are called spinor spherical harmonics
or spin-angular functions. The Clebsch—-Gordan coefficients in equations (2.96) and
(2.97) are:

1
l+m+ —

I U1 IO R S it @99

222 2 21+ 1

l—m+1
- =

TR DRI SR il 99
2°2 2 2 20+ 1

i+ ) m . . .

The wave functions )} =2 (0, ¢) are, by construction, simultaneous eigenfunc-
tions of J 2, J, f,z, and §°. They are also eigenfunctions of the operator L - S. This
follows from J = L + S and:

-

J? +5)-(
5+S.
2L - S,

Il
!

+5)
[+5-§ (2.100)

[38)
t ~ o~
C/))

Il
!
+ hi fl‘\u
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whence
Z-§=gﬁ—£?ﬂ§y (2.101)
The eigenvalues of L - S are:
<i$=§%mnywuu—%} (2.102)
and,forj=l+%
<E-§y:%ma (2.103)
and, for j=1- -
@-@:-%U+UW. (2.104)

The operator L - S is called the spin—orbit interaction operator. It plays an
important role in both atoms and nuclei. This is illustrated in figures 2.6(a) and (b).

2.4 Vector spherical harmonics

The vector spherical harmonics are very similar to the spinor spherical harmonics.
They are defined by

E (eV) E (MeV)
\ (a) (b)
0— 15 —
nz2lol n=31=0
_5 | TTLZQ,ZZO 10 _ T 281/2
10.2 eV 11.4 MeV 1p1 /2

-10 |— l 5 — l / N
. 45x10%ev T1_\6.2 MeV
n=11[0= n=210= \L

1p3/2

Figure 2.6. Spin—orbit interaction AL - S in: (a) the hydrogen atom (4 > 0); (b) the nucleus 30 (4 < 0). The
labelling quantum numbers are for single-particle motion in a central force field. The energy zero for 'O is
arbitrary. Note that the magnitude of the spin—orbit interaction in *O (and all other nuclei) is enormous:
unlike in atoms, the origin of the spin—orbit interaction in nuclei is not electromagnetic but comes from the
strong force. (Note: the conventional labelling for the hydrogen atom is n/; and for nuclei is n,/;, cf. Volume 1,
figures 12.6 and 12.7.)
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Yem(0, @) = Z(LleUM) Y0, §)E,, v =0, £1, (2.105)
M,
where
E=f E, =&t (2.106)

+1 = \/5 s

and (€., 5}, Ez) denote a triple of orthogonal Cartesian unit vectors. They are used in

the multipole expansion of the electromagnetic field, where the & describe photon
polarization (recall that the spin of the photon is 17).

2.5 Clebsch—Gordan coefficients and rotation matrices

Clebsch—Gordan coefficients and rotation matrices are related. The connection can
be stated as a theorem:

Theorem 2.2.
DY (RDE (R) = X3 N ymijymljm) Gymiymsljm’ YD (R), (2 107)

j m m'

where the sum over j is from |, — j,| to j, + j,. (This is an explicit way of stating
equation (2.45), i.e. the Clebsch—Gordan series.)

Proof. Consider

<j1 myj, m2|D(R) Vimijs m2,> = <]1 m |D(R) i ml,> (iz m2|D(R) I, m2'>

. , 2.108
=D (RYD® | (R), (2.108)
mymy 2

nrnm

i.e. the left-hand side of equation (2.107) is equal to {j,myj, my| D(R)|j,myj,my). But
this can also be written as

<]] mljzm2‘D(R)Ul mﬁz’”ﬁ) = ZZZZ(JI szszm>

j m j om'
X (m|DR)'m') (j'm|jymjym3)

= 2. 2.2 > liimpmo|jm) DY, (R)S;

j m j om

X <]1 myj, mz/lj'm' > )

(2.109)

where the completeness relation has been used twice and the reality of the Clebsch—
Gordan coefficients has been used. Evidently, this proves the theorem. O
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A useful application of equation (2.107) is the simplification of an integral over
the product of three spherical harmonics. This commonly occurs in problems
involving electromagnetic transitions in atoms, molecules, and nuclei. From
equation (1.229), i.e.

4

Do), By =0) = 2747 Virl0 Dlospges (2.110)

and equation (2.107) for j, = 4, j, = b, j=1,m/ =0, my’ = 0, and hence m =0, i.e.

DIWRIDZ(R) = I (hmibm,|lm){h0b0]10)D(R), @.111)

I m

substituting equation (2.110) in equation (2.111),

4/4—” Ylel(ea ¢)1 4—77: Yl;kmz(ga ¢)

= ZZ<11m112m2|lm><110120|10>4/ Ylm(9 ®).

I m

(2.112)

Rearranging and taking the complex conjugate, this gives

JeL+ 1)(212 + 1) 3 limibmslim)
~ & (2.113)

x <zlozzo|10>1/2;‘—f1 Yinl0, ).

Then multiplying both sides of equation (2.113) by Y;,(0, ¢) and integrating, the
result is obtained:

Y (0, #) Y1 (0, ¢) =

* _[eh+ DL +2)
f YM(H, ¢) Yllml(e, 4)) Y/zmz(ea ¢)dQ - \/ 471_(21 + 1) (2114)

X (HOL0|A0)yyoma| ),

where the orthonormality of the spherical harmonics has been used.

Exercises

2.1. Show that .. and S. cannot be included in the mutually commuting set of
operators {.J 2, J, I:z, Sz}, J =L + S, because they do not commute with J 2

2.2. Show that equation (2.45) holds using the brute-force method, i.e. compute
the dimensions of the left-hand and right-hand sides. (Recall
Ton = sk(k + 1))

2.3. Using the recursion relationship, equation (2.71), carry out the derivation

of the general Clebsch—Gordan coefficients for spin—orbit coupling, equa-
tions (2.98) and (2.99).

2-23



Quantum Mechanics for Nuclear Structure, Volume 2

2.4. Show that for m; =my, =m; =0 and j + j, + j; odd, all 3-j symbols

are zero.
2.5. From table A.5, obtain the Clebsch-Gordan coefficients in tables A.l
and A.2.
2.6. What are the numerical values of:
33 9
22
@[i P
2 2
3003
= =0
2 2
Ol N ¢
2 2

2.7. Express | jmj,j,) as a linear combination of the basis states | j,mj,m,), for:
(a) j] = 1,j2 = 2>j= 1>m= Oa
b)j=1j5h=2,j=2,m=0.

2.8. The operator for the quadrupole moment of a quantum mechanical body

can be expressed as 12 Y5(6, ¢) in the position representation. Compute the

numerical value of the integral /0 ’ fo g dQY; (8, ¢)Ya0(0, §) Y0, @),

which appears in the expression from the expectation value of the quadru-
pole moment of the body in the state |LM).

2.6 The coupling of many spins and angular momenta and their
recoupling

The coupling of many spins and angular momenta is quite straightforward. It is

done sequentially, e.g. for | j,my), | j,ms), j3m3>, first couple | j,m) and | j,m,) to

| J1zM,5) and then couple | Ji;M,,) and | jyms) to |[JM):

|Gija )2, J3s IM) = thmzljlmljzmzj3mS>

(2.115)
X (jymjy Mol s Mia) (JiaMiojy | M)

However, the order of coupling can be 2 with 3 and then 1°, viz.

i Goss )z TMY =3 ljymyjy oy ms)
’nZsMZ3 (2 1 16)
X { o majsms|Jos M3 ) ( Jos Moy my| TM )

or it could be ‘1 with 3 and then 2’. These coupling schemes are different. For
example, consider j, = %, h = %, = % (ignoring any special symmetrization, e.g.

for fermions):
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. 1 . 3 . 5
@=ﬂ®@=ﬂ®@=ﬂ
U= ® =2} ® (13 - %)

=(Jo=1D)®|} = )@(-]12—2)® 5= 5)

@2.117)
-(1=3)e(=3)e(7=3)e(=3)
3
(=ﬂ@( ) P=ﬂ@ﬂ*5)
5\ 7V 9
(: ) P ) PZE)@PZE)@@=5}
or,
1 3 5
(j1:_)®(j2=_)®j3=_
21 2 ( 2) 2.118)
=(jl=5)®{<J23=1)eau23=2)eau23=3)@(J23=4)}
1 3 5
“fi-3)el-3)eli-3)
=(jl=§)®<123=1>ea j1=§)®(123=2)
@(jl _ l) ® (hi=3) @ (jl _ 1) ® (s = 4) (2.119)

[r=3)elr=3)elr=2)e =)
olr=3)elr=3)ol=3)olr=3)

The intermediate couplings above are clearly different. In actual physical
situations, interactions may exist between ji, j», and j3, e.g. magnetic dipole—dipole
interactions, and this can lead to a preference of coupling scheme. A good example is
the hydrogen atom where spin—orbit coupling for the electron dominates and
coupling the proton spin is secondary (weaker). By contrast, in positronium
(a hydrogen-like bound state of an electron and a positron) spin—spin coupling
dominates. This matters because the uncoupled or partially coupled bases are mixed
by the interactions and the choice of intermediate coupling is usually the partially
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Figure 2.7. A depiction of ]_'i, _72, and fg to J showing the alternative intermediate couplings Jj» and Jos, cf.
equation (2.120).

coupled basis which is least mixed by the final coupling. For example, the (electron)
spin—orbit coupled basis in the hydrogen atom is only slightly mixed when it is
coupled to the proton spin; if the proton and electron spins were to be coupled first,
the subsequent coupling of the orbital angular momentum would mix states in the
spin—spin basis more strongly.

Recoupling and its coefficients is defined with respect to the coupled bases, e.g.
G )2, s IM), |G s, jis IM ), and |(jijs)Jis, jps JM); or with respect to the
coupling of four (or more) spin-angular momenta. Thus,

|Gafi )3, i3 IM) = 3, |G hos ss IM) X (Gia) s 3| GadiWoss i)+ (2.120)

The coefficient ((j,/, )2, /31 )5) 23, ji J) 18 called a recoupling coefficient. A useful
representation of the vectors involved (not quantum mechanically correct) is
provided by a tetrahedron (see figure 2.7).

2.6.1 6+ coefficients

The recoupling coefficient for three spin-angular momenta is presented in a number
of various forms:

(G s |Gajs) s, i T) = @ + D@D + 1) Wiy Jjs; Jiads),  (2.121)

Ak o
i J I

(Gu)h2s J3 I N(Gafs )3, i J) = (= 1D)ARts+ (20 + 1)(2423 + 1){ } (2.122)

The W are called Racah W coefficients; the {} are called Wigner 6-j coefficients.
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These recoupling coefficients can be expressed in terms of coupling coefficients, e.g.

> (_1)‘Il+12+13+M1+M2+M3(J] /2 jS)(J2 % jl)

M, Mo, Ms, i, My —M, M\M, —M; my
N RS | VR E 2123
My =My my \my my m's

_ 5j3]"35m3m/32. 1 oo B ,
J; + 14 L S
where the ‘( )’ are 3-j coefficients.

The recoupling coefficients possess a high degree of permutational symmetry, e.g.

11 12 13 13 ll 12
= 2.124
{,11 Py 43} {13 P /12}’ (2.129)

11 12 13 /11 12 13
= . 2.125
{/11 A /13} {11 L X ( )

The coupling of four angular momenta, ji, j», j3, j4 can be carried out in a variety
of ways, e.g.

|G Whas Gsi) s IM) ot [Gijs)is, Gofi)aas TM). (2.126)
The recoupling coefficient between this pair is defined:
(G h2s Gsi)Isas IM|Gu) s, (i) oss TM ). (2.127)

2.6.2 9+ coefficients

The recoupling coefficients for four spin-angular momenta are related to the so-
called 9-j coefficients by:

(G h2s Ui s TM|Gij) s, Gojy)Joss M)

o (2.128)
= \/(Zle + D@2y + DRI+ D2hs+ DS j3 Jn Jzags
Jis S J

where ‘{ }’ is the 9-j coefficient.
An expression for the 9-j coefficient in terms of 3-j coefficients is:

b b Ji2 . .

(]12 Jo4 J) jl j2 Tl = Z (]1 )2 le](]3 J4 J34)
3 J4 =

Mz My M Jis Dy T e s M VT T2 Mi; \m3z my My

% h 73 S\ Js Ja (Jn J34 J).
my my Myis)\ma mg Mog)\ Mz Mzg M)

(2.129)
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and in terms of the 6-j coefficients is:

b h i .
o . VT
5oJy Sap= Z(—I)Z/(ZJ + 1){}:4 J3 j }
Jis Dy J J (2.130)

« by a2 S J
VY)Y
The recoupling of four spin-angular momenta arises, for example, if it is desired
to transform from ‘J-J’ to ‘L-S’ coupling in atoms.
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An intermediate level view
Kris Heyde and John L Wood

Chapter 3

Vector and tensor operators

The vector and tensor character of operators is described. This is developed into
identifiable commutator bracket relationships with the operator components of
angular momentum. Irreducible tensor operators are introduced as outer products of
bras and kets. The Wigner-Eckart theorem is proved using the outer-product
structure of irreducible tensor operators. The projection theorem is proved.

Concepts: vector operators; tensor operators; spherical tensor operators; irredu-
cible outer-product operators; Wigner—Eckart theorem; projection theorem.

All operators can be classified in terms of their tensor properties. The value of
knowing these properties is that it tells us how the operator transforms under
rotations. Knowing the transformation properties of an operator under rotations
enables us to greatly simplify the computation of its matrix elements. The simplest
possible tensorial classification of an operator is when it is a scalar or rank-zero
tensor. Such an operator is invariant under rotations. The next simplest possibility is
a vector or rank-one tensor operator.

3.1 Vector operators

g

Operators corresponding to 7, p, S, L, J are vector operators. All of these possess
the standard Cartesian form

A=2A +¢A, +eA., (3.1)

where é,, €, . are unit Cartesian base vectors. We reiterate that vector quantities are
given without explicit indication of whether or not they are operators, to avoid
cumbersome notation. Thus, the reader must interpret when an operator has been
introduced. The vector character of such an operator is manifest in the expectation values
(a]4,|a), (al/iyla), (a]A.|a), for some state |a), which form a vector in (3, R). Thus,

doi:10.1088/978-0-7503-2171-6¢h3 3-1 © IOP Publishing Ltd 2020
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rlalAda)x (alA]a)
rald,la)r | = (R)]| (ald,|a) |-
rlalA-|a)r (alA.|a)

For example, for R = R.(¢)

la)r = eXp{ }I );

and
(Ao)r cos¢p —sing 0 (4,)
(A)r|=]sing cos¢g 04|
(AA.")R 0 0 1 <121\2>

where (4,) = (ald,|a), (A)r =x (alA,|a)x, etc. Thus,

(alexp{ .”;:b }A xp{ Y ¢}|a) = (A,)cos ¢ — (/iy) sin ¢.

For small ¢,

<a|( ]A( o ] = (A) - (4)¢,
- (b + h¢A'“> ("L ) + 0 = LA -

%{<a|fz/ix|a> = (@A Lla)y = =(4,) ¢,

- ol {%(JA - fixfz)} @) = (al(=4)la).

and since |a) is an arbitrary state,

Proceeding similarly:
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(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)
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[J, A =0, (3.13)

[J., 4] = inA., (3.14)

[ A.] = —ihA,, (3.15)

[J,, 4] = —ihA., (3.16)

[J,, 4,1 =0, (3.17)

[, A.] = ihA,. (3.18)

Note the cyclic permutational structure of the indices, i.e.

[J, 4] = ihejAy. (3.19)

Equations (3.10)—(3.18) provide a definition of a vector operator. It is an
alternative definition to equation (3.2). It can be noted that the case A=17,ie.

e ) = inl., [, L] =ind, [L, J] = i), (3.20)

is just a special case of equations (3.10)—(3.18). We can also write immediately,

[J., §] = iz, etc., (3.21)
[J.. B,] = inp.. etc. (3.22)

3.2 Tensor operators

Cartesian tensor operators of rank r can be introduced in a manner similar to
Cartesian vector operators:

T(r) — Z j?]ké:é;é'k, i j, ke X,V Z, (323)
ijk-

where the 7;; are operators and the € are unit Cartesian vectors. For example,

~(2) Ao .
T = Zﬂjeiej, Ljex,y,z, (324)
ij
2 VSN LSRN SN
T( ) = ];xexex + Yj\’yexey + -+ 22€:€2, (325)

which was introduced in the form
T; = UV; (3.26)

in equation (1.79). Here, the T}; are operators.
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The transformation of the 77; under rotations, equation (1.80), was shown to be
reducible, equations (1.81)~(1.90). Thus, a scalar T (equation (1.81)), a vector 4
(equations (1.82)—(1.84)), and a five-component quantity S; (equations (1.85)—
(1.90)) were obtained. These linear combinations of the 7j are simply related to
the spherical harmonics. For 7, let U= Vi=x, U, = V5 =y, U3 = V3 = z, then

T =12~ Yy (3.27)

For Z, let 4; = A sin @ cos ¢, A, = sin @ sin ¢, A; = A cos 8, then

A+ idy = Asin Gt ~ ¥ (0, ¢), (3.28)
Ay = AcosO ~ Y6, ¢). (3.29)
For the Sy, againletUy = V=x, U, = Vo =y, U; = V3= z, then
S = xy = r?sin? @ cos ¢ sin ¢, (3.30)
Sy = yz = r?sin @ cos 0 sin ¢, (3.31)
S31=zx = r?sin cos O cos ¢, (3.32)
2 2
Si=x2——=r%sin*fcos’p — —, (3.33)
3 3
2 )
Sy =y? — 3= r? sin® @ sin® ¢p — 3 (3.34)
whence,
Sll - S22 + 2iS12 = r2sin? Ge*2¢ ~ p2 Yz’iz(e, ¢), (335)
S31 + iS5 = r? sin 6 cos Oe* ~ 12 Y, (0, @), (3.36)
—p2
S+ S» = 7(3 cos? 6 — 1) ~ FZYZ’()(Q, ). (3.37)

The spherical harmonics were shown to transform as

Yin(Or: dg) = D Dl R) Y36, ) (3.38)

(cf. equation (1.256)). Thus, we define a spherical tensor operator as one that
transforms under rotations as

+k
~ (k) (k)x ~ (k)
(Tq )R = Y DEXRTL, (3.39)

q'==
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1.e.
k +k *
DIR)T,'DR) = Y DURT,, (3.40)
q’:_
or
D(R)T,"DI(R) = 2 DOR)T. (3.41)
q'=—k

Equations (3.39)-(3.41) provide definitions of a spherical tensor operator of rank k.
By considering the infinitesimal form of equation (3.41), we can obtain, as we did
for vector operators, an algebraic definition of spherical tensor operators, viz.

i i el iJ -7 TSP A iJ i
T, |1+ p|= DT, (kq| lkq), (3.42)
n h " h
s ©, 7 =
[ ] ZT, (kq'|T - k). (3.43)
Then, from equation (3.43) for 77 = &.
A A (k) A (k) A
|7 7,7 | = 21, eq'\ k)
- “ (3.44)
= YT, qhikq'|kq),
"
[J Tq(")] = ngi®. (3.45)

Similarly, from equation (3.43), for 7i = + i€,),

|
f(ex

[ji, T“)] nfks k=g + DT

" (3.46)

An alternative view of spherical tensor operators can be obtained by considering
the general decomposition of an operator over a complete set of states

{lp).p=1,...,n}

A=Y p) (pldlg) (4, (3.47)
p=1lg=1
L A=) 4,lp)al. (3.48)
p-q=1
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Thus, any operator 4 can be decomposed into a linear combination of ‘clementary’
or ‘unit’ operators e,, = |p)(g| made of outer products of bras and kets. This can be
done in any basis which is complete. Of particular interest is such a decomposition
over a basis which has well-defined symmetry properties with respect to a group, e.g.
{lim). j=0, 3> 1 sm=—j, =j+ 1, ..., +j} and SUQ).

If the elementary operators are combined with amplitudes equal to the vector
coupling coefficients of the group, the operators so formed transform as irreducible
representations of the group. Thus, for SU(2), from the transformation properties of
lim) and {(jm|, equations (1.244) and (1.248), we can construct the irreducible
spherical tensor operators:

TG = Y Gimgymalkg)lm)(jy . —mal(= 1), (3.49)
nym;
where j, +j, >k > |j, —jl|, m +my =g, and the phase factor (—1)27" is
obtained and discussed in section 1.13. This construction is seen to fulfil the
definition given in equation (3.41)

D(R)T(jij,) " DI(R)
= mlzmzolmazmﬂkqm(mvmo(/z, —my| DI(R)(= 1)~ (350
= Z Gymyj, sz“DZl/]m Dy m(R)Zoz, —m’5| Dy (R)(= 1),

where equations (1.244) and (1.248) have been used; hence using equation (2.107)
(theorem 2.2)

D(R)T(jyjy)y ' DI(R) = D (ymjy malkeg) Gy vy s |jm’)
mymy,m'y,m'y,mm’,j (351)

X OIMUZMQI]WZ)D,,, m 1m 1>02 P m/2|(_1)_iz—m’2’

and from the orthonormality of the Clebsch—Gordan coefficients, equation (2.66)
and (2.69),

. DR T (i) 'DI(R)
> G e YD Ry, —mol(-1E, ()
m'y,m’y,m
whence
DR)T (i) F'DI(R) = Y. DR T(ijy)'s. (3.53)

where equation (3.49) has been used on the right-hand side. Equation (3.41) then
follows by identifying m'(=—k, —k + 1, ..., +k) with ¢'.
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To test the construction manifest in equation (3.49), consider the possibilities for

. 1 . 1,
h=3h=75
@)
(119 1 1 1 1 1,
T(E)O > <5m15m2 oo> ‘Eml><5, o (=B, (3.54)
my,ma=—m,

©)
T(u) _[Lin _1‘00 ’11><11 ‘(_1);+;
22), 2227 2 22/\2
(3.55)
Ll ‘ 0 ‘ L _1><1, 1 ‘(_1);-;,
27 2722 27 2/\2° 2
and from table A.1
3333 |0) =5 (3355 [0) =5 69
27 27272 J2°\222" 2 2
©)
o] - R Al o
22), 2 \22/\22 27 2/\2° 2
(1YY —1,
T(__J —— (3.58)
22)y 2

i.e. a scalar (where the resolution of the identity over the basis
{|%%), |%, —%)} has been used).

(b)
(11" 1 1 1 |
—_ == — — 11 _ -, - _1 ~—h
(22)1 }:<2mlzm2 >‘2"”><2 my (=12
mym;y
= 1111 ‘ 11 ‘ ll><l’ _1 ‘(_1);—§ (3.59)
2222 22/\2° 2
_‘ 11><1 _l‘
l22/\27 2
(11 1)
STl== =1+, 3.60
(221 [+)(-| (3.60)

where |+) := |%%> and |-) = |1, _%>.
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©
(11" 11 1 1
H==] = 3 (2mzm | 10) [ 2m ) (=, -
(22)0 n§2<2m12mz >‘2ml><2 "
S(ALL o) |12
222" 72 22/\22

A
22 22 2 2/\2 2

and from table A.1

(_ 1)%—;712

(11)(” 1 _‘11><11M1 _1><1 1
22), 2 22/\22 27 2/\27 21|
J11YY 1
STz =] === (- =) (B
(332), =
(d)
GBI EVER R
22_1 ~ 21 2 5 21 29 2

The results of (b), (c) and (d),

7= 1)1 T3 = o0 = b, T = oy

have the matrix representation

A () 0 1) »0 I (-1 0} +0 0 0
T; T — T )
! “(o 0)’ 0 “ﬁ(o 1)’ ‘1“(—1 0)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

(3.68)
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in the {|+), | — )} basis, whence for

~ (1) ~ (1)
7 )
e _(171 L(O 1) 1 (3.69)
7 a2\ 0)T 7
(1) ~ (1)
V4 7 ) .
T = _,(‘—1 o L(O - l) _ L, (3.70)
y N Nz V) N
A 1 (1 0) 1
T —-T1; = —o., 3.71
0 \/E 0 _ 1 \/5 ( )

the rank-1 tensor operator (i.e. vector operator) character is revealed.
Spherical tensor operators can be formed by ‘coupling’ together other spherical
tensor operators. This is proved by theorem 3.1.

Theorem 3.1. For X Z 7 ) which are irreducible SU(2) tensors of rank ki and k,

respectively:

A(k) (k2)
= 3 Y hakoaslka) X,y 2, (3.72)
‘11 qz
is an irreducible SU(2) tensor of rank k.
Proof.
k A (ki A (ky .
D(RT,"D(R) = ¥ (koo lkq) DR) X, "DYRID(R)Z,, DI(R)
419> o o (373)
= Z(qulkzqﬂkq}Z ol :ql(R)ZZ Dy2.(R),
4149 q's

where equation (3.41) has been used. Then using equation (2.107) (theorem 2.2):

205 E)
Y (kadagilka) Xy 2, DY (RYDIE, (R)
494192 (374)
"(kl) "(kz) "1 " n (k' )
= Y (kghglkg)X, Y (kig'kaq 2 |k"q Whagdagolk"q" YD (R,
94,4192 k"q'q"
(k) (k2) | )
LY (kakaglkg) Xy "2y DY (RDE,(R)
9199 192
Yog sl g YDER) X2, .72)
= Z Ok Ogq{kiq'1kaq 2 |k" q" YDy o (R) X, qz )

kuquqrzq/qu
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where the orthonormality of the Clebsch—Gordan coefficients, equation (2.69), has
been used, whence

, , N ok 5 (k)
=X| Y (kg'ikog2lkq'Y X, Z,) [DEYUR) (3.76)
9" \9"4"
(k) o~ (k
=21, DER). (3.77)
7
Thus, Tq("), defined by equation (3.72), obeys equation (3.53). O

The statement of theorem 3.1 should be compared with the definition of the
Clebsch—Gordan coefficients, viz.

lim) =, D Vi )Gy maljm), (3.78)
cf.
A(/) <> (/1) 5 (/2) . . .
To = 22 X Zors Gyl jm). (3.79)

This similarity exists because both spherical tensor operators and angular momen-
tum eigenkets are irreducible representations of SO(3).

As an example of the construction of higher-rank spherical tensor operators out
of lower rank spherical tensor operators, consider the operators:

00 = [72, Ail = (]X =+ l'ljy, (380)
I}O = I?Z, 171-1 = I}x =+ l.I?y, (381)

where U = (U, U, U.), V = (V,, V,, V). Equations (3.80) and (3.81) define two
spherical tensors of rank 1. Then we can use theorem 3.1 to form:

T3 = (1, +1, 1, 2112, £2) 0Py = UiV,
P21, 1, 1, 002, 1) 0Py + (101, 2112, £1 0Py (3.82)
1 o~ s s
:f(UﬂVo + UV, (3.83)
and
Ty = (111, =112, 0) T 7y + (101020) TV + (1, =111120) T,V
(3.84)

1 A 4 ~ oA A A
=ﬁ(U+1V—1+2U0V0+ U1 Viy).
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Spherical tensor operators possess a structure (with respect to rotations) that
greatly simplifies the computation of their matrix elements in many cases. This
simplification is embodied in the Wigner—Eckart theorem. This can be proved in a
variety of ways: the method used here is not unique.

3.3 Matrix elements of spherical tensor operators and the Wigner—
Eckart theorem

Theorem 3.2. (The Wigner—Eckart Theorem.) If an operator, f"q(k) can be expressed

in the form 7" Y 7(,j,)*, where 7' is rotationally invariant and 7'(j,j,)* is
12

given by equation (3.49), then
(@ m' | T O\ jm)y = € x (mkglj'm')., (3.85)

where o', a are quantum numbers other than the SU(2) quantum numbers (j, m)
that are needed to label the states, and C is a rotationally invariant quantity that
depends on «’, a, j’, j, and k.

Proof.
A (k) A (k . . . . oy —IM
7, =1 % Gimymalkg)jim) Gy, —mol(=1)2
JisJp 11,1 " _ (3.86)
= Y Gmgymalkg)lm) TGy —mol(=1)s.
./]a./zaml’mz

Further, the state |a; jm) can be written |aj) ® |jm) where |aj) is rotationally
invariant. (An example of Tq(") would be R,(r)Y,,(0, ¢), in a position representa-
tion.) Then,

e (9} . . . , e [P
(' jm T \as jmy=" > Gymjymalkg)(a'j'| & ('m!’|jym)
j]sjzsmlsmz (387)

x T, , —myljm) @ laj)(=1)57m,
ey | TP\ jmy = Gy, —mikgy e TPy~ 1)74m (3.88)

To permute the Clebsch—Gordan coefficient, using equation (2.77):

s k), (3.89)
m —m —q

(i), —mlkg) = m<—n-f'+f-q(
and

(j’/ ] k ): (_l)j’+j+/c( j, ] k) — (_l)j’+j+k(j k _];;/l,). (390)

m —-m —q -m m q m q
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.z@m%—m%@:?é%%%pJW”””ﬂ%W“W@Mmﬁwx (3.91)
s o1, N ) = (gl (-1 | 2 @ P, (392)

where m’ = m + ¢ and (—=1)?0=") = +1 have been used to simplify the phase. []

The Wigner-Eckart theorem can provide an enormous saving in computational
labour in many cases. Manifestly, from the Clebsch-Gordan coefficient {(jmkq|j'm’)
it follows that:

(@)

m' =m+ q; (3.93)

(b)
J+k=j 21—kl (3.94)

These are called selection rules. Thus, for a tensor operator of rank zero, k = 0, ¢ = 0,
and from (i) and (ii) j/ = j, m’ = m. For a vector operator, it can be expressed as a
linear combination of rank-1 spherical tensor operators and k = 1, ¢ = 0, 1. Then,
from (i) and (i) Aj = —j=0,+1, Am=m' —m =0, +1, and for j =0, Aj = L.
These are the selection rules for electric dipole radiation.

A more subtle consequence of the Wigner—Eckart theorem is that all matrix
elements of a spherical tensor operator (k) between states belonging to two SU(2)
irreps (j and ;') are proportional to each other: they differ in the numerical values of
the Clebsch—Gordan coefficients; the constant of proportionality depends only on j,
j', and k and is independent of m, m’, and ¢. This constant of proportionality is
called a reduced matrix element. Often, one is only interested in ratios of transition
matrix elements between two SU(2) irreps for a particular rank of spherical tensor
operator and these ratios are simple ratios of Clebsch—Gordan coefficients, i.e. the
reduced matrix elements cancel and, thus, do not need to be computed.

The constant called the reduced matrix element is usually written {(a’;’|| f"(k)||aj).
An often used convention is to ‘absorb’ the factor (-=1)¥+/2k + 1 into (a’j’llf(k)| laj),
ie.

EEa 117l
< / /lT(k)I > = <‘]|2|J/—-+-||1‘]> (395)

The factor /2j + 1 on the right-hand side of equation (3.95) is retained explicitly:

. . . . . (k
this ensures a symmetrical relationship between (a’; j’m’|Tq( )|a; jm) and

(-1¥

A (k
{a; jmqu( )|a’;j’m’)*, where
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(T“‘))T = (-1y07" (3.96)

q
and
(@1 T Najy=(=1y7 (il T’} (3.97)

If the numerical value of (a/;j’m’lf’;k)la; jm) is needed, then (a’]"HT(k)llaj) must
still be computed. This can be done by standard techniques of integration or
operator algebra.

A useful theorem that follows from the Wigner—Eckart theorem is the projection
theorem. The proof is given as theorem 3.3.

Theorem 3.3. (The projection theorem.) For a vector operator I7q, qg=0, =+l
(@ jmlJ - Via; jm)

T L (3.98)

(a's jm' |V las jm) =
(note: no j).

Proof. Expressing J in spherical tensor form:

o= 1%@ +il) = x% (3.99)
s (3.100)

then
(a5 jmlT - Ve jm) = (a'; jmlJoVo — JuVoy = JiVillas jm), (3.101)

sAals jmlT - Ve jm) = mida's jm| Vola; jm)

+ %\/(] +m)(j —m + D(a'; jm = 1|V_|a; jm) (3.102)

_ %\/(i = m)G + m o+ Da's jm + 1 Pl jm).

Then, using the Wigner—Eckart theorem:

(as jIlVlas j)

— 3.103
J2ji+1 ( )

. S . . . Ve T
@ j, m =1V la; jm)y = Gml, —1}j, m — 1>%, (3.104)
7

(' jm| Vola; jm) = (jm10|jm)
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and
. A ) . . Ve J
(@' j, m + 1|Villa; jm)y = (jmll|jm + 1)%. (3.105)
Thus,
(a's jm|T - V0a; jmy = Cpla's jll Vs j), (3.106)
where

h o 1 — . . .
Cin = W{mgmoym + EJ(’ +m)(j—m + ) (ml, =1|j, m — 1>(3 o

1 = . : ;
_ﬁ\/(]_m)(/+m+ D) Gmll|j, m + 1)},

i.e. Cj, is independent of a, o', and 17, and the reduced matrix elements of 170, I7i1 are

equal. In fact, we can argue that C;,, must be independent of m because J-Visa
scalar operator. Hence,

(a's jm|T - Vlas jm) = Cla’; IV |lat; j). (3.108)
Then, forV = f, a =a
(a; jm|J?|a; jm)y = Cias jllT|a; /). (3.109)

Now, applying the Wigner—Eckart theorem to IZ, and JAq:

(s jm' [Vylas jm) _ ¢a's jll Vllas )

—— ———2 L, (3.110)
(a; jm'|Jla; jm)y (e jIlJNla; j)
But, from equations (3.108) and (3.109),
(a ;{Ilflla;{) _ (e ;Jm|JA'2V|0!;]m> (3.111)
(a; e /) (a; jmlJ " a; jm)
and
(s jmlJ*la; jm) = j(j + D2, (3.112)
LA ) (a/;jm|j~ I7|a;jm> LA
Al "V |a; — "J . 3.113
(a's jm' | Vylas jm) 70 + 1) gm'’|Jyljim) ( )
]
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Exercises

3.1. By considering matrix elements (j'm’| X|jm), where X := [L, T, q(k)] - hqfq(k),

show that m’ = m + g¢.

3.2. The magnetic moment operator for an atom has the form

ii= z—e(gzL +855), (3.114)
e
where L and S are the total orbital angular momentum and total intrinsic
spin of the atom, —e and m, are the charge and mass of the electron, ¢ is the
velocity of light and g; and gg are parameters (g factors) with the
approximate values g, = 1, g¢ = 2. Show that

- —e N7
(a; IM'|fila; M) = %geﬂUM |J|JM), (3.115)
where
JU+1)-L
gy =11+ J+D)=LL+1D+SS+1) ’ (3.116)
: 20(J + 1)

which is called the Landé g factor. (Hint: use the projection theorem.)
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An intermediate level view
Kris Heyde and John L Wood

Chapter 4

Identical particles

An introduction to the representation of quantum mechanical many-body states is
given. The fundamental notion of symmetrization and antisymmetrization of many-
particle states is defined. The concept of a Slater determinant is sketched. The
occupation number representation or second quantization is developed in detail for
both states and operators. The use of anticommutator brackets is demonstrated.
Representations of many-boson and many-fermion systems are illustrated.
Particularly, the handling of ‘condensed’ systems—especially many-fermion systems
that exhibit superconductivity or superfluidity—is introduced. This is done using
‘quasi-spin’ and its SU(2) structure. The fundamental nature of quantum correla-
tions is illustrated; the emergence of an energy gap and the concept of Pauli blocking
is clarified. Boson-like behaviour of many-fermion systems is explained. Bardeen—
Cooper—Schrieffer (BCS) theory of superconductivity is derived. The Lipkin model,
an exactly solvable many-fermion system, is described and solved.

Concepts: symmetrization and antisymmetrization; Slater determinants; occupa-
tion number representation or second quantization; bosons and fermions; field
operators; many-particle Hamiltonians; Feynman graphs; normal ordering; pairing;
coherent correlations; Cooper pairs; quasispin algebra; correlation blocking;
dynamical symmetry; BCS theory; Lipkin model.

The most extraordinary thing about identical particles is their indistinguishabil-
ity. We know of no way to fix the identity of, e.g. an electron in a multi-electron
system so that we can keep track of it. This leads to the idea of permutation
symmetry in systems of two or more identical particles: the interchange of two
identical particles cannot result in any physically observable change. We have in
mind here that the particles occupy well-defined quantum states with specified space
and spin degrees of freedom. Thus, for the two-particle state w(1,2) and the

permutation operator P, we can write

Paw(1,2) = ep(2, 1) .1
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and
Py (2, 1) = ey(1, 2), (4.2)
whence
Bay(1,2) = Ayl 2); 4.3)
and so we must have
r=1, c==l. (4.4)

Further, for any operator A(1, 2) acting on (1, 2), we must have
ArA(1,2) = 42, ) = A(1, 2). (4.5)

Two types of wave function for states of a system with many identical particles
thus arise,

Roy(l, 2) = +y(1, 2), (4.6)
called symmetric, and

Poy(l, 2) = —y(l, 2), 4.7
called antisymmetric. Both types are found in nature. Particles of the first type are

called bosons and particles of the second type are called fermions.

4.1 Slater determinants

To ensure indistinguishability and symmetry or antisymmetry, for a system of two
identical particles we write

1
w(l, 2) = f{wl(l)%@) +y(Dy(2)} (4.8)
for bosons, and
1
w(l, 2) = f{wl(l)%@) - yu(Dw(2)} (4.9)
for fermions. A convenient short hand notation for equations (4.8) and (4.9) is
1| w) w(1)
1,2)=— )
YT [ v | (10

where the * define the signs in the determinantal expansion (‘- for the conventional
definition).

For three or more identical particles the correct prescription is similar to two
identical particles, e.g.

Pow(l,2,3) =+w(2, 1, 3); (4.11)
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thus (cf. equations (4.8) and (4.9)), e.g.
w(l, 2, 3) = y(Dy(2ys(3) — y(2ys(1)ys(3)

4.12
B2 + () @1

is an inadmissible three-particle wave function because
Poy(1, 2, 3) =y Qun(Dys(3) — yi(Dyns(2)ys(3) (4.13)

+yi 3w ys(1) + wi3ys(Dys(2),

s Pap(1, 2, 3) # aw(l, 2, 3). (4.14)

Such states are not known in nature. The admissible wave functions for, e.g. three
identical particles are

w(l) wy(1) yy(1)
wi(2) wv(2) yy(2) | (4.15)
w(3) wy(3) ys(3) .

b
J3r

w(l, 2,3) =

these are called Slater determinants, and for n identical particles they provide a
standard n X n determinantal code for writing down identical many-particle wave
functions. Equation (4.15) can be expanded (for the minus sign or fermionic case):

w(l,2,3) = %{‘//1(1)‘//2(2)%(3) — yi(Dys( 2y (3) — wr(Dy(Q)ys(3)
+ o (Dys(Qyr(3) + wa(Dy(2)ys(3) — wa(Dy(2)yy(3)} -

Evidently, even for three identical particles the Slater determinant notation is very
cumbersome. The problem with this notation is that we are labelling particles that
actually cannot have labels attached to them (they are indistinguishable). Thus, to
compensate for this we have to introduce symmetrization (for bosons) or anti-
symmetrization (for fermions). A much more elegant language for handling these
systems is the occupation number representation, also called the Fock representation,
or second quantization. It is based on the use of creation and annihilation operators;
and it has its origin in the idea of the creation and annihilation of quanta in the
harmonic oscillator (cf. Volume 1, chapter 5). This does not imply that the number
of particles is changing, only that the occupancies of states are changing. In place of
equation (4.8) we write

w(l, 2) < a'aj|0) or ai'a;|00), (4.17)

(4.16)

where |0) is the zero particle vacuum state. The symmetrization requirement for
equation (4.8) is fulfilled by the condition

alTa2+|O> = aZTal+|0> (4.18)
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and, hence
[a)', a;] = 0. (4.19)
For equation (4.9) the antisymmetrization requirement is fulfilled by the condition
alay = —ajaf, (4.20)
ie.
afazT + azTatl+ :={af, azT} =0, (4.21)

where {a,", a,} is an anticommutator bracket.

4.2 The occupation number representation for bosons

For a system of identical bosons, we define the state of the system where there are n;
bosons in state 1, n, bosons in state 2, etc., by

... Y= (31;_?:1 (\‘;%n (jn_)' [0, (4.22)
1.e.
nny..n)y =[] “”"—T)mm), (4.23)
where
[a/.a]]=0,vi.]. (4.24)
Further,
[a;, a;] = 0, Vi, j, (4.25)
and
[ai af] = 8;. %1, . (4.26)

It immediately follows from the algebra of the one-dimensional harmonic oscillator
that:

a'lmns...m;..)y = \/mlnlnz...(ni + 1)...), (4.27)
ajlmny...n;..) = Jni|lmng. . .(n; — 1)...), (4.28)
aalmmy...n;..) = nimns. . n;. L), (4.29)
(mmo...n...\mny...n;...) = 1. (4.30)
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Note that this language keeps track of the states occupied, their occupancies, and
their symmetrization with respect to particle interchange, i.e. only those properties
of the many-particle system that are definable: there is no (artificial) labelling of
particles.

We can also define the particle number operator, N,

A

No=a'a;, (4.31)

and the total particle number operator

N:=2 .. (4.32)
Evidently,
Nlnlnz...n[...) = (Zni]lnlnz...n,«...), (4.33)
i.e. [mn,...n;...) is an eigenstate of N. However, for a state
la) = Z Cnlnz.“n,-...lnan--'ni-">a (4.34)
/LI TR

this will not (in general) be an eigenstate of N. (There will be circumstances when
our state of knowledge will be imprecise with respect to the occupancy number.)

4.3 The occupation number representation for fermions

For a system of identical fermions, we define the state of the system in a manner
similar to that for bosons, but with n; = 0 or 1, Vi, viz.

|n1n2...ni...):=H (a,-*)"”lO), n=0o0rl, Vi, (4.35)
where
{af, aj} =0, Vi. (4.36)
Further,
{a;, aj} =0, Vi,j, (4.37)
and
lai af} =6, Vi.j. (4.38)

Equations (4.36)-(4.38) have remarkable consequences:
(a) For equation (4.36) with i = j,

a;a; + a;a; =0, (4.39)
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w(a)) =o0. (4.40)

Thus, we cannot create two identical fermions in the same state. (Non-
identical fermions, both in the state j, would be described by, e.g. a;, b;,
etc.) Similarly,

(a;)* = 0. (4.41)
(b) Consider
N = a;a,', (4.42)
then
sz = a]Tq,«a]Tq,; (4.43)

and from equation (4.38) with i = j,
sz = a;(l fa}aj)aj

+ ma—_ 4.44
jajfa. 7 jaj ( )

~ N,

=da

Thus, the eigenvalues of ]\7/ must be 0 or 1. Equation (4.44) expresses the idempo-
tency of ]\7]
The two prototype operations on the states of a many-fermion system are:
almm...np.) = aif(ar)"(@d)"™...(a;y"...110) (4.45)
and
almmy...n;..)y = ai+{(a1T)"‘(a;)"2...(af)”"...}lO). (4.46)
From equation (4.45), using equation (4.36),

almny...n...y = (= 1)@ "(a;)(@))"...(a;)"...10)
= (=1)"(ay" (@) (@)...(a;")"...10) (4.47)

i1 o "
=(—1)2/-:1”f(aﬁ)”'(a2’) (a)@y"...|0),
and
a,-(af)"" =a;, n; =0; a,-(af)"i =1—-a'a, n=1; (4.43)

Soailmng. . ng ) = Ongmng. .y — 1)), (4.49)
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where
6= (~-Z. (4.50)
Similarly,

almns...ni..y = 01 — n)|mmy...1 — n;..). (4.51)

4.4 Hamiltonians and other operators in the occupation number
representation

The total Hamiltonian for a many-particle system, in the absence of interactions
between the particles, is simply the sum of the single-particle Hamiltonians:

7:[ = ZEka = ZEka,Iak. (452)
k k

This is not very interesting. The occupation number representation doesn’t do
anything for us. We would have to solve for the E; by standard (one-body) methods.
The occupation number representation only becomes useful when we have inter-
actions between the particles in a many-body system.

We must find out how to handle interaction operators in the occupation number
representation. We are familiar with operators in single-particle quantum mechanics
and so we start from there. Single-particle quantum mechanics is just a special case
of many-particle quantum mechanics: just one particle is present.

We define the wave function operator or field operator:

Wop(F):= Y (7). (4.53)
k

where the @, are annihilation operators. The a, and a; operate only in the many-
particle ket spaces, they do not operate on the u;(#). The many-particle ket space is
usually termed Fock space. The {u;(¥)} are a complete set of position eigenfunctions.
The operator ¥,,(7) can be interpreted as annihilating a particle at the point 7 in
physical space. The conjugate of ¥,,(¥) is ‘I‘j;p(7). It creates a particle at the point 7.
The term ‘second quantization’ becomes evident in the separate identities of the
u(7), which are defined by the process of the quantization, and the ay, a; which
manifestly describe quanta (particles or field quanta).

Then, we must explore the properties of ¥,,(7). With one-particle systems in mind,
consider

¥ (7)00...01 0...) =) a;u(¥)00...0 1 0...),
A7) 10...) gkk(n 10...)

nth nth

= u,(7)|0).

(4.54)
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Then for a general one-particle state |a),

¥ (F)la)="T,,(F7 ¢,|00...0 1 0...
7)) p0§| 10..)

nth
4.55
= {chun(;:)}l(» ( )
=, (F)|0),
where
%(7) = chul1(7); (456)
and
(O] (F)lar) =y (F). (4.57)

It can be shown that the field operator is independent of any basis of reference
(recall, it is the operator that annihilates a particle at the point 7). It can also be
shown that

[ EFIF = N (4.58)

We are now in a position to construct operators for many-particle systems from
single-particle operators and the field operator. Consider the single-particle operator
A. We define

A= / Wi (7)AW,,(F)dF, (4.59)

where A replaces A as the single-particle operator (describing the dynamical
quantity 4) when going to a many-particle system. To see the validity of this, we
expand ¥,,(r) in terms of eigenfunctions of A:

‘Pop(;:) = Zanul1(7)’ (460)

where
Au,(7) = au,(F). (4.61)

[ WOAET =Y, [ alu @) Aau )
i.j
= Ya/a, / 1w (7) Auy(F)dF
i,j
:Za;ajaj&j
i.j

= zaiai a;,
i

(4.62)
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A= Zaia;ai' (4.63)

Equation (4.52) is formally identical to equation (4.63).
More generally, for any single-particle operator V in the basis {u,(F)}:

/ Wi (F) P, (F)dF = Y f a;u(7)V aju (F)dF
Lj
:Zafaj / i (F)Vu r)dr (4.64)
ij
= Y44V,
L.j
where
V= [ @)V (4.65)
Equation (4.64) is a one-body interaction potential in the occupation number
representation, and its components can be represented graphically as shown in
figure 4.1.

In a similar manner, using two-particle states, we can define a two-particle field
operator: e.g. for

y(l,2) = %{ui(l)uj(m — ui(Quy1)}, (4.66)
we define
(1, 2):= %Z}: {an(Dau(2) — au(2)a(1)}. (4.67)
S, 2) = Y a1, 2). (4.68)
L.j

Figure 4.1. Graphical representation for the scattering of a particle from state j to state i by a one-body
potential V. This is called a Feynman—Goldstone diagram or Feynman graph. The initial state is at the bottom of
the graph and the final state is at the top.
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(It is implicit that the u here are functions of 7.) Consider then

W1, 2100, 1 1oy = Naa(1, 2100, 1. 1)
ltTh mTth b ltTh mTth (4.69)
=y, (1, 2)|0)

and for a general two-particle state |3),

¥, (1. 2)18) = ¥,(1, 2) Y c1l00... Lol

Im

Ith  mth
(4.70)
= {qul,/]m(l, 2)}|0>
Im
=yy(1, 2)(0),
where
(1. 2) = D a1, 2), (4.71)
and the y,, (1, 2) are defined by equation (4.66) (with i = [, j = m);
SO, (1, 2)18) = (1, 2). (4.72)

We can construct two-body interaction potentials in a manner analogous to our
one-body interaction potentials. For any two-particle operator ¥ in the basis
(1, 2):

[ WL 29w, 2)d7 07

[ Tajalvit, 2V aaw, (1, d d,
ijkl

P
Y ajal Viwara,
ijki

i<jk<l

(4.73)

where the condition i < j, k < [ prevents double counting. Equation (4.73) is a
two-body interaction potential in the occupation number representation and its
components can be represented graphically as shown in figure 4.2.

Figure 4.2 can be viewed as a scattering of the two particles from states &, / to
states 7, j. It can also be viewed as the two particles being annihilated in states k and /
and recreated in states 7 and j. It can further be viewed as a mixing of two-particle
configurations. The amplitude or matrix element for the process is V.

Figure 4.2. Graphical representation for a two-body scattering by the two-body interaction potential V.
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A three-particle interaction would be written

PP
z V[jk]mnakaj a; aidydy.

ijklmn (474)
i<j<k,l<m<n
A commonly occurring Hamiltonian form is
H = ZEka,jak + Z V,-jklafa;akal, (4.75)

k i<j,k<l

where the first sum is over single-particle energies and the second sum is over two-
body interactions. Note that the number of particles is conserved (there are equal
numbers of annihilation and creation operators).
The procedure for carrying out computations is as follows:
(a) Compute the E; and Vy, using standard ‘one-body’ techniques.
(b) Write each many-body matrix element so that the many-particle kets are
expressed as creation operators acting on the vacuum (and the bras are the
corresponding adjoints). For example,

(az)n2 (al)nl (alT)n] (a3)" |0). (4.76)

T o

(nn3| Viaa, aslmmy) = Vi5(0|

(c) Put the creation and annihilation operators in normal order, i.e. all the
creation operators to the left and all the annihilation operators to the right.
For example, for equation (4.76) with n/ =2, n; =0, ny=1, n, = 1, for

bosons,
(@)’ 5 ooy Vi toro 4
1Ra4|V) = —= 141024,
Vi (0| NG ajazaya,|0) \/i<0|a1a1a a,aa,|0)
Y2 0lay (1 +ala)al (1 + d 00
E< lai(1+ajar)a;(1+ asar )|0)
Vi T
= \/L% { <O|a1aI|O> + (O\alaialal|0>},

Viz Viz 0

0
\/5<0|(al) ajaxajaz|0) = ﬁ{<0|(1+a d )[0) + (0](1+ajar)(1+afd) )|0>}

Viz
\/§{<0|0 (0/0)+ (0laid; [0) |o}

— V2V, (4.77)
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4.4.1 Exercises

4-1. From equation (4.76), put the operators in the normal order and hence
compute the matrix elements for:

!

n n, n m

@ 3 0 2 1
G) 4 0 3 1
Giy 1 1 0 2
@ 1 2 0 3
@@ 1 3 0 4
vy 2 1 1 2.
4-2. Show that
[ = R (4.78)

(cf. equation (4.58)).

4.5 Condensed states (superconductors and superfluids)

Many-particle quantum systems are capable of exhibiting an extraordinary array of
behaviour—witness chemistry and condensed matter physics. The present section
considers some idealised systems with fluid properties, i.e. the particles are free to
move throughout a specified region of space, but forces are acting between them.
This is distinct from solids where at least some of the particles are localised in small
subregions of the space occupied by the system, e.g. as in a crystalline lattice.

4.5.1 Two fermions in a degenerate set of levels with a pairing force

Consider a system of two fermions that are free to move in a set of 2N states which
are all degenerate in energy and which are characterised by a quantum number k,
where k = +1, +2, ..., +N. (The quantum number k& might label states of well-
defined linear momentum or states of well-defined z-component of angular momen-
tum.) Further, there is a pairing force acting between the fermions such that the
pairing matrix elements, Vi, are

Vis=V, r=k,s==k,i=k',j=-k',
k,kk=1,2,...,N, (4.79)
Virs=0, otherwise.
Then consider the case with N = 2. In the occupation number representation the

basis states are

ala0y, i, j=+2, +1, =1, =2, i # j,
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: Fog F T Tt Tt
L. ?leairﬂo); ajal)|0), ajal0), afalij0), afa’y0), and ala’)0). The
Hamiltonian is

k=2 2
H=¢)Y aja+V Y alaliaa, (4.80)
k==2 k' k=1

where ¢ is the energy of the degenerate states. The matrix elements of H contain one-
body contributions of the form (0|a;a;(e Zi:_za;ak)afa jTlO) and two-body contri-
butions of the form <O|q,a,~(VZi,,’ janapa_ap)aial0). These yield, via the
standard process of normal ordering, the Hamiltonian

2 0 0 0 0 0
0 2 0 0 0 0

~ 1o 0 24V vV 0 0

H<lo 0 v 26417 0 of (4.81)
00 0 0 2 0
00 0 0 0 2

where the ordering of the base states is (i, j) = (+2, +1), (+2, —1), (+2, =2),
(+15 _1)9 (+19 _2)5 (_15 _2)
We focus on the (+2, —2), (+1, —1) subspace for which the Hamiltonian matrix is

pe ()6 )
For an attractive interaction, V' < 0,

e =2-V, (4.83)
and if we were to neglect the off-diagonal matrix elements the energy spectrum for

would be as depicted in the middle of figure 4.3. The results of diagonalizing the
Hamiltonian, equation (4.82), is (cf. Volume 1, chapter 6, section 6.3)

(+2,+1) (+2,+1)

(+2,-1) (+2,-1)

(+1,-2) S +1,-2)

(-1,-2) (=1,
1

=
=T
—
T
)
|
=
|
-
[N}
|
©
=

(+27 72) 2V
(+17 71)

__%{(+1,71)+(+2,72)}

Figure 4.3. Depiction of the spectrum of the Hamiltonians, equations (4.81) and (4.82) with " = 0 in the left-

hand panel, with non-zero diagonal ¥ in the middle panel, and the Hamiltonian equation (4.82) in the right-
hand panel (after diagonalization).
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A=¢e xV,i.e. A=2¢ 22V, (4.84)

which can be depicted as shown on the right-hand side of figure 4.3.
The eigenstates resulting from the diagonalization of equation (4.82) are:

1 T T
A =2¢—-2V) = f{ajla_m + ala'hlon, (4.85)
1 . .
|1 =2¢) = f{ajla_*m — aa’|0)y. (4.86)

We call the symmetric combination, equation (4.85), a coherent superposition and
the antisymmetric combination, equation (4.86), an incoherent superposition. For
V' < 0, the coherent superposition has the lowest energy. This is a significant result.
We can regard V as a small attractive two-body potential superimposed on the one-
body Hamiltonian. In figure 4.3, the two configurations that can benefit from this
particular attractive force are shown with their gain in binding energy. This is readily
understood in classical physical terms In figure 4.3, one particular linear combina-
tion of the six basis states alone has increased binding energy. This additional gain in
binding energy is called correlation energy. It has no classical analog. This is a
characteristic feature of a quantum fluid with an attractive pairing force. The ground
state of the system is called a condensate. It is characterised by being separated from
the other states by an energy gap even when the unperturbed states are all
degenerate.

4.5.2 Many fermions in a degenerate set of levels with a pairing force: the quasispin
formalism

Systems with pairing forces can be described in an elegant and economical way using
the so-called quasispin formalism. For a set of states k = +1, +2, +3, ..., +N, we
define:

Sk, ==aja’y, (4.87)
Sk_ =da_idy, (488)
1
AYIRES E(a,jak +ala - 1. (4.89)

These fermion operators obey the following commutator (not anticommutator)
bracket relations:

[Sko» Sk,] = Sk, (4.90)
[Skop» Sk ] = =Sk, (4.91)
[Sk,> Sk.] = 28k, (4.92)
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i.e. Sk,, Si_and Sy, define an su(2) algebra.
For example, consider

1. -
[SkO,S;q] = {E(a}(ak—l—akak— 1),a,1a’k}
1 .
= z{ zaka,taik—l—aikafka;aik%
o=l o+ i)
1 T
= z{aZaik(l —a}:ak) +akaik(1 —aikafk)
| 0 0
vl o ala e )
0 0

1 +
:E{aliaik—’—aik%f a+ala  —afa @, afk}

= “Z“ikv (4.93)
‘-' [Sk()’ Sk+] = Sk+' (4.94)
Further, we define:
N
S, :=2S"+’ (4.95)
k=1
N
S_ ;=Z Sk, (4.96)
k=1
N
So=Y" Sk, (4.97)
k=1
These fermion operators obey the commutator bracket relations:
[SO’ S+] = S+9 (498)
[So, S_]1= -5, (4.99)
[Sy, 8] = 2S,, (4.100)

i.e. again an su(2) algebra—this is the quasispin algebra. For example, consider

S, S]= [2% ZS/-]
k !

= D[Sk, 1.
k1

(4.101)
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For k #1
[aja’,, a_ja)] = a{afka_la; - a;:z_ia,jafk 4.102)
= akajka_[a] - aka_ka_[a[
- 0. (4.103)
Fork =1
[Sk+: Sk_] = 2Sk0:
IS, S 1= Y2s,
’ Zk: ' (4.104)

=25,.

For the Hamiltonian, equation (4.80), we set the energy zero at ¢ = 0 (this is
arbitrary, and simplifies the details). Further, we take an attractive pairing force, i.e.
V' < 0. Then,

N
H=-VY aja’a_a. (4.105)
k,I=1

This Hamiltonian can be written using the quasispin language as
H=-VS,S.. (4.106)

The algebraic structure of the Hamiltonian is immediately revealed by recognis-
ing the form of equation (4.106) and the commutator brackets as being identical to
the problem of spin and angular momentum (cf. Volume 1, chapter 11) in quantum
mechanics, i.e. compare:

[So, S;1= S, cf. [L., L,]=hL,, (4.107)
[So, S.]=-S_ cf. [L.,, L.]=-hL_, (4.108)
[Sy, S_]=2Sy cf. [Ly, L.]=2hL.. (4.109)
S2=87—So+S.S. cof I*=L*-Lh+L,L., (4.110)
[S%, S.]1=0 cf. [L2 L,]=0, (4.111)
[S2,8.]=0cf. [L*> L]=0, (4.112)
[S2,8.]=0 cf. [L?> L_]=0, (4.113)
S?|smy) = s(s + D|sm,) cf.  L*|Im) = [(I + 1)A?|Im),

s=0,1,2, ..., [=0,1,2, ..., (4.114)

my=—s,—-s+1, ..., +s, m=-1,-1+1,..,+l
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Solsmy) = mg|smg) cf.  L.|Im) = mh|lm). (4.115)
Then, from equation (4.110)
H=-V{S*-S; + So}. (4.116)
and
Hlsmgyy = =Vis(s + 1) — m{ + my}|sm,), (4.117)

i.e. we have a closed-form expression for the eigenvalues of A: it only remains to
interpret the quasispin quantum numbers s and m.
To interpret s and m, first note that

N
1 A A

S=—EN,+N_—1, 4.118

0 2k=1(k k ) ( )

i.e. it is related to the number of particles in the system: let this be n, whence
N

n= (e +ny). (4.119)

k=1

Evidently, from equations (4.119), (4.118) and (4.115), together with the recognition
that in equation (4.118), Zivzll = N, we have

my = %(n — N). (4.120)
Then, for n =0,
my = —%N (4.121)

and for n = 2N (the maximum possible value of n in a many-fermion system with
states k = +1, £2, ..., +N)

m; = =N. (4.122)
It follows that

s=—N, (4.123)
i.e. the quasispin quantum number s describes the number of pair states in the system

and the quasispin quantum number m1, is related to the number of fermion pairs in
the system. We can rewrite the eigenvalues of H, equation (4.117), as

E(n, N) = —V{%(% + 1) - (" ;N)z + (" ;N)} (4.124)
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whence
V
E(n,N) = —Zn(2N - n+2). (4.125)
For the two-particle problem solved earlier, N was taken to be 2, thus
E2,2) = —%2(4 -2+4+2)==-2V. (4.126)

We can depict the energy eigenvalues, equation (4.125), graphically as shown in
figure 4.4. A number of observations can be made with respect to figure 4.4:

(a) Although the binding energy (—VN) for one pair (N = 2) and N pairs
(n = 2N) is the same, the contributions are very different. For one pair, an
amount — V' comes from ‘diagonal’ pairing and — V(N — 1) comes from off-
diagonal pairing (pairing correlations). For N pairs, all the binding energy
comes from diagonal pairing: correlations are completely blocked (all states
are occupied).

(b) Pauli blocking is revealed in the saturation of the binding energy at
n = N + 1: As more and more particles are added, they ‘get in the way of
each other’ with respect to correlations. In other words, the possibilities for
scattering (correlations) decreases with increasing particle number because
an increasing number of states are occupied which blocks the scattering of
fermions as a result of the Pauli exclusion principle.

The eigenvalues that we have obtained are for the ground-state binding energy as
a function of particle number n. We next consider excited states in a system with
specified particle number n. Excited states are formed by ‘breaking’ pairs, i.e. by
forming states such as (+k, +/), k # [: for such configurations, the pair does not

E(n,N)
A

2

» 1N
-VN
1%

—— (N +1)?
TV

Figure 4.4. A graphical view of the energy eigenvalues of the Hamiltonian (cf. equations (4.106), (4.117), and
(4.125)) for n particles occupying a set of 2N degenerate states and interacting through a pairing force
(equation (4.79)).
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contribute to the binding energy. However, this subtracts more than their diagonal
pairing energy from the total binding energy because of blocking.

Consider a one broken-pair excitation. Each fermion is in a single-particle state,
e.g. +p and +¢ for the pair. Thus, the pair states (+p, —p) and (+¢, —¢g) are blocked
in the correlations of other pairs. This effectively reduces N by 2. We call the number
of unpaired fermions the seniority and denote the seniority of the system by the
quantum number v. Hence for % broken pairs in a system of n fermions occupying
states (+k, —k), k=1,2, ..., N, N is effectively reduced by v. Thus, equation
(4.123) is modified to read

5 = %(N — ), (4.127)

and E(n, N) (equation (4.124)) is replaced by

En, v, N)=— V{(NZ_ v)(Nz_ A 1)

5 (4.128)
_(n—v—(N—v)) +(n—v—(N—v))
2 2 ’
whence
V
E(n,v,N)= —Z(n - 02N —-n—-v+2). (4.129)
Equation (4.129) readily leads to the excitation spectrum of the system:
(a) For zero-broken pairs (v = 0),
E(n,0,N) = —%n(2N -n+2), (4.130)
cf. equation (4.125).
(b) For one broken pair (v = 2),
E(n,2, N)= —%(n - 2)(2N — n). (4.131)
Thus,
E(n,2,N)—E(n,O,N)=—%{2nN—%—4N+2/ﬁ— 20N
(4.132)
+ i — a4y
=VN,

1.e. the excitation energy of the one broken pair states relative to the zero-
broken pair state is independent of the particle number n.
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(c) For two broken pairs (v = 4)
En,4,N) = —%(n — 42N -n+2) (4.133)

and
E(n, 4, N) = E(n, 0, N) =2V(N - 1), (4.134)

which, again, is independent of x.

We can depict the energy eigenvalues, equation (4.129), graphically as shown in
figure 4.5. The most remarkable result is that the excitation spectrum is independent
of n. This outcome is not at all evident in the formulation of the problem. It has its
origin in the quasispin quantum number s = %(N —v)and m,; = %(n — N): achange
of seniority (an excitation) is a change in s, i.e. it is a change of SU(2) (quasispin)
irrep. A change of particle number is a change of mi,, which is confined to a single
quasispin irrep. The excitation spectrum for a given N is shown in figure 4.6.

Observations regarding figure 4.6:

(a) The binding energy is not shown: zero binding energy corresponds to
(n, v) =(0, 0), (2, 2), (4, 4), ---.

(b) The excitations are independent of .

(c) Successive excitations for a given n are compressed, i.e. VN, V(N — 2),
V(N — 4), ---. This reflects Pauli blocking of successive broken pairs.

(d) Each value of v labels a quasispin irrep: recall s = %(N - v), my = %(n - N).
(e) The system has an SU(2) dynamical symmetry: the binding energies vary
with n and v; but v is a good quantum number.

E(n,v,N)
A
2N —4
2 4 6 2N —2 o
~V(N =2) \ " V(N -2)
~VN ' ~-VN
~V (2N —2) ' 2N
v=>0 '
v =2 E
v=4

Figure 4.5. A graphical view of the energy eigenvalues of a system of n particles with seniority v (v is the
number of unpaired particles) occupying a set of 2N degenerate states and interacting through a pairing force
(equation (4.79)). The excitation spectrum for a given n is determined by a vertical ‘cut’ through the red lines,
the lowest red line corresponding to the ground state.
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S_ Sy
v="=0 = .----. ‘ '
V(N —4)
v=4 [
V(N -2)
/1):2 E —_— e——— W
VN
=0 —————_— e eeemaaaas
n 0 2 4 6 2N —2 2N
Figure 4.6. The excitation spectra of a system, with the Hamiltonian H = —VS,.S_, containing n particles with

seniority v occupying 2N degenerate states. Details are discussed in the text.

We are now in a position to summarise the physics of the system: a system of n
fermions occupying N degenerate pair states (+k, —k), k=1,2, ..., N and
interacting through a pairing force of the type given by equation (4.79) will exhibit
the following features:

(a) An energy gap in the excitation spectrum will be present. The magnitude of
the gap is proportional to N, and is independent of 7.

(b) The ground state of the system is a highly correlated state. To see this,
consider the addition of a pair of particles to the system, as described by the
operator S,:

N
Sy = Y ajaly. (4.135)
k=1

This will add (create) a pair to the system with equal probability amplitudes
for being in all pair configurations.

(c) Although the system is a many-fermion system, the correlated pairs do not
behave like fermions! Consider (S,)?|0): if the pair created by S, is
fermionic, then (S,)?|0) should be zero. But

N N
(S4)210) = (Za,fafk](Zafaf;]IO). (4.136)
k=1 =1

The product of the two sums gives N> terms, each of which contains four
creation operators. Of these, N contain products of the type (a;)*(a;)?

which are zero. Thus, only a fraction % of these terms are lost due to the

fermionic character of ¢ and a”,. For very large N this is negligible. Note:
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very large N is a very large number of states not a very large number of
particles.

(d) In a system with an unpaired fermion the situation is very different with
respect to approximate bosonic behaviour. Consider the operator

N
Su=af 3 ajaly. (4.137)
k=1,
k#i
The pairing force will not scatter the unpaired fermion from the state i. Only
a fermion in the state —i can do this and, by definition, there is no fermion in
the state —i. Evidently,

(8+:)%10) = 0. (4.138)

Thus, an aggregate of fermions with correlated pairs (for the pairing force,
equation (4.79)) behaves like a fermion if there is an odd number of
fermions.

This system is the prototype of systems that exhibit superconductivity and
superfluidity. Such systems have an energy gap which prevents dissipation of the
current flow (no resistance) or the mass flow (no viscosity) at low temperature. That
is, there is no energy (thermal) available to excite the system out of its ground state
which would lead to dissipation of the supercurrent or super-flow. The “flow’ is
manifest in the highly-correlated nature of the ground state: it extends throughout
the bulk of the material. Addition of pairs at ‘one end’ and removal of pairs at the
‘other end’ can be made, effecting current (or mass) flow.

4.5.3 BCS theory

The foregoing section contains all the physics of superconductivity or superfluidity
in a many-fermion system with an attractive pairing force. The energy gap prevents
dissipation of ‘super-flow’, i.e. it results in zero resistance or zero viscosity. The
highly correlated pairs (Cooper pairs) give the extraordinary coherence properties of
these systems.

However, the Hamiltonian solved in the previous section is simplistic. All the
states are degenerate in energy and all the interactions are equal in strength.

Consider a relaxation of the degeneracy of the ¢, and of the identicality of the 7}, in

N N
H= Y (ex = Mafap + alyay) = Y Vieafala (4.139)
k=1 kk'=1

where A has been introduced as a reference energy, with respect to which the ¢, are
measured.
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The two-body term can be greatly simplified by considering the operator identity

AB = (4 = (4))(B = (B)) + A(B) + B(4) = (4)(B),

(4.140)

where (4) and (B) are average values (numbers) with respect to some state: in the
present case—the ground state of the system. If the quantum fluctuations of 4 about

(A) or B about (B) are small, (4 — (4))(B — (B)) ~ 0, and
AB = A(B) + B(A) + constant.
Thus,
N N
Z Vie(aialalal) = ZAk(a,jajk + a_pay),
k,k'=1 k=1
where
N N
A=Y Viadawa) = Y, Vielajaly)
k=1 k=1

(wlABly) = (rly) = (wley=(w|B A ly y=(w|B*A'ly) if () is real).
The Hamiltonian can be written

N
H= ZHk + constant,
k=1

where
H, = (¢ — A)(a;ak + afka_k) - Ak(a;afk + a_iay).

Then, using the quasispin operators
s 1. .
Sk+ = aka—Ikﬂ Sk_ = d_idy, Sk} = E(ak;ak + alka—lc - 1):

and defining
Ski = Skl + l'S/CZ,

we obtain

1 1
Sk, = E(Sk+ + Si) = E(a;jajk + a_pay),

i I s
Skz = —E(Sk+ — Sk_) = —E(a,iajk + a_ay),

and

[Sk,la Sk/;] = igaﬂyék}/a a, :Ba V= la 2> 3a

4-23

(4.141)

(4.142)

(4.143)

(4.144)

(4.145)

(4.146)

(4.147)

(4.148)

(4.149)

(4.150)



Quantum Mechanics for Nuclear Structure, Volume 2

H, can be written as
Hi = (& — V(2S;, + 1) — 20,8k, (4.151)
This Hamiltonian can be diagonalized by a rotation, cf. H = aL. — L, and
H' =D(y, 9)HD'(y, ) = yL.. (4.152)
Thus, introducing
Ui = exp{idiS,}, (4.153)
then (defining &, :=¢;, — 1)

UH U = 28 US U = 28.US, U + & (4.154)

Using the Baker—Campbell-Hausdorff lemma

0t ¢ —i0SE, . iSu 67 ik,
e S e 2 —Sk3+19kM —ElSkz,M + -
—Sk3{1—z—k!2+"'}+5kl {—&4—2—"?4—---}
= €08 Oy Sk, — sin O;Sy, (4.155)
and
eSSy e~ Sk = co8 O).Sy, + sin OS,. (4.156)
Hence,

UkaUlj- = 2§k(COS (9/CS](3 + sin GkSk,) - 2Ak(COS QkSkl + sin Q/CSh) + & (4157)

and for

. ) Ay

& sinf;, = —Aycos b, 1.e. tanf = ——, (4.158)

Ek
and
~ . _A
COS O = ——— sin6) = ———, (4.159)
&+ A7 g+ A7

~2 2
. &+ A - ~ ~
CUHU =28 B0 L 0B, + 8 Eo= B+ AL (4.160)

JEE + AL
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Further,
oS O . . O
U, = ek = cos — + i(28),)sin —
2 : 2
(4.161)
= oS 3 + sin &(a,jafk — a_iay).
2 2
The new vacuum state for the system is given by
N N 0 0
0y = [T vdoy = oS = + sin —(aja’, — a_ }o, 4.162
10) gk|> H{ > S (@ialy = aap) £10) (4.162)
but a_,a,|0) = 0, whence
N .
0y = [T (Ui + Viafa’))0), (4.163)
k=1
where
O
U, :=cos ER (4.164)
Vi :=sin %, (4.165)
U+ Vi=1. (4.166)

This is the celebrated BCS approximation for the ground state of a pair-correlated
system.

The procedure by which this solution was obtained is illustrated in figure 4.7.
From equations (4.153) and (4.162) it can be seen that the BCS wave function is a
(quasispin) SU(2) coherent state, cf. section 1.8.

4.6 The Lipkin model

The Lipkin model, as the title of the original paper [1] suggests, was developed to
provide tests of many-body quantum mechanical approximation methods. It was
not intended as a realistic description of any many-body system. Nevertheless, it has
received wide attention from theorists working in many areas of physics, and it
has great pedagogical value. It is the latter feature and the group theoretical aspects
that are emphasized here.

The Hamiltonian for the Lipkin model is

1 < 1 :
H= 58 Z o-a;aapg + EVZapﬂa;,(,ap/_gap_g

p=l,o=+1 pp'o (4.167)

1 .
oo

+EW E A pol oy 6y,
pp'c
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particle
! — 50\ Us
P quasiparticle ) ~
A A (Fermi energy)—4 “\ Uy
quasihole ¥ k—\ N 3
2% O
i 15 171
hol ~ ~
ole 0— HUk
k=1

I:Ik = (Sk — )L)(ZSAkg + 1) — 2Ak§kl

O R X .
\ k= expibiSio

td

Hy = ol — BL
0 \@(%9) o= al:—pl,

Figure 4.7. A schematic view of a many-fermion system, possessing pairing correlations, represented by a
quasispin algebra. ‘Holes’ are quasispin down, ‘particles’ are quasispin up. The analog of rotating spins of
magnetic moments in magnetic domains is sketched.

where (as indicated) p=1,2,...,n,p ' =1,2,...,n, c==x1, & V, and W are
(real) constants with dimensions of energy. The first term is a sum of single-particle
energies; the second and third terms are sums over two-body interaction energies.
The model can be depicted as shown in figure 4.8. The model is for a many-fermion
system containing » fermions (the number of states is 2n).

The Hamiltonian can be reformulated as

H=¢eK,+ %V(Kf + K2+ %W(IQK_ + K_K,), (4.168)
where the operators K., K. are of the ‘quasi-spin type’ and are defined by
K=Y a1, (4.169)
p=1
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p 1 2 3 4 n—1n + adjoint

i ; il i
n fermions, 2" configurations Apelyysdy odp—c Apolpy_ gy olp—o

Figure 4.8. A diagrammatic representation of the Lipkin model. On the left are the available single-fermion
states. The lower block have energy —%e, the upper block have energy +%e. There are n fermions and 2n single-
particle states which results in 2" n-fermion configurations. The two-body interactions are shown on the right

in a manner suggestive of Feynman diagrams.
n
— T
K- '_zap—lap+1a
p=1

1 n
Ky:= EZaa;Gap,,.
po

(4.170)

(4.171)

Note: throughout the ‘+1° and ‘-1’ are indices separate from ‘p’ and label 6 = +1

states. The operators Ki, K, obey
[K09 Ki] = iKi’ [K+’ K—] = 2K0’

i.e. they define an su(2) algebra.
To show that [K,, K,] = K,:

1
[Ko, K4] = Ezagﬂapﬂ —a, .|, Za;+laq—l ;
» q

for p # ¢,
aTa aTa —aTa aTa —aTa CZTCZ
pH14p+1s Ugtr1bg-1| — Y p+1Up+14+14g-1 g+1%q-14 p+14p+15
using

_ N f, T I O ) : g s
{ai, aj} = {ai’ a‘/} = {ai > aj} = {ai > a‘/} =0, for i # J,
. ¥ f _ i t
Soldpnlprr, Agpy-1| = =1t 1dp+1 — d =171 1p+1>

I f _
R [ap+1ap+1, aqﬂaq_l] =0,
and similarly

¥ T —0-
[ap_la,,_l, aq+laq_1] =0;
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and for p = ¢,
[a;HaPH, a;Ha[,_l] = a;+1ap+1a;+lap—l - a;+lap—la;+lap+la (4.179)
using
(@, ay =1, {a/, /v =0, {a;, a;} =0, (4.180)
and equation (4.175),

[yt i _ i i g0
e [ap-&-lap—i-l»ap-i-lap—l} _ap+](1_ap+1ap+l)ap—1 +M Ap-1dp+1; (4.181)

0
[“;H“ml»“;ﬂ“p—l} = Ay 1~ By Apeidpt, (4.182)
sty ajna, ] = aja, (4.183)
and
[a;_lap_l, a;Hap_l] = —a;Hap_l. (4.184)
L, ¥ ¥ ¥
.- E(ap+1ap+l - ap—lap—l)a Apilp1| = dpi1Gp-1, (4.185)
oy L, i i i
. Z E(ap+1ap+l - ap—lap—1)7 App1dp-1| = Zap+lap—1 = K+a (4186)
» »
whence
[Ko, Ki] = K. (4.187)
Similarly,
[Ko, K_.]=—-K_. (4.188)

To show that [K,, K_] = 2K

Ky, K ]= [Za;+1ap—l’ za;la(m]; (4.189)
P q

for p # ¢,

T ¥ —F ¥ T i
[ap+lap—13 aq—laq+l:| = dp1p-1dg_1dge1 — Ag_1dg1 19 pr1dp-1, (4190)

. T _ T t
cNapetpor, agiagn] = afrgeeina, s - ajgeeiia, . (4.191)
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w gt aliagn] = 0; (4.192)
and for p = ¢,

i i _ 1 i i i
[ap+1ap—la ap—lap+l] = dpi1dp-1Qp_1apy1 — Ap_1dp1d pi1dp—1, (4.193)
“Na, : =a} oyl — aj a,) = a)_ja, (1 — a}ap.), (4.194)
e ap+1a1,_1, ap_la[,H = ap+1ap+1 ap_lap_l ap_]ap_l ap+1ap+1 , .

. T i T i i
.. [ap+1ap_1, ap_la[,H] = ap+1a],+1 - da p_la[,_l - ap_lap_l

. - (4.195)
+ Ay ettt
[a;+lap—ls a;—lapﬂ] = a;+1ap+l - a;—lap—ls (4.196)
K, K] =2K,. (4.197)
The su(2) basis states |kmy):
K2\kmy) = k(k + V)lkmy), (4.198)
Kolkmy) = mylkmyc), (4.199)
Klkmy) = (k7 m)(k £ my + 1) [kmy £ 1), (4.200)
can be interpreted using
e
Ko = ZE(" +Hp+1 — a;—lap—l)» (4.201)
P
whence
max 1 min 1
mp = =n, my " = —En, (4.202)
i.e. m™>* corresponds to all # fermions in ¢ = +1 states, m,;™" corresponds to all n
fermions in ¢ = —1 states, and m;, gives the number of ‘particle-hole’ excitations.
Evidently,
k= %n. (4.203)

The number of configurations arising for a given value of n (i.e. n equals the
number of fermions and half the number of single-particle states) is quite subtle.
These are given in table 4.1 for values of n up to n = 8. Recall that for a given value
of k,

m=k, k—1,.., -k, (4.204)
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Table 4.1. The number of configurations in the Lipkin model as a function of n.

n No. of configurations Irrep labels & Dimension of ground-state irrep

1 2 1 2
2

2 4 1,0 3
3011 4

3 8 ERE

4 16 2,1,1,1,0,0 5
5 3.4 1\5 6

6 64 3,20, (1), (0 7
LRI 8

8 256 4, (3), - 9

1
n=1k=— n=2k=0or1

O M.

1 1
. - —1 0 +1
mig 2 +2 mi
31 1
n—3,k:§750r§
LLT Ll D) Cdel ) CL el [elef ] Lol Te] L1efe] [efefe]
[efefe] L lefe] [of Tef fedef | CLTef LAT ] LT ] LT
3 1 1 1
O - -5 +3 += +2 +2

Figure 4.9. Graphical depiction of all Lipkin model configurations for n = 1, 2 and 3.

i.e. 2k + 1 possible configurations. These configurations are depicted, for n = 1, 2,
and 3, in figure 4.9. For n = 1 we could represent the SU(2) basis states:

o) = [1,+1) = |E2), (4.205)
|1o>_\}§‘%>+\2‘%>, (4.206)
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_ Ay O
100) = \/E‘EE'> ﬁ‘m> (4.207)
\1,—1}:‘%>. (4.208)
For n = 2, the operators K, K_, and K are:
K, = 4111611—1 + 612T+1612—1a (4.209)
K_=a a1 + aj_jar, (4.210)
1
Ky = E(alT-i—laHl - 011101—1 + 02T+1a2+1 - 05—102—1)- (4.211)
Evidently,
K 10) = V211, +1) (4.212)
and
K,]00) = 0. (4.213)

Solutions to the Lipkin model Hamiltonian (equation (4.167)) can be considered for
a number of special cases:

(a) V=0.
H; = eKy + %W(KJ(_ + K K,), (4.214)
and recalling equation (5.41),
o Hy=eKy+ W(K? - Kyp), (4.215)
o Hillemy) = emy + Wik(k + 1) — m{], (4.216)

i.e. Hjp shifts and splits but does not mix the SU(2) basis states.
(b) W=0.

Hy = eKy + %V(Kf +K?). (4.217)

The terms containing K> and K * mix states within an irrep, but they do not
mix states from different irreps. This leads to exact solutions forn =1, 2, 3

4, 6, and 8. To proceed, the matrix elements of Ky, K2 and K 2 in the |k
basis are needed:

(kmy | Kolkmy) = my, (4.218)

(kg + 2| K7 | k) = [k — my)(k + my + 1)

(4.219)
X (k= my — Dk +my +2),
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(kg — 2| K2 | kmy) = J(k + my)(k — my + 1)

(4.220)
X |k +my — 1)k —my +2).

It then remains to construct the Hamiltonian matrix for a given value of n
(recall k = %n) and to solve its secular equation. This task is greatly
simplified by the SU(2) structure of the problem. First, for a given value
of n, the possible configurations can be grouped into SU(2) irreps (given in
table 4.1). Thus, for the 128 configurations corresponding to n = 8§, for
example, the largest SU(2) irrep is only of dimension 9, i.e. it has k = 4. But
there is a further simplification: K2 and K? only mix configurations
differing in my; by *2, that is to say the matrices to be diagonalized can
be further reduced such that for a given matrix the my, values are either all
‘even’ or all ‘odd’. Thus for the energy eigenvalues A:

@n=1k=3,
J=tte. (4.221)
2
®)n=2,k=1or0,
k=0,

A=0, (4.222)

k — 1’ m];even. — 0,
=0, (4.223)

k=1, m"% = +1,

((lllHlll) (11]H|1, -1) )z(s V), (4.224)

(1, =1|H|11) (1, -1|H|1, -1) V —e¢
e—4A Vv
= 4.22
|4 —e—/l‘ 0, ( 3)

LA=xNer + V2 (4.226)

(c) n=3,k=%,%or%,
k= % (twice),

A= i%s (twice). (4.227)

3 even, 3 1
k= gmi™ =43, =
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(118 G (3
22 22 22 22 | 2
(2] 22) (2t |20 | -
22 22 22 22
3
Ze—2 3V
2 —0
3V —=—e-1
A=—e+ e + 3172,
_ 3 .odd, 1 3
k_zamko _+Ea_23
Bl 1ol [
22 22 22 22 | 2
(222w 21) (223 ] 223)| | -
22 22 22 2 2

and this is identical to k = %, v

A= —%e + eX + 312,

with ¢ = —e¢,

dDnrn=4k=2,1,1,1,0,0,
k = 0 (twice),

A =0 twice.

k =1 (three times),

A =0, +Ve? + V?(adopted from equations (4.223) and (4.266)).

k=2, m&™ =+2,0, -2,

Y3V
. (4.228)
—E&
2
(4.229)
(4.230)
J3V
5 | (4.231)
—&
2
(4.232)
(4.233)
(4.234)

Jev 0

(22|H|22)  (22|H|20)  (22|H|2, =2) 2e
(20|H|22)  (20[H|20)  (20|H|2, -2) |=|JeV
(2, =2|H|22) (2, =2|H|20) (2, =2|H|2, -2) 0
2e — 1 J6V 0
Jev -1 Jev | =0,
0 6V —2e—12
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A=0, £24er + 312, (4.237)
k=2, m" = +1, -1,
21|H|21 21|1H|2, -1
(211H[21)  (21]H|2, 1) =(e 3V)’ 4.238)
(2, —1|H|21) (2, -1|H|2, —1) 3V —¢
e—4 3V _
A= +Je2+ 972, (4.240)

Note that the lowest (ground-state) energies occur, in each case, for
the maximum value of k. Thus, for n > 5 only the maximum value of
k is considered (the lower values of k have already been solved for
lower n).

(e) n= 5’ kmang’

5 ceven, 5 1 3
k= X mkeven =+, +

2> T T
2 VIOV 0
Jiov %e J18V | & H — must be solved numerically. (4.241)

0 JISV _%g

k = %9 ml;()dd’ - +%9 %3 ;3
3
56‘ \/EV 0
JIsV - %e J10 V | & H — must be solved numerically. (4.242)
0 VOV -2

(H) n =06, k™=3, k =3, ™" = 43, +1, -1, -3,

3¢ VIS5V 0 0
JI5V e 6V o |
0 6V  —e 15V
0 0 JI5V -3¢

(4.243)
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A= 4452+ 3302+ et 1 6V %2 1 5417
k=3, mP% =420, -2,

2¢ 30V 0
J30V 0 J30v|eH,
0 V30V -—2¢

A=0, £2e? + 1572,

(8) n =8, km™=4,

2=0, +10e2 + 11872 + et — 21%2 + 2251/%

4562 + 11312 £ 46 + 381722 1 5501/4 .
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An intermediate level view
Kris Heyde and John L Wood

Chapter 5

Group theory and quantum mechanics

Following the definition of a group, the role of group theory and symmetry in
quantum mechanics is introduced. This is handled by way of presenting a synoptic
view of quantum mechanics, ‘seen through a group theoretical lens’, especially the
view of angular momentum theory. Many of the concepts developed in Volume 1
and the preceding chapters, herein, have been shaped to arrive at this exposition of
group theory. The distinction between discrete and continuous groups is clarified.
Details of Lie groups and their associated algebras, suitable for quantum mechanical
applications, are presented. The fundamental concept of a group generator is
emphasized. The use of Lie algebras for model building is explained, especially
spectrum generating groups and their associated algebras (also known as dynamical
algebras). Representation of groups is introduced, including matrices and poly-
nomial functions. The distinction between compact and non-compact groups is
explained. The groups SO(n) and SU(n) are introduced, together with their Casimir
operators.

Concepts: group definition; Abelian group; translation group; rotation group;
space-time transformations; symmetry transformations in quantum mechanics;
discrete groups; continuous groups; matrix groups; Lie groups; Lie algebras; group
generator; dynamical group; dynamical algebra; spectrum generating algebra
(SGA); compact groups; non-compact groups; SO(3); SU(2); U(n); SO(n); commu-
tator bracket tables; Casimir operators.

Group theory plays a fundamental role in the processes of the world around us:
objects get translated and rotated. If a book on a closely-packed shelf has its title up-
side down, one takes the book out (translation, 7) turns the title right-side up
(rotation, R) and returns the book to the shelf (inverse translation, 7-!): T-'RT—a
similarity transformation. In the quantum world we are especially concerned with
rotations in the space around us, (3, R) and in Hilbert space, (n, C), i.e. the complex
linear space in n dimensions, where 7 is the number of distinct observable results of
measurements defined by a maximal set of commuting operators.
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In this chapter, a basic formal outline is given of the essential elements of group
theory, and its role in quantum mechanics. Much of this material is a restatement of
forgoing subject matter. The intent is rather akin to a first formal presentation of
language, when one is introduced to the fact that one is using ‘prose’ and that prose
can be broken down into rules of grammar, etc. One does not need to know the rules
of grammar to converse; but to write, it helps to know a few rules. To take the adage
‘the pen is mightier than the sword’, at some risk, we pose: ‘group theory is mightier
than blind numerical computation’.

The role of group theory in quantum mechanics enters at two levels: its role in
transformation theory, and its role in the algebra of infinitesimal group generators.
The algebras of group generators are introduced here, and this is formally developed
in the next chapter (chapter 6).

5.1 Definition of a group

A group is a mathematical structure defined by the following: It is a set of elements
{G;}, where i may be discrete or continuous, such that

L
GjoGi = Gy; (5.1)
where the symbol ‘o’ denotes the group ‘product’ which may be multi-
plication or addition or some other law of mathematical combination; and
Gj, Gi, G; € {G;}. This is called closure.
1L
GjO(GkOGl) = (GjOGk)OG]. (52)
This is called associativity.
I1I.
Gjol = G;. (5.3)
1 is called the identity. I € {G;}.
Iv.

GoGj'=1. (5.4)
G;'is called the inverse of G;. G;' € {G}.
It is not necessary that GjoG; = GjoG;, i.e. that the group product be commutative.

Definition of an Abelian group

An Abelian group is a group with a commutative product.

5.2 Groups and transformation

Transformations of physical structures (or mathematical structures) naturally give
rise to realisations of groups.
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5.2.1 Translations

Consider a quantity, f(x), which depends on a position coordinate x. Then, for a
translation along the x-axis through a distance a described by the operation T}.(«a):

T()f (x) = f(x — a). (5.5
Thus,
LA T()f (x) = T (x —a) =f(x —a = ) = Ta + p)f (x), (5.6)

5 TP Ta) = T(a + p), (5.7

which manifestly expresses the group closure axiom. The other group axioms follow
directly for translations.
e The elements of translation groups, so expressed, form a continuous set.
e Translation groups with discrete sets of elements arise, e.g. when considering
translations that leave crystalline lattices unchanged.
e Translation groups are directly extended to any number of spatial dimen-
sions, e.g.

Ty(b)T(a) = T(c), (5.8)

where n and ¢ are uniquely defined.
e Translation groups are Abelian.

5.2.2 Rotations

Rotations can be defined in two or more dimensions.
(a) Rotations in a plane: e.g.

R:(¢2)Rz(¢1) = Rz(¢2 + ¢l)’ (59)

where z is an axis perpendicular to the plane and ¢, and ¢, are angles. Such
rotations form an Abelian group. Moreover, there is a ‘compactness’ to
rotations, 1.e.

R(¢ + 27) = RA(o). (5.10)

(b) Rotations in three dimensions: e.g.
R,()R(9) = Ry), (5.11)

where n and y are uniquely defined, form a group. They are compact, but
they are non-Abelian (see figure 5.1).

5.2.3 Space-time transformation

Translations and rotations in three dimensions play a vital role in the discussion of
physical space. Physical space together with time constitutes space—time or
Minkowski space. Minkowski space possesses a rich variety of transformations:
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b b

\

R, (90°) R, (90°)

. . A

2 Y
c/

a
x T
Figure 5.1. Rotation of a moving frame (a, b, ¢) with respect to a fixed frame (x, y, z). On the left the
sequence ‘rotate counterclockwise through 90° about the z-axis followed by rotate through 90° about the
y-axis’ is illustrated. On the right the sequence ‘rotate counterclockwise through 90° about the y-axis followed
by rotate through 90° about the z-axis’ is illustrated. The sequential operations do not commute. The ‘right-
hand’ rule is depicted to help visualise the rotations.

Translations (T)

Rotations (R) Space inversion (x)
Time translations (7)
Lorentz boosts' (A) Time reversal (7°)

The following groupings of the above have special names:
Poincaré or inhomogeneous Lorentz group
TR, t, A, z, T

(Homogeneous) Lorentz group

R, A, &, ©

Proper orthochronous Lorentz group

R, A

Galilean group

Anon—relativistic (non-relativistic: v < ¢, i.e.y = 1)
Euclidean group in three dimensions

R, T.

) _2 . .
'Y= p(x — o), 7= (1 - lx) , U= y(l - %x) for an x-direction boost.

¢
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5.3 Transformation on physical systems

Physical systems are described using particles and fields. The physics of a system
with respect to transformations can be broken down into:
(i) the environment in which the system is placed,
(i1) the structure of the system itself,
(iii) the interactions between the component parts of the system.

Transformation of a system with respect to its environment leads to the concepts of:
e empty space,
e conservative systems,
e impossibility of absolute position, orientation, and velocity,
e the absolute nature of the scale of a system.

Transformations of the system itself depend on:
e the level at which the system is modelled;

which leads to the distinction between
e space-time structure;

and
e intrinsic structure (e.g. electron spin, electric charge).

Transformations of the space—time structure of a system lead to the concepts of:
e phase space,

equations of motion,

permutations of particles,

shape,

normal coordinates,

constants of motion.

Transformations of the intrinsic structure of a system lead to the concept of:
e gauge.

Transformation of the interactions between the component parts of the system
reveals:

e the equations of motion,

e the constants of motion,

and in complex many-body systems leads to
e the collective modes of motion.
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5.4 Quantum mechanics: a synoptic view

Quantum mechanics is a highly successful theory of the (mechanical)
behaviour of small physical systems.

It is complete, theoretically, i.e. it is able to describe all known phenomena
observed in small physical systems (and it is essential to the understanding of
certain macroscopic physical systems, e.g. superconductors, superfluids,
quantum Hall effect devices).

The axioms on which quantum mechanics is founded can be stated in a number of

ways.

The following is neither unique nor, in its entirety, necessary, but it is

sufficient:

The state of a quantum system is completely described by an element (state
vector) of a Hilbert’ space.

If the number of distinguishable states of the system is », the Hilbert space is n
dimensional.

The physical quantities (dynamical variables) associated with a system are
represented by Hermitian operators. These operators act on the elements of
the Hilbert space describing the system, to yield other elements of the space.
If an operator 4 acting on an element y, of the Hilbert space obeys

fiz//a = oy,
then y, represents a state of the system with the value a for the physical

quantity represented by A, where « is a real number. This equation is an
eigenvalue equation with eigenvalue a and eigenvector y;,. Hermitian operators
have real eigenvalues.
If two distinguishable states of a system have the same value a for a physical
quantity A4 then there is a second physical quantity B with respect to which
the states y, , y,, obey

By, = P, By, =Pw,. B # B

— The states y, and y, are said to be degenerate with respect to the
physical quantity 4.

— The physical quantities 4 and B are said to be compatible.

— The operators A and B commute.
Different physical quantities, for a given physical system, are not necessarily
compatible: if this occurs, then the operators representing the incompatible
quantities do not commute.
The number of physical quantities that provide the distinction between the
different states of the system must be determined by experiment; and these

2 A complex linear space with finite inner products.
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physical quantities are represented by a set of commuting operators called «
complete set of commuting operators.

e The scale in which our world is quantized must be determined by experiment
and is described by a single parameter, commonly chosen to be

1.054 571 817(exact) x 1073 J s = f.

e The manner in which the scale factor is incorporated into the axioms of
quantum mechanics must also be determined by experiment. However, the
exact manner of this incorporation is extremely abstract.

— The most commonly used axioms for incorporating # into quantum
mechanics are:

[ias D] 5= By — Byf = ind6,5 @, p=x, 3, 2, (5.12)

where x, y and z span the three spatial dimensions of Minkowski space
and 6,5 = 1ifa =, 6,3 = 0 if @ # f; and

(S, S’,;] = iheaﬁyﬁy; a,f,y=x,,z, (5.13)

Exyz = Epzx = Exxy = +1:

Eyxz = Exzy = Ezyx = _15

where S, §y, and S, are the three components of intrinsic spin.
e The operators of quantum mechanics are formed from the dynamical
variables of classical mechanics as follows:

AN AN _
= Fas pa,class =P = X)), 2, (514)

n
o class

n m AR AM
ra,classpa,class - rapa

(5.15)

)symmetrized ’
| PP
e.g. 1p, = E(VGP{' + D, Ta)- (5.16)

The states defined by the preceding axioms are stationary states, i.e. they do not
change with time.

Quantum mechanical systems may also evolve in time. There are a variety of
ways of incorporating time dependence into the description of quantum mechanical
systems. The two commonly used methods are the Schrédinger picture and the
Heisenberg picture:

e In the Schrodinger picture, time dependence is incorporated into the state
vectors according to

ih%y/(t) = Hy(1), (5.17)

where A is the Hamiltonian operator.
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e In the Heisenberg picture, time dependence is incorporated into the operators
according to

dA(r) _ 1

1 0A(1)
dt i ’

[A(1), H] + (5.18)

where 4 is an operator representing a dynamical variable, and the term ? is

only non-zero if 4 has a classical time dependence.

There is one aspect of quantum mechanics, which has a time dependence, for
which no description is possible: the act of measurement! Herein lies the inherent
uncertainty in quantum mechanics. Specifically, one is dealing with probabilities and
this necessitates accumulating statistical distributions of quantities: these distribu-
tions may be ‘sharp’ or ‘diffuse’. Great caution is needed in attempting to qualify
uncertainty, in the sense that paradoxes arise if one supposes that one can talk or
think in terms of a single measurement on a given system. See below and see the
footnote on p. 8-1 for some further comments.

The probabilistic nature and consequent uncertainties of quantum mechanics are
incorporated using the following axioms:

e For a system in the state y,, the probability of observing the system to be in the
state y; 18 | (y, y/ﬁ)|2, where (v, y,) = (;, ;) = 1 and “(, )’ denotes an inner
product.

e For a system in the state y, the expectation value of the physical quantity 4,
(A4) is given by

where (y, ) = 1.

e Although the language used suggests that it is applicable to individual
quantum systems, the probabilistic nature of quantum mechanics only makes
sense when comparison with experiment involves many measurements either
repeatedly on an individual system or on many identical copies of that
system. To allow for experimental uncertainty (i.e. non-quantum mechanical
uncertainty) the formalism of density matrices must be used (cf. Volume 1,
section 7.4).

o A useful expression for uncertainty in a dynamical variable 4 with respect to a
state represented by the vector v is (i, /121//) — (y, Ay)* Tt is variously called
the dispersion of A or the variance of A or the mean-square deviation in A.

For a system consisting of many identical particles:
e The operation of permutation of the ith and jth particles, Isij results in

A

By = +y for bosons, (5.20)

A
7

By = —y for fermions, (5.21)
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where y is a many-particle state vector.

e The quantum mechanics of many-particle systems is conveniently formulated
using the occupation number representation. A state with n; identical particles
in state 1, n, identical particles in state 2, etc., is written

(@) "(@3)"...10),

where the operator g, creates a particle in state 1, etc., and |0) is the particle
vacuum, i.e. the state corresponding to no particles; (0|0) = 1.

e The particle creation operators, ;' and their corresponding annihilation
operators, a; obey

[a,-, a;] = 0y, la;, a]] = 0, [af, a;] =0,Vi,j (5.22)
for bosons; and
{ai af} = 65, {ar ai} =0, {a, a} =0,Vi,j (5.23)

for fermions, where
{Cl,', a,} = a,a; + a;a; (524)

is called an anticommutator bracket.

5.5 Symmetry transformations in quantum mechanics

Transformations of quantum mechanical systems are of great interest when there is a
symmetry, i.e. when the transformation leaves the system unchanged.

Because the state of a quantum mechanical system is completely described by an
element of a Hilbert space, there is a one-to-one correspondence between distinct
physical transformations of a system and transformations of its Hilbert space.

Both the transformations in physical space (on the physical system) and the
transformations in Hilbert space (on the state vectors describing the physical system)
are fully-equivalent realisations of a group.

In quantum mechanics the observable quantities are probabilities and expectation
values:

o A probability is invariant under a transformation, U of a state vector,
y' = Ul// if
W', w) = (O, Op) = (y, U'0y) = (v, p), (5.25)
re. if
00 = 1. (5.26)

Thus, the symmetry operators of quantum mechanics are unitary. In quantum
mechanics, we are only interested in unitary representations of the groups that
act in Hilbert space.
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e An expectation value is invariant under U if
(', Ay') = (Oy, AUy) = (., U'A0y) = (y, Ay), (5.27)
ie. if
U'A0 = 4. (5.28)
This is a similarity transformation that obeys

[4, U] =0. (5.29)

5.5.1 The unitary transformations for translations, rotations, and time evolution in
quantum mechanics

e Translations® of state vectors are described by
. —ip_-d
T(@@) = exp (%J (5.30)

where = (p,, p,, p.) and the displacement is a.
e Rotations of state vectors are described by

_l'jop . ﬁq{,]

. (5.31)

R(7i, ¢) = exp [
where J;p = (J, JAy, J.), i is a unit vector along the axis of rotation and ¢ is the
angle of rotation. The operators, J,, fy, J. may be components of angular
momentum, e.g. J, = L, = ¥p. — 2p,; or they may be components of spin, e.g.
J. = SY, or they may be the sum of angular momentum and spin, e.g.

J.= L, + S,. Spin and angular momentum obey [S;, L; 1=0,i,j=x,y,z
e Time evolutlon of state vectors is described by

U() = exp(_ift], (5.32)

where H is the Hamiltonian and ¢ is the time change.

*For Ti(a)y(x) = w(x — a), consider a Taylor series expansion of y(x — a):

d a2 &
w(x — a) [ - a"‘zd?"' }I/(Y)
—expf—a L P _ 4
—exp( adx)w(x) PRl
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5.5.2 Consequences of symmetry in quantum mechanics

If a quantum mechanical system possesses a symmetry, the system will exhibit the
following properties:

e The system will possess degeneracy. This is seen to follow from
(', Ay') = (v, Aw) and y' = Uy, i.e. there is more than one state with
the same expectation value of a particular physical quantity.

e The system may possess constants of motion. These occur when the

Hamiltonian is invariant under U = exp( _ifk); whence
[H,K]=0
and from
K _Lig 4 2K (5.33)
dt ih ot

if % = 0 then ‘Z—If = 0 and K is a constant with respect to time.

The practical consequences of the above are:

e The Hilbert space will be reduced to degenerate subspaces. The characterising
eigenvalue of this subspace can be obtained by solving a single eigenvalue
problem for any one of the state vectors within the subspace. This will solve
the particular eigenvalue problem for all the other state vectors in the
subspace. Judicious choice of a state in the subspace may facilitate the
solution. The constants of motion will provide labelling quantum numbers.
These can be found by searching for dynamical variables that commute with
the Hamiltonian. (A subspace may possess a sub-subspace, and so on: this
will lead to a set of characterising eigenvalues.)

There are more subtle consequences of symmetry in quantum mechanics. These
consequences are briefly outlined here. Their details require considerable discussion
and constitute a major theme in the application of quantum mechanics to physical
systems.

Symmetry in quantum mechanics leads to simple properties of matrix elements.
The embodiment of this is contained in the so-called Wigner—Eckart theorem:

e If the Hilbert space describing a quantum mechanical system possesses
degenerate subspaces then:

(i) Matrix elements between pairs of states, both of which are in the same
subspace, can be expressed as a common factor (which is character-
istic of the operator and the subspace) multiplied by a number which
is a coupling coefficient corresponding to a well-defined Kronecker
product. All such matrix elements are reducible to simple multiples of
each other, where the multiples are ratios of coupling coefficients.
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(i) A similar property to (i) is possessed by matrix elements between
states that lie in different subspaces (the initial state in one subspace,
the final state in the other).

(iii) For a given operator, some pairs of subspaces are connected by non-
zero matrix elements, other pairs of subspaces are connected only by
zero matrix elements: such features of quantum mechanical systems
are referred to as selection rules.

Besides quantum mechanical systems possessing symmetry, there are quantum
mechanical systems that possess approximate symmetry. Such systems have
Hamiltonians of the form

H=Hy+V,

where H, possesses symmetry and V breaks this symmetry, but V' <« H,. The
consequences of this are that:
e The system possesses approximately degenerate subspaces, approximately
good quantum numbers, and approximate selection rules.
e The symmetry breaking effects of V' can be calculated in a straightforward
manner using the Wigner—Eckart theorem and perturbation theory.

There is one symmetry, exhibited by many quantum systems, that heavily
dominates the subject of symmetry in quantum mechanics: rotational symmetry
and the conservation of angular momentum. This topic contains many of the
paradigms of symmetry in quantum mechanics and its consequences. There is one
symmetry, exhibited by many-body quantum systems, that overwhelmingly domi-
nates the subject of symmetry in quantum mechanics: permutational symmetry. All
many-fermion states must be antisymmetric.

5.6 Models with symmetry in quantum mechanics

For many-body quantum systems, we generally resort to model descriptions. These
descriptions are simpler than the actual physical systems, and they are solvable.
Some examples are:

e In the quantum mechanics of the hydrogen atom, the quarks in the nucleus are
modelled as a single particle, the proton, to which certain intrinsic properties
are ascribed—spin, charge, magnetic moment, mass, and charge radius.

e In the quantum mechanics of molecular rotations and vibrations, the electrons
in the atoms are ignored and the molecule is modelled as an array of masses
(atoms) with inter-atomic potentials (chemical bonds). Intrinsic properties
include bond lengths, bond angles, inter-atomic potential parameters. Many
of the consequences of specified bond lengths and angles are succinctly
described by a molecular point group—the group of transformations which
keep at least one point in the molecule fixed and which leave the molecule
unchanged.
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o In the quantum mechanics of crystalline lattice vibrations, a similar approach
to molecular vibrations is taken. The crystallographic groups are groups of
rotations, reflections, translations and combinations of these that leave crystal
lattices invariant.

e In the quantum mechanics of nuclear rotations and vibrations, the nucleons
can be ignored and the nucleus is then modelled as a droplet of fluid with a
well-defined surface and shape. It is also possible to model the inertial flows of
the fluid, e.g. rigid flow or irrotational flow. In such a system, the trans-
formations that leave the shape and current flows of the nucleus invariant
constitute the intrinsic symmetry group of the nucleus.

The above examples of modelling and symmetry can be regarded as ‘geometric’ in
content. But algebraic modelling is also possible and, indeed, is the area of greatest
activity nowadays.

Permutational symmetry manifestly lacks a geometrical content: but it can be
given a geometrical representation, e.g. by putting objects in boxes.

5.7 Groups and algebras

Consider a Hamiltonian which is invariant with respect to the unitary

transformations
0 = exp| TR g, = exp | R (5.34)
h h
then
[H, K]=0, [H, K] =0, (5.35)
and if aa—lfl =0, % = 0, then dd—lfl =0, dd—l? = 0 and K; and K, are constants of motion.
Then, from
[FI, [Iela kZ]] = [I:I’ KIKZ] - [FI, IA<2KI] = 0> (536)

[Ki, K5] is also a constant of motion. If the set of all operators {K;} which are
constants of motion obey

(K. Kil = Y cpKi, K € (K} V. k, (5.37)
!
and
(R [Ri R+ [Ke, [Ry K] + [Ree [Ki, R =0 (5:38)

(called the Jacobi identity), where the ¢ }k (called structure constants) are complex

numbers, then the set of operators {K;} generates the symmetry Lie algebra of the
system with the Hamiltonian A .
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Figure 5.2. Schematic view of a two-level ‘boson” model. The operator a; aj excites a boson from the lower
level to the upper level and ulfaz de-excites such a boson.

The pre-eminent example of a symmetry Lie algebra in quantum mechanics is
rotational symmetry and angular momentum. The generators of rotations, L., L. "

and I, possess the Lie algebra given by
[lA’(l’ lA‘ﬂ] = ihg(lﬂ}/z\‘y; a, ﬂa Y = X, y’ Z, (539)

called SO(3) or SU(2).

Commonly, in quantum mechanics, the focus is (almost) entirely on the symmetry
Lie algebra, not the symmetry group, of a physical system. Indeed, sometimes a
system possesses an algebraic structure for which it makes little or no sense to seek a
geometrical type of symmetry.

A practical consequence of the emphasis on algebraic structures in quantum
mechanics is that modelling of systems is often done algebraically and there may not
be a corresponding symmetry associated with the system geometry.

An example of a simple model system with a well-defined algebraic structure, but
no specific geometrical structure, is a two-level system for identical bosons (see
figure 5.2). For a model Hamiltonian

H= 816111-611 + 826121-612; (5.40)

if &, = &, (i.e. the two levels are degenerate in energy), then H commutes with a,a

and a,'a, and a (trivial) algebraic structure results; for a fixed boson number, an so(3)
algebra results; and for g, # &, this is an so(3) dynamical algebra (see next section).

5.8 Dynamical or spectrum generating algebras

Consider a model Hamiltonian of the form
H=al’+pL2, (5.41)

where 1> = LAX2 + ﬁyz + LA:2 and {L,, iJ,, L.} are the generators of the Lie algebra
s0(3). From the theory of so(3) (the theory of angular momentum in quantum
mechanics),

Plimy=1(0 + Dlim),  LJim) =mllm) (A= 1), (5.42)
1=0,1,2, ..., m=+l, +(I-1), ..., %2, 1,0, '
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12a+ 98 | [ =3 — 3
12a + 408 |- +9
12+ 6 —_— ]
12« — 0

m

Figure 5.3. Energy spectrum for a system with the Hamiltonian, equation (5.41) for / = 3. Note the two-fold
degeneracy in the quantum number, m.

H|lm) = (al(l + 1) + pm?)|im), (5.43)

and the energy eigenvalues can be depicted as shown in figure 5.3. Note: H splits but
does not mix the |Im) states. The Hamiltonian H is said to possess an so(3) dynamical
algebra and the structure of the algebra generates a spectrum. The algebra is called a
spectrum-generating algebra, SGA.

The two-level system described on the previous page also has an so(3) dynamical
algebra; but it has a different spectrum to the above.

5.9 Matrix groups

Matrix algebra naturally has a group structure, i.e. products of matrices possess
closure and associativity; and the identity matrix and the condition for an inverse are
defined. Within these structures there are continuous matrix groups and discrete
matrix groups. Continuous matrix groups have an infinite number of group elements
because their matrix elements depend on continuous parameters, e.g.

ap ap

ay) dxp
form an infinite set because a1, a1, @21, @>> are continuous. Discrete groups have a
finite number of elements.

5.9.1 Discrete matrix groups

Examples of discrete groups are molecular point groups, crystallographic groups,
and permutation groups. Matrix representations are realised by introducing geo-
metric manifolds or permutational diagrams. For molecules and crystals,
suitable geometric manifolds are the systems themselves. Symmetry transformations
are made up of translations (for crystals), rotations, reflections, inversions and
combinations of these. Matrix representations are straightforwardly formulated.
Permutation groups may be applied to systems with or without an inherent
geometry. Groups of permutations of identical objects are called symmetric groups.
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Example 5-1. Matrix representations for the symmetric group, S;.
The following operators for three identical objects leave the system unchanged:

1 2 3

]
[S—

S

" a b e b 010 a
f ‘>§ \l/ Po:lal=1(1 00
o b a ¢ c 0 0 1 c
O
1 2 3
Q Db a 1 0 0\ [a
\l' X Ps:lc|]=1(10 01 b
417—9_67 a C b b O 1 0 C
1 2 3
. e b c c 0 01 a
N X Ps:|b]=10 1 0 b
5 e ¢ b Ta a 1 00 c
O
1 2 3
a a b e c 0 01 a
{ K % Py al=11 00 b
— Hope— C a b b 010 c
1 2 3 (

N

V4
N
I

~

S8

o
S
Q

They can be arranged in a multiplication table (see table 5.1). Note 1: the order of
multiplication is P,Py; = P, P,P;3 = P, i.e. left-hand column first. Note 2: [ is the
identity, i.e. ‘no permutation’. (The inverses are P3' = P,, P{' = P, etc.; Py =Py,
i=1,2,3)

5.9.2 Continuous matrix groups

Continuous matrix groups possess the remarkable property that they can be
expressed in terms of infinitesimal steps. Thus, the essence of rotations in a plane
can be expressed as R(¢ + d¢, ¢) where the essential process is moving a vector
making an angle ¢ with respect to a reference axis through an infinitesimal angle d¢.
It can be depicted as shown in figure 5.4.
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Table 5.1. Multiplication table for the permutation group, S;.

Py P P3 P P
Py, I P, P Py Pi;
Py P 1 P Pis P>
Pl'; P+ Y 1 PlZ P23
Py Pi3 Py Py P 1
Vi Py Pz Py 1 P

Y

A

N \Rw +dg, ¢)
R
ﬂf > T

Figure 5.4. Infinitesimal rotation of a vector in a plane from the position defined by ¢ (x-axis: reference axis) to
the position ¢ + d¢ by the rotation operator R(¢ + d¢p, ¢).

All rotations in a plane can be achieved by repeated multiplication of infinitesimal
rotations. This can be expressed using matrices as follows. From the basic
representation of a point (x, y) in the plane, undergoing rotation through an angle ¢,

X/ cos¢ —sing (x)
= 5.44
(y’) (sinq’) cos ¢ ) Yy (544)
for counterclockwise rotations, consider the limit
fim| €8¢ —snd) (1 -4 (5.45)
p—olsing cos¢p ¢ 1
where the small angle approximation, sin ¢ & ¢ (¢ measured in radians) has been
made. Then from
1 —¢ 1 0) 0 —¢
= 5.46
(gb 1 ) (0 ) e of (5.46)

. [(cos¢ —sin
hm( ¢ ¢
$—0

singg cos¢ ) =1+, (5.47)

where [ is the identity matrix for the plane and
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gim ((1) —01)' (5.48)

Consider now repeating an infinitesimal rotation %, where N is a very large
number, N times, i.e. (I + %)N . The N - oo limit of this process is exp(g¢). This can

be explored on a calculator by evaluating (1 + %)N for N = 10, 103, 10°, ... and is
seen to approach 2.7183.... Here, expanding,

XD(eh) = I+ + 200 + -0 + (5.49)
but

(0 =1)}(0 =1} _ (-1 0)__

g_(l 0)(1 o)‘(o _q)=h (5.50)
whence

1 1
exp(ge) = 1(1 - 2—!452 + ---)+g(¢ - 54;3 + )
=Icos¢ + gsing

=((1) ?)COS¢+((1) _Ol)sin(j) (-5
_[cosp —sing
“|sing cos¢ )

One notices that g and the complex number* i possess an isomorphic algebra, recall
e’ = cos ¢ + isin ¢.

5.9.3 Compact and non-compact groups

Rotations in a plane are described by a single parameter, the angle ¢, and the
parameter is compact, i.e. 0 < ¢ < 2z. With the operation of reflection, represented
(1) 0 1), the groups so defined are SO(2, R) or SO(2) and O(2, R) or
O(2); where ‘O’ stands for orthogonal, and ‘S’ stands for ‘special’ which implies that
the determinant of the 2 X 2 matrix (group elements) have the value +1. Manifestly,
these groups preserve a length in the plane, i.e.

(x> + () = x>+ 2. (5.52)

by the matrix

“Indeed, complex numbers can be used to represent both operands and operators in a plane, viz.
e(re®) = rel@+4), cf. Rv = v'.
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One can also define the group that ensures
(x)? = () =x2 =2 (5.53)

The matrix representation of this group is parameterised as

(5.54)

coshy sinh
R(){)=( o )‘]

sinhy coshy

where 0 < y, i.e. it is non-compact. It is encountered in physics, e.g. for space—time
in one spatial dimension, where x? — (ct)? is conserved. The group is designated
SO(1,1) or O(1,1).

In three dimensions one encounters, e.g. SO(2,1) which would preserve the
quantity x2 + x7 — x7. Compactness is a property of the manifold on which the
group elements act. The group SO(3) describes moving a point on the surface of a
sphere; the group SO(2,1) describes moving a point on the surface of a hyperboloid.
Thus, manifolds are geometric surfaces.

5.9.4 Polynomial representation of groups

Consider
(xl’) _ (c9s¢ — sin (/))(xl)’ (5.55)
X% sing cos¢ J\2
ie.
X' = Xx1co8¢ — % sing, (5.56)
X% =xsing + x»cos¢ (5.57)
and the binomials
fh=x0, b= 2%, 6= X5 (5.58)

These binomials transform under SO(2), equation (5.55), as

i cos? ¢ — /2 cos ¢ sin ¢ sin® ¢ 4
| = |V2cosgsing cos’¢p —sin2¢p — 2 cos ¢ sing [12]- (5.59)
13 sin? ¢ V2 cos ¢ sin ¢ cos? ¢ s

Equation (5.59) describes the transformation of a three-component structure under
SO(2). The structure is a rank-2 polynomial constructed on the space (2, R). There is
only one parameter, the angle ¢, which is a characteristic property of the group
SO(2). This process can be extended by defining

wis= XD, wa = V3xE%, wi = J3XXE, W= X5 (5.60)
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The factors /2" in equation (5.58) and ‘\/3” in equation (5.60) are not necessary,
but yield a more symmetric pattern. Polynomials of any degree are permissible.

The matrix in equation (5.59) is reducible. Calling this matrix M, the similarity
transformation

1 1 0 -1
1 0 1
effects
1 0 0
CTMC =0 cos’¢ —sin®¢p —2cos¢sing |, (5.62)

0 2cos¢sing cos’>¢ —sin’¢p

where CT is the transpose of C and CT = C-!, i.e. CTC =1. This result is
straightforwardly understood when it is recognised that 4 + # = x;° 4+ x7 is invar-
iant under rotations in a plane: it is a scalar. The linear combination f; — £ together
with ¢, span an irreducible two-dimensional subspace. The space spanned by
(#, b, 1) is said to be reducible under SO(2) transformation.

5.10 Generators of continuous groups and Lie algebras

Rotation through an angle ¢ in a counterclockwise direction in a plane is described
by (cf. equation (5.44))

R(¢) =

(cos¢ —sin(/)]‘ (5.63)

singg cos¢

The essential operation that underlies this is the recognition that it is defined
infinitesimally by (cf. equation (5.47))

R(¢p + dop, ¢) =1+ gdg, (5.64)

1=((1) ‘1)) g=((1) ‘01). (5.65)

Any rotation in a plane (there are an infinite number of possibilities) is achieved by
repeating this process

where

R(¢) = lim (1+ %)N. (5.66)

The process is described by a single generator g. Rotations in a plane have one
generator and one parameter (an angle, ¢).
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5.10.1 The matrix group SO(3) and its generators

Rotations in three dimensions, in the space (3, R) (the space where we live) can be
described by three generators, say gi, g», g3, and three parameters (three angles).
There are various ways to define these angles: they could be with respect to three
Cartesian axes, in which case {g;, &, &} = {g, g, &}; they could be with respect to
an axis and a single angle, in which case two angles are needed to specify the axis, 7
and {g, &, &} = {g,, g, g}, Where a and b are orthogonal axes” with respect to .
The possibilities are infinite. For three Cartesian axes

1 0 0
R(a) =|0 cosa —sinal, (5.67)
0 sina cosa
cosf 0 sinp
RB=| o 1 o0 | (5.68)
—sinf 0 cosp

cosy —siny 0
R.(y) =|siny cosy O} (5.69)
0 0 1

The generators corresponding to these rotations are

00 0
& =100 -1} (5.70)
01 0
0 01
g&=10 00} (5.71)
-100
0 -10
g=|1 0 0} (5.72)
0 0 0
The generators {g,, g, g.} do not commute with each other, viz.
(g &1 =g, (5.73)
[gy’ gz] = gx’ (5.74)
(g, gl =g, (5.75)

5 But no rotations take place about these axes.
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They define an algebra with three elements. It is a Lie algebra, as first communicated by
the Norwegian mathematician, Sophus Lie, ca. 1890. They also define a group under
the group product, [4, B] = AB — BA = C, ie. they obey closure. It is worth
observing that, by adopting equations (5.73)—(5.75) as the essential structure of (3, R)
with respect to rotations, by invoking a scale factor # (which has dimensions of angular
momentum), and by requiring that operators be Hermitian, one arrives axiomatically at

[L., L,)=inL., (5.76)
[L,, L.] = inL,, (5.77)
[L., L] =ihL,. (5.78)

It would be fair to say that the mathematical structures that we use to represent
and conduct quantum mechanics work because of the underlying Lie algebra
structures. Lie algebras have undergone an elegant and sophisticated evolution
since Sophus Lie’s work, notably by Elie Cartan. Here and in the next chapter
(chapter 6) we provide basic details.

5.10.2 Unitary groups and SU(2)

The mathematical structure of quantum mechanics ‘resides’ in Hilbert space.
Indeed, the operators {£,, ﬁy, L.} given in equations (5.76)—(5.78) act on elements
of Hilbert space, not on vectors in (3, R). Hilbert space is a complex linear space
with a finite norm. As such, we are concerned with unitary transformations (as well
as orthogonal transformations in (3, R), cf. equations (5.67)—(5.69)).

The simplest, non-trivial® group associated with Hilbert space is SU(2). The
group SU(2) is not amenable to a simple pictorial view, such as presented in section
5.9.2 and figure 5.4, for SO(2). The simplest realisation of an SU(2) transformation

can be expressed as
z a b (Zl)
= 5.79
(22/) (— b* a*) 2) (579

1P + 1z = 4P + 12P, (5.80)

where z1, z, span the space (2, C) and a, b are parameters that are complex. As such,
a and b represent four parameters (each has a real and an imaginary part); but the
transformation is unitary, i.e.

a —b a b lal* + |b]? 0
= =1 5.81
(b* a )(— b* a*) ( 0 lal> + |b)? ( )

imposes the constraint |af> + |b]> = 1, yielding a three-parameter group.

® There is the trivial group U(1) = SU(1), which is just multiplication by a phase factor, e~i¥.
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As with SO(3), there are various ways to define these three parameters. If one
chooses to match the rotation angles used in SO(3), one obtains the expressions

—i(a+y) —i(a—y)
a=c¢e 2ycos§, b=—e 2ysin§, (5.82)

when the Euler angle representation is used, and
a = cos $_ in. sin %, b = (=in, — ny)sin %, (5.83)

when the axis-angle representation is used, cf. equations (1.53) and (1.56),
respectively.

5.11 The unitary and orthogonal groups in » dimensions, U(n) and
SO(n)

To see how group structures, such as SO(2), SO(3), and SU(2) can be explored and
how they might apply to quantum mechanics, it is useful to introduce the groups
U(n) and SO(n).

The U(n) group is defined by transformations in an n-dimensional field of
complex numbers (z, 2, ... , Z,),

Z= YUz, i=1,2,..,n, (5.84)
j=1
where the matrix U satisfies
Y UUy=bu: i k=1,2,....n, (5.85)
j=1
Le.
UtU = 1. (5.86)
Consider the infinitesimal unitary transformations
U=1+ieS + -, (5.87)

where S is Hermitian and ¢ is an infinitesimal real number. Then, the action of S on
an arbitrary function f(z, 2, ..., z,) = f(z) is

§f(2i) = f(z/) =f[Zi + ieiS,»ij]
= (5.88)

n n

. 0
= f(z) + lSZZS,'ija—Zi + -,

i=1j=1
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Le. to first order in ¢, the infinitesimal unitary transformation is expressed by the
increment ie ), 157G}, where

0

G} = z]a—z (5.89)

There are n* such operators, and since
[%, z,] e (5.90)
(G, G{] = Gl6y — Glou; i, j,kl=1,2, ... n, (5.91)

which defines a u(n) Lie algebra’.

Example 5-2. Derivation of the Lie algebra u(2) from the Lie group U(2).
The Lie group U(2) can be expressed as

‘i 2\(a\ _ z
(C21 czz)(zz) - (22/] (5.92)
The generators of infinitesimal transformations can be expressed as
0 0 0 0

Gl=z—, G = , G = 5—. (5.93)

Gll =a4—> D
021 022 aZI aZZ

Commutator brackets for the generators can be evaluated using the identity

[AB, CD] = AC[B, D] + A[B, C1D + C[A, D]B + [A, C]DB, (5.94)
whence, ¢.g.
d 0 0 0
G, G =|a2—, a— | =2 —, a|— = G~ 5.95
(G, G] [21 o7 2] 022] 21[ oz Zl] 2 1 ( )

The 16 commutator brackets that result can be depicted as in table 5.2. Note 1: the
order of the commutator brackets is, e.g. [G, G] = G2, [G], G3] = —G,. Note 2:
only the upper ‘triangle’ is needed because [4, B] = —[B, A]. The group SU(2)
follows directly from U(2) by imposing the constraint

G + G =1, (5.96)

whence, SU(2) has three generators. (Note: adding entries in the columns, for G| and
G7, always gives zero.) Then, defining

"Note, upper case letters are used to denote Lie groups, e.g. U(n), and lower case letters denote Lie algebras,
viz. u(n).
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Table 5.2. Commutator bracket table for u(2).

G| G2 G3 G3
e 0 Gi -G3 0
Gf -G¢ 0 Gl - G# Gi
G2 G3 G3 - Gl 0 e
G# 0 -G} Gs 0

i ! !
%= 5(Gl = GI), g=—(G’ = G), &= (G + Gy,

(20> &l = &> (8> &l = & (2> & = &>

(5.97)

(5.98)

i.e. the Lie algebra of {g, g, &} is closed and it is isomorphic to equations (5.73)—
(5.75): the algebra of so(3). The Lie algebras su(2) and so(3) are isomorphic.
The SO(n) group is defined by transformations in an n-dimensional field of real

numbers (x;, %, ... , X,),
n
xl-' = ZRU‘X_/, = 1, 2, ey N
Jj=1
where the matrix R satisfies
n
ZRUR]\] = 51'k, i, k= 1, 2, R (N
Jj=1
1.e.
RR=1,

where R is the transpose of R.
Now, consider the infinitesimal orthogonal transformations

R=1I+¢elT+ -,
where T is a real asymmetric matrix since
RRr(I+eT)1 +eT)rI+eT+T)=1,

1.e.
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Then consider the action of T on an arbitrary function, g(x;),

Tg(x;) = g(x/)

n
=glxi + sZY}jxj
j=1

n
og
=g(x;) + e ) Tixj—— + -,
i,jzzl 75 :

n

dag dag
=gx)+e) Tl x—— —x)— |+ .
g(x) ”ZZJI ,( o ax_,]

We define (note: i # j)

where

There are

where, i, j, k, [ =1, 2, ..., n, which defines the Lie algebra so(n).

nn—1)
2

J°

such generators and

[Ags Al = Nidjre + Njbi + Nybuc + i,

(5.105)

(5.106)

(5.107)

(5.108)

The commutator brackets for, e.g. so(4) follow directly from equation (5.108) (see
table 5.3). Note: A, = — Ay, etc.

5.12 Casimir invariants and commuting operators

Casimir invariants are operators that commute with all of the generators of a
particular Lie algebra.

Table 5.3. Commutator bracket table for so(4).

A JAVE] Ay Ax3 Aoy Asq
A 0 —Ax3 A Ag3 Ay 0
Ai3 JAGE 0 —A3g —Ap 0 A
A4 Aog Azq 0 0 —Ap2 -A13
Ay —Aj3 App 0 0 Azq Agq
Aoy —Ai4 0 App —N3y4 0 Ax3
Azq 0 —A4 Ag3 —Aoy —Ag3 0
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5.12.1 The Casimir invariants of u(n)

Cloh = ZG,’, (5.109)

viz.
[cion Gl = Zn:[G,-’} Gil

i=1

L , (5.110)
= Z(Gi S — Gidir)
i=1
=0.
C) = ZG’G’ (5.111)
i,j=1
Cun= D, G/GfGL, (5.112)
ijk=1
etc. Note the index ‘contraction’.
Example 5-3. The Casimir invariants of u(2) and su(2).
From equation (5.109)
C\p) =G+ G;, (5.113)
cf. equation (5.96) and table 5.2.
From equation (5.111),
C\d) = G/G| + G’G; + G,G + G3Gy; (5.114)

then, using g, := é(Gll - Gzz), g = %(Glz - Gzl), g = %(Gl2 + Gzl), cf. equations
(5.97) and (5.113), it follows that

2
CR=-8(g + & +2)+2[CH]- (5.115)
We define

Cin =8 +8& + 8- (5.116)

5.12.2 The Casimir invariants of so(n)

There is no first-order Casimir invariant for so(n). The second-order invariant is

5(3()11) = Z Al] (51 17)

111
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Example 5-4. The Casimir invariant of SO(3).
From equation (5.117)

Cs(s()3) = Aot + AAsy + AgsAs, (5.118)
cf. table 5.3, defining
8= N3, &= N1, &= —An, (5.119)
from which
Clhy=—(s"+ & +&) (5.120)
follows. (Note:
(8 &l = & [ &= &> [8 &l = &) (5.121)
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An intermediate level view
Kris Heyde and John L Wood

Chapter 6

Algebraic structure of quantum mechanics

The algebraic structure of quantum mechanics is emphasized. This is illustrated by
reiterating the so(3) ~ su(2) treatment of angular momentum and spin. The algebra
su(1,1) ~ s0(2,1) ~ si(2,R) is sketched. The main focus is on rank-2 Lie algebras.
Details of su(3) and the isotropic harmonic oscillator in three dimensions are
introduced. The so(4) structure of the Kepler problem (hydrogen-like systems) is
presented. Uses of so(5) and sp(3,R), as applied to nuclei are briefly outlined. Root
and weight diagrams are explained. Young diagram techniques for elucidating
SU(3) group irreps are built from first principles. First steps into Cartan theory of
Lie algebras are made, using su(3) to illustrate this language.

Concepts: commutator bracket algebra; ladder operators; Casimir operators;
50(3) ~ su(2); su(1,1) ~ so(2,1) ~ sl(2,R); su(3); three-dimensional harmonic oscillator;
hw(3); root diagram; weight diagram; so(4); Kepler problem and hydrogen atom;
so(5); sp(3,R); Young diagrams; Young tableaux; highest-weight state; multiplicity of
weights; dimensions of irreps; Robinson hook-length method; sub-irreps; Kronecker
products of irreps; Cartan structure; Cartan subalgebra; Weyl reflection theorem; g(2).

At the heart of quantum mechanics is the relationship

(%, ] = indy = ihsl, i,j=1,2,3, (6.1

where X; and p, are operators representing position and momentum with respect to
the x; axes. The equation involves a commutator bracket viz. [4, B] :== AB — BA,
i = /=1, f is the fundamental constant describing the scale of quantum phenomena,
6; 1is the Kronecker delta, (6;=1,i=/,6;=0,i#j), and I is the identity
operator. Equation (6.1) defines an algebra.

It is specified that operators in quantum mechanics act on elements of a Hilbert
space (a complex linear space possessing an inner product) and that outcomes of
observations in quantum mechanics are the eigenvalues of equations of the form
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/i|a,~> = a;|a;), where a; is a real number, 4 is an operator corresponding to a
dynamical variable, and |a;) is an eigenvector. The set {|a;)}, i =1, ... , n, where n
possible outcomes of the measurement of 4 are observed, span a Hilbert space which
serves to describe the physics of a system with respect to the observable A.
Probabilities are given by |(a|B)?, where |a) and |3) are any two elements of the
Hilbert space and the interpretation is ‘for a system in the state |5), what is the
probability that it is observed in the state |@)?” The condition imposed on [{a|3)|> in
order that it corresponds to probability is that the representation {|a)} must be
unitary.

One proceeds to ‘solve’ the quantum mechanics of a system by finding the
eigenvalues of the Hamiltonian operator and of all the operators that commute
with the Hamiltonian. The condition of unitarity is imposed on the eigenvectors
{|la)} to complete this task. Then, the processes that can occur in the system are
elucidated by computing matrix elements for all operators of interest that have an
action in the Hilbert space of the system. In this chapter the algebras associated
with some quantum mechanical systems of especial interest will be explored and an
introduction to Young diagram techniques and Cartan theory of Lie algebras will
be made.

6.1 Angular momentum theory as an application of a Lie algebra

The theory of angular momentum (and spin) in quantum mechanics is instantly
recognised by most physicists via the set of algebraic equations

[J., J,] = inl., 6.2)
[J,, 1] = inl, (6.3)
[, J] = ind, (6.4)
or
[ji: jk] = ihgijkjka ia ja k = (15 2a 3) = (X, Y Z) (65)

and g is the Levi-Civita symbol. Often J; = L; when angular momentum is

involved, J; = S; when spin is involved, and J; = L; + S; when a system has

contributions to total spin from both intrinsic spin and angular momentum.
Remarkably, for angular momentum, the relationships,

[Li, L] = iheyLy, (6.6)
can be derived from equation (6.1). However, for intrinsic spin,

[S;, ‘§j] = ihgy’kﬁk (6.7
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must be stated as an axiom'. These three equations define the Lie algebra su(2); it is
isomorphic to the Lie algebra so(3). (Recall the groups SU(2) and SO(3) are
homomorphic: there is a 1:2 correspondence in group elements. This is dramatised
by the rotation of spinors, i.e. spin-% states in Hilbert space which acquire a quantum
phase factor of —1 when rotated through 2z, cf. section 1.16.)

A standard procedure for ‘solving’ spin-angular problems is to define the
operators (e.g. J; = L;):

D=L+ L)+ 1, (6.8)
L,=L,+il, (6.9)
to arrive at the algebraic relations
(£ =0, [£41,]=0, [[%1]=0, (6.10)
[L., L.]==+hL., [L,, L.]=2hnL,. (6.11)

The operator [” is termed a Casimir operator or Casimir invariant with respect to
su(2). It is the only such operator for su(2): it commutes with all of the elements
{ﬁx, ﬁy, ﬁz} of the algebra and any functions of these elements, such as equation
(6.9). The operators L, and L_ are termed raising and lowering operators,
respectively, or ‘ladder” operators. One then arrives at simultaneous eigenkets, |/m)
which obey

L2lim)y = I(1 + D)R2|Im), (6.12)

L.|Im)y = mh|lm), (6.13)

Lillmy = |5 m)(I +£m + V)allm + 1), (6.14)

1=0,1,2, - sm=+,+l-1,...,+1,0, -1, ..., = for angular momentum (and

m=+j,+ -1, .., +%, —%, .., —jifa spin-% particle is present). The quantiza-
tion necessitates that only unitary representations are permitted, i.e.
(L) = (L). (6.15)

The full importance of equation (6.15) is realised, e.g. when considering the state
‘L,|Im)’: in order for an inner product with a finite norm to exist, we require

(Lollm)) (Lylim)) = CpyCps (6.16)

e (I Y L dim) = |G (6.17)

! This is true in non-relativistic quantum mechanics; but in relativistic quantum mechanics, as shown by Dirac,
spin emerges from the so-called Dirac equation.
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A (Im|L Ly Jim) = |Cl?, (6.18)
<1m|(£2 Pl - hﬁz)llm) — |Cl?, (6.19)
S Al + DRE — m2R2 + may(Im|lm) = |G, (6.20)
" G = e JI(1+ 1) — m(m + 1)h, (6.21)
or
Cin = € J(I = m)(I + m + 1), (6.22)

usually making the choice ¢ := 0.

The entire spectrum of spin-angular momentum follows from equation (6.14) (i.e.
from the result, equation (6.22)) by repeated application of L, to the ‘lowest-weight’
state |Im) = |/, =I) (or of L_ to the ‘highest-weight’ state |Im) = |/, +I)) for
1 3 5
22220
li, m;) = |j, +j). This process is known technically as inducing representations.

From the above basic algebraic relations, irreducible representations are defined:
the term ‘irreducible’ refers to the fact that L, cannot change / (as also, rotations

I=1,2,3,... (I =0 is trivial) or similarly for j = with fi acting on

cannot change the magnitude of a vector such as ). Further, irreducible tensor
operators are defined: these are called spherical tensor operators with respect to
SO@B) and SU(2) tensor operators with respect to SU(2). Then follows the
construction of new irreducible representations (irreps from here on) by taking
Kronecker products of (generally simpler) pairs of irreps. This process involves
Clebsch—Gordan coefficients, and applies to combining kets with kets, bras with
bras, outer products of kets with bras, tensor operators with tensor operators, tensor
operators with kets, and (adjoints of) tensor operators with bras, e.g.

[IM) =Y Gimyjy mal IM)jym) iy o). (6.23)

M =m + my, j1 +j2 =>J2 U1 _jzla (6.24)

and (cf. equation (3.72))
~ () L ~ (1) ()
Ty = Y Gyl IMY T, T, (6.25)
m
The powerful Wigner—Eckart theorem follows (cf. section 3.3), viz.

L) 1 . oy
(]1m1|Tq(k)l/2mz> = m;(hmllzmﬂk@(/]”T(k)“/z)- (6.26)
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All of the above stems from the relationship
L=7Fxp, (6.27)

and equation (6.1), for angular momentum and the algebraic isomorphism of spin in
quantum mechanics, i.e. equations (6.2)—(6.4), with J = S. Thus, the algebra of
angular momentum and (by algebraic isomorphism) of spin is the result of equation
(6.27) which is the ‘synthesis’ of a new algebraic structure, manifest in equations
(6.2)-(6.4), from the original (axiomatic) algebraic structure, equation (6.1).

Beyond the widespread applicability of the algebraic structure, defined above, to
finite many-body quantum systems, the structure leads to an enormous reduction of
the Hilbert space into subspaces labelled by / (or ), i.e. the Hilbert space for finite
many-body quantum systems is reducible. Then, at the hands of the Wigner—Eckart
theorem, computations are ‘reduced’, often to simple ratios of products and
quotients of integers (given by Clebsch—Gordan coefficients).

6.2 The Lie algebra su(1,1) ~ sp(1,R)

In the preceding section, the algebraic consequences of L := 7 X j, i.e. equation
(6.27) were outlined, stemming from [X;, 5] = ihéi,f , 1.e. equation (6.1). One can
enquire: what other functions of X;, p. (and by implication, their corresponding

classical counterparts) have algebras that are realised in physical systems?
Consider the following three operators,

I=1%-t, (6.28)
Ge=F-p+p-t, (6.29)
T=p-p. (6.30)
These operators obey the closed set of commutator bracket relations,
[7, T;] = 4inT;, (6.31)
[T, T3] = 4inT;, (6.32)
[T, 1] = =2inT;, (6.33)
which follows directly from equation (6.1). Taking the linear combinations, viz.
A i s & A 1. 5 i
1<1 = _(Yi' - 7}))9 KZ = _Bn K3 = _(ﬂ + ]—é)’ (634)
4 4 4
yields the commutator bracket relations
[K), Ky] = —ihKs, (6.35)
[K>, K3] = ihK,, (6.36)
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[Ks, K|] = inK,. (6.37)

Equations (6.35)—(6.37) bear a close resemblance to equations (6.2)—(6.4). They can
be placed in a single set of algebraic relations, viz.

[B, P] = yinP;, (6.38)
[P, P)] = ihP, (6.39)
[P, P] = inP; (6.40)

where for y = +1, P:=J, and fory = =1, P == K, i = 1, 2, 3. The algebra defined
by equations (6.35)—(6.37) is called su(1,1) and the algebra defined by equations
(6.2)(6.4) (as already detailed) is called su(2). As su(2) and so(3) are isomorphic
algebras, so su(1,1) is isomorphic to so(2,1). Recall, the group SO(2,1) describes the
invariance

—x? 4 X7 4 xf = =) + (x9)2 + (x1)2, (6.41)

which defines a hyperboloidal surface (much as x? + x7 + xi = const. defines a
spherical surface). The algebra su(1,1) is also isomorphic to the so-called symplectic
algebra in one dimension, sp(1, R). Symplectic transformations, and their associated
group elements are well known from how they act on phase space (phase space
describes the domain of the dynamical variables {x;, p,}, i=1,2,3, and n
designates that there are n particles) which is a real space. The scalar form of
equations (6.28)—(6.30) means that they are one dimensional, e.g. they could be used
to describe radial distributions in the phase space associated with (3, R) for a single
particle. Indeed, in Volume 1, chapter 12, this algebra is used to solve central force
problems, specifically the isotropic three-dimensional harmonic oscillator and the
hydrogen atom: Therein, one can find more details of the algebras su(1,1) ~ sp(1, R)
~ s0(2,1).
The algebra defined by equations (6.28)-(6.30) can be seen to connect directly to
the isotropic three-dimensional harmonic oscillator, via its Hamiltonian,
n=r
2m

+ %kﬁ, (6.42)

when the scale factor « := /%, W = \/g is introduced to yield

A=F+ 0, (6.43)
13 = L, Q = ax, (644)
ah
whence, via equation (6.34),
H =T+ T = -4ik,. (6.45)
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Then, defining
K, =K ik, (6.46)

- [H, K.] = 74ihK,. (6.47)

The algebraic structure originating in equations (6.28)-(6.30), together with the
definition of A, equation (6.42), constitutes a dynamical algebra, where the
Hamiltonian is a function of the generators of the algebra and can be solved using
the ladder operators, equations (6.46) and (6.47), applied to equation (6.45) to
obtain energy eigenvalues and energy eigenvectors.

An insightful procedure for understanding the algebraic content of equations
(6.45)—(6.47) is to define the operators

af = "2 4 oz, (6.48)
ah
a=2 4 gt i=1,2.3, (6.49)
ah
whence
> 1
H=>Y|da'a; + = |ho, 6.50
21( 2) o (6.50)
and, via
%= 2 (af +ay, (6.51)
20
ﬁi = iah(di.‘- - ai)a (652)

we obtain the dependence of K, on g, a;, viz.
~al - Za (6.53)
and
R_~a-a=)aa, (6.54)
1.e. they are ‘double’ raising and lowering operators. In terms of the simple harmonic

oscillator, Volume 1, chapter 5, they produce two ladders, viz.

E;" = lfzco, ihw, 2?’10), (6.55)
2 2 2

and
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£ = 210, Tho, Wi, ... (6.56)
2 2 2

The algebra defined by {a", a, I}, recall[a, a'] = 1, is called the Heisenberg—Weyl
algebra in one dimension, #w(1); and the algebra defined by {a/, a;, I; i =1, 2, 3}
is 7w(3). These algebras are examples of ‘factorization’ algebras: note the
Hamiltonian is factorized, manifestly A ~ a'a into the product of two operators.
The algebra 4w(3) is another way in which the basic commutator algebra, equation
(6.1) can be ‘mapped’ into a new algebraic structure, albeit with scaling of x; and p;
as manifest in equations (6.48) and (6.49). (The origin of this algebra is due to Dirac
who based the definitions of af and a on phasors, a method by which simple
harmonic oscillations can be analysed.)

6.3 Rank-2 Lie algebras

The algebras introduced in sections 6.1 and 6.2 are rank-1 Lie algebras. What this
means is that within the algebra there are no pairs of commuting operators. The
algebra hw(3) has three independent copies of Aw(1) and so has rank-3: Aw(3) will
reappear in this section. Rank-2 Lie algebras possess one pair of commuting
generators. By choosing various linear combinations of generators, this pair can
be adapted to address various requirements: some pairs have a physics interpreta-
tion, some pairs facilitate the ‘solving’ of the structure of the algebra, especially the
labelling of irreps. In quantum mechanics, rank-2 algebras which are functions of
{x;, p; i =1, 2, 3} are of especial interest. In sections 6.1 and 6.2 we exhausted the
simplest of such functions—a vector cross product, so(3) ~ su(2), a vector scalar
product, so(2,1) ~ su(1,1) ~ sp(1, R), and Aw(1l). These are all rank-1 Lie algebras.
Thus, we turn to a ‘higher level’ of functions of x;, p..

6.3.1 su(3) and the isotropic harmonic oscillator in three dimensions

The isotropic harmonic oscillator in three dimensions has already received consid-
erable attention. We summarise first what has been learned, and then the su(3)
algebraic structure is introduced.

The three-dimensional isotropic harmonic oscillator has the Hamiltonian

A2
=2 L (6.57)
2m 2

Much can be learned about this system by treating it as three uncoupled one-
dimensional harmonic oscillators:

A2
. p;
H= (—f + lkﬁf]. (6.58)
Jj=x,p,z

2There are many useful factorization algebras encountered in quantum mechanics. Some examples were
developed for central force problems in Volume 1, chapter 12.
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Thus, defining

aj = %(% + afj], aj = %(% + afj), (6.59)
where o := (%);, w = (%)%,

[a,, a! ] =0y, la;, aj] = [a, R aT] 0, (6.60)
A= Z(a;a_, + %)hw (6.61)

J
Fllnxnynz) = (nx +n,+n. + %)fza)lnxnynz), (6.62)
ajlnxnyn_,) = \/nxTInx + 1, nyn,), etc., (6.63)
alnanyn.)y = Jng|n, — 1, nany), ete., (6.64)
ne,ny,n.=0,1,2, ..., n=n,+n,+n.. (6.65)

The foregoing treatment of the 3D harmonic oscillator leads immediately to the
identification of SU(3) as the symmetry group of the system by considering the nine
operators

afaj; Lj=x,9,z [ﬁ, a,-Ta_/] =0. (6.66)

From this set, the linear combination aa, + aa, + aa. is removed because it is
related to the total energy of the system which is conserved. This leaves eight
operators which define an su(3) algebra. The su(3) irreps are labelled by
n = n, + n, + n. (or by the total energy of the system). The degeneracies of the
irreps are directly computed in table 6.1, i.e. n[d] = O[1], 1[3], 2[6], 3[10], 4[15], -,
n[3(n + D(n + 2)]

Although the 3D harmonic oscillator possesses SU(3) symmetry, the foregoing
solution uses only the algebraic structure’

u(3) = hw(1)y ® hw(1), ® hw(l)., (6.67)

where the ‘Heisenberg-Weyl’ algebras are defined by {a;, o, N; = a/a;, I;
i = X, y7 x}

.

[ai: aiT] = IA, [aia ]QI] = 4a, [ai’a ]QI] = _a[T, (668)

*u(3) is a rank-3 Lie algebra, e.g. the three operators al'i'al, az"'az, and a;a3 are mutually commuting.
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Table 6.1. Degeneracies of the three-dimensional harmonic oscillator elucidated
using the partitioning of n over ny, n,, n..

n Iy ny, n. Degeneracy, d
0 0 0 0 1
1 1 0 0

0 1 0 3

0 0 1
2 2 0 0

0 2 0

0 0 2

1 1 0 6

1 0 1

0 1 1

la;, I1=0, [af, [1=0, [N, 1]1=0. (6.69)

The algebra sw(1) is non-compact.

The solution of the 3D harmonic oscillator using u(3) = Hl.zx’},’z ® hw(l); reveals
none of the symmetry of the system, although the degeneracies reveal that it must be
present.

The 3D harmonic oscillator Hamiltonian commutes with L, LAy, L. because of its
rotational symmetry, and thus the 3D harmonic oscillator eigenstates can be labelled
with the quantum numbers / and m of the simultaneous observables [* and L.. The
(21 + 1) degeneracy of angular momentum irreps is less than the degeneracy of the
3D harmonic oscillator energy shells, indicating that there must be another
conserved dynamical quantity.

The 3D harmonic oscillator Hamiltonian also commutes with the components of
the tensor operator, A,

A

Ay = %@@ + mkif), ij=x,,z. (6.70)

It is useful to define (note: the symbol ‘%’ is serving two independent standard,
familiar roles here)

~ o o 1 .. R
M = Ajk = Ak/ = E(Epk + mkrjrk), (671)
\7 7 1 A2 A2
]V[ = Aii = —\p. + mkr,- . 6.72
S, ) (6.72)
Li=#p, — Ay (6.73)
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Table 6.2. Tabulation of the 36 commutator bracket relations for the operators defined in equations
(6.71)~(6.73), where ¢ = €.

A ~ A~ A~ ~ A A A

L. L, L. M, M, M. N N, N
L. inL, —ihL, in(N. - N,) —ihM. ihM, 0 2inM,  =2ihM,
L, inL,  ihM. in(Ny — N.) —ihM, -2ihM, 0 2ihM,
L. —ih M, ih M, in(N, — Ny) 2iAM.  =2ihM. 0
1. —in¢L, in¢L, 0 —2in¢L, 2incL,
1, —in¢L, 2in¢L, 0 ~2in¢L,
—2in¢l. 2incl. 0
Ny 0 0
N, 0

The nine operators { L, I:y, L., M, M},, M., N,, ]\Afy, N.} obey 36 commutator brack-
ets (see table 6.2):
e The commutation properties of these operators with A follow from
mH = N, + N + N, (remove this from set).
e Cannot dlsentangle the nine operators into two subsets of operators {4;} and
{B;} such that [4;, B] = 0, for all i, j.
e Maximum mutually commuting subset, start with .: commutes with N, and

N, +N Choose —(2N N, - N) = Qo(z).

e Choice of Q0 " because with

0 =il x M, 0= —(N N, + 2iML), (6.74)

{0 0(2), Q+1) , Q+2} form a spherical tensor of rank-2, recall (cf. equations (3.45)

and (3.46))
[L}, Tq(’”] ah ", (6.75)
[L;, ] JEF ok g+ DTS, (6.76)
e Need raising and lowering operators:
From the maximal mutually commuting subset
L(=Ly), 0,= f —=(QN. - N - N, (6.77)
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and L,
[Lo, L] =+hL,; (6.78)
we immediately obtain from [L., 7T, q(k)] = ghT, q(/‘) (equation (6.75)):
[I:Oa QAtl] = ihQAila (679)
[Lo, 0,,] = +2h0,.,. (6.80)
For the commutator brackets of L., Qil, QA12 with QO (cf. equation (6.75)):
[0y, L] = 610, (6.81)
and
A A 13 .
[Qp O] = ==,/ - hmkL,, (6.82)
= 2V2
[0y, 0,,] = 0. (6.83)
Evidently,

A 2 13 A
— V610, 7 —=—|-= |2 |amkL, 6.84
\/_ Qil"' oy ) 2] MKL ( )

Define

A a 2 A A A 2 A

R_'_ = Lt F —Q+1’ Ri = Li =+ —Q+1, (685)
mk " mk
whence (k = %)

[Qo’ pi] = ithia [Qoa Iéi] = 1’(7’”?1, [Qos Qiz] =Y, (6.86)
[Lo. 2] = +hP., [Lo, Ri] = £hR., [Lo, 0,,] = +20,,, (6.87)
[Lo, Op] = 0. (6.88)

This is the ‘Cartan’ representation for su(3) in terms of {io, QO, Isi, I@i, Q .ot The
action of the raising and lowering operators can be depicted in a root diagram (see
figure 6.1).
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Qo
R_ +x| Py
—2 —1 +1 +2
|
K ] ] ” Lo
Q-2 Q2
—Kl
P_ Ry

Figure 6.1. The su(3) root diagram for Py, Rs, Q,,, where k = '3'”1‘ (and 72 = 1). The action of the arrows is

interpreted in terms of the ‘raising’ and ‘lowering’ manifested in equdtlons (6.86)—(6.88). Thus, e.g. P, raises Qg
by + kA and L, by 4.

To find the irreducible representations of su(3) (and subsequently Kronecker
products and su(3) tensor operators) we could proceed by analogy with su(2) to map
out the weight space. However, it is very tedious. The elegant procedure is using
Cartan theory which will be developed in section 6.7. For the present, a few simple
irreps in su(3) weight space are shown in figure 6.2. From the weight diagrams,
figure 6.2 it is evident where the ‘extra’ degeneracy comes from, i.e. the degeneracy
due to the multiple angular momentum values within a given oscillator shell.

The algebraic structure embodied in the tensor, A, equation (6.70) is also a key to
its role as an invariant quantity for the classical mechanics of the three-dimensional
isotropic harmonic oscillator. Thus,

chass — Z(pmpnj + mkxmx"/) ij=1,2,3, (6.89)
n 1
dQ class d d dx,;
1 Z L, D ke Sy, S| (6.90)
n 1 dt d a
Now, 7, = md;;“‘,

dchass 1 A
=it

dp.
] + pn,( é’;” + kxn,-)}. (6.91)
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Qo
Qo A
(010) l — O (]70) 1 l: 1
9 9 Q +ﬁ .
| |
Lo ~ L,
S
ViQ
A
Qo
P00 4 1=02 s
+% @(370)
° 3 ®
° ° V3= .
| | | |
-2 Al L ¥ Lo
——/ L L
V3 -3 -2 —1 +1 +2
4
V3 " -

Figure 6.2. su(3) weight diagrams for the D40 irreps with A = 0, 1, 2, and 3. The angular momentum values

are deduced from the L, eigenvalues.

But,
d2xm—
m i = F(x,) = —kx,;, etc.,
mi(%) = —kx,;, etc.,
dr\ dr
dp. .
(ﬁ + kxm) = 0, etc.,
dr
in;:lass
g — 0,
dt

i.e. 09 does not change with time.
y

(6.92)

(6.93)

(6.94)

(6.95)

The dynamical variable Q ;ms describes the elliptical nature of the orbits under the

influence of a central force, F(r) = —kr. The shape (major and minor axes) and
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location (centre of ellipse at the origin) are fixed, but the orientation is not fixed
(unlike Kepler orbits, F(r) = —%).

6.3.2 so(4) and the hydrogen atom (Kepler problem)

The hydrogen atom is an example of the quantum Kepler problem, i.e.

A2
A=k (6.96)
2u 7
where p is the reduced mass of the two-body system and, in the case of the H atom,
k = 4‘20 (in SI units).

The Hamiltonian A commutes with I, lA,y, L. because of its rotational
symmetry, and thus, the H atom energy eigenstates can be labelled with the

quantum numbers / and m of the simultaneous observables [* and L.
The Hamiltonian A also commutes with the components of the vector operator
A,

A= 2L(Ij Xp —p xL)- ki, (L,  and 7 are also operators) (6.97)
U r
called the Laplace-Runge-Lenz* vector, i.e.
[H, 4]1=0, Vi=x,y,z, [H, A7]=0. (6.98)
Because, A is a vector operator, it obeys
[Li, 4] = ihe Ay (6.99)

Further, the components of the operator 4 obey

[4;, /ij] = ifl€ijk( —2H )LA/« (6.100)
u

For a given (bound-state) energy shell, A becomes a constant, —E and defining
= /[ -
K:= |—A4, .
| 2IE| (6.101)

[K;, Kj] = iheyLy. (6.102)

then

The operators {L,, ﬁ},, L., K, Ky, K.} define an so(4) Lie algebra and the H atom
is said to possess an SO(4) symmetry or invariance group.

“ Sometimes Pauli’s name is associated with this vector because he was the first person to use it to quantize the
H atom.
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This so(4) Lie algebra possesses a quadratic Casimir invariant,
Cs(f()4) =17+ kz; (6.103)
and L and 4 are orthogonal
L-A=4-L=0. (6.104)
The Hamiltonian can be expressed:

—k*u 1

H = — ,
2 R+ L+ m

(6.105)

and thus its connection to the so(4) algebra is manifest—it is a simple linear function
of Cs(oz()4).
Unfortunately, deriving most of the above details involves extremely heavy
commutator bracket manipulations. There appears to be no simple derivation.
There are also hidden subtleties:

e the so(4) algebra is only obtained for E < 0, i.e. for bound states;

o the so(4) algebraic structure is different for each energy shell, i.e. the K are
different for different shells;

e it appears that replacing H by —E to get K and hence the so(4) algebra
assumes the result that we are setting out to derive; however, we are only
replacing an operator (H) with one that commutes with the Hamiltonian
(trivially) and thus can be replaced with a constant.

An so(4) Lie algebra can be directly defined using the representation introduced in
chapter 5:

0 0 0 0
A]2 =X — X—, A14 =X— — X4—, (6106)
0% 0x; 0Xx4 ox
d d d d
N3y =%— — 23—, Au=%— — X4—, 6.107
23 2 aX3 3 dxz 24 2 ()X4 4 axz ( )
0 0 0 0
A1 =%— —x—, Asyy=X3— — X4—, 6.108
31 3 aXI 1 6x3 34 3 6X4 4 a.X3 ( )

whence 15 commutator brackets are obtained:
(A2, Aozl = =Azy, [Agz, Asi] = —Apa, [Asy, App] = —Ags, (6.109)
[Alz, A14] = - A24, ooy 1 c. [AU’ Ak[] = A,-;éjk + Ajk5il + A[/‘(Sik + Aki(sj‘[. (6110)
Two of these operators can be chosen as commuting operators, e.g. Aj, and Aszy:

so(4) is a rank-2 Lie algebra.
The operators {A,, Ay, Az} form an so(3) subalgebra.
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The so(4) algebra introduced for the H atom in terms of {L,, I:y, I, K, I%y, K.}
obeys the commutator bracket algebra (i, j, k = x, y, z):

[f,i, ﬁj] = ihs,-jkLAk (3 non—zero Lie products), (6.111)
K., Kj] = ihe,-jkLAk (6 non—zero Lie products), (6.112)
[ﬁ,-, 1%,-] = ihs,-jkf(k (6 non—zero Lie products); (6.113)

and three zero Lie products, [[:,», I%i] =0,i=x,y,z.
The association (cf. {x, y, z} = {1, 2, 3})

L. =—ihAy, L,=—-ihAs, L.=—ihAp,, (6.114)
K, = —ihAy, K, = —ihMy, K. = —ihAsy, (6.115)

can be made.

The operators {L, ﬁy, L.} define the angular momentum subalgebra of the
H atom.

The operators {K,, Ky, K.} are ‘entangled’ with the angular momentum sub-
algebra and do not form a separate subalgebra.

Two unentangled subalgebras can be formed from

M = %(Z +K), N:= %(E - K), (6.116)

whence
[M;, Mj] = ihep My, [N, Nj]= ihepNy, (6.117)
[]\Ali, ]Q/] =0, Vi,j=x,y, z. (6.118)

Further, M *and N’ are all-commuting.
These two subalgebras are both su(2). We indicate this decomposition by

so(4) = su(2) x su(2). (6.119)

This decomposition provides the way to solve for the irreps and eigenvalues of a
system with SO(4) symmetry. (However, note that neither of these su(2) subalgebras
is the angular momentum subalgebra, or any other ‘physical’ subalgebra in the case
of the H atom.)

The two su(2) algebras, say suy,(2) and suy(2), have the standard solutions

M|j,my) = myhlj,my), Nlj,m,) = m,hlj,m,), (6.120)
MY, myy =, G, + DR, myy, NoJomyy = j G, + DR, m,). (6.121)
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The H atom Hamiltonian can now be rewritten as
—uk? 1

A= ~2 ) >
2 2M 4+ 2N" + 2

(6.122)

whence the energy eigenvectors are |j, m,,j,m,) and the energy eigenvalues are
—uk? 1
LG Go + D+ 4G, + D+ 1)

1

EG,j,) = (6.123)

3

The eigenvalue spectra of j,, and j,, viz. 0, 5> 1,5, ... are not independent
because L - A =A4 - L = 0, whence
(M +N)-(M-N)y=(M-N)-(M+N)=0, (6.124)

— —

M>—M-N+N-M—-N>=M>+M-N—-N-M-N>=0, (6125

.M-N=N-M, (6.126)
and
M?*= N2 (6.127)
Thus,
jm =J;1 =V, V= Oa %’ 1; %’ (6128)
and
—uk? 1 )
v = E m, (6.129)
and for
2 -’ Y
k* = , 2u+1=mn, (6.130)
Areg
-R
En——zy, n=1,2,3, ..., (6.131)
n
where
4
ue
R, = = 13.606 eV. 6.132
Y 8802h2 ( )

The degeneracies of the problem emerge from the eigenvalue spectra of
jn‘[mm, ]nmﬂ and
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M= S(L.+ KD, No= (L. - Ko, (6.133)
whence
jm jn my, my, (mls }nk)
0 0 0 0 0, 0)
1 1 1 1 — —
E 5 ii if (1> O)a (Oa 1)5 (05 1)5 ( 15 0)
1 1 0, +1 0, +1 2,0, (1, 1), (0, 2), (1, =1), (0, 0)

(-1, 1), (0, =2), (-1, =1), (=2, 0)

Thus, using the m-scheme for m;:

jm=-];1 =0’ l=0’
1
2
Jn=J =1 1=0,1,2,

Jn=Jp =7, 1=0,1, (6.134)

etc., i.e. the values of / occurring in each so(4) irrep are given by
lzlmaxa lmax_ 17 cee s 1» 07 lmax:jm +jn =n-1. (6135)

These results can be depicted in weight space using weight diagrams (see figure 6.3).
The action of the raising and lowering operators can be depicted using root diagrams
(see figure 6.4).

The so(4) Lie algebra is said to have rank two because its weight space (and root
space) are two-dimensional. This reflects the two commuting so(4) generators, L.
and K..

The |j,,m,,), |j,m,) states are coupled to states of good / and m using Clebsch—
Gordan coefficients:

gy = D% Uy M)y il ). (6.136)

My (my=my—m,y,)

6.4 so(5) and models with ‘quadrupole’ degrees of freedom (Bohr
model)

As an illustration of algebraic modelling, a few details of the algebra that lies behind
the Bohr model of nuclear quadrupole collective structure are given.

The Bohr model introduces five (collective) coordinates via an expression of the
quadrupole shape of the nucleus, treated as a liquid drop, viz.

RO, ¢) = Ro{l + Zai‘,ﬂ Y,(0, ¢)}, (6.137)

2,4
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Figure 6.3. so(4) weight diagrams for the lowest three irreps. The angular momentum values are deduced from
the L. eigenvalues.

K. M,
4
AN /
M ++1 My
-1 +1
| —
M- T 1 N,
/ AN

N7

Figure 6.4. The so(4) root diagram for My, N.. The action of the arrows is interpreted in terms of the raising
and lowering of K. and L.. Thus, e.g. M, raises K, by +1 and L. by +1, cf. figure 6.3.

u=+2,+1,0, -1, =2, where R describes a sharp surface for the liquid drop, Ry is
the equivalent spherical drop radius, Y5,(6, ¢) are the spherical harmonics of rank-2,
and the a,, are ‘collective’ coordinates for the model. (The appearance of the
complex conjugates, as, is to ensure that R(0, ¢) is real, recall the Y,,(6, ¢) are, in
general, complex.)
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The ay,, u = +£2, +1, 0, constitute a five-dimensional space of collective ‘position’
coordinates. They can be used as a set of dynamical variables and, with the
introduction of their time derivatives via

132” = del“ u= 12’ il’ 0, (6138)

a collective quadrupole dynamics can be constructed, where B is an inertia
parameter and the P, are momenta ‘conjugate’ to the ay, = Q,,. Thus, one can
arrive at a set of operators describing these collective quadrupole dynamics and, by
invoking the quantization axiom

[0,,» Pl = ini§,

ws MoV =12, +1,0, (6.139)
one can arrive at a Heisenberg algebra in five dimensions, cf.
(%, §] = ind5y, i,j=1,2,3 (6.140)

for physical space (equation (6.1)).
Model Hamiltonians can be constructed, viz.

_ P

=24+ V(0. (6.141)
where
/\2 A A
P = 2u2v|00) P, P, .
§</" | >2u2 (6.142)
v=—p
For example, a (quadrupole) vibrational model results for
A 1 A
V(0,,) = ECQz, (6.143)
where
AZ A A
= 2u2v|00 .
0 ; (2u201000,,0,, (6.144)

v=—pu

Recall Hamiltonians are so(3) scalars.
The model Hamiltonian, equation (6.141) with the potential choice, equation (6.143)
can be solved by treating it as five copies of the Heisenberg—Weyl algebra Aw(1), viz.

5
hw(3) = [T ® hw(1):, (6.145)
i=1
by defining
: 1 ( A i
By, = 7 aQ,, - El’zﬂ , (6.146)
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A

1 A i
lel = ﬁ(anﬂ + EPZM), (6147)
where 4 = +2, +1, 0, and

a= |22 (6.148)

W = \/g (6.149)

This leads directly to the energy eigenvalues
E= (N + %)hw, (6.150)

N=0,1,2... The quantum number N is partitioned over the n, as shown in
table 6.3. The model is termed the five-dimensional isotropic harmonic vibrator or
quadrupole vibrator. The degeneracies can be classified in terms of angular
momentum quantum numbers. Recall, for a finite system such as a liquid drop,
angular momentum is conserved. Thus, with the implied association of spin 2 with

Table 6.3. The first few states of the quadrupole vibrator model. The dots denote that the 2’ and
the two ‘1’ entries must be distributed over all possible combinations of columns.

0,2,4

15
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each quantum, the m-scheme yields the angular momentum values given in table 6.3,
e.g. L = 4 yields nine states with directional components M = +4, +3, +2, +1, 0.
The degeneracy in L values already for N = 2, raises the question ‘is there a richer
dynamics at work behind the scene?’. Such a dynamics emerges for su(3) and so(4) as
detailed in sections 6.3.1 and 6.3.2; and, indeed, there is further dynamics behind the
quadrupole vibrator model and it emerges from an so(5) symmetry possessed by the
model. A few details are given in the following.

The five model coordinates Q,, can be viewed as defining an isotropic five-
dimensional space, (5, R). Just as (3, R) can be expressed in terms of radial and
angle coordinates, (5, R) can be similarly expressed: there is one radial coordinate
and four angle coordinates. This can be viewed, much as one views a spherical
surface using (r, 8, ¢), as a hyperspherical surface using (3, y, 9,, 0, 0;), where f is
the radial coordinate, y describes the axial asymmetry of the quadrupole surface, and
01, 0,, 05 describe the orientation Euler angles of the ellipsoidal shape of the surface:
the coordinates ‘1, 2, 3’ are a set of body-fixed coordinates Q_zﬂ, such that

0, =pcosy, (6.151)
)41:=0, (6.152)

- 1.
0,1, = —=psiny, (6.153)

V2

and they are connected to the laboratory coordinates Q,, by
O, = ZQ_zﬂD%(e, $), (6.154)
"

where Dﬁzﬂ(e, ¢) is a rotation matrix. The rotational invariance in five dimensions,
i.e. the SO(5) invariance, is manifest in the parameterisation used, equations

(6.151)(6.154), viz.
>0, =5 (6.155)
u

The SO(5) invariance of the model can be developed using the algebra introduced
in section 5.10.3. Thus, the algebra so(5) has 10 generators, Ay(=—A;), i # J,
i,j=1,...,5. A table similar to table 5.2 can be constructed and one finds that
the algebra has rank-2 (among the 10 generators, there are no triples of generators
that are mutually commuting). One can proceed to define the Casimir invariant
CS(OZ()S), and thus arrive at an explanation of the angular momentum degeneracy for a
given value of &V, the number of oscillator quanta.

A fully algebraic treatment of the Bohr model, with accommodation of deformed
potentials, follows from the above details by using the algebra so(5) ® su(1,1), where
the su(1,1) algebra describes the ‘radial’ dynamics manifest in the model coordinate
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p: the structure closely matches that of central force problems in (3, R), as developed
in Volume 1, section 12.7, using so(3) ® su(1,1).

6.5 The Lie algebra sp3, R) and microscopic models of nuclear
collectivity

Using the approach adopted at the outset in this chapter, viz. the construction of
algebras from x;, ,;, i = 1, 2, 3 via polynomials, there is one further algebra which is
simply defined. This involves the quadratic polynomials x;x;. To express x;x; in
familiar terms,

XX Xy xz

Qij = XX < yx yy yz (6.156)
X zy zz

is a rank-2 symmetric Cartesian tensor. The symmetry is manifest in xy = yx,
xz = zx, yz = zy. Thus, there are six independent components to x;x;; further, they
are reducible by recognising that

X2+ 2+ z2 =7 (6.157)

is invariant under SO(3) transformations. This reduction yields the scalar, 7* and a
rank-2 spherical tensor with components, Q}fz), viz.

0P =322 -2, (6.158)
09 = =2z(x * iy), (6.159)
05 = (x + iy)?, (6.160)

where the linear combinations of xy, etc., are chosen to match spherical harmonics,
cf. section 1.9.
From the Q;; = x;x;, ‘quadrupole’ coordinate operators

A

Q; = %% (6.161)

can be defined; and via time derivatives, x;, etc., which lead to canonical momenta
p. = mx;, etc., the operators

Sy = %py + b %, (6.162)
Ly = %ip — 5ip;, (6.163)

3 Details are given in [1].
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and

A

K= pp;, (6.164)
are obtained.
The commutator brackets for {QAij, §U LA,»]-, 13,»]-} follow from [X, p;] = inl 6; and

define the algebra sp(3, R), sp = symplectic [Greek: ‘to fold together’]. This is
expressed most concisely using the Heisenberg—Weyl operators

1 i
f= —ag — 5|, 6.165
a 5 (ax ahp,) (6.165)
a; = L(a}@ + LA) (6.166)
(A \/5 1 ahpl B .

k . ..
where a := /%, = |-, and thus via their inverses

1 .
X, = —(a;' + ay), 6.167
ﬁa( ) ( )
i i
p = ——ah(a; — a;), 6.168
n="75 ( ) ( )
we obtain
QAU, = %ﬁ{aﬁa; +aa; + aa] + a,»aj}. (6.169)
Defining
Aj = ala], (6.170)
Bj = aa;, (6.171)
Cy = (a ) = ala; + » 6.172
i o= (a,-aj+aja,-)—a,-aj+§5,-j, (6.172)
then
A 1 . N N N
Sy = in(A; — By), (6.174)
Ly=-in(C; - Cp), (6.175)
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a*h?

K= —T(/L-,- + B, — C; - Cy). (6.176)
Then, commutator brackets can be evaluated via
lai, afl1=16;, i,j=1,2,3, (6.177)
la;, a;] =0 [aﬂ', a}'] =0, (6.178)
e.g.
[Cyr Cu] = [(a;aj + %51,-), (a,ja, + %5,6,)], (6.179)

and, recalling [AB, CD] = AC[B, D] + A[B, C]D + C[A4, D]B + [4, C]DB yields
[éij: Cul = éiléjk - C}ké,-;. (6.180)

The generators of the sp(3, R) algebra, {QA”, §!~,, l:,»j, k@/} total 21—6 each for QAH,,

SA‘!-,, and I%,»j, and 3 for ﬁi,. Thus, there are 210 commutator brackets. This algebraic
structure is greatly simplified by defining
= Lot L 55 6.181
Q= S|\ ¥ + — BB ). (6.181)
cf. equation (6.70). It follows from equations (6.167) and (6.168) that
A 1 A A A 1

The operators {QAﬁ, I:,j} define an su(3) subalgebra for sp(3, R), and “iz‘i’ éy act as
double raising and lowering operators, respectively, when acting on oscillator ‘shells’
defined by

3
A=Y%0,-= (N + %)hw, (6.183)

N=0,1,2,.... A further simplification is achieved by expressing the raising and
lowering operators in so(3) spherical tensor form, /izﬂ, viz.

Ar =241, — Ax — Ay, (6.184)
Ay = F (A + i), (6.185)
As iy = Ay — Ay + 2idns, (6.186)

with similar expressions for 32;4' These raising and lowering operators describe giant
quadrupole resonances in nuclei. (It is important to emphasize here that these modes
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have nothing to do with low-energy quadrupole vibrations such as can be modelled
using the algebra in section 6.4.) Giant monopole resonances are described by

3
Aoo =) Ay, (6.187)
and
By =) By, (6.188)

cf. section 6.2.
The adaptation to nuclei is via

A
Q= ) XuiXy, (6.189)
n=1

i,j=x,y, z, for a nucleus with 4 nucleons (recall protons and neutrons possess
near identical masses and so do not need to be distinguished herein).

6.6 Young tableaux

Starting from the fundamental representation of a group (SU(2)—spinor represen-
tation, SU(3)—quark representations, ..., etc.), all the irreducible representations of
a group can be constructed.

The method has been introduced for SU(2) where two spin-% or spinor irreps were
combined in a direct or tensor or Kronecker product to yield a spin-1 and a spin-0
irrep (section 2.1). (The method is implicit in the SU(2) extensions to the generation
of the Clebsch—Gordan series (section 2.2) and the Schwinger representation (section
1.7).) There exists a very powerful language for manipulating irrep products which
was introduced by Alfred Young in a study of the permutational symmetries of
tensors. The language is variously referred to as Young tableaux or Young diagrams
or Young frames or Weyl tableaux or tensor tableaux.

Consider first a single box and the labels 1 and 2:

8E

This is just a way of representing an SU(2) spinor. Now consider:

[1]1]=11) (6.190)
1

T 75 (12)+121)) (6.191)
[2]2]=22) (6.192)

and
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H I L2y = iy (6.193)

These are just ways of representing the possible couplings of two spinors (1 = u or 1
1 5 _ 1
or+-,2= d or | or —5).
Some rules for these tableaux immediately are evident:
(a) For row tableaux, when moving from left to right, the numbers entered in
each successive box must not decrease.

Reason: is indistinguishable from to allow such a tableau would
result in ‘double counting’.

(b) For column tableaux, when moving from top to bottom, the numbers
entered in each successive box must increase.

Reason: 4 and {5 are no states at all; |+ is indistinguishable from it
differs only by an overall phase of (—1).

To continue, for SU(2), following rules (1) and (2), a third box (containing a (1) or
a (2)) can be combined with the various two-box states as follows:

Me0 - o
EIEIFI I 1

A third rule for tableaux has been used in the above:
(c) The size of columns cannot increase when moving from left to right.

[1 1
2

Reason: e.g. U pecause in either case the

is indistinguishable from

1
2]
2’ is antisymmetrized w.r.t. the ‘1°s’; to allow such a tableau would, again,

result in ‘double counting’.

A fourth rule emerges from the above:
(d) Wherever (= appears in an SU(2) tableau it can be removed:

Reason: It corresponds to j = 0 and so adds nothing to irrep building.

The procedure for building SU(2) irreps using tensor tableaux is now clear:
assemble all possible row tableaux, adhering to rule (1). Irreps are distinguished by
the number of boxes in the row.
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The preceding development, standing alone, is a rather laborious path to a simple
algorithm stated in the previous paragraph. The purpose was to develop the tensor
tableau calculus as a language. Its usefulness emerges when groups of rank higher
than one are encountered.

6.6.1 SU(3) tensor tableau calculus
The fundamental or ‘quark’ representation of SU(3) is depicted

(]
(] {
in tensor tableau form.

Higher SU(Q3) irreps are ‘assembled’ using quark ‘building blocks’ in tensor
tableaux, following the rules developed in the discussion of SU(2). This is shown in
figure 6.5.

These tableaux can be attached to weight diagrams as shown in figure 6.6.
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n
%
D6)]: b
3) [2]
3
1] 1] [1]2]2] [2]2]2]
LT J:[11]2] [1]2]3] [2[2]3] 13[3]3]
(1) [1]1]3] [1]3]3] 2]3]3]

1[1] 1]2] 13

Hj © 2] 2 2 3
1] 1]2] 1]3]
3]

2
3 3 3]

3]

[fafafa]  [afef2[3]  [1[2[3]3] [2]2]3]3]

EanniLOUERRINEE [1[3[3[3] [2]3]3]3]

(s)  [AA[3] [1[2]2]2] [2]2[2]2] [3[3[3]3]
[T12[2] [1]2[2[3]  [2]2]2]3]

[1]1]1 1]2]2] 1[1]3] 2[2]2]
2] 2] 2] 13
1)1 1[2]2] 1]1]3] 2[2]3]
Eﬂjiz 3 3] 3
(15) 1[1]2 1[2]3] 1]3]3] 2[3]3]
12] 2] 12] 3]
1[1]2 112]3] 1[3]3]
13] 3] Kl
11] 11 [1]2
12]2] 3]3 133
1]1] 1[2 202
(6) 2|3] 213 303

Figure 6.5. Young tableaux for simple SU(3) irreps. Under the Young diagram (open boxes) the dimension of
the irrep is given.
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EER) GEE G G

N _/

(e)

Figure 6.6. (a)-(e) Depiction of SU(3) weight diagrams with weight points labelled by tensor tableaux. The
diagrams present all of the low-dimension SU(3) irreps, designated by the labelling quantum numbers, (1, p):
(1,0), (0,1), (1,1), (2,0), (0,2), (3,0), (2,1), (1,2), (2,2), and (0,3). The dots designate the number of weight points
at each location in the weight diagram. The tableaux for the multiplicity-3 weight point associated with the
(2,2) diagram (figure 6.6(e)) are shaded pink. The total number of dots associated with each weight diagram is
the dimension of the irrep. The ‘highest-weight’ point in each diagram is indicated by a red dot.
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6.6.2 Multiplicity of a weight state in an SU(3) irrep

171]2[2] , [1[a]2[3] , [A]1]3]3]
H H

these are the permutations of the labels that obey the rules for the box entries and
they directly give the multiplicity (three) for the central weights in (2,2), cf.
figure 6.6(e).
The general pattern of weight multiplicities for SU(3) is indicated in figure 6.7:
(a) the outermost weights have multiplicity one;
(b) for a hexagonal perimeter, the next ‘ring’ inwards has weights of
multiplicity two;
(c) for each ring inwards the multiplicity increases by one until a triangular ring
is reached: thereafter the multiplicity of each weight point remains constant
and equal to that of the outermost triangular ring.

Consider the tableaux
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I A
EEEEEa A
>
u
u
A
multiplicity: 1 2 3 4 5 5 (noincrease inside triangle)
For the hexagons:
multiplicity perimeter
1 3(A+u)
2 3A+u-2)
r 3(A+u—2[r—1])
A n ,
total ZSr(l-‘r,u-&-Z)—Zér'
r=1 r=1

n

u n(n+1) 5 n(n+1)2n+1)
11: = ; =—
[reca Y=t b ]

r

hexagons total = %k(lnL DA+pu+2)—2(A+1)21+1).

For the triangles:

T . . T multiplicity outermost
L ° . M perimeter side
e A1 p—2
1 2 3 n
3 6 10 (n+1)(n+2)
2
A+D(—2A+1)(u—2+2)

triangles total = 2

;ﬂhm:%u+nw+um+u+a

Note: dimension is symmetric with respect to
interchange of A and u

Figure 6.7. A generic depiction of SU(3) weight diagrams identifying the multiplicity, 2-fold, 3-fold, 4-fold of
the weight points. The outermost weight points have multiplicity 1. The ‘highest-weight’ state is indicated by a
red dot. The lengths of the sides of the outermost hexagonal shape are directly related to the tableau as shown.
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6.6.3 Dimension of an SU(3) irrep: Robinson ‘hook-length’ method (figure 6.8)

9(22) . ] , [O[i2I5]4 - 3[4[5]6]
. -10]1 2 3 - 2|3

2101 2 -

-3-2-10 1 - =6-5-4-3-3-2=6!x%3
superimpose the add 3 (for SU(3)) to
“Robinson every box (for SU(n)
array” (can be used add n to every box)
for SU(n), any n)

— count the number of
L1 5 boxes to the right and
‘I, below each box and
add one to get a
?—H—>4 hooklength
v mutliply all the
hooklengths together:
eH—2
v l 5x4x2x1x2x1=280
I\l, ! 6! %3
N(2,2) = = =27
22)= "
[ |
o 2
[
o—>1
¥

Figure 6.8. Example of the Robinson ‘hook-length’ method for working out the dimensionality of an SU(3)
irrep.
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6.6.4 SU(2) irreps contained in an SU(3) irrep

Example

Consider the SU(3) tableaux from the perspective of where the ‘3” quark labels can
be entered (figure 6.9): (the singlet contributions have been removed where they
contribute nothing).

SU(2) irrep
\

(1,2) 3 | 1
9 3 | IA @(2)
3 " 7(0)

™ ,
S [ 2(3)

3[3 =
B Ve (1)
3 A “

{9

| /< | (3)

/

Figure 6.9. Example of the SU(2) irreps contained in an SU(3) irrep, elucidated using Young tableaux.

This process is easily identified in the D(1-? tableaux (figure 6.10):
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1[1]2] 1]1]1] 1
22 2]2 > 902)
(1,2) 11212 1[1]2] ] — (1)
9
“ 2[3 l 2|3 2[3 Z
113 > 90
2|2
2]2]2 1]2]2] 1]1]2] 1[1]1] 3
3[3 | 3[3 3[3 3[3 > 903)
1]2]3 1[1]3] 1
S5 23\/ > 90
2[2]3] 1]2]3] 1[1]3] 1
3[3 3[3 3[3 > 9W

Figure 6.10. Example of the SU(2) irreps contained in an SU(3) irrep, elucidated using a weight diagram.
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6.6.5 Kronecker products
Examples (figure 6.11)

[] ® [a] =P [Ta] & @
200 @ 1.0 20 ¢ gO1) 3x3=6+3

B ® [4] —V_al o Q
701) @ 5(1,0) gLl & ¢00) 3x3=8+1
| ® [a]a] =P alal © lala] ® al @
| b b alb
/[ Tal /[ 1d]
a © (kb @ |a
I o alb

(L) ® g1 922 @& 960 © g3

gLl @ gl @& 00
(singlet)

8x8=274+10+10+
8+8+1
Figure 6.11. Example of the Kronecker product of two SU(3) irreps.

Rules (SU(n))

(a) Choose the simpler tableau (7”) and enter « in each box of the first row, b in
each box of the second row, ¢ in each box of the third row, ....

(b) Add to tableau 7 one box marked with a (from 7”) in all possible allowed
ways. Then add a second box marked with a to each of the obtained
tableaux (from 1). with the restriction that two @’s cannot appear in a single
column. When all the @’s have been added start with the b’s, then the ¢’s, ...;
again two b’s are not allowed in a single column, .... There is an added
restriction that, reading from right to left, first row — second row — etc., at
any stage, cumulatively, n(a) > n(b) = n(c) > ---.

6-37



Quantum Mechanics for Nuclear Structure, Volume 2

6.7 Introduction to Cartan theory of Lie algebras

The power of Lie algebraic theory when applied to quantum mechanics is that it
breaks up the Hilbert space into irreps that have standardised characteristics:
labelling quantum numbers, Clebsch-Gordan coefficients, tensor operators, etc.
This reduces many quantum mechanical problems to just a few types. It reduces the
Hilbert space for any finite many-body quantum system to subspaces defined by
su(2) quantum numbers which label the total spin of each state of the system. Other
reductions may be present: that is a leading challenge at the research frontier for all
of nuclear structure study. It also provides a powerful modelling principle, i.e.
solvable models can be constructed using a Lie algebra and tested against
observation. With the recognition of this methodology, the question arises: ‘can
Lie algebraic theory be formulated in a standardised way? The answer is yes, by
using the formulation of Lie algebras introduced by Eli¢ Cartan.
Cartan theory of Lie algebras has two essential conceptual features:
(a) For a set of generators {G;} defining a Lie algebra, viz.

[G.. G1= X .C}Gi (6.194)
k

the generators can be combined linearly to yield two types of operators
—{H,, H;, ...}, where [H,, H;] = 0; and {E. .} which act as raising (E,,) and
lowering (E_,) operators or ladder operators.

(b) The raising and lowering operators can be treated as vectors with dimension
equal to the rank of the Lie algebra. The rank of a Lie algebra equals the
number of elements in {H;}.

The identification of the subset {H;, H,, ...} of the generators {G;} that obey
[H:, H] =0, (6.195)

the so-called Cartan subalgebra, are found by inspection of the commutator
brackets or Lie products of the {G;}.

Removing the {H;} from the {G;}, the remainder constitute the {E,,}. Generally
the E,, are formed from linear combinations of the G; (H; excluded). The E,, obey

[H, Evol = H(@)Eses Vi, . (6.196)

Examples of Cartan structure are manifest in the Lie algebras encountered
already. The algebra su(2) is the simplest manifestation, which is almost trivial, but
its role in Cartan theory is fundamental. Relevant details of su(2) for present
purposes are depicted in figure 6.12. It is a rank-1 Lie algebra: the Cartan subalgebra
contains one operator, viz. J,. The action of the ladder operators on the weight
vectors is given by

Jlimy = G — m)G + m + 1) aljim + 1), (6.197)
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J I
J
—J —h —+h 7
& ---nnn-- - *————------a-- o —
m
) (j+m) B (j—m) '

{Ei(x} = {fi = J;:l:l'jy}

Figure 6.12. The Cartan structure of the Lie algebra su(2). The action of the ‘root’ vectors, .J, on the ‘weight’
points in the weight diagram are shown. The root vectors are usually termed ladder operators. The weight
points define an irreducible su(2) representation via a specified value of j (=0, %, 1, %, 2,...) and
m=+j,+j—1,+j—2, ..., —j+ 1, —j (the eigenvalues of Jo for 7 = 1). For a generic weight point m, it
can be raised by (j — m) steps and it can be lowered by (j + m) steps.

JLjm)y = JG + m)(G — m + 1) Aljm — 1). (6.198)

This ensures that the representations are unitary, i.e. that (J,|jm))' = (jm|J_. Recall,

this follows from (jm|J J.jm) = (m|(J* = Jy = Joh)lim).
The algebras so(4) and su(3) have rank-2. As such they are already far from
trivial. Relevant details for so(4) and su(3) follow.

6.7.1 Cartan structure of the so(4) Lie algebra

A N A ~ ~ A

{GI} = {Lxs Lya L:a A)m Ay, A:}, (6199)

{H} ={L., A.}, {E.,}: notdeveloped, (6.200)

or, via M= (L +K), N=2(L-K), K := T A (cf. equation (6.101) and
(6.116)),

{Gl} = {AZ\”’ AAlya ]‘29 ]Qx’ ]an ](7:}5 (6201)

{H} = (M., N}, (6.202)

{Eso} = {My= M, + iM,; N, = N, + iN,}. (6.203)

Note: the ‘M, N’ form decomposes the so(4) algebra into two su(2) algebras, viz.
so(4) = su(2) x su(2).

The so(4) roots are shown in figure 6.4. Manifestly, this decomposition reveals
that the two su(2) subalgebras have root vectors that are orthogonal pairs. The
simplest so(4) weight diagrams are shown in figure 6.3.
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6.7.2 Cartan structure of the su(3) Lie algebra

{G} ={L,, M,, N v=x,y, z, with N, + N, + N. = const.}, (6.204)

cf. table 6.2 and equations (6.71)—(6.73) and (6.77);

A~ A~ 1 N N N
{H;} = {L: = Lo, Q= ﬁ(zNz - N, - y)}; (6.205)
{E,.}: via (cf. equation (6.9) and (6.74))
L.=1L, +il, (6.206)
0,,=—iM, ¥ M, (6.207)
0,,:= %(Nx — N, + 2iM), (6.208)
and (cf. equation (6.85))
~ ~ 2 ~
Po=L.F —0,, (6.209)
mk
R ~ 2 ~
Ri=L,+—0,, (6.210)
mk
Thus,
{Evot = {P. R., 0, = 0,,}. (6.211)

The su(3) roots are shown in figure 6.1. The simplest su(3) weight diagrams are
shown in figure 6.2; many more su(3) weight diagrams are shown in figures 6.6(a)—(e).

The commutator bracket relations for the various forms of the su(3) generators
can be assembled into a ‘mosaic’ (as shown for {L, LA},, L., M, My, M., N., ]\Afy, N}
in table 6.2) presented in tables 6.4, 6.5, and 6.7. We refer to the forms in table 6.2 as
‘Cartesian’, in table 6.4 as ‘spherical tensor’, and in table 6.5 as ‘Cartan’. The Cartan
form is directly related to equation (6.196) as shown in table 6.6. A further useful
form, referred to as ‘canonical’, is presented in table 6.7. The term ‘canonical’ is in
reference to su(3) D su(2) subalgebra structure that is evident.

The Cartesian form provides a geometrical view of su(3), as depicted in
figure 6.13. One observes the manifest vectorial character of the {E,,} when this
form is employed. The canonical example manifested in table 6.7 is one of three
simple choices and its relationship to the Cartesian form is clarified by comparing
figure 6.13 to figure 6.14. The algebraic relations are simply expressed using (cf.
equation (6.172))
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Table 6.4. Tabulation of the 28 commutator bracket relations for the operators defined in equations (6.205)—
(6.208) where & = "%f. Note: the operators manifest the spherical tensor form of equations (6.76) and (6.77);

and cf. chapter 3.

L. L o) 0.1 0 0.2 0.,

Lo ni, —hl_ 0 no,, -nQ_, 210,, 240 ,
Ly 2hly J6r0,, 210, V610, 0 210,
L_ J6no_, V610, 210 _, 210, 0

o —Jé6enL,  -6enL_ 0 0

0, —2¢hLy 0 2L
0., 26k, 0

0, 4chLy

Table 6.5. Tabulation of the 28 commutator bracket relations for the operators defined in equations (6.205),
(6.208)—(6.210) where k = \/ }’zlk . This is the ‘Cartan’ form of su(3), and the manifestation of equation (6.196) is
clear, cf. figure 6.12 and table 6.6. See equations (6.86)—(6.88), figure 6.1, and table 6.5.

A

0 B 12 0, 0 R, R
Lo 0 nP, —-hP 2nQ0, -2nQ_ AR, —hR_
0, khB.  —khP 0 0 —xhR, KkhR_
) 12a A a kh % A
P, Bhoy+anty 0 SR Mg o0
N xh A 0 ~
E R 0 0.
0, 4énly 0 _%11
~ kh $ 0
2 -3
R, —2L0, + 4nLy
C;= l(afa- + aTa,-) =a;'a; + léf,
A I (6.212)
i,j=1,2,3=x,y, z;
whence
. 1 A A
Wy = E(Cll - Cn), (6.213)
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Table 6.6. The ri(a), cf. equation (6.196), for the Cartan subalgebra
{Hi} = {Lo, O} and {Eyo} = {P., Ry, O,). h=1, x=3mk. This
Cartan structure is manifest in figure 6.1.

=
<
S
S
~

P R, 0.,
Lo *1 +1 +2
Qo EK FK 0

Table 6.7. Tabulation of the 28 commutator bracket relations for the operators defined in equations (6.16)—
(6.19). This is the canonical form of su(3): su(3) D su(2), where the su(2) subalgebra {wg, w.} is manifest.

@ @y - G Gy Ca3 Cp
@ Oy —a_ %CAB —%é,%l —%623 %(?32
on 2y 0 —632 613 0
@ Cn 0 0 -Cy
G G- Cy 0 G
éSl —éz1 0
é23 ézz - és3
b = Cin, (6.214)
o_ = Cyy, (6.215)
QO = Cll + sz — 2C33. (6216)

The commutator brackets are evaluated straightforwardly using

[ég/a Cul= éilé/k - éjkéilo

(6.217)
ij k,1=1,2,3.

Figure 6.13 depicts a representation of u(3). Its relationship to figure 6.14 is dictated
by
N = é]] + ézz + 6‘33 = const. (6.218)
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u(3) Cis

Figure 6.13. The nine operators, Cj;, i, j = 1, 2, 3 defining the algebra u(3) with perspective on their vectorial
character with respect to Cartesian axes, 1, 2 and 3.

su(3) H, H,

Figure 6.14. The six operators that define the root space of the su(3) subalgebra of u(3). This is specified by
Hy = (11 + Gy + 33 = const. It can be expressed as u(3) = su(3) x u(1).

The algebra u(3) possesses three commuting operators viz. {Cjj, Ca, Cs3} and has
rank-3. The constraint, equation (6.216), results in two commuting operators: these
can be chosen to be {C;;, Ca}, or {@y, QO}, or other linear combinations of C;;, C»»
and C;;. Indeed, there are many other choices, cf. equation (6.195) where an so(3)
subalgebra is obtained using £, := LA,»]- = —ih(éij - C},-), wherei, j, k = x, y, z yields
the angular momentum algebra.
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6.7.3 The generic Lie algebra

Starting from the set of operators {H;, E.,}, formed from suitable linear combina-
tions of the generators {G;} of a Lie algebra, the Cartan structure of the Lie algebra
can be elucidated. The set of operators {H;} are mutually commuting and so they
define simultaneous eigenvectors, viz.

I‘I,'Ml/lz. . /1, . /1,) = /?,,'I/‘L]/lz. . /1, . ./lr>, (6219)

where r is the rank of the Lie algebra and i=1,...,r. Then, from
[H;, E.,] = +1:(@)E,,, cf. equation (6.196),

HE, ik A 2r) = (Eral; + Q) E ) Ao Ay Ar)
= (Evids + K@) Es)l o Ao 2 (6.220)
= (’11 + n‘(a))E+aMl/l2"'ii-'-lr>a
Le.
E_,_al/l]/lz.../l,'.../l,) ~ |/11 + V](a), A+ rz(a), R }’}((X), v At r,(a)). (6221)

The 1; and the 5(a) can be regarded as vectors

A n(a)
A n(a)

I=[7} re@=| | (6.222)
/1" l"r((l)

respectively. Equation (6.221) can be depicted as shown in figure 6.15. The weight
space has dimension r, i.e. the rank of the Lie algebra, cf. figure 6.12. Thus,

E ) = |1 + F(a)). (6.223)
It follows directly that
(@) + 1) = r(a + p), (6.224)

r

/V

i-
i- V(o)
/ Y

\A

\l
—~

o

=

Figure 6.15. A depiction of the Cartan structure of weight vectors, 1 and root vectors, F(a) in weight space.
Note the su(2)-like relationship for this ‘a-component’ of 7.
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r(Na) = Ni(a), (6.225)
i—a) = —i(a), (6.226)
provided the laddering action of the E,, is within bounds, i.e. r;(a + f), Ni(a) exist

(see below).
A class of Lie algebras of particular interest to physics is the compact Lie algebras,

ie. EI|/TmaX> and [1™") such that
EJA™y =0, (6.227)
EJA™) =0, Va. (6.228)

These are called ‘highest-weight’ and ‘lowest-weight’ states, respectively. The
extraordinary feature of Cartan theory applied to compact Lie algebras is that it
provides a simple demonstration that there are only a few classes of such algebras.
This is achieved through a few elementary theorems. (Note that equations (6.227)
and (6.228) dictate boundaries for the weight space and so conditions are imposed
on the existence of solutions to equations (6.224) and (6.225).)

Theorem 6.7.1.

[Erar E-a] = Y p(@)H,, (6.229)

i=1
where the p,(a) are arbitrary constants.

Proof. Consider

[I_Iia [E+aa E—a]] = [I{z: E+aE—a] - [I_Iza E—aE+aa ]
= E+a[I—Iia E—(z] + [I—Ila E+a]E—a - E—a[I_Iia E+(1] - [I{l’ E—a]E+a
= E+a(_ri(a)E—a) + ri(a)E+aE—a - E—ari(a)E+a - (_ri(a)E—a)E+a
=0, (6.230)

where equation (6.196) has been used; thus
[E+an E—a] = ij(a)l_lia
i=1

where the p,(a) are arbitrary constants. O
Note, such structure is manifest in table 6.4, e.g. [O xR Q_l] = —2¢hl, and in
table 6.5, e.g. [P, P] = 12 Qo + 4hL,.

K
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Theorem 6.7.2.
[Ea, Ep] = NypEorps (6.231)
provided ¥ (a + B) exists, where (cf- equation (6.224))
Fla + p) = F(a) + F(B), (6.232)

and N, is a constant.

Proof. Consider
[I_Iin [Ea’ Eﬁ]] = [FIM EaEﬂ] - [I‘I,, EﬁEa]
= E[H,;, Eg) + [H;, E )Es — Eg[H;, E,] (6.233)
- [FI,, Eﬂ]Eas
and, using equation (6.196)
S [H;, [Eq, Egll = EbidB)Es + 1{@)EEg — Egi{@)E, — H(P)ERE,

= (@) + HPIE. Byl (0239

whence from equations (6.196) and (6.232)
[H, Evipl = 1 + )y, (6.235)
which has equation (6.231) as a general solution. O

Note, such structure is manifest in table 6.4, e.g. [L,, O = 210 ,» and in table 6.5,
eg [P, R, =4J6 %QA .- It can further be noted that the relationship, e.g.

L., O al = 210 ., conforms to the spherical tensor character of 0 . cf. equation
(6.76).

Theorem 6.7.3.

21 - Fa) _
Fla) - 7(a)

where L is the number of times that I can be lowered in increments of #(at) and R is the

LR, (6.236)

number of times that X can be raised in increments of F(a).

Proof. Consider

(NEsar E-IZ)y = (2 I(Zpi(a)Hi)W (6.237)

=p(a) - 7,
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where theorem 6.7.1 has been used with the choice (1|4) = 1. From figure 6.15,
noting the basic ‘su(2)’ action of E,,, cf. figure 6.12, then for

H o Jy, Esqo Loy [F(@)] & h, |1) < |jm),

equation (6.237) is seen to be fulfilled by

[/, J.] = 2Jyh, (6.238)
1.e.
Gm|[L., J)jm) = (jm|2Johljm) = 2 mhh. (6.239)

Thus, for the su(2) action of E,,, equation (6.237) holds for
p(a) = 2F(a). (6.240)

Further, noting that |jm) can be raised (; — m) times, i.e. j — m < R, and it can be
lowered (j + m) times, i.e. j + m < L, then from equation (6.239), from the right-

hand side, [L — R=j+m — (j —m) = 2m, [F(a)| < A, |1| < mh]

(L = BIF(@)|[F(a)] = 2[F(@)A]. (6.241)
The result, equation (6.237) follows. [
Two further relationships follow from this result and equations (6.197) and
(6.198), viz.
- n -
E JA) = ER(L + D[F(0)||A + F(a)) (6.242)
and

E 1) = /%L(R + DIF (@7 = Fa)). (6.243)

Theorem 6.7.4.

2i(a) - F(p) _ 2F(@) -FB) _

= , 6.244
@) Fa) | TP FP) (©24

where n is an integer.

Proof. This result follows directly from the recognition that there is a formal
identity between cf. equation (6.219)
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HIT) = 2:17),
and cf. equation (6.196),
[I{iﬂ E(l] = ’}(a)E(l9

which leads to

HF(a)) = (a)lF(a)), (6.245)
i.e. if the representations
[H, Eo] & HIE,), E,< |E) (6.246)
with
E, & F(a) (6.247)

are made. This is called the adjoint or regular representation for the Lie algebra.
Here, the formal identity leads to the recognition that the root vectors can be weight
vectors. (This is always realised: e.g. for su(2), {J, fil} o {jm),j=1,m=0, +1};
and for su(3), {Ly, Qy, P., R+, Q,,} © {4 =1, u =1}, cf. figures 6.1 and 6.6(a)
(where Ly, Qy are located at the centre of the Young tableau).) Thus, adopting the
result of theorem 6.7.3 with 1 < 7(8), equation (6.244) follows, with the added
recognition that @ and f are interchangeable. 1

Theorem 6.7.4 leads to very stringent limitations on the number of compact Lie
algebraic structures that can exist. Consider

F(a) - 7(B) = [F(@)|[F(B)|cos O, (6.248)
whence
cos? O, = i(a) : f(ﬂ) i(a) : i(ﬁ) _m (6.249)
rla) - Fla) F(p) - F(p) 4
where n and n’ are integers. But 0 < cos? 6,5 < 1,
", cos2 @, = 9, l, %, é, or i (6.250)
44 4 4 4
Further, the ratios of the lengths of the root vectors are determined by
5 5 n. N n N
Fla) - F(P) = Er(a) - Fa) = ?r(ﬂ) - F(p), (6.251)
- 2 7
S (“)'2 =2, (6.252)
0] n

All possible pairwise contributions of root vectors can be tabulated as shown in
table 6.8.
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Table 6.8. Allowed root pair configurations for rank-2 Lie algebra.

c0S? Oy COS Oup Oup | F(a) | Principal root vector diagram
K I7(p) |
o 0 o o : : 7(B)
2 90°, 270 indeterminate SO(4)
90°
F(a)
1 1 60°, 120° 1 =
: x5 ’ 1 ) 3
N : 240°, 300° ! \ )
120°
(a)

2 1 45°, 135° 1 V2 7
; +5 225, 315° & orF () SO(5)

N\_135°

#la)
3 3 30°, 150° 1 NE)
3 7 o 2200 F T AP)
210°, 330 3 150°

\Q—> (o)

4 +1 0°, 180° %a PR — s 7(a)

a

1

and % are excluded because 7(ﬂ) =+ 7(0{) The case % is rank-1.

The allowed root pair configurations are encoded in principal root vector diagrams.
From these diagrams, the entire root space can be constructed for any
configuration and any rank. This is done using the Weyl reflection theorem.

Theorem 6.7.5 (The Weyl reflection theorem). If 7 (a) and 7(B) are two roots; then so
is the root produced by reflecting ¥(B) in a plane perpendicular to ¥(a) (and so is the
root produced by reflecting ¥(a) in a plane perpendicular to ¥ (f)).

Proof. This is simply depicted as in figures 6.16-6.19:
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projection:
(o)

?(ﬁ)'m

unit vector directed along 7():
r(a)
[F(e)]

Figure 6.16. Depiction of the Weyl reflection theorem.

~!
—~
)
—

NG . )=o)
72) 7<:4> o |@=w()

-4

H-1) | -1 ()

(=2) 74 #-3)

Figure 6.17. The root space for O(5) showing the construction using Weyl reflections. The box gives
normalized coordinate values for 7(i), i =1, ..., 4; Zf7(i)2 =1
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S =
v
=i
—~
N
=

1

3
2

F(2) = 23 (‘?) (2) 7(5) 7(6) 7(3)
?(3)_1<3)

2v3\§ F(-1) #(1)
. 1 0
0=55(15)

st F(=2)  F(=5) | F#(-6)  #(-3)
5-on(d

2v3 \ %
) e A(—4)
0-5(%)

Figure 6.18. The root space for G(2) showing the construction using Weyl reflections. The box gives
normalized coordinate values for 7(i), i = 1, ..., 6; ZiF(i)z =1
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SU(2) or SO(3) or Sp(2)

Ay By C
e o0 57
= O B = ods)

i3 #2) #(3)
= (1) H(-1) #1)
SO(4) =SU(2) xSU(2) SU(3)
D, A,
#(~2) {H\,H,E+|,E12} #(—3) #(—2) {Hi,Hy Es1,Es,Ess}
F(4)
2)  F4)  7(3) #(2) 7(5) F(6) #3)

F(=3) F(=4) 7(-2)

F(=3)  ¥(-6) F(=5)  F(=2)
SO(5) or Sp(4)
By G 7(-4) Gy
{H\,H>,E+|,E12,E13,E14} {H1,Hy,E+1,E12,E+3,E+4,Es5,E6}

Figure 6.19. The root space for all of the compact Lie groups of rank-1 and rank-2. The Cartan structure is
indicated along with the commonly used names and the classic names, viz. 4,, B,, C,, D,,r =1, 2.

6.7.4 Irrep quantum numbers: Cartan subalgebras and Casimir operators

Our interest in Lie algebraic structures in quantum mechanics is as a means of
breaking-up a Hilbert space into irreps of a Lie group. The irrep quantum numbers
provide labelling quantum numbers and at least some of these quantum numbers
will have physical significance. The irrep dimensions provide the key to degeneracies
for a given physical system.

We must now turn to the quantum number labels and dimensions of the irreps.
The Cartan subalgebra, {H;, H,, ... , H,} of a Lie algebra of rank r provides a set of
commuting operators and hence a set of compatible quantum number labels. The
Casimir operators associated with a Lie algebra are operators that commute with all
the generators of the algebra. Two types of Casimir operators are commonly
encountered in physics:

(a) For the wunitary group U(n), the ‘oscillator’ representation,
{G; = afa/-, i,j=1, ...n} provides the all-commuting operator

Clioy = Y. Gi. (6.253)
i=1

(It is a commonly used SU(n) irrep label.)
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(b) Each Lie algebra possesses a quadratic Casimir operator

CO=YH+ %Z(E(,E_a + E_,E,).

i=1 a>0

(There may be other quadratic Casimir operators.)

Examples

SO(3) CO=[2=L>+ (L+L + L_L,);
so4) CcP=kKk*+1? CP=K L

(or CO= M2, € = N2, where il = %@ LRy, N=

N | =

Theorem 6.7.6.

C(z)lzmax> Zmax . [-’max+ Zr(a)J max>

a>0

Proof From [E,, E_,] = Y._i(a)H; (theorem 6.7.1)

-c@ ’71‘“"‘"> ZHZ

a>0

<X’:(lmax LY Yota lmax> i)

i=1 oc>Oz 1
<)Lmax Amax_’_ Z Amax) ‘_imax>
oc>0
_ jmax. (;Lmax+ Y #( ) ‘}Lmax>.
oc>0

Irrep quantum numbers
e {];}, the eigenvalues of the {H;}.

o 1™ related to the eigenvalue of C? and fixed for an irrep.
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For a compact Lie algebra there is a highest-weight state, |1 ), and a lowest-

weight state, |/T min), in each irrep. A useful characterisation of |/T max) 1s the number of
times it can be lowered by each of the {E_,}. From equation (6.236),

I F(a) = %L?(a) - Fla). (6.260)

Example: irreps for SU(3)
The Cartesian coordinates of the SU(3) root diagram are shown in figure 6.20. The
highest-weight state, ;7®® (37 = },,..) is defined

MO® Fa) M M®OFHB) A

- - sy TSTA~ ST — 6.261
Aa)Ha) 2 FB)AB) 2 (6-261)
where
1 _
Fa)=| 73 | 7 = ﬁﬁ . (6.262)
0 2
Then, for
Mmoo — (‘;) , (6.263)
T4 A
3 =A== 6.264
l 2 b a 2\/§ bl ( )
(6.265)

Figure 6.20. Cartesian coordinates of the SU(3) root diagram.
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1.e.

. 1 A
Jricach 73 ( MJ\%M) . (6.266)
3

The maximum weight state in each irrep is given by (4, 4)= (0,0), (1,0), (0,1),
(2,0), (1,1), (0,2), ---.

DU9: This is called the ‘quark’ representation (figure 6.21). The combination of
MO© with —F(f) is excluded because 4, =0 and, thus, from

M g?{é?) _ % , M O © cannot be lowered by E_;. Figure 6.22 shows the
r r

ladder operators that cannot raise or lower the highest-weight states in the SU(3)
irreps (4, 0), (0, 4) and (4, 4).
For the eigenvalues of the Casimir operator C, equation (6.259), for the (1;, 4,)

irrep. from
_ 1 A
MO® =, | =
2\/§ < 1\/§ :

=

(6.267)

a2
+
w‘ |

[\

’ H,

’
¢+ —Ha+p)
’

)

Figure 6.21. Cartesian coordinates of the fundamental SU(3) weight diagram.

g0 T 7 2(01) @(1.2)

[y 71

. .
— A Y . LY
. -n ! . ’ .
4 4 N

Figure 6.22. Depiction of ladder operators that cannot raise or lower the highest-weight states of the SU(3)
irreps (41, 0), (0, &) and (4, 4).
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AT A™ 4+ R) = é@f + 23 + Mk + 34 + 3h). (6.278)

Multiplicities of weight points occur for some su(3) irreps (the ‘hexagonal’ ones). We
do not use the formalism herein to elucidate these, but they emerge in a
straightforward manner using Young tableaux, cf. figure 6.6(¢).

Reference

[11 Rowe D J and Wood J L 2010 Fundamentals of Nuclear Models: Foundational Models
(Singapore: World Scientific)
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Kris Heyde and John L Wood

Chapter 7

Perturbation theory and the variational method

A standard introduction to time-independent perturbation theory is given. This is
sufficient for needs typically encountered in the study of nuclear structure. The
procedure for handling the occurrence of degeneracies is described. Procedures for
incorporating symmetry into calculations is sketched. The variational method is
covered in a standard treatment.

Concepts: choice of basis; perturbation expansion of energies and state vectors;
first-order perturbation theory; second-order perturbation theory; degeneracy; rota-
tional symmetry; inversion symmetry; variational method.

7.1 Time-independent perturbation theory

Time-independent perturbation theory is a means of determining the energy
eigenvalues and eigenkets of a system with a Hamiltonian

H=H,+7, vV # V), (7.1)

where | V| < |Hp| and the exact solutions for H, are known:

ﬁOln(0)> = Eig())ln(o))a (72)
1.e. we seek solutions to
(Hy + V)|n) = E,|n). (7.3)

The perturbation is V. It is not necessary to include all perturbations in V. For
example in calculating the spin—spin interaction in hydrogen, it can be done while
ignoring the spin—orbit interaction. Of course, to obtain the full fine and hyperfine
splitting in hydrogen all terms must be calculated, but they can be calculated
separately when they are all small.
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It is standard procedure to solve the problem in the form
(Hy + AV)ln) = E,ln), (74)

where 4 is a continuous real parameter. This provides a means of keeping track of
the number of times the perturbation enters into the calculation. (The parameter 1
can be considered to vary from 0 to 1 and can be set equal to 1 at the end of the
calculation.) Strictly speaking, we should index the energy eigenkets and energy
eigenvalues by A, viz.

(Hy + AV)Iny, = EX)n),, (7.5)

but this will be understood to be so, in writing equation (7.4), to avoid cumbersome
notation.
Perturbation theory presumes that solutions to

Holn®y = EOn®), (7.6)

have been obtained. Then the set {|n(®)} is complete in the sense that

D nOynO) = 1. (1.7)
We define
A, =E,— E". (7.8)
Then, the equation to be solved (approximately) is
(Hy + AV)ny = (E\” + A,)ln) (7.9)
or
(E” = Ho)ln) = AV — Ay)ln). (7.10)
The basic strategy is to expand |r) and A, in powers of
[n)y = [n®) + AnD) + 22|n@) + .-, (7.11)
A, =AY 4 20D 4 ... (7.12)

The first energy approximation is directly obtained by substituting equations (7.11)
and (7.12) into equation (7.10):

(EX = Ho)(n®) + AnD) + ) = AV = 245 = -y(In®) + AnD) + ), (7.13)
and expanding,
(E\ = H)ln®) + A(EY — Hy)lnD) + -+ = 2Vn®) — AAP|n®) + -5 (7.14)
then, since Hy|n©®) = E©|n®), equating terms up to first order in A,

(ED = Byl = PIn®) - ALp). .15
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Then, taking the inner product on both sides with (n¥)

(nOVE," = Ho)ln) = (O V|n®) — AL(nO[n®), (7.16)

and using
(nO1Hy = EP(nO), (nOn®) =1, (7.17)
s AY = (O POy, (7.18)

i.e. the first-order correction to the energy is just the expectation value of IV for the
state |n(©). This is the most elementary and fundamental result of perturbation theory.
For |nM):

InDy = Z|m(0)><m<0)|n<1)>’ (7.19)
e DY = [OYRORDY + Z |m©OY (m©O|nM)y, (7.20)
m#n

Then, taking the inner product of both sides of equation (7.15) with (m®|, where
m # n,

(MOIE = Hln) = (mO1P1n®) = AL (m®ln®), (7.21)
and using

(mOVHy = EX(mO, (mOn®) =0, m # n, (7.22)

(mO) I7|n(°))

s (mOny = ,
EO _EO

m # n. (7.23)

It is critical to note at this point that the present method is only valid in the absence
of degeneracies, i.e. E” # E”. Perturbation theory for situations where degeneracy
is involved will be considered shortly.

(O [n®)

2 D) = OOy + Y |m(0)>W- (7.29)
m#n n m
Thus, to order 1
) = 1) + Alnt)
(14 2O 4 2 MmOV o (7.25)
=1 + A0)In™) + thﬂ )
m;én n m
where
a = (nOnMy. (7.26)
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Normalization of |n) to order 1 requires @ = 0. From equation (7.23), (n©|n() is
undetermined and so we define a = 0:

(nOnM) = 0, (7.27)
and
(m) V1)
D) = Y ImO) " ——t- EO— £0 (7.28)
m#n

The second energy approximation is obtained from equations (7.10)—(7.12)
expanded to order 1%

(E\" = Hy)(1n®) + AnD) + 22[n®) + )

R (7.29)
=V = 2A0 — 2AY — (1) + AnD) + 22[n@) + -,

o (ER = Hy)ln®) + JEL = Ho)lnV)y + 2EL - Ho)ln®) + --- (7.30)
=4V = AHO) + (V= D)) = APIHOY + -, |

and using Hyln©®) = E”|n©®) and taking the inner product of both sides with (n®)], to
second order in A,

MnOE = Ho)lnV) + 22 OE," = Hy)ln®)
= 2nOVn®) — AADROROY + 22(nO| VD) (7.31)
— 22AD(nOMy — 2AD (O ©),

Then, from (n©|Hy = E(n©], (nOn©®) = 1, (n@n") = 0 (equation (7.27)), and
AD = (nO|P|n®) (equation (7.18)),

(2) <n(0)| Vln(l ), (7.32)

and for |nV) from equation (7.28)

O)[ 71,© O 1717,
A ANV O m OV |n©)
LAY =) O O (7.33)
m#n n m
For [n®):
n®) = X IpO)pO1n®), (7.34)
14
© @) = [nO)nOn®) + Y [p@)(p©[n®). (7.35)
p#n

Then, taking the inner product of both sides of equation (7.30) with (p®|, where
p#n,
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POIED — Hy)ln®y + 2pOIEL — Hy)lnDy + 22(pOEL — Hy)ln®) + -

. 1 N 1 5 (7.36)
= 1pO171n0) = 28O 1) + 2O 71Dy — 2AEO1D) — 228D O 1),
and using Hln®) = E"In®), (pO|Hy = (pO1EL, (pO1n®) = 0, p # n,
~MEO _ O (0)|n(1)> + 2(E© _ FO (0)|n(2)>
(s PN (s P ) (7.37)

= ApO P 1n®) + A2(pC| Py — 2AP(O|a0).

But, from equation (7.23) with m — p, the terms of order A are equal. Thus, for the
terms of order 4°

@(0)|V|n(1)> _AD <p(0)|n(1)>

0[5,y =
P1n) (P £0)  VET-EY (7.38)
en, using equation (/. or |[n'") and equation (/. with m —
Th i ion (7.28) for [n") and ion (7.23) with p
1 5 (m 1V |n®) b POV n®)
E," - E,” =, E" - E, (E,ﬁo) _ E](,O))
O P [m OV mO| P |n©)
< 17@Y = [0V (7,02 (©) \al
p#ERmM#E] n p J(En m) (7.40)
Y oy AT O 1)
0 0
20T B )
where equation (7.18) has been used for A". Thus, to order A2,
[ny = [n®@) + A|nD) + 22|n?@), (7.41)
clny=(1+ 20y + 2] |m<0>>ﬁ
m#n mn
VoV, VoV, (7:42)
2 0 pm ¥V mn 0 nn¥ pn
+2 {Z D1 )>W - I )>W},
pERmMEn np=nm p#n np
where V,,, = (p© |V |m©®), etc., A,, = E” — E?, etc., and
b = (nOn®). (7.43)
Normalization of |n) to order A> requires
1 |Vl
b=-2 ) s (7.44)
2 .
2 m#:n (Anm)
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Hence,

1 | Vl? Vom Vi VanVpn
n?y = — 1o 3 Oy ZpmZmn Oy e
| > 2 I > Z (Anm)2 [Elmgn Ip >AnpAnm pz;énlp > (Anp)z (745)

m#n

This procedure is straightforwardly iterated to any order. For practical purposes,

it is rare that orders higher than [n(V) and A'® are needed. Exact matrix diagonal-

ization is always available as an alternative and, when degeneracies are present (see
the next section), it must be used to solve at least part of the problem.

7.1.1 Exercises

7.1. Consider a two-level system with the Hamiltonian
H=H+7V,
where H)[¥) = EI¥), Hl¥s) = E[¥). V¥) = 1), VI¥) = W), E # E».
(a) Solve for the exact energy eigenvalues using matrix diagonalization.
(b) Solve for the energy eigenvalues using (non-degenerate) perturba-

tion theory. How does your answer compare to the solution in (a)?
7.2. A one-dimensional harmonic oscillator with Hamiltonian

is subjected to a constant perturbation %aﬁz.
(a) Solve for the energy eigenvalues using (non-degenerate) perturba-
tion theory.
(b) Solve for the exact energy eigenvalues.
7.3. Solve for the energy eigenvalues and eigenvectors of

. 1 ¢ ¢
H=1¢ 2 ¢},
e € 3

where ¢ is small, using (non-degenerate) perturbation theory.

7.2 Time-independent perturbation theory for systems with
degeneracy

If degeneracies are present, e.g. E” = E” for m # n in equation (7.23), this is a
catastrophe for the above treatment: zeros will appear in some of the denominators!
This problem is avoided by first diagonalizing the matrix for the degenerate
subspace. Usually, degenerate subspaces are not that large and so this task is
simple. One only needs to diagonalize the degenerate subspace containing the state
of interest! Other degenerate subspaces may be present, but their states are not
degenerate with the state of interest.
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Usually, diagonalization in the degenerate subspace containing the state of
interest will remove the degeneracies associated with this state. Then one can
proceed by using standard non-degenerate perturbation theory. However, it is
possible that the degenerate subspace is already diagonal, e.g.

E 0 W3
H=|0 E Wl (7.46)
Vi Vi Es
where
E=E”+ V= E" + ¥, (7.47)
E, = E{" + Vi, (7.48)
and
Vi = (V). (7.49)

In these circumstances, one first applies second-order perturbation theory, viz.

A®), (i Vln(0)> (O
Z E(O))

(7.50)

1,/ED n¢D D

where 7 is not an element of the subspace D and Ep, is the energy of the degenerate
subspace. Equation (7.50) is a generalisation of equation (7.33). It is discussed
shortly. First an example is solved to illustrate the method.

7.3 An example of (second-order) degenerate perturbation theory

The Hamiltonian

E, 0 b
H=|0 E ¢ | (7.51)
b* ¢* Ez

is an example where a degeneracy cannot be removed in first order.
The exact solution is given by solutions to

E -1 0 b
0 E-4 ¢ |=0, (7.52)
b* c* E2 - A
i.e.

(Ey — D{(E, = A)(Ey = 2) = |cP} + b{—(E; — M)b*} =0, (7.53)
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whence we obtain the first root, 4;,
A= E,
and
E\E, — |b? — |c> = (E; + E))A + A2 =0.
Equation (7.55) yields the roots

_ Ei+ Ey+ (B + E2)* — 4(EE; — [bP — |cP)
B 2

2

and

_ Ei+ Ey— (B + E2)* — 4(EEy — |bP — |cP)
; .

3

Noting that

JE + E))? — 4EE; + 4(1bP + |c) = J(Ei = E2)* + 4(b] + |cP),

for |b|2 + |C|2 < E -E

2(161 + |c*)
E —E)?+4(bP + |c]?) = (E;— E;))31 + —— 2%,
V(E = B>+ 4(bP + [cP) ~ (B 2){ E—E)
Thus
2 2
ﬂzzEl+—|b| il
(E, - Ey)
and
2 2
/13%E2—M-
(E1 - E>)

(7.54)

(7.55)

(7.56)

(7.57)

(7.58)

(7.59)

(7.60)

(7.61)

If one attempts a solution using second-order perturbation theory in the form of

equation (7.33), one obtains

| Vol IES
EO_EO T EO_ O

AP =

(7.62)

and it is tempting to ignore the catastrophe of El(o) = EZ(O) = E| because V}, = 0.

Whence, one obtains

AO — |bl*
(E1— E»)
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Similarly,

(22) _ |cf?
(E1— Ey)

and

A@ _ PP+ el —(bP + |cP)

T (E-E) (Ei-E)

(7.64)

(7.65)

Comparison of equations (7.54), (7.60) and (7.61) with (7.63), (7.64) and (7.65)
(together with (7.51)) reveals failure! Evidently, dividing zero by zero is, as always,

inadvisable!

However, if one attempts a solution using second-order perturbation theory in the
form of equation (7.50) then the submatrix for the degenerate subspace can be

written
b (B AR
A Ei+ A9
where
AR = |75 _ b
E-E" (E-E)
A%) _ VisVas _ be*
E-E" (E-E)
A5 = A7,
and
| V23 |c|?
e -

E-EY  (E-E)

Thus, the secular equation for H’, viz.

(Er+ AR = (B + A5 = 2) - ARAS) =0,

becomes
2 2 21 .12
{EI_A+L}{EI—;{+ |C| }_ |b| Icl -
(E1— E») (E1 - E») (E1— E»)
Hence,
2 2
(- 2 + (5 - 1D
(E1— E»)
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which yields

/11 = E] (774)
and
2 2
h=E+ M, (7.75)
(£ - E»)

cf. equations (7.74) and (7.75) with equations (7.54) and (7.60) (also cf. equation
(7.61) with equation (7.65)).
The derivation of equation (7.50) follows from equation (7.30) for n = j, j € D,

(E./(O) - FI@)U@)) + ﬂ(EJ(O) _ FIO)U(I)> + /12(E](0) _ F]o)[j(z)> e
:/I(I? - A.(/‘l))l].(()» + /12{(17 — A&l))v(1)> _ A_(/‘Z)U(O)>} 4o (776)

Then, taking the inner product on both sides with (i), i € D, and noting that
Hlj®) = EJ(O)[]'(O)), to second order in A

MIO(E = Ho)j®) + 2(ONE” ~ Ho)li®)

. A 1)) - . A
= iO P |jO) - ﬂAﬂ)(l(O)I](O)) + 22O 7MY (7.77)
1)/:0) %)) 001+
_AZA_(/ {OMYy — }“ZA.(/ (i),
Thus, from (iOH, = (OE", EQ=EQ, (OP)j©) =0, (iO®) =35, and
GOy = 0 (cf. equations (7.26) and (7.27) with n = ),
@O0y = APGOLOY + APS,. (7.78)

Now, from equation (7.20) for n = j

FOY = D IKOWKOFDY + 3 [mO)mO). (7.79)

keD megD
Then, from equation (7.15) for n = j,
(E_/(O) _ ]SIO)U(I)> = P|jO) - A_(/l)li(o)>, (7.80)
taking the inner product on both sides with (m©)|, where m ¢ D,
(mONE® = Ho)li) = (mOIP @) — APmOO). (7.81)
Thus, from (mO|Hy = (mO|EL, (mOj©@) = 0,

7))

Oy =2~ 7V 7
(m I] >_ E(-O)— E(O)
J

(7.82)

m

and from equation (7.79),
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(O

L 0) Y KON KOO + 3 ) o (7.83)
keD megD J m
Finally, from equations (7.78) and (7.83),
APGORDY + AP,
o . (GO O) O 1) (7.84)
= kz OO EO[DY + £0 - £ .
eD meD m
But, (iOV|m©) = 0 and E” = EJ,
o SO 1O (13O 77170
= ADGOOY + AP, = z ANV ImD)(mOVj®) (7.85)

0 0
meD Eé))_ Eigl)

Defining A(jz)éij = A(J-jz-) and A§1)<i(0)[]'(l)) = Af-jz), the desired result is obtained.

7.4 Perturbation theory and symmetry

The identification of the symmetries of a particular unperturbed system, i.e. of Hj,
greatly facilitates the delineation of the computational effort required to find the
eigenvalues and eigenvectors of Hy + V. This is true whether the solutions are
obtained by a complete matrix diagonalization or by perturbation theory. This
comes about because symmetry can tell us which matrix elements of V are zero. Two
commonly occurring symmetries are used to illustrate this point.

Rotational symmetry is characteristic of central force problems and is manifested

in the energy eigenkets being simultaneous eigenkets of [’ and (e.g) L.. IfV is
expanded in terms of spherical tensors, this leads immediately to the identification of
the zero matrix elements of ¥ by use of the Wigner—Eckart theorem.

7.4.1 Example

V = a2; Hy: hydrogen atom, a: a constant; {|{n®)} = {|nlmm,)}.

z=rcosf=r /4?”)’10: Z=7 /%TO(I).

(' U'm' i’ | Vnlmymy) = (n'U'm'ym’ | a2 |nlmym,)

4z
=n'lI'm’ym’' |7 ?ﬂ aTo(l)lnlmlmS).

Then, using the Wigner—Eckart theorem

<n’l’m’,m/sll7|nlm,my) = (Imy|0|I'm’}) x C,

7-11



Quantum Mechanics for Nuclear Structure, Volume 2

where C is a constant. Evidently, we must have
my=m', I'=111+1|
to ensure a non-zero Clebsch—Gordan coefficient and therefore for a non-zero

(' U'm’Im’ |V |nlnymy).

7.4.2 Inversion symmetry

Any system! in any state is either even or odd under space inversion. This property is
called parity, =, where

7 =+1 or + (even), (7.86)
z=—1 or — (odd). (7.87)

A unitary transformation Up can be associated with space inversion. For a system in
a state |k),

Ulk) = +1[k). (7.88)
Then consider (k| V|k): under space inversion
K| O,V Oyl = (k| Pk (7.89)

because either (7p|k) = +k), (k| 0,, = +(k| or Uplk) = —k), (k| (7; = —(k|. But we can
consider equation (7.89) as

(kI V,lky = (kI V1K), (7.90)

where

v,= U070, (7.91)
If 17,, = — P then, from equation (7.90), the matrix elements of V are zero.
7.4.3 Example
V= aTyp; @ @ constant.

Evidently:
0;0‘7010017 = —aly.

Thus, from equation (7.89)
— a(klioplk) = alkliplk),
- (klFoplk) = 0.

"'Well, this is almost true of most systems! However, the weak interaction (which, for example, controls beta
decay) produces minute amounts of parity admixing in most systems.
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It follows that in the example given for rotational symmetry, since z is just 7 in a
specified direction, we must have {nlnym,|Z|nimm,) = 0 (note this is the case n’ = n,
I'= l: m,l =m, m/s = ni; )

7.4.4 Exercises

7.4. Show that under space inversion
Y0, ) = (=1)' Y50, ¢). (7.92)

(Hint: consider x — —x, etc., and the transformation between Cartesian
and spherical polar coordinates.)
7.5. Show that (n'I'm'ym’|aF|nlnym,) = 0 if I’ + [ + 1 = odd using the position
representation and
(a) the property of spherical harmonics obtained in exercise 7-4
(equation (7.92)).
(b) equation (2.114).

7.5 The variational method

Perturbation theory can be used only when a major portion of the Hamiltonian can
be isolated and solved exactly. Failing this, matrix diagonalization is the only
general method that can give a solution. However, if only an estimate of the ground-
state energy is needed, a very simple method is provided by the variational method.
This provides a means of estimating an upper bound for the ground-state energy of
the system. It is dependent on the following theorem:

Theorem 7.5.1. For any ket |0), for a system with Hamiltonian H and ground-state
energy E,

(H) = w > E,, (7.93)
(010)
where the denominator is unity if |0) is normalized.

Proof. Expand |0) in terms of eigenkets of H,

0) = Y 1k)(KI0), (7.94)
k=0
where
H|k) = Ek) (7.95)

(the proof does not depend on knowing what the eigenkets of H are, it only depends
on their existence). Substituting equation (7.94) into (7.93)
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(1) = EeoEo (O1k) WAL (110)
| EiZo Lo (OfF) (kl1) 1]0)

~ O, i~

_ Lo Xio (Ol Bkt (1]0)

~ 5kl ~

Lo Xizo (O[K) kit (1]0)

. (7.96)
- V)2
Yio (£[0)]
Clearly,
= (kIO = Eol(kI0)]?
Zkzo() k|< J >2| > Zk:() 0|< J >2| ’ (7.97)
2iol(kl0)] 2iolCkl0)]
where the equality sign holds if |0) = |0). But the right-hand side of equation (7.97) is
equal to Ey. Thus, the theorem follows. O

The practical consequence of the variational theorem is that if (') depends on
some parameter, which can be introduced into the trial ground-state ket |0), then
minimising (F) with respect to the parameter will still fulfil (H) > E,.
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Chapter 8

Time-dependent perturbation theory

A standard introduction to time-dependent perturbation theory is given. This is
sufficient to introduce Fermi’s golden rule as used for the coupling of nuclei to
electromagnetic fields. A few details of the interaction picture and the Dyson series
are given.

Concepts: interaction picture; Dyson series; Fermi’s golden rule.

Time-dependent processes are the means by which things are made to happen in
quantum mechanics'. Generally, such processes are ‘weak’, i.e. if the process is
described by V' (¢), V(t) < H, where H is the Hamiltonian describing the system.
Thus, perturbation theory provides a procedure by which the time-dependence of the
process can be described.

Time-dependent processes are discussed in Volume 1, chapter 9; here we follow
on from the end of section 9.10. We introduce a picture, similar to the Heisenberg
and Schrodinger pictures of time dependence, called the ‘interaction picture’.

8.1 The interaction picture

Time-dependent phenomena can be incorporated directly into the Heisenberg and
Schrodinger pictures (cf. Volume 1, section 9.5). A particularly useful formulation
along the lines of these two descriptions is the so-called interaction picture, which is
defined for the Hamiltonian

!'We emphasize at the outset that with respect to the measurement process in quantum mechanics, while it has
a dependence on time, it lies entirely outside any framework of description. All we possess in the measurement
process is ‘more uncertainty before the measurement, less uncertainty after the measurement’. The
probabilistic content and change in state of knowledge is not a physical process. Such pictorial language as
‘quantum jumps’ and ‘collapse of the wave function’, while amusing as a way to dramatise the difference
between the quantum world and our everyday world, are dangerously misleading: they do not describe
physical processes. We leave it to the reader to decide what happens when a change occurs in their state of
knowledge regarding the world around them. We recommend ‘On Quantum Theory’ by Berthold-Georg
Englert, [1] for further, indeed essential, reading in these matters.

doi:10.1088/978-0-7503-2171-6¢h8 8-1 © IOP Publishing Ltd 2020


https://doi.org/10.1088/978-0-7503-2171-6ch8

Quantum Mechanics for Nuclear Structure, Volume 2

H=H,+ V1) (8.1)

by
ot =001y = e Wl £ = 0: 1), (8.2)

and
= e Al (8.3)

cf.
@y = e la, 1 = 0; 1), (8.4)

and
Ap=ei e, (8.5)

The content of the interaction picture can be realised by considering the action of
ih% on equation (8.2):

inLla, 1= 0: 1y = in2d Ml 1 = 0: 1) (8.6)
—la, I =U; = - na, 1 =U;10)p, .
ot "

a A I'I:Iol l.FIQI A A
sih—a, =05 1)y = —Hoe n la, £ =05 0), + e (Hy+ Vi()la, £ = 0; 1), 8.7)

where
., 0 A
lhgla, t=0;t)=Hla,t=0;1) (8.8)
has been used. Thus,
iHyt o
i, 1= 0; oy = ¢'n’ Vol 1= 05 1), (8.9)
iHot A —iHyt B
ih%la, (=01 =en Vit)e nenla,t=0, 1), (8.10)
., 0 N
lhgla, t= 0, Z>1 = V,(t)la, t= 0, t)l, (811)

where equation (8.3) for 4; = V;(r) and equation (8.2) have been used. Equation
(8.11) closely resembles the Schrodinger equation for the time evolution of a state
ket, but with A replaced by V(¢), i.e. |a, t = 0; t); would be time independent for
Vi(t) = 0.
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Further, from equation (8.3), differentiating with respect to time:

1 il iAo, —ifi if —if i —iH, )\ -iA
% = @e hOIAA,e hOI +e hozﬂe hor +e hOIAS I—HO e hOI; (8.12)
dr h dr
whence using equation (8.3),
1 APNER o A A dA, —ifi
A Lipd — Ay + e 8 T (8.13)
dr n dr
and recalling that A, is time independent,
a4, 1 . -
=L = —[A4,, H). (8.14)
ar it ol

Equation (8.14) closely resembles the Heisenberg equation for the time evolution of
an operator, but with A replaced by H,. If A, commutes with H,, then 4, is time
independent.

The relationship between the Heisenberg, Schrodinger and interaction pictures is
summarised in table 8.1. The interaction picture can be regarded as a hybrid of the
other two.

The base kets of the interaction picture can be expanded in the basis {|n)}
(Holn) = Eo|n)) where,

iEt
la, 1 =0; 1)y = Y cit)e™ # |n), (8.15)

as

la, £ =0, 1) = Y cD)ln), (8.16)

where the ¢,(¢) are the same as the ¢,(¢) in equation (8.15). This is seen by applying
¢ to both sides of equation (8.16) from the left:

¢y =05 1y = e 2 In), (8.17)
n

then from equation (8.2) and (8.15)

Table 8.1. The relationship between the Heisenberg, Schrodinger and interaction pictures.

Heisenberg picture Interaction picture Schrodinger picture
State ket No change Evolution determined EvolutAion determined
by V(1) by A
Observable Evolution determined Evolution determined by H, No change
by H
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—iHyt
la, 1= 0; 1) = Yelt)e a |n). (8.18)
The equation for the ¢,,(7),
. 1 :
énlt) = EZ Vi()emie,(1), (8.19)

can be deduced from the interaction picture by taking the inner product of both sides
of equation (8.11) with (m| and using the completeness relation:

.. 0 .
ih——(mla, t = 0; 1) = D (m|Viin)(nla, 1 = 0; t); (8.20)
but from equation (8.2),

mlViOIn) = mle" s Vo)™ ny

e, o
and from equation (8.16)
() = {mla, t = 0; t), (8.22)
whence
i n(t) = X V0,00, (8.23)

cf. equation (8.19), where w,),, = (Em = En)

A
Finally, we can define a time evolution operator in the interaction picture by:

la, 1 = 0; 1), = Uz, O)la, 1 = 0),. (8.24)

Then, from equations (8.11) and (8.24):
i 0)(t, 0) = ViT(t, 0). (8.25)

Equation (8.25) has the initial condition
U(t=0,0)=1, (8.26)

and is equivalent to the integral equation

; t
O, 0)=1 - L f Vi) Oy, 0)dr. (8.27)
hJdo

This leads, by iteration of equation (8.27), to the Dyson series for the time evolution
operator in the interaction picture:
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Ui, 0)=f—% / Vl(z/){f—% / i Oe”, O)dz"}dﬂ, (8.28)
0 0

. 7 T i ! 1Y (4! _1'2 ! ’ v NY(+I\NT7 (4
..U,(t,O)—I—EfO dtV,(t)+(;)/0dtf0 A" V) Vit

_\n pt r H(n—1) R . .
4o +(—Z) / dr f d’ - / R A A A A Ca)
h 0 0 0

Approximate solutions are obtained for equation (8.29) by terminating the series at
any desired point. (The question of t}le convergence of the Dyson series is not
discussed here beyond specifying that ;(r) must be ‘sufficiently small’.)

Once Uj(1, 0) is found, the time evolution of any state ket can be predicted. For
example, if the initial state ket at 7 = 0 is an energy eigenket of H, then

(8.29)

Im, t = 0; ty;, = Uy(t, 0)|m, t = 0) (8.30)
= In)nl (e, 0)m, ¢ = 0) (8.31)

and comparing with equation (8.16),
(U1, 0)lm, t = 0) = ¢,(1), (8.32)

i.e. the matrix elements of Uj(z, 0) in the {|n)} basis of the energy eigenkets of H; are
just the transition amplitudes for going from t =0 to t = t.

8.2 Time-dependent perturbation theory

Time-dependent perturbation theory is a means of determining probabilities of
change and rates of change in systems governed by Hamiltonians of the form

H(t) = Hy+ V(1), (8.33)

when |V (¢)| < |Hp|- This is very useful because many time-dependent problems in

quantum mechanics are of this type. For example, a system described by H, could
interact with another system such as a colliding projectile or an electromagnetic
field, where V' (¢) describes the interaction. It is presumed that the solutions to

Holn) = E,Jn) (8.34)

can be found.
We consider the time-dependent Hamiltonian in the form

H(t) = Hy+ AV (1), (8.35)

8-5



Quantum Mechanics for Nuclear Structure, Volume 2

where / is a continuous real parameter, 0 < A < 1, that is introduced to keep track of
the number of times the perturbation enters the calculation. We define the ¢,(¢) in the
set of coupled differential equations,

. 1 )
é(t) = %Zﬂ Vi(t)e e (1), (8.36)
%
cf. equations (8.19) and
¢ M Vet ) (¢
in| 2| = |V Ve |, (8.37)
C3 [/33 X .3

in terms of the following power series in A:
cilt) = 1) + Ae@0) + 22¢0) + - (8.38)

Substituting equation (8.38) into equation (8.36) and equating the coefficients of
equal powers of 4:

(1) = 0, (8.39)
. 1 o
&'0) = o 2V unere), (8.40)
k
. (r) —_ . 1jjc (=1
¢t = ih;VJk(t)e e ), (8.41)

Thus, the set of coupled equations, equation (8.36) have been decoupled and
equations (8.39)-(8.41) can be successively integrated, in principle, to any
desired order.

For an initial state |a) with energy E,, integrating equation (8.39):

C}O) = constant = c}o)(t =0) = 5j,; (8.42)
then equation (8.40) can be written
0(0) = Ve, (8.43)
in
and integrating,

! ; ’
(1) = % fo Via(t)e™ " de'. (8.44)
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Equation (8.44) is the fundamental equation of time-dependent perturbation theory.
Note that cj(-l)(t) is the Fourier component of V() with frequency w,,. The
probability that at time ¢ the system will be found in the state|;), i.e. the probability
for the transition |a) — |j), is then given by

2
Pu(t) = | M) . (8.45)

This is the lowest order approximation to Py(¢). To second order,
Put) = | eM(0) + 20 (8.46)

c}z)(z) is obtained by integrating (cf. equation (8.41))
¢1) = %Zk: Vi(ne®rte (1), (8.47)
where ¢"(¢) is given by equation (8.44) (with j = k); whence
1) = @ij [ ar [ arens ven vy, (8.48)

Thus, we have an iterative procedure for decomposing the transition amplitude:
the zeroth-order amplitude is c_/(o)(t) which, from equation (8.42), is the amplitude for
the system to remain unchanged; the first-order amplitude is ¢ ;1)(1) which describes
transitions direct from the initial to the final state; the second-order amplitude is
ngz)(l) which describes two-step transitions. The two-step transitions occur via any
intermediate state from the set {|n)} of eigenstates of H,. These intermediate states
should be regarded as virtual, i.e. they are not observed. In fact, energy conservation
is not even a condition on their involvement.

The various orders of the transition amplitude can be obtained directly from the
Dyson series, equation (8.29), by using equation (8.31),

ai(t) = (n| Uz, 0)|m), (8.49)
equation (8.36) with A = 1 and k = n,
ant) = e 1) + 0 + A0 + -, (8.50)

and equation (8.4) with 4 = V(¢),

Pty =en Ve n. (8.51)
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For example, the first-order term in the Dyson series gives

—if}(J[’
o |m)

—i ! iHot' A
o(t)y=— f de'(nle n V(t')e
nJo

—i iEd’ A —iEpt
== f de'(nle n Vithe i |m) (8.52)
0
[(EIZ_EWI)t/

—_i pt .
=;5ﬂdﬂmmwww‘7*,

from which equation (8.44) follows directly for n = j, m = a.

8.3 Constant perturbations and Fermi’s golden rule

As an application of time-dependent perturbation theory, consider a constant
perturbation turned on at ¢ = 0:

V) =0, t<0, (8.53)
V(t) = V(aconstant), ¢ > 0, (8.54)

for some system. Further, the system is in the state |s) with probability unity for
t £ 0. Then

(1) = ¢(0) = &, (8.55)
—7 t . ’
o)==V, [ emrar, (8.56)
h 0
v, .
. 1) _ ns w1
Sy (1) = ——(1 — e'ont), 8.57
(0= (= o) (8.57)
and
Wyn IVl
¢, () = ————=(2 — 2cos w,t), 8.58
el = 2 s o) (8.58)
2 —
A eop = bl sinZ{(E" E)t } (8.59)
(E, - E,)? 2h
Evidently, the transition probability for s — n depends on |V,,|> and = _IE -
To gain further insight into |¢"(7)?, defining
|E, — E| = o, (8.60)
2h
242 Gi2
e = s s ot (8.61)

n”  (wt)?
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The expression on the right-hand side of equation (8.61) is plotted as a function of @
in figure 8.1. The transition probability is clearly very small unless w < %, ie.

|E, — E|| < lti Hence, as time increases, it is more and more probable that the final
state will have the same energy as the initial state. In considering the meaning of this
result, it seems to imply that for large # nothing will happen unless E, = E, and hence
only transitions between degenerate states in the system could occur! However, this
is not a problem when one considers the ‘other’ system to which the system is
coupled. The other system is the sink or source of energy and we have in mind a
system with a smoothly-varying continuous energy spectrum, e.g. a radiation field or
a projectile. Strictly speaking, both systems (e.g. an atom plus a radiation field)
should have their Hamiltonians included in H,. This is not commonly done because
the system serving as the energy source-sink can be viewed as not being of primary
interest. (Also, leaving it out of the description avoids the difficulties of working with
continuous basis states and problems of orthogonality and completeness.) To make
sense of the result that for large ¢, E, = E,, we now append the source-sink energy &
to the energy E of the system under discussion and specify

(E, + &) — (B, + &) < ? (8.62)

whence for large ¢, the condition for a transition is
E,+¢e,=E +¢,. (8.63)

Equation (8.63) is just the statement of the conservation of energy! It is convenient to
reinterpret £, and E, in our development as containing ¢, and ¢, respectively.

We can argue with complete generality that the possible final states of any time-
dependent process form a continuum. This is manifestly true for interactions
between a system (with discrete levels) and a radiation field or a moving projectile.
Thus, we define the density of final states in the interval (E, E + dFE) to be p(E)dE,

1
leb!) (0) 2
[Vis \th

hz

-3/t —2m/t —m/t T/t 2/t 3n/t ¢

Figure 8.1. The first-order transition probability, [c{(r)]?, as a function of @ for a specified value of ¢. The

2 2
maxima at 32—’; and 52—’; have amplitudes 0.045| V,,s|2;—2 and 0.016| V,,s|2;—2, respectively.
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where p(E) is assumed to be a smoothly-varying continuous function. Then for the
total transition probability, P

Z | eOOF = f . dEnp(En)I f, (8.64)

EnNEA

i.e. we have replaced a sum over n in the vicinity of n where E, ~ E, by an integral

over E, in the interval E, — = < E, S E, + 2. Therefore, from equations (8.61) and
(8.60),
Ec+ sinX(E, — E,)-
P = f dEp(E)A| Vi 22 (8.65)
a [(En - Ex)t]z
Bty [1 — cos(E, — E);]
L P= f dEp(E)2| Vil id1y (8.66)
L GEp(E)2I TV, E _ET
We are interested in the rate of change of P with time
E+ 2 sin(E, — E; )
dap _ / dEp(E, )2|Vm| , (8.67)
dt E— t [En - ES‘]
The integral in equation (8.67) can be computed using
lim S0 _ 5. (8.68)

g0 X

The justification of equation (8.68) can be argued using figure 8.2.
Thus, noting that /6(ax)dx = %fé(y)dy,

]
W
a

=

/ N

Figure 8.2. A depiction of lim,_, / g ""(gY)dx Pairs of shaded areas cancel for g — oo, and the central
peak at x = 0 with height g and w1dth = remains Its area is &z and equals z for g — co.
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Sin(En - EY)%

n
and
dP 2=x
- = I/mz En ~E, - 870
dz le sl p( )E,, E, ( )
sin(Ep — Ey)y

Note that for very sharp , and p(E,), V,s ~ const., and can be taken out

[En — Ej]
from under the integral. Equation (8.70) is usually called Fermi’s Golden Rule.

Exercise
8.1. Derive the Golden Rule for
V(t) = Ve + P ie-ion
where w is a real constant.

Reference
[1]1 Englert B-G 2013 On quantum theory Eur. Phys. J. D 67 238
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An intermediate level view
Kris Heyde and John L Wood

Chapter 9

Electromagnetic fields in quantum mechanics

A standard introduction to the electromagnetic (EM) field in quantum mechanics is
given. This employs second quantization formalism, cf. chapter 4. The interaction of
the EM field with matter is outlined. An application to the interaction of the
hydrogen atom with the EM field and calculation of an excited state lifetime is
illustrated in full detail. The calculation of the density of modes in the EM field is
given in appendix B.

Concepts: Maxwell’s equations; scalar and vector potentials; gauge transforma-
tion; Coulomb gauge; harmonic oscillator description; EM vacuum; EM interaction
Hamiltonian; induced and spontaneous emission; absorption; dipole approximation.

9.1 The quantization of the electromagnetic field

The starting point of any discussion of electromagnetic fields is Maxwell’s equations.
For a discussion of the quantization of the electromagnetic field it is sufficient to
consider a region of space where there are no charges or currents, i.e. the source(s) of
the field are implied to be outside of the region. For such an empty region of space,
Maxwell’s equations are

VX E=-", ©.1)
ot
1owi= eoﬁ, 9.2)
1 ot
V.- E=0, (9.3)
V.B= 0; 94
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where u, and g, are the permeability and permittivity of free space, respectively, E

and B are the electric and magnetic fields, respectively; and the units are MKS or SL.
The electric and magnetic fields are commonly re-expressed in terms of the scalar
and vector potentials, ¢ and A, respectively:

E=—vp-24 9.5)

B=VxA. (9.6)

The potentials ¢, 4 are not unique. The relations between E, B and ¢, A in
equations (9.5) and (9.6), are unaffected by the changes:

A A =a+Vy, 9.7
1

= - =, 9.8

p-o>¢=¢ o 9-8)

where y = y(¥, t) is an arbitrary scalar function. This change in ¢ and A is called a
gauge transformation.

For the quantization of the electromagnetic field, we work in the Coulomb gauge
defined by:

V.-A4=0, 9.9)
¢ =0. 9.10)
This choice leads to
-
vi_Llo4 9.11)
c? or?

Equation (9.11) looks suspiciously like a wave equation! The wave properties of 4
are conveniently elucidated by making an expansion in a Fourier series:

. 1 R T
AG. 0= =2 A0 + Aine 9.12
22 ©.12)
where we specify that the plane waves in the expansion are real and satisfy periodic
boundary conditions within a large cube of side L = V3. Thus, the components of

the wavevector k take the values:

o= 2 g 2 g 2 (9.13)
2 2 2
with
ne, ny,n.=0,1,2, ... (9.14)

9-2



Quantum Mechanics for Nuclear Structure, Volume 2

The choice of the Coulomb gauge, equation (9.10), gives
k-Adit)=k - Ai(1) =0, (9.15)

-

i.e. the Fourier coefficients are perpendicular to the propagation vector k.
Consequently, /T,;(Z) has only two components. A vector with this property is
described as transverse. The absence of a third (or longitudinal) component to the
electromagnetic field can be attributed to its gauge symmetry.

We can write

Ax(t) = D Eracid), a=1,2, (9.16)
a
where « indexes the two independent transverse components or states of polarization

for each Fourier component k. Substituting equation (9.12) into (9.11),

24
1 0%4x@) _ 9.17)
cr o2

K2Ap(r) + ,

where the Fourier components with different k are independent. A similar equation

is obtained for A;(r). Hence, the Fourier components oscillate harmonically with
frequencies

wi = clk| = wy, (9.18)
and they can be expressed as
Ai(t) = Az(0)ein; (9.19)
whence, from equation (9.16)
Ciiat) = Cfa(0)e™ ™. (9.20)
Thus,
B7 o) - L (VA plkF—iont _ px ()\p- p—ikF+iont
EF, 1) = Ni% gjwk{ck(l(O)ekae ek (0)Ezqe ' } 9.21)
and
B7 e b NS o (012~ ol Toiont o ok ()2 o—ikFtiant
B(I", t) - \/I—/ %kx{cka(o)glcae 4+ (’ka(o)gkae g }’ (922)

where the £z, are real. This is the famous prediction due to Maxwell that equations
(9.1)-(9.4) give rise to electromagnetic waves.

To carry out the quantization of the electromagnetic field, we then turn to its
Hamiltonian:

1

1
H=— E? + —B*|dV. 9.23
2fV(80 ” ] 9.23)
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Substituting equations (9.21) and (9.22) into equation (9.23) and integrating,

o H =280 ) wfler (0P (9.24)
Fa

Equation (9.24) can be transformed to standard Hamiltonian form by defining:

Or.(0) = Jeo (cza(t) + c,fa(t)), (9.25)
Pi0) = ~in s (e (1) = ¢, (0). (9.26)
Then
1
Cio(l) = m(a’kQﬁa(Z) + P (1)), (9.27)
and
H=13(P2 +wi0}) 9.8
2 -~ ka k¥ka)> ( . )

where the time dependence is omitted because H is independent of time.

Equation (9.28) looks like a sum over independent harmonic oscillators. This is
borne out by the identification of P, and Oy, as canonically conjugate ‘momenta’
and ‘positions’ by noting that:

00¢
Py, = —*¢, 9.29
ka ot ( )
which follows from equations (9.25), (9.26) and (9.20); and
. oH
Ot = T (9.30)
i o (9.31)
ka = — ) .
907,

ie. P, and Qp, satisfy Hamilton’s equations.

We now adopt the standard recipe for quantization by assuming that the
commutator bracket relations for mechanical position and momentum apply also
to the electromagnetic position and momentum, viz.

[Pias Pi'a] = [0f Of'0] =0, (9.32)
[0t Pi'a] = ih8 77 G (9.33)

Then, all of the results for the one-dimensional harmonic oscillator can be adopted
(in the form of a sum of independent oscillators). Thus, defining raising and lowering
operators:
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b, = 0Oz, + iPry), 9.34
ki \/ka( kQ ) ( )
bl = ! (0 Q;, — iPr), (9.35)
ka /2h60k
[ b7 | = 827 G (9.36)
. 1
H = Z(bl_}ab;” + E)ha)k, (9.37)
E,a
and
Nia = b] bi,. (9.38)

The operators { Ni,} form a complete set of commuting operators. The eigenkets are
written in the form

77,5 Nips Mo - Moy 2,

where the ordering must be specified, but can be freely chosen; and the independent
pairs of states of polarization are labelled a and #. Then

i I 7 7 = I - - -
b;:,ailnk]al”klﬂl'"”k,-a,-"'> = Nig, + 1|”k1a1”k]ﬁ]---(”k,-a,- + 1)...), (9.39)
braltalip - Miar--) = Mew Mialiip - Mg, — D), (9.40)
(s
Hlngonip. Nige--) = Z(n,;m + ngy + Dhoy|ng,nip. - Nig---)s (9.41)
i=1
o0 (bg )n"z% (b]g/})nkt/fx
A Pi
Nfallip- M) = || - =—00...), (9.42)
PN T, Nigp!
and
o0
<naa1nl€lﬂlu.n];"a"“'lngl(lln];]/jl..'n]z"a"”.> = H 5”15,'(;,-”15/'(1]'5"/5;/},’”/?//f./" (943)
ij=1

The components of the electromagnetic field labelled by /Ei (with their associated
pairs of independent states of polarization «;, f,) are called normal modes. The
quanta represented by nz, , etc., are called photons, a term introduced by G N Lewis
in 1926. The ket |00---) appearing in equation (9.42) is called the electromagnetic
vacuum or simply the vacuum. The vacuum is the state that is devoid of field quanta
of any kind—electromagnetic (photons), strong (gluons), weak (intermediate vector
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bosons), gravitational (gravitons), and any (as yet) unknown fields. Although there
are zero photons (or field quanta of any kind) in the vacuum, the vacuum is not
empty! It contains the zero-point energy; however this cannot be considered in terms
of photons.

The electromagnetic field is more than just photons. Photons are a convenient
concept for what is added to or subtracted from the electromagnetic field,
e.g. through the process of emission or absorption of energy by atoms, molecules,
nuclei; but no photons does not mean no electromagnetic field. One might question
whether or not the vacuum has a real existence: indeed, the vacuum leads to
observable effects. Most notably, it leads to the spontaneous emission of electro-
magnetic radiation from excited states of quantum systems. At a more subtle
(i.e. difficult to observe) level the vacuum leads to quantum electrodynamic effects
such as the Lamb shift, the anomalous magnetic moment of the electron, and the
Casimir effect (the existence of an attractive force between two closely-spaced
conducting plates). Most dramatically of all, it lies at the heart of a major subarea of
physics called cavity quantum electrodynamics [1, 2].

The creation and annihilation operators, bia, bj,, provide an explicit ‘quantum
language’ in which all quantities can be expressed. Their time evolution is
immediately obtained from the Heisenberg picture:

dby, (¢ 1 N .
#() = E[bzza(t), H] = —iwpbi,(1), (9.44)
whence
bio(t) = bigl(0)e=™, (9.45)
and similarly
bl (1) = b} (0)e. (9.46)

Thus, from equations (9.34) and (9.35), equation (9.27) can be written

h A
Crall) =, /% bio(0)ex". 9.47)

From this, using equations (9.16) and (9.12), the vector field operator can be
written:

A(7 N )i(lz-F—w 1) 1 )—i(l_c:?—w(t)
AF, Dop = Z 2£0V o m{bka(o)c )+ b (0)e : } (9.48)
Further using equations (9.20), (9.21) and (9.47), E(?, 1)op Can be written:

E(V l)op _ lz fla)k 8/<a{bl»a(0)el(k F—awpt) _ bga(O)e_i(E'?_w/‘t)}; (949)
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and, using equations (9.20), (9.22), and (9.47), E(F , )op can be written:

B, z>op—12 (k x ) {br(0)e 70 — b1 ()~ ®7-ax0t (9 50)

2€0V Wy

9.2 The interaction of the electromagnetic field with matter
The Hamiltonian for a field interacting with matter can be written,
I:I = [:Iﬁeld + gmatter + I:Iint- (951)

We have in mind an atom such as a hydrogen atom constituting the matter part and
an electromagnetic field with which this atom is interacting. Thus,

o N 1 ~ 1 4
Hiad = Hem = = f (80E2 + —Bz}d v, (9.52)
2Jy Ho
and, e.g. for such an H atom,
A n pAZ ﬁz e?

(9.53)

Hmatter HH atom m ZM 47[80? )
where equation (9.52) is identical to equation (9.23); and equation (9.53) contains
the kinetic energy resulting from the centre-of-mass motion, the kinetic energy
resulting from the relative motion, and the potential energy resulting from the
electrostatic interaction between the proton and the electron, respectively.

Provided H,, is small', we can regard it as a perturbation and, for

A = Hy+ Hin, (9.54)
HO - Hem + H;Iefitom I:\I:ci)til\r:a (955)
we have already obtained solutions to H,,, and I:I§ ;ﬁn&, viz.
1
Een = Z(”/za + E)hwk (9.56)
k.a
(from equation (9.37)), and
R -13.6
Effitom = ——;V = —ZGV n=123, .. (9.57)
n n

(where equation (9.57) is identical to equations (6.131) and (6.132)).

'The Coulomb potential for hydrogen in its ground state is B 16 _26x 100 Vm

eal  ¢x529% 1011
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The expression for H,, is obtained from the Hamiltonian in classical electro-
dynamics for a charged particle moving in an electromagnetic field,

H=G - gir + ¢; 9.58)
2m

where the particle has mass m, electrical charge ¢, and kinematic momentum 7 ; the

field is characterised by vector and scalar fields 4 and ¢, respectively, at the location
of the particle; and the units are MKS or SI. With the standard prescription for the
quantum mechanical position representation, 5 — —iaV, equation (9.58) can be
expanded to give
2 ; 2
A="v PG Gt Ay )+ a2 4y, 9.59)
2m 2m 2m op

In the Coulomb gauge
v Aop =0, (9.60)
whence

\ (AOPW) = (Y : A_c:p)‘//"' (Aop - Vg 9.61)
= Ay - V.
Further, except for the most intense laser beams, the term containing A02p is
negligible. Thus,

N hg - o

Ho= LAy -V + g, (9.62)
m

Only the /Top . V term in equation (9.62) will couple to electromagnetic radiation.
The g¢,, term describes coupling to an electrostatic field. Thus, we will usually write

—_ -

Hyo=—Aop - By » 9.63
t. m P pp ( )

where —iAV has been replaced with ﬁop. Equation (9.63) also describes the
interaction between a charged particle and a magnetic field. For the hydrogen
atom, there will be interactions between electromagnetic radiation and both the
proton and the electron. However, the % dependence of H,, has the consequence
that the interaction with the proton is negligible.

The above ‘derivation’ of H,,, does not allow for the particle having spin. Dirac
has suggested an elegant recipe that incorporates spin in a way that gives results in
agreement with experiment, viz.

2 > =\
Pop w, (9.64)

2m 2m
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and for

-

1_);p - ﬁ;)p - qupa (965)

2
pop 1 - - e - > e
o am By — qAop)o - (Byy — qAop)s (©.66)

where & is the Pauli spin operator. Recall the identity (equation (1.35)):
(G-a@)G-by=a-bl+i5-(@xDb). (9.67)
Thus, in equation (9.64)
@ - i) = Py (9.68)

i.e. one recovers the familiar form of the momentum operator from this recipe.
However, for equation (9.66), using equation (9.67),

2

b 1 - iz - . -
2;; = oy B — @A) + 0 (@ = adop) X Gy = 4Aop)| (9.69)
1 . - i . - - '
=3, - qAyp)? — 2q—m iy X Aop + Aoy X By)-

Then, from g, — —ihV, V x Zop = B‘OP (equation (9.6)), d x b =-b x d,and

— itV X Aoy = — it(V X Aoy + ihdy, X V
PV T T IR EE A T e 2 Y (9.70)
=—ihByy — Aop X Pop¥>

A2
. pOP

I

LG i P 9.71
- %(pop - qup)z - %6 : BOp’ ( ’ )

For an interaction between the electromagnetic field and a charged particle with spin
% we have, therefore:

FIim. = 4¢op - %Zop : 13013 - %5 : Eop' (972)
The operators Zop and §0p are given by equations (9.48) and (9.50). The operator ﬁ;p
only acts on the spatial degrees of freedom of the particle; the operator ¢ only acts
on the spin degrees of freedom of the particle; the operators /Top and §0p (cf.
equations (9.48) and (9.49)) depend on the spatial degrees of freedom of the particle
and operate on the degrees of freedom of the electromagnetic field.
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9.3 The emission and absorption of photons by atoms

The emission and absorption of photons by atoms (or by molecules or nuclei) is a
fundamental process of great importance to experimental quantum mechanics.

We will be concerned with state vectors that are the direct product of energy

eigenstates of the atom and energy eigenstates of the electromagnetic field

(cf. equation (9.42)). The interaction between the atom and the electromagnetic

field resulting from the /TOP * Dyp term in equation (9.72) is described by
A T e e N — — Dy
(t; ngy — UHpls; ng,) = — ;Q’ Mg, — 11

i

h [ a'-7—(1) =g
X —280Vwk_ by o (0)eiET—oug . Dop |85 Mg 9.73)

for the process where the atom undergoes the excitation |s) — |¢) by absorbing a

photon from the mode k; with polarization @;. We have in mind the response of a
single electron, otherwise we must include a summation over all electrons and would

replace /7 Ef * Pop OY Zye”zi'fvégw - b, where v labels the electrons.
The result in equation (9.73) uses

bt Onga) = (MigInie, — 1) (9.74)

We have implicitly used the fact that only a photon with the right energy and
polarization will be absorbed from the field, i.e.

E, — E; = hwy,. (9.75)

The second term in A4 (7, t)op (equation (9.48)), i.e. the term containing bg_ L(0), is
responsible for emission. The matrix element for the photon part for emission is

”I?,a,-> = Nig, + 1. (9.76)

Evidently, this is non-zero even when nj, = 0: this is the case for spontaneous
emission. The matrix element for the spatial part for emission is

N (g, + DR P R )
(5 Mg, + UHipls; nig,) = —%,/W (tle™ g . - Bylsye™ . (9.77)
0 ki

We can apply Fermi’s golden rule directly, using equation (9.77), for spontaneous
emission (nz,, = 0):

<”1?1ai +1 | bi

ki, a;

dP 271' 62 h T A -
T zﬁm|<f|eﬂk”€1&,(z, 'Pop|s>|2P(Er)E,~Ey- (9.78)
Vo,
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It is necessary to obtain an expression for p(E,) gk, Because the atomic states are
discrete, this is determined just by the density of modes in the electromagnetic field.
In an energy interval {E, E + dE} = {hw, h(w + dw)} this is given, for emission
into a solid angle dQ, by (see appendix B)

Vw? dQ

Proda = wﬁ (9.79)
Then, the rate of emission into a solid angle dQ is
). e, -y, (980
where equation (9.18) has been used; and note that V" has cancelled.
Now, in typical atomic transitions
Aphoton = Lﬁ >> Tatoms (9.81)
k|

where 7y, 1s the atomic radius; e.g. for the 2p — 1s transition in hydrogen (Lyman
a transition), A= 121.5nm and 7y, ~ 0.2nm. Thus, we can make the
approximation

R =1 ik F - %(12,- Y el (9.82)

This is called the electric dipole approximation.

AP | kje’e?
Codt |y, 8n2egm’hc?

1870, - (11D 1)1 Q. (9.83)

Hence, we must compute the matrix element (7|7, |s).
The matrix element (7|, |s) is derived by using the relationship:

P2, fop] = —2ih130p, (9.84)
whence
A2 .
p- - | _ —ih
I:ﬁa rop:l - m popa (985)
and
Ao —ih
[Ho. 7ol = — s (9.86)
m
for
N 132
Hy=— + V(7). (9.87)
2m
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Thus,

(7, 15) = “Cl[ s 7l (9.88)

g ls) = S, = B[l (9.89)

We can immediately write down the selection rules for electric dipole radiation by
recognising 7 to be a spherical tensor of rank one that is odd under parity, hence

|[L;— LJ=1,0 0 - 0forbidden, (9.90)
Arx = yes. (9.91)
Then, using (cf. equation (9.18))
iy = o Bm B (9.92)
¢ hc
2
C;—I; a0 = ﬁ:ﬂw(a — E)|ei,, - (lfpls)| dQ. (9.93)

To calculate the total transition rate, we must integrate over all solid angles and sum
over the two states of polarization. Defining 7, = (#|7|s), and with reference to
figure 9.1,

Efi " Tis = |lis|cOs O, = [Fij|sin € sin ¢, (9.94)
and
Eip * Tis = |iilcos © 5 = [ri|sin & cos ¢. (9.95)

Thus, the sum over the polarizations is

|87, - Tisl> + |8 - Tl = [7i,l* sin 6. (9.96)

& Bi

Figure 9.1. A depiction of the sum over the two states of polarization for equation (9.93).
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Then, integrating over all solid angles:

2 2r ¥ 3
‘3’; o £ = Bt [ ds [ sinosinodo
g 82 (9.97)
W(E E )| [22n f (1 = cos? )d(—cos 6)
T 8
and the integral has the value %, whence
dpP 2 3}
= —L _(E - EY|(Ryls)P. (9.98)

E B 37[€0fl4c3

To proceed any further, the matrix element (¢|7,,|s) must be computed. For a
central force problem, this can be carried out in the position representation by
making use of the results of section 1.9 for the angular coordinates. First, we can
choose r = z = r cos 0 by defining the direction of emission of the photon to be the

z-axis. Then using cos @ = \/?YIO(G, @), |s) = [n'I'm"), |t) = |nim):

27
Tl [ dp [ sin6 0¥ 0. B Ko 0, D)6, D), 000

x [ PdrR R (1),
0

. — o (=1 4 1 l/ 1 1 Z/ 1
2 (tTpls) o (=1 J@I + D21+ 1)(0 0 o)(Om’—m) (9.100)

x [ PR Ry (1),
0
where equation (2.114) has been used to evaluate the angular dependent part.
Evidently,
m=m, I=|I'+1]|. (9.101)
To proceed beyond this, we must specify the type of central force problem and
determine (E, — E;)? (equation (9.98)) and the radial integral in equation (9.100). As

an example, we will consider the 2p — ls transition in hydrogen, i.e. we will
calculate the lifetime of the hydrogen 2p state. Then,

me* (1 1
EI—EYZW(I—Z—E) (t= 1,S=2) (9102)

and (cf. Volume 1, appendix B)
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dp | _ 3twimlelt ﬁ(l 1 0)(1 1 o) ’
ds 2p—>1s_ 211€07hloc3 00 O0MNO OO
2
® 1 oy o_r 2 .
% f ¢ 2r—=e ar’dr (9.103)
{ 0 J24as a0 \/a—(i% }
LA el L1 s ar g
dr 2p—1ls 2118()7hloc33 \/ga(;t 0

n!

The integral in equation (9.103) is of the standard form fo " emaryn dr =

ot
33,14 5)2
42 _ dmime” L%m(@) ; (9.104)
dr |, 2Medh% | V6 ag 3
and using
2
gy = £ -, (9.105)
mme
. dP _ 2%ame!® 28 mcPad 9106
Codr Ly, Beghtt 3o ©-106)
where
52
a=-5_ = ! : (9.107)
2eohe 137.035999 084
this gives
ar = 6.2683 x 103571, (9.108)
dt 2p—1ls
whence the lifetime of the 2p state in hydrogen is
ey 1y 5953, (9.109)

¥ 7 6.2683 x 108

This can be compared with an experimental value of Tflfpt = 1.600 + 0.004 ns [3] and
1.60 £ 0.01 ns [4].
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Chapter 10

Epilogue

In the first volume we have endeavoured to introduce the reader to the basic
elements of quantum mechanics in a form that can eventually be put to use in the
theory of nuclear structure. It is essentially a one-body formulation of quantum
mechanics. In this second volume, basic steps into many-body formulations are
made starting with the representation and coupling of spin-angular momentum
states and associated operators. Herein, we have emphasized the algebraic structure
of quantum theory. Algebraic structure is an essential aspect of the mathematical
formulation of many-body quantum systems.

We have avoided introducing facets of nuclear structure in the formalism because
this necessitates familiarity with nuclear data. There will be forthcoming books in
the series that will introduce nuclear data, and separately that will introduce
quantum mechanical modelling for nuclei. The present material provides the reader
with much of the formalism that is needed to describe actual nuclei. Application to
many-body quantum systems requires a substantial body of experimental data to
guide model building. This is a matter of the historical record: model building for
nuclear structure has advanced hand-in-hand with the accumulation of nuclear data.

Many-body quantum systems are in general too complex for ab initio approaches
unless there is some idea of the manner in which such systems self organize. This has
been true of condensed matter systems. Thus, high-temperature superconductors
were not predicted to exist. The quantum Hall effects were not anticipated.
Currently, graphene continues to surprise investigators.

A number of techniques in quantum mechanics, that play a key role in the study
of nuclear structure, have been deferred. Most notably, the variational method will
play a central role in some of the forthcoming books planned in this e-book series
‘Nuclear Spectroscopy and Nuclear Structure’. In particular, when describing how
mean-fields can be constructed in nuclei, one starts from a given effective nucleon—
nucleon interaction and a suitable basis and seeks a linear combination of basis
states that minimizes the energy. This goes under the name ‘self-consistent
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many-body theory’ with the Hartree—-Fock method as the leading technique. This
determines the optimal mean-field experienced by each nucleon treated as an
independent particle.

Algebraic methods provide a powerful approach to modelling collective dynamics
in many-body quantum systems. The leading feature of such models is that they are
solvable. The details provided in the present two volumes take only the first
rudimentary steps into this aspect of the quantum mechanical formalism. Indeed,
developments of key techniques for handling algebraic structures have barely kept
up with model building. Some examples are treated in detail, in the monograph by
David Rowe and J L Wood [1]. Algebraic modelling of nuclear bound states is a
planned feature in future books in the series.

A further major issue in nuclear structure physics is the need for a unified view of
bound states and unbound states, as manifested in nuclear reaction theory.
A quantum mechanical treatment of nuclear reaction theory requires input
information for the structure of the target nucleus and the projectile nucleus.
Further, key details of nuclear structure depend on reactions for their elucidation.
As such, the present two-volume work does not cover key quantum mechanical
techniques used in formulating a theory of reactions, even at the most elementary
level. This limitation has been intentional and future books in the series are planned
to handle this.

We leave the reader with the following closing thought. The theory of quantum
systems introduces a language that ensures we do not specify more than can be
known by observation: the mathematical structure enforces this limitation in
knowledge.
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Appendix A

Clebsch—Gordan coefficients and 3-j symbols

A.1 Clebsch—Gordan coefficients (tables A.1-A.4)
A.2 3-j symbols (table A.5)

A.3 Tables of 3-j symbol numerical values

There are two outstanding sets:
(a) ‘The 3-j and 6-j symbols’ [1].
(b) ‘Numerical tables for angular correlation computations in a-, -, and
y-spectroscopy: 3-j, 6-j, 9-j symbols, F- and I'-coefficients’ [2].

A.4 A worked example using 3-j symbols
To evaluate the expansion coefficients in (cf. figure 2.3)

|43) = |2122)(2122|43) + |2221)(2221]43).
From equation (2.75)

(2122|43):(_1)—2+2—3m(% % 4 ) _ _3(2 2 4)

-3 1 2 -3
a2 402 2).
—_3(-1) (_3 22),

and

(2221143) = (=123 2 x 4 + 1(2 2 4 )

21 -3
_ a4 22
- 3(—321)'
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Then, from

(J+2 J 2)
M —-M-11

gty U M DU = M+ D = M+ DU = M) 2
B QJ + 52T + BT + 32T + 22T + 1)

with J =2, M = -3,

( 4 2 2)= 2(_1)5{ ()7 (6 (5 }é ___L
-3 21 O)®)(H (65 (57 3V2

5 (2122/143) = % (2221143) = %
Table A.1. (jymy, smaljm).
j= m =5 m=—3
i+ o e

1

A j—m+1 j+m+1
ST 3 =\ —
2j1 +1 2j1+1

Table A.2. (jmy, 1my|jm).

j= my =1 m =0 my = —1

jl +1 G+m—1)(+m) (G —m)(j+m) G—m—1)(—m)
Q1+ D22 +2) @1+ Do+ @1+ +2)
jl _ |G+mG-m+1) - f” G—m)j+m+1)
2101+ 1) Wi+ 2101+ D)
g—1 G-—m+D)(j-m+2) _ (j—m+l)(/'+m+l)) G+m+2)(+m+1)
212+ 1) 1@ +1 212+ 1)
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Table A.3. (jymi, Smaljm).

P =3 =1
J= my =3 my =3
jl +§ G+m=2)G+m—1)j+m) 3G+m— 1)+ m)j—m)
2 (2/1 + D@1+ 221 +3) 2j1 + D21 +22j1 +3)
i 1 3G+m—-D)({+m)j—m+1) . (j+m)
i+ - \/ —G - _Uem
2 27121 + D2j1 +3) G=3m+1) 21271 + D2j1 +3)
o1 3G+mG—m+ DG—m+2) . —m+1
Y/ - [ j=m+l
oo \/ @1 - D@1+ D2j1 +2) G+ 3m) Qj1 - D@t + D21 +2)
Gi-2 _ [(=m+DG=—m+2)(—m+3) 3+m+ )i—m+ D)(—m+2)
2 2121 - D21+ D 2P -1+
my 3 my = -3
g+ 3 3G+ m)(j—m— 1)(j—m) G=—m=2)—m—1)(j—m)
2 (21 + D21 +2)2j1 +3) (21 + D2 +2)2j1 +3)
. 1 ] N . .
Ji 45 . 3Im 1 j—m 3G+m+1)(j—m—1)Gj—m)
LT G+ 3m + )\/ 2121+ D@1 +3) 217 + D21 +3)
. 1 - - - -
- —(i—3 G+m+1) G+m+D(G+m+2)(j—m)
2 (] m)\/ (Z/1 = D@j1 + D21 +2) (271 = D1+ D21 +2)
]'1 _3 \/3(}'+m+1)(j+m+2)(j—m+1) \/(/'+n1+1)(/+)n+2)(/+n1+3)
- 2 -

21 =D+ D

@D@ - DR+
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Table A.d4. (jmy, 2mpljn).

j= my =2 my =1
jl +2 G+m=3)j+m=2)j+m—1)j+m) G—m)(+m)G+m—-1)({+m-2)
(2/1 + DPj1 + 221 +3)(2j1 +4) (2j1 + D@1 + D(2jp +3)G1 +2)
j] +1 _\/(/'+m—2)(/+m—l)(j+m)(/—m+1) (i G+m)j+m—1)
2101 + DU+ 221 + 1) G=2m+1) 2101+ DU+ 292 + 1)
jl \/3(j+mf1)(j+m)(/'—m+l)(/'—m+2) (1 —2Wl) 3G—m+ 1) +m)
@1 = D201+ D& + 1 (@71 = D101 + Dy +3)
g -1 _\/(/'+m)(j—m+1)(j—m+2)(/—n1+3) . \/ (Gj—m+2)(—m+1)
21 - D301+ D+ D) U+ 25 =+ D+
jl -2 \/(/—m+1)(j—m+2)(j—m+3)(/—m+4) _ |G=m+)-—m+2)(G-m+1)(+m+1)
(271 -2@j1 - D212+ 1) (1 =D - D +1)
Jj= my; =10
jl +2 3G—m)(j—m—1)G+m)j+m—1)
@71+ D@+ 2 +3)1 +2)
ji+1 m [
A0+ DG+ + 1)
jl 3m2 -jG+1)
V@i =Gy + DG +3)
g-1 —m [ 2G=m+ DG+m=D
(1= DG+ D@+ 1)
jl -2 \/3(j—m+2)(j—m+1)(/'+m+2)(j+m+1)
21 =221 -2+ D
j= my = —1 my = =2
jl +2 \/(/'—n1)(j—m—1)(j—m—2)(/'+m) (G—m=3)j—m=2)(j—m—1)(j—m)
1 + D01 +2)27 + D27 +3) @1+ D + 2 + I +D)
g +1 ) 1 \/ G—m)G—-m—1) (G—m=2)(—m—1)(—m)G+m+1)
(] +om+ ) J101 +2)(2j1 + D21 +2) J101 + D@2j1 + D2jp +4)
jl 3G-m)(j+m+1) 3G-m=-1D)G—-m)(+m+1)(+m+2)
2 1
(2m + )\/.il(Zfl - D@1 +2)2j1 +3) 7121 = D@y + 22 +3)
g -1 —G - )\/ G+m+2)(+m+1) G=m)+m+DG+m+2)(j+m+3)
J101 = D@jp + D2j1 +2) J101 = D@ + D21 +2)
jl -2 G-m+D(+m+3)G+m+2)G+m+1) G+m+D)G+m+2)(j+m+3)(j+m+4)

J101 =D& - D@+ 1

212 = D@ =221 + 1)
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Table A.5. Some 3-j coefficients. Their use requires permutations of columns so that the maximum J is on the left.

3-j coefficient Value Condition
hoh g (—1)5\/(/1 +2 =)W1 +J3 =j2)W0 +J3 —JD)! G9! Jeven
000 G1+j2+/3+D! CI=iDGT = i)GT = 13)!

(j1 ) j3) 0 J odd
0 00

1 1 I I 41
J+E J 3 (_1)(J—M—%) J-M+3 J + Z,Ja 2)
D \ @7+22i+ 1)
M =M-=3 5
J+1 J ) (cpyw-M-n [=MU =M+ J+1J, 1
M —M-11 QI+3)2T+2)2J+1)
J+1 J 1 (=1)U-M-1) J+M+1)(J-M+1)2 J+1,J,1)
M —M 0 QI+3)2T+2)(2J +1)
J J 1 (=1)I=M) J=M)J+M+1)2 J,J, 1)
M —M-11 (27 +2)J + 1)2J)
J 7 1 (=D=M M J,J, 1)
M - M 0 JeI+ DI+ )
3 3 CM-YSU—MEHU-M+3 3 g3
J+ = J 3 (_1)(J7M+%)\/(J M-I =M+ -M+3) + > 2)
3 QI+ 32T +3) 2 +2)(2T + 1)
M -M-32
2
3 3 T 3 3 3,3
T3 7 : (_1)(J_M+;)\/3(J—M+§)(J—M+E)(J+M+E) +3.7.%)
QI+H2T+3)2T+2)2J +1)
_m-L1
2 2
1 3 1 1 3 1 3
J+1 J 2 (_I)U_M_é)\/ﬂj—M—E)(JfMJrS)(J—MwLE) J+3.7,5
- Q7 +3)Q2J+2)2) + 1)2J
-M-33
1 3 i 53
J+5 J 2 (—1)(J—M—%)\/—J_M+5 +5.7.5)
L QI+3)2T+2) (2T +1)27
M -M-3 5
J+2 J 2) (- [U=M=DU= M= M+ U= M+2) J+2,J,2)
M —M-22 Q7 + 52T+ 42T +3)(2J + 22T + 1)
J+2 J 2 2(=1)=M) J+M+2)(J-M+2)(J-M+1)(J- M) J+2,J,2)
M O —M—11 (27 + 5)2JT + 42T +3)(2T + (2T + 1)
J+2 J 2 (=1)U=M) 6(J+M+2)(J+M+1)J—M+2)(J—M+1) J+2,J,2)
M —-M O (27 + 52T+ 4)2J +3) (2T +2)(2T + 1)
J+1 J 2 2(=1)-M+1) (J-M-D)(J=M)J-M+1)(J+M+2) J+1,J,2)
M —M-22 (2 +4)(2J +3)2J +2)(2J + 1)2J
(Continued)
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Table A.5. (Continued)

3-j coefficient Value Condition
J+1 J 2 _1\U=M+1) =M+ D)= M) +1,J,2)
( - M-1 1) =D 27 +2M + 2)\/(21+4)(2J+3)(2J+2)(2J+1)2J

J+1 J (=1)I=M+Dppp 6(J+M+1D(J-M+1) J+1,J,2)

M —-M 0 QJ + 42T +3)2J +2)(2) + 1)2]

J J 2 (=1)J=M) [V =M= DU =MW+ M+ DU+ M+2) W, J,2)

M —M~=2 0 (27 +3)27 +2)2J + D(2I)(2T - 1)

J J 2 _1\U-M) 6(J+ M+ 1)(J— M) J,J,2)
(M - M-1 1) =D 1+ 2M)\/(2]+3)(2]+2)(2J+1)(2])(2]—1)
( J J 2) 14 2A(3m2- s+ 1) J,J,2)

M -M 0O =D QI+3)2J+2)2J+ HRNH2I - 1)
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Appendix B

The mode density for the electromagnetic field

For a specified volume of space V, possible values of k form a lattice as shown in
figure B.1. From

' 2 .
k. = 27n, k= 7, k= 27n, ’ (B.1)
L L L
L=, (B.2)

each point in the lattice is surrounded by an empty volume (in k-space!) of (%”)3.

Then, the number of modes AN ,.qr With wave vectors between k and k + dk equals
the number of lattice points in a spherical shell of radius & and thickness dk,

4rk>dk
S ANk = ——-
k. k+dk (271_ )3 (B.3)
L
k.
I [ J .i ® 1 L J
° —y——o—>k,

ke

Figure B.1. A depiction of the distribution of values of k= (kx, ky, k) for the electromagnetic field.
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Thus, for a photon emitted into a solid angle element dQ, the number of allowed
states in an energy interval {2o, i(w + dw)} can be written as p,,, odAaw, where

dQ
Proaedho = AN jra—— (B.4)
A
and from
w=ck, dw=cdk, (B.5)

2 3
= %a)_%L_d_Q 1 (B.6)

Va*dQ
. phm,d!! = (27‘[)3hc3 . (B7)
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