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Preface i

Preface

The following notes introduce Quantum Mechanics at an advanced level addressing students of Physics,
Mathematics, Chemistry and Electrical Engineering. The aim is to put mathematical concepts and tech-
niques like the path integral, algebraic techniques, Lie algebras and representation theory at the readers
disposal. For this purpose we attempt to motivate the various physical and mathematical concepts as well
as provide detailed derivations and complete sample calculations. We have made every effort to include in
the derivations all assumptions and all mathematical steps implied, avoiding omission of supposedly ‘trivial’
information. Much of the author’s writing effort went into a web of cross references accompanying the mathe-
matical derivations such that the intelligent and diligent reader should be able to follow the text with relative
ease, in particular, also when mathematically difficult material is presented. In fact, the author’s driving
force has been his desire to pave the reader’s way into territories unchartered previously in most introduc-
tory textbooks, since few practitioners feel obliged to ease access to their field. Also the author embraced
enthusiastically the potential of the TEX typesetting language to enhance the presentation of equations as
to make the logical pattern behind the mathematics as transparent as possible. Any suggestion to improve
the text in the respects mentioned are most welcome. It is obvious, that even though these notes attempt
to serve the reader as much as was possible for the author, the main effort to follow the text and to master
the material is left to the reader.

The notes start out in Section 1 with a brief review of Classical Mechanics in the Lagrange formulation and
build on this to introduce in Section 2 Quantum Mechanics in the closely related path integral formulation. In
Section 3 the Schriodinger equation is derived and used as an alternative description of continuous quantum
systems. Section 4 is devoted to a detailed presentation of the harmonic oscillator, introducing algebraic
techniques and comparing their use with more conventional mathematical procedures. In Section 5 we
introduce the presentation theory of the 3-dimensional rotation group and the group SU(2) presenting Lie
algebra and Lie group techniques and applying the methods to the theory of angular momentum, of the spin
of single particles and of angular momenta and spins of composite systems. In Section 6 we present the theory
of many-boson and many—fermion systems in a formulation exploiting the algebra of the associated creation
and annihilation operators. Section 7 provides an introduction to Relativistic Quantum Mechanics which
builds on the representation theory of the Lorentz group and its complex relative S{(2, C). This section makes
a strong effort to introduce Lorentz—invariant field equations systematically, rather than relying mainly on
a heuristic amalgam of Classical Special Relativity and Quantum Mechanics.

The notes are in a stage of continuing development, various sections, e.g., on the semiclassical approximation,
on the Hilbert space structure of Quantum Mechanics, on scattering theory, on perturbation theory, on
Stochastic Quantum Mechanics, and on the group theory of elementary particles will be added as well as
the existing sections expanded. However, at the present stage the notes, for the topics covered, should be
complete enough to serve the reader.

The author would like to thank Markus van Almsick and Heichi Chan for help with these notes. The
author is also indebted to his department and to his University; their motivated students and their inspiring
atmosphere made teaching a worthwhile effort and a great pleasure.

These notes were produced entirely on a Macintosh II computer using the TEX typesetting system, Textures,
Mathematica and Adobe Illustrator.

Klaus Schulten
University of Illinois at Urbana—Champaign
August 1991
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Chapter 1

Lagrangian Mechanics

Our introduction to Quantum Mechanics will be based on its correspondence to Classical Mechanics.
For this purpose we will review the relevant concepts of Classical Mechanics. An important concept
is that the equations of motion of Classical Mechanics can be based on a variational principle,
namely, that along a path describing classical motion the action integral assumes a minimal value
(Hamiltonian Principle of Least Action).

1.1 Basics of Variational Calculus

The derivation of the Principle of Least Action requires the tools of the calculus of variation which
we will provide now.
Definition: A functional S[] is a map

S[]:F —=R; F={qt);q: [to,t1] € R — RM; g(t) differentiable} (1.1)

from a space F of vector-valued functions ¢(t) onto the real numbers. ¢(t) is called the trajec-
tory of a system of M degrees of freedom described by the configurational coordinates G(t) =
(a1(t),q2(t), - .- qm(t)).

In case of N classical particles holds M = 3N, i.e., there are 3N configurational coordinates,
namely, the position coordinates of the particles in any kind of coordianate system, often in the
Cartesian coordinate system. It is important to note at the outset that for the description of a
classical system it will be necessary to provide information ¢(t) as well as %(j’(t). The latter is the
velocity vector of the system.

Definition: A functional S[] is differentiable, if for any ¢(t) € F and 04(t) € F. where

Fe = {6q(t); 6q(t) € F, |0q(t)] < e, |%5(j’(t)\ < €Vt t € [to,t1] C R} (1.2)
a functional §S[-, -] exists with the properties
() Sla(t) + 8q(1)] = Sla(t)] + 6S[a(t). 6q(1)] + O(e?)
(i7) 0S[q(t),dq(t)] is linear in 6q(t). (1.3)
dS[-, -] is called the differential of S[]. The linearity property above implies
05[q(t), 1 0G1(t) + a20@2(t)] = a10S[q(t),641(t)] + a205(q(t),0G2(t)] - (1.4)
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Note: q(t) describes small variations around the trajectory ¢(t), i.e. ¢(t) + d¢(t) is a ‘slightly’
different trajectory than ¢(t). We will later often assume that only variations of a trajectory ¢(t)
are permitted for which 0¢(tp) = 0 and d¢(t;) = 0 holds, i.e., at the ends of the time interval of
the trajectories the variations vanish.

It is also important to appreciate that §S[-, -] in conventional differential calculus does not corre-
spond to a differentiated function, but rather to a differential of the function which is simply the

differentiated function multiplied by the differential increment of the variable, e.g., df = %dw or,

in case of a function of M variables, df = Z;‘i 1 aan]_da:j.

We will now consider a particular class of functionals S| ] which are expressed through an integral

over the the interval [to,t;] where the integrand is a function L(q(t), %J(t), t) of the configuration

vector §(t), the velocity vector £¢(t) and time ¢t. We focus on such functionals because they play

a central role in the so-called action integrals of Classical Mechanics. .

In the following we will often use the notation for velocities and other time derivatives 2q(t) = q(t)
dr; .

and & = @;.

Theorem: Let .
1

Slaw) = | dt L), q(1), 1) (1.5)
to
where L(-, -, -) is a function differentiable in its three arguments. It holds
. M M f
! oL d (0L oL

dS[q(t), 0q(t)] = / dt [— - —<—)] 0g;(t) p + —dq;(t)| . 1.6
aoane) = | a3 (o~ lag)) w0 )+ ggiew| - 09

0

For a proof we can use conventional differential calculus since the functional (1.6) is expressed in
terms of ‘normal’ functions. We attempt to evaluate

siaw + sa)] = | " L) +6de), i) + ditt), B w7

through Taylor expansion and identification of terms linear in dg;(t), equating these terms with
35[q(t),04(t)]. For this purpose we consider

oL oL

M
L(G(t) +6q(t), q(t) +8q(t).t) = L(q(t),q(t),t) + Z( 6.

Jj=1

We note then using &£ f(t)g(t) = f(t)g(t) + f(t)(t)

oL . d (0L d oL
i = i (o) ~ (@) )
This yields for S[q(t) + 6q(¢)]
v Morar  d (oL v Mg /oL
St +/dt [(_)]5-+/dt <_5->+062 1.10
[4(t)] 3 ; o, ~ di\ag )|t ) ;dt 94,0 ()  (1.10)

From this follows (1.6) immediately.
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We now consider the question for which functions the functionals of the type (1.5) assume extreme
values. For this purpose we define
Definition: An extremal of a differentiable functional S| ] is a function g.(t) with the property

5S[G.(1),64(t)] = 0 for all 6q(t) € F. (1.11)

The extremals G.(t) can be identified through a condition which provides a suitable differential
equation for this purpose. This condition is stated in the following theorem.

Theorem: Fuler—Lagrange Condition

For the functional defined through (1.5), it holds in case 0q¢(top) = dq(t1) = 0 that g.(¢) is an
extremal, if and only if it satisfies the conditions (j = 1,2,..., M)

d L L
d oLy oL _ (1.12)
dt qu aq]'
The proof of this theorem is based on the property
Lemma: If for a continuous function f(t)
f: [to,tl] CR —- R (1.13)

holds .
1
/ dt f(t)h(t) = 0 (1.14)
to
for any continuous function h(t) € F. with h(tg) = h(t1) = 0, then

f(t) = 0 on [to,t1]. (1.15)

We will not provide a proof for this Lemma.
The proof of the above theorem starts from (1.6) which reads in the present case

f: [S—fj - %(g—iﬂ og;(t) o - (1.16)

Jj=1

s, o) = | "

This property holds for any d¢; with d¢(t) € F.. According to the Lemma above follows then (1.12)
for j = 1,2,... M. On the other side, from (1.12) for j = 1,2,... M and d¢;(ty) = 6g;j(t1) = 0
follows according to (1.16) the property 6S[G.(t), -] = 0 and, hence, the above theorem.

An Example

As an application of the above rules of the variational calculus we like to prove the well-known result
that a straight line in R¥ is the shortest connection (geodesics) between two points (x1,%1) and
(z2,y2). Let us assume that the two points are connected by the path y(z), y(z1) = 1, y(x2) = yo.
The length of such path can be determined starting from the fact that the incremental length ds
in going from point (z,y(z)) to (z + dz,y(x + dx)) is

ds — \/(dx)2 + (j—idm)Q — dny /1 + (%)2. (1.17)
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The total path length is then given by the integral

5 = /z: de 1 + (Z—i)?. (1.18)

s is a functional of y(z) of the type (1.5) with L(y(x), g—g) = /1 + (dy/dx)?. The shortest path
is an extremal of s[y(z)] which must, according to the theorems above, obey the Euler-Lagrange

condition. Using y' = g—g the condition reads

d (OL\ i Y B
d (8—y’> Coda ( 1+ (3/)2) - 9

From this follows y'/y/1 + (y')2 = const and, hence, ¥’ = const. This in turn yields y(z) =
ar + b. The constants a and b are readily identified through the conditons y(x;) = y; and
y(x2) = ya2. One obtains

Y1 — Y2 (

— . 1.20
o1 — 2y T2) + Y2 (1.20)

y(x) =

Exercise 1.1.1: Show that the shortest path between two points on a sphere are great circles, i.e.,
circles whose centers lie at the center of the sphere.

1.2 Lagrangian Mechanics

The results of variational calculus derived above allow us now to formulate the Hamiltonian Prin-
ciple of Least Action of Classical Mechanics and study its equivalence to the Newtonian equations
of motion.

Threorem: Hamiltonian Principle of Least Action

The trajectories ¢(t) of systems of particles described through the Newtonian equations of motion

d ou
dt( JQ_]) + 8(]] O ) j v <y ( )

are extremals of the functional, the so-called action integral,

sio] = [ @, .o (1.2

to

where L(G(t), G(t), t) is the so-called Lagrangian
: Mo
L(G(1),q(1).t) = Y 5mid; — Ul a2 qu) - (1.23)
j=1

Presently we consider only velocity—independent potentials. Velocity—dependent potentials which
describe particles moving in electromagnetic fields will be considered below.
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For a proof of the Hamiltonian Principle of Least Action we inspect the Euler—Lagrange conditions
associated with the action integral defined through (1.22, 1.23). These conditions read in the

present case

oL d /0L oU  d
dq;  dt <3Q'j> ! Oq;  dt (mdg) = 0 (129

which are obviously equivalent to the Newtonian equations of motion.

Particle Moving in an Electromagnetic Field

We will now consider the Newtonian equations of motion for a single particle of charge q with
a trajectory 7(t) = (x1(t),z2(t), z3(t)) moving in an electromagnetic field described through the
electrical and magnetic field components E(ﬁ t) and B (7, t), respectively. The equations of motion
for such a particle are

d - . L _, _
—(mi) = F(rt); F(t) = qE(r.1) + %m B(7,t) (1.25)
where ‘é—’; = ¥ and where F(7,t) is the Lorentz force.

The fields E(7,¢) and B(7,t) obey the Maxwell equations

1013
VxE + 123 = 1.26)
V-B =0 (1.27)
- = 4]
VxB - 12F = - (1.28)
V.-E = 4mp (1.29)

-

where p(7, t) describes the charge density present in the field and J(7, t) describes the charge current
density. Equations (1.27) and (1.28) can be satisfied implicitly if one represents the fields through
a scalar potential V(7,t) and a vector potential A(7,t) as follows

B =VxA (1.30)

10A
_ - = 1.31
vV e (1.31)

=
1

Gauge Symmetry of the Electromagnetic Field

It is well known that the relationship between fields and potentials (1.30, 1.31) allows one to
transform the potentials without affecting the fields and without affecting the equations of motion
(1.25) of a particle moving in the field. The transformation which leaves the fields invariant is

A'(Ft) = A(Ft) + VK(7,t) (1.32)

VI(Ft) = V(Ft) — —=K(7t) (1.33)



6 Lagrangian Mechanics

Lagrangian of Particle Moving in Electromagnetic Field

We want to show now that the equation of motion (1.25) follows from the Hamiltonian Principle
of Least Action, if one assumes for a particle the Lagrangian

) 1 -
LT ) = smi = qV(ii1) + LAt v, (1.34)
C

For this purpose we consider only one component of the equation of motion (1.25), namely,

d oV
JR— — F = —q —
(muw1) 1 q .

4> 3
= Bl . 1.
= + 215 x B, (1.35)

We notice using (1.30), e.g., B3 = g—ﬁf - g—‘;‘;

— = . . . 8142 8141 . 8A1 8A3
Bl = 49Bs — @3By = — - — - — — == . 1.
[U % ]1 T2bs T32 T2 <8l‘1 8:@) 3 (8:173 8([31) ( 36)
This expression allows us to show that (1.35) is equivalent to the Euler-Lagrange condition
d (0L oL
—([Z=) - == — 0. 1.
dt <8$1> 8901 0 ( 37)
The second term in (1.37) is
oL ov q {0A 0As 0As
Rl PSR N i o2 it 1.38
0z qé)xl + c (8m1 v 0z1 T2+ 0x1 a:3> ( )
The first term in (1.37) is
d 8L o d . q dAl o d . q aAl . aAl 6A1 .
dt <6—xl> a dt(mxl) * c dt dt(mxl) + c \ 0x1 1 0xo T2+ o3 t3) . (1.39)
The results (1.38, 1.39) together yield
d oV q
Z (i = —g— z 1.4
dt(mm) qa:cl + cO (1.40)
where
o VM, L O M O0A A 04
N 0901 ! (9.%'1 2 6901 3 (91'1 ! 6:62 2 8.7,'3 3
. [ 0As 0A; . [0A 0As
= — - — - -— - — 1.41
2 <al‘1 a$2> 3 (8%3 8561 ) ( )

which is identical to the term (1.36) in the Newtonian equation of motion. Comparing then (1.40,
1.41) with (1.35) shows that the Newtonian equations of motion and the Euler-Lagrange conditions
are, in fact, equivalent.
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1.3 Symmetry Properties in Lagrangian Mechanics

Symmetry properties play an eminent role in Quantum Mechanics since they reflect the properties
of the elementary constituents of physical systems, and since these properties allow one often to
simplify mathematical descriptions.
We will consider in the following two symmetries, gauge symmetry and symmetries with respect to
spatial transformations.
The gauge symmetry, encountered above in connection with the transformations (1.32, 1.33) of elec-
tromagnetic potentials, appear in a different, surprisingly simple fashion in Lagrangian Mechanics.
They are the subject of the following theorem.
Theorem: Gauge Transformation of Lagrangian
The equation of motion (Euler-Lagrange conditions) of a classical mechanical system are unaffected
by the following transformation of its Lagrangian
1o RN dq o

L (q,qvt) = L(Qv%t) + %EK(q’t) (142)
This transformation is termed gauge transformation. The factor % has been introduced to make this
transformation equivalent to the gauge transformation (1.32, 1.33) of electyromagnetic potentials.
Note that one adds the total time derivative of a function K (7,t) the Lagrangian. This term is

d oK 0K oK 0K oK
—K(rt) = —1 —d —1 — = (VK)-¥ + —. 1.43
) = gt gt gt t g = VR T4 (1.43)
To prove this theorem we determine the action integral corresponding to the transformed La-
grangian
- h 1> D h I q N
S'q@) = / dtL'(q.q,t) = / dtL(q,q,t) + — K(q,1)
to to c to

t1

= Slg] + K@)

(1.44)
to
Since the condition dq(tp) = d¢(t1) = 0 holds for the variational functions of Lagrangian Me-
chanics, Eq. (1.44) implies that the gauge transformation amounts to adding a constant term to
the action integral, i.e., a term not affected by the variations allowed. Omne can conclude then
immediately that any extremal of S’[¢(¢)] is also an extremal of S[q(t)].
We want to demonstrate now that the transformation (1.42) is, in fact, equivalent to the gauge
transformation (1.32, 1.33) of electromagnetic potentials. For this purpose we consider the trans-
formation of the single particle Lagrangian (1.34)
o q d

Aty -7+ LK) . (1.45)

: 1
L'(F,7t) = smi® — qV (7t

2

[P

Inserting (1.43) into (1.45) and reordering terms yields using (1.32, 1.33)

. 1 1 0K -
L(FFY) = gmi - g <V(F,t) - EW) % (A('F,t) + VK) i
1 =
= mi® — qV'(7.t) + %A’(F,t) 7. (1.46)
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—

Obviously, the transformation (1.42) corresponds to replacing in the Lagrangian potentials V (7, t), A(7,t)
by gauge transformed potentials V'(7,t), A (7,t). We have proven, therefore, the equivalence of
(1.42) and (1.32, 1.33).

We consider now invariance properties connected with coordinate transformations. Such invariance
properties are very familiar, for example, in the case of central force fields which are invariant with
respect to rotations of coordinates around the center.

The following description of spatial symmetry is important in two respects, for the connection
between invariance properties and constants of motion, which has an important analogy in Quantum
Mechanics, and for the introduction of infinitesimal transformations which will provide a crucial
method for the study of symmetry in Quantum Mechanics. The transformations we consider are
the most simple kind, the reason being that our interest lies in achieving familiarity with the
principles (just mentioned above ) of symmetry properties rather than in providing a general tool
in the context of Classical Mechanics. The transformations considered are specified in the following
definition.

Definition: Infinitesimal One-Parameter Coordinate Transformations

A one-parameter coordinate transformation is decribed through

7= F(Fe), 77 eRF eeR (1.47)
where the origin of € is chosen such that
7(7,0) = 7. (1.48)
The corresponding infinitesimal transformation is defined for small € through

,
7(F€) = 7 + eR(P) + O(?); R(F) = %—T (1.49)
€ le=0

In the following we will denote unit vectors as a, i.e., for such vectors holds ¢ -a = 1.

Examples of Infinitesimal Transformations

The beauty of infinitesimal transformations is that they can be stated in a very simple manner. In
case of a translation transformation in the direction € nothing new is gained. However, we like to
provide the transformation here anyway for later reference

7o=7+ €é. (1.50)
A non-trivial example is furnished by the infinitesimal rotation around axis é
7= 7 4+ eéxT. (1.51)

We would like to derive this transformation in a somewhat complicated, but nevertheless instructive
way considering rotations around the xs—axis. In this case the transformation can be written in

matrix form
T cose —sine 0 1

T = sine cose 0 x2 (1.52)
x 0 0 1 x3
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In case of small € this transformation can be written neglecting terms O(€?) using cose = 1 + O(€?),
sine = € + O(e?)

x) 1 0 — O 1
h | = a2 | + | € 0 0 o | + O(). (1.53)
xh 3 0 0 O 3
One can readily verify that in case é = é3 (é; denoting the unit vector in the direction of the
xj—axis) (1.51) reads
Po=F — To €1 + x1é2 (1.54)

which is equivalent to (1.53).

Anytime, a classical mechanical system is invariant with respect to a coordinate transformation
a constant of motion exists, i.e., a quantity C’(F,?’) which is constant along the classical path of
the system. We have used here the notation corresponding to single particle motion, however, the
property holds for any system.

The property has been shown to hold in a more general context, namely for fields rather than only
for particle motion, by Noether. We consider here only the ‘particle version’ of the theorem. Before
the embark on this theorem we will comment on what is meant by the statement that a classical
mechanical system is invariant under a coordinate transformation. In the context of Lagrangian
Mechanics this implies that such transformation leaves the Lagrangian of the system unchanged.
Theorem: Noether’s Theorem

If L(cj’,c'j’,t) is invariant with respect to an infinitesimal transformation ¢ = ¢ + e@(cj’), then
Zj]\/i1 ngT‘Lj is a constant of motion.

We have generalized in this theorem the definition of infinitesimal coordinate transformation to
M—dimensional vectors ¢.

In order to prove Noether’s theorem we note

4G = aq + er(j (1.55)

]
@ =4 + ez QJ : (1.56)

Inserting these infinitesimal changes of ¢; and ¢; into the Lagrangian L({, (j’, t) yields after Taylor
expansion, neglecting terms of order O(e?),

L S 6 OL 6@
8 aqk
where we used %Qj = Ekle(%Qj)qk. Invariance implies L' = L, i.e., the second and third term
in (1.57) must cancel each other or both vanish. Using the fact, that along the classical path holds
the Euler-Lagrange condition g—(f = %(‘g—;) one can rewrite the sum of the second and third term
J J

n (1.57)
< oL oL d
;(Q]dt (0(1) * dg; dt ) ZQJ% =0 (1.58)

From this follows the statement of the theorem.



10 Lagrangian Mechanics

Application of Noether’s Theorem

We consider briefly two examples of invariances with respect to coordinate transformations for the
Lagrangian L(7,7) = smu? — U(7).

We first determine the constant of motion in case of invariance with respect to translations as
defined in (1.50). In this case we have Q; = ¢é;-€, j = 1,2,3 and, hence, Noether’s theorem yields
the constant of motion (¢; = z;, j =1,2,3)

5. 9L ’
S Qs = é- S émi; = ¢ mi. (1.59)
-1 7j=1

, 0%
= j

We obtain the well known result that in this case the momentum in the direction, for which
translational invariance holds, is conserved.

We will now investigate the consequence of rotational invariance as described according to the
infinitesimal transformation (1.51). In this case we will use the same notation as in (1.59), except
using now Q; = é; - (é x 7). A calculation similar to that in (1.59) yields the constant of motion
(¢ x 7) -m@. Using the cyclic property (@x b)-& = (bx &)-@ = (&x @)-b allows one to rewrite the
constant of motion é- (7 x mt) which can be identified as the component of the angular momentum
mi X U in the é direction. It was, of course, to be expected that this is the constant of motion.
The important result to be remembered for later considerations of symmetry transformations in
the context of Quantum Mechanics is that it is sufficient to know the consequences of infinitesimal
transformations to predict the symmetry properties of Classical Mechanics. It is not necessary to
investigate the consequences of global. i.e, not infinitesimal transformations.



Chapter 2

Quantum Mechanical Path Integral

2.1 The Double Slit Experiment

Will be supplied at later date

2.2 Axioms for Quantum Mechanical Description of Single Parti-
cle

Let us consider a particle which is described by a Lagrangian L(7, 1.7, t). We provide now a set of
formal rules which state how the probability to observe such a particle at some space—time point
7, t is described in Quantum Mechanics.

1. The particle is described by a wave function (7, t)
Yv:RP@R — C. (2.1)
2. The probability that the particle is detected at space—time point 7, ¢ is
(WO = (T 9 (7 ) (2.2)
where 7 is the conjugate complex of z.

3. The probability to detect the particle with a detector of sensitivity f(7) is

/Q & f(7) (7, 1) (2.3)

where 2 is the space volume in which the particle can exist. At present one may think of
f(7) as a sum over d—functions which represent a multi-slit screen, placed into the space at
some particular time and with a detector behind each slit.

4. The wave function (7, t) is normalized

[ @rw@or =1 veee on). (2.4)
Q

a condition which enforces that the probability of finding the particle somewhere in €2 at any
particular time ¢ in an interval [tg,¢;] in which the particle is known to exist, is unity.

11
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. The time evolution of (7, t) is described by a linear map of the type

Y(Ft) = /Qd%’(ﬁ(ﬁtw,t’)zp(ﬂ,t’) t >ttt € [t t1] (2.5)

. Since (2.4) holds for all times, the propagator is unitary, i.e., (¢t > t', t,t' € [to,t1])

fﬂ d’r ‘w(ﬁ t)’2 =
fQ d>r fQ d*r! fQ dPr" (7t t) G(F, ], 1) () (7, 1)
= JodPrip(F ) = 1. (2.6)

This must hold for any (7, ¢') which requires

[ @ ot O FE AT = 8 - ) 27
Q

. The following so-called completeness relationship holds for the propagator (¢t > t' ¢t €

[to,t1])
/Qd?’rqb(ﬁtw,t/) o(7 |7, to) = H(F,t|7o, to) (2.8)

This relationship has the following interpretation: Assume that at time tg a particle is gen-
erated by a source at one point 7% in space, i.e., ¥ (7, tg) = 0(7 — 7). The state of a system
at time t, described by (7, t), requires then according to (2.8) a knowledge of the state at all
space points 77 € Q at some intermediate time ¢’. This is different from the classical situation
where the particle follows a discrete path and, hence, at any intermediate time the particle
needs only be known at one space point, namely the point on the classical path at time ¢'.

. The generalization of the completeness property to N — 1 intermediate points t > ty_1 >

tN_9 > ... >11 >tgis

QS(F,t‘FU,to) = de?”I“Nfl fQ d3’r‘N72 deBTl
A(FHTN -1, tN—1) P(PN_1, N 1PN 2, tN—2) - - - @(71, t1[T0, t0) - (2.9)

Employing a continuum of intermediate times t' € [to, 1] yields an expression of the form
T_"(tN):FN ~
otlroto) = [ Tare) el (2.10)
F(to):fb
We have introduced here a new symbol, the path integral
F(tN)ZFN
/ A7) - (2.11)
F(to)ZFo

which denotes an integral over all paths 7(¢) with end points 7(tg) = 7 and 7(tn) = Tn.
This symbol will be defined further below. The definition will actually assume an infinite

number of intermediate times and express the path integral through integrals of the type
(2.9) for N — oo.
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9. The functional ®[7(¢)] in (2.11) is

i

D[F(t)] = exp{ ﬁS[F(t)]} (2.12)

where S[r(t)] is the classical action integral

S[F(t)] = /t dt L7 7, 1) (2.13)

and
h o= 1.0545 - 107 % erg s . (2.14)

In (2.13) L(7, 7, t) is the Lagrangian of the classical particle. However, in complete distinction
from Classical Mechanics, expressions (2.12, 2.13) are built on action integrals for all possible
paths, not only for the classical path. Situations which are well described classically will be
distinguished through the property that the classical path gives the dominant, actually often
essentially exclusive, contribution to the path integral (2.12, 2.13). However, for microscopic
particles like the electron this is by no means the case, i.e., for the electron many paths
contribute and the action integrals for non-classical paths need to be known.

The constant i given in (2.14) has the same dimension as the action integral S[7(t)]. Its value
is extremely small in comparision with typical values for action integrals of macroscopic particles.
However, it is comparable to action integrals as they arise for microscopic particles under typical
circumstances. To show this we consider the value of the action integral for a particle of mass
m = 1 g moving over a distance of 1 cm/s in a time period of 1 s. The value of S[7(t)] is then

1 1
Se = imeQt = 5ergs. (2.15)

The exponent of (2.12) is then Sy /h ~ 0.5- 1077, i.e., a very large number. Since this number is
multiplied by ‘i’, the exponent is a very large imaginary number. Any variations of S, would then
lead to strong oscillations of the contributions exp(%S) to the path integral and one can expect
destructive interference betwen these contributions. Only for paths close to the classical path is
such interference ruled out, namely due to the property of the classical path to be an extremal of
the action integral. This implies that small variations of the path near the classical path alter the
value of the action integral by very little, such that destructive interference of the contributions of
such paths does not occur.

The situation is very different for microscopic particles. In case of a proton with mass m =
1.6725 - 1072* g moving over a distance of 1 A in a time period of 107 s the value of S[#(t)] is
S, =~ 10720 erg s and, accordingly, S.;/h ~ 8. This number is much smaller than the one for the
macroscopic particle considered above and one expects that variations of the exponent of ®[7(¢)]
are of the order of unity for protons. One would still expect significant descructive interference
between contributions of different paths since the value calculated is comparable to 2w. However,
interferences should be much less dramatic than in case of the macroscopic particle.
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2.3 How to Evaluate the Path Integral

In this section we will provide an explicit algorithm which defines the path integral (2.12, 2.13)
and, at the same time, provides an avenue to evaluate path integrals. For the sake of simplicity we
will consider the case of particles moving in one dimension labelled by the position coordinate x.
The particles have associated with them a Lagrangian

L(w,@.t) = %ma':z ~ U). (2.16)

In order to define the path integral we assume, as in (2.9), a series of times ty > ty_1 > ty_2 >
...> t1 > tp letting N go to infinity later. The spacings between the times ¢;;1 and t; will all be
identical, namely

tj+1 — tj = (tN - to)/N — €N . (217)

The discretization in time leads to a discretization of the paths x(¢) which will be represented
through the series of space—time points

{(z0,t0), (z1,t1), ... (*N-1,tN-1), (TN, tN)} - (2.18)

The time instances are fixed, however, the x; values are not. They can be anywhere in the allowed
volume which we will choose to be the interval | — 0o, 0o[. In passing from one space—time instance
(x,tj) to the next (zj41,tj4+1) we assume that kinetic energy and potential energy are constant,
namely %m(l'j+1 —x;)?/€% and U(z;), respectively. These assumptions lead then to the following
Riemann form for the action integral

N-1 T . 2
S[z(t)] = lim ey Z <%m% - U@)) . (2.19)

The main idea is that one can replace the path integral now by a multiple integral over x1, z2, etc.
This allows us to write the evolution operator using (2.10) and (2.12)

d(xN,tn|xo,to) = limy_oo Cn fj;o dzy fj;o dxo fj;o drn_q

exp { fev TN [ dm et — UGy} (2.20)

Here, C'y is a constant which depends on N (actually also on other constant in the exponent) which
needs to be chosen to ascertain that the limit in (2.20) can be properly taken. Its value is

ol

m
On = {2772'716]\/} (2.21)

2.4 Propagator for a Free Particle

As a first example we will evaluate the path integral for a free particle following the algorithm
introduced above.
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Rather then using the integration variables x;, it is more suitable to define new integration variables
y;, the origin of which coincides with the classical path of the particle. To see the benifit of such
approach we define a path y(t) as follows

x(t) = zalt) + y(t) (2.22)
where x(t) is the classical path which connects the space-time points (zg, tg) and (zy, tx), namely,

TN — To

zalt) = zo + (t —to) - (2.23)

tn — to
It is essential for the following to note that, since x(tg) = z4(to) = zo and z(tn) = zq(tn) = znN,
it holds

y(to) = ylty) = 0. (2.24)
Also we use the fact that the velocity of the classical path &, = (zny—z0)/(t,—to) is constant. The
action integral! S[x(t)|z(tg) = w0, z(ty) = ] for any path z(t) can then be expressed through
an action integral over the path y(t) relative to the classical path. One obtains

Sla(®)la(to) = o, a(tn) = an] = [ Vdtgm(if + 2bai + §°) =
ft';thgmxd + mxclft dty + ftth my? . (2.25)

The condition (2.24) implies for the second term on the r.h.s.

tn
[ g =y = ) = 0. (2.26)
to
The first term on the r.h.s. of (2.25) is, using (2.23),
tN 1 1 _ 2
/ dt —mi?% = —mu. (2.27)
W 2 2" v — to

The third term can be written in the notation introduced
tn 1
/ dt g = S[a(D)lalto) = 0, w(tn) = 0], (2.28)
to
i.e., due to (2.24), can be expressed through a path integral with endpoints xz(ty) = 0, z(tx) = 0.
The resulting expression for S[z(t)|x(to) = xo, z(tn) = zN] is

1 (zy — @0)°
_mi
2 tn — to
+ S[z(t)]x(to) = 0, z(tn) = 0] .

(2.13). Inserting the result into (2.10, 2.12)

Slzt)|z(to) = wo, z(tn) =an] = + 0 + (2.29)

This expression corresponds to the action integral in
yields
im (zn — x0)? (tn)=0 1
d(xN, tn|zo, to) = exp [ M] / d[x(t)] exp { — S[x(t)] } (2.30)
2h ty —to (t0)=0 h
a result, which can also be written

ERY
mei‘f’;g)] (0, tx5]0, o) (2.31)

tnlzo, to) =
P(xn, tn|zo, to) = eXP{Qh ro—

'We have denoted explicitly that the action integral for a path connecting the space-time points (zo,%) and
(zn,tn) is to be evaluated.
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Evaluation of the necessary path integral

To determine the propagator (2.31) for a free particle one needs to evaluate the following path
integral

N
¢(O¢tN|0at0) = limN—"x’ |:27rirgeN:| ’ X

. _ 2
X [Fdyy - [P dyy g exp [% ev 2! %WM] (2.32)

N
The exponent E can be written, noting yo = yy = 0, as the quadratic form

m

= (207 — yiye — vay1 + 205 — Yays — ysy2
2hen
+2y5 — — YN—2YN-1 — YN—1YN—2 + 2UN_1)
N-—1
k=1

where a;j, are the elements of the following symmetric (N — 1) x (N — 1) matrix

-1 0 0 O
-1 2 -1 ... 0 O
o -1 2 ... 0 0
m
, = 2.34
(“J’“> hey | e
0 0 0 2 —1
0 0 0 -1 2
The following integral
+oo +oo N-1
/ dy1~--/ dyn—vexp [ i Y yjajry (235)
—00 —0o0 jk=1
must be determined. In the appendix we prove
+00 +00 d (im)d 2
dy / dyn_1exp | @ Yibiryr | = [ ] . 2.36
[ e |32 ) = (i e

which holds for a d-dimensional, real, symmetric matrix (b;;) and det(bjz) # 0.
m

In order to complete the evaluation of (2.32) we split off the factor 57— in the definition (2.34) of
(a;i) defining a new matrix (A;;) through

m
Using
N—-1
m
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a property which follows from det(cB) = ¢"detB for any n x n matrix B, we obtain

T [orihen] T 1
m ] [7” EN} (2.39)

0,tn]0,t0) = limy—oo | =——— '
¢(0,tn10, to) N [theN m det(A;y)

In order to determine det(Aj;) we consider the dimension n of (Aj;), presently N — 1, variable, let

say n, n = 1,2,.... We seek then to evaluate the determinant of the n x n matrix
2 -1 0 ... 0 O
-1 2 -1 ... 0 0
0o -1 2 0 0
D, = . (2.40)
o o o0 ... 2 -1
0 0 O -1 2

For this purpose we expand (2.40) in terms of subdeterminants along the last column. One can
readily verify that this procedure leads to the following recursion equation for the determinants

Dy = 2Dy — Dyp_s. (2.41)

To solve this three term recursion relationship one needs two starting values. Using

2 -1
Dy = 12)] = 2; DzZ'(_l 2)':3 (2.42)
one can readily verify
Dp = n+1. (2.43)

We like to note here for further use below that one might as well employ the ‘artificial’ starting
values Dy = 1, D1 = 2 and obtain from (2.41) the same result for Do, Ds, .. ..
Our derivation has provided us with the value det(A4;;) = N. Inserting this into (2.39) yields

. m 2
#(0,tn0,t0) = limn oo [m} (2.44)

and with ey N = tx — to , which follows from (2.18) we obtain

N

$(0,x0,t0) = e ] . (2.45)

[m

Expressions for Free Particle Propagator

We have now collected all pieces for the final expression of the propagator (2.31) and obtain, defining
t=1 Ny LT = TN

1

m )r exp[iﬁw] . (2.46)

tlzo b)) = |——1t
o (@, tlzo, to) [%m(t—to oh t—to
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This propagator, according to (2.5) allows us to predict the time evolution of any state function
Y(x,t) of a free particle. Below we will apply this to a particle at rest and a particle forming a
so-called wave packet.

The result (2.46) can be generalized to three dimensions in a rather obvious way. One obtains then
for the propagator (2.10)

(7, |70, to) = o )]g exp[imm} . (2.47)

[271'@'?1(15 — 1o 2h t—to

One-Dimensional Free Particle Described by Wave Packet

We assume a particle at time t = t, = 0 is described by the wave function

I z} .Po
W(xo,to) = [W] exp <—2—502 + z% x) (2.48)
Obviously, the associated probability distribution
172 2
x
¢ (0, t0)|* = {W} exp <—5—§> (2.49)

is Gaussian of width §, centered around xzg = 0, and describes a single particle since

1
1 12 400 $2
[W} /_Oo dzo exp <—5—g> =1. (2.50)

One refers to such states as wave packets. We want to apply axiom (2.5) to (2.48) as the initial
state using the propagator (2.46).

We will obtain, thereby, the wave function of the particle at later times. We need to evaluate for
this purpose the integral

1
1741 m 13
vt = [7752] [2m’ht]
+00 im (x — xg)> x3 Do
LR A R 2.51
/_Oodazoexp[% " 252+Zh$ (2.51)

~~

Ey(zo,x) + E(2)

For this evaluation we adopt the strategy of combining in the exponential the terms quadratic
(~ 22) and linear (~ x¢) in the integration variable to a complete square

b\? b’
axi 4 2bzy = a <:c0 + —) - — (2.52)
a a

and applying (2.247).
We devide the contributions to the exponent E,(x,,z) + E(x) in (2.51) as follows

Ey(zo,x) = ;—2 [m?) <1 + z%) - 2z, (m - %t) + f(;v)] (2.53)
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mo o
E(z) = o [2° — f(z)] . (2.54)
One chooses then f(x) to complete, according to (2.52), the square in (2.53)
2

x — Beg
m

flz) = | —2—| . (2.55)

\/1+ i1
m ht r — 22t
E - = \/1+i _ . 2.56
(o, 7) ont | TV T g2 Lttt (2.56)

vine?

This yields

3

One can write then (2.51)

1
T m e e [T B
Y(x,t) = [W] [2772'7115} e /oo dxpe (2.57)

and needs to determine the integral

“+o00
I = / dxg eFo(@o2)
—0o0
- 2
+eo ' ht x— Pt
= / dxg exp % To\/ 1+ 14 52 i
oo ] t m /1_‘_2-77?;2
i 2
“+o00 . Po
m ht x — 22t
= d — | 14+1— - —n_ . 2.58
/_oo PO Ont < +Zm52> (wo 1+z‘nf§2> (2.58)

The integrand is an analytical function everywhere in the complex plane and we can alter the inte-
gration path, making certain, however, that the new path does not lead to additional contributions
to the integral.

We proceed as follows. We consider a transformation to a new integration variable p defined through

ht x — Qg
(1 — 1——= = - —m 2.
w< Zm52>" R (2:59)

An integration path in the complex zg—plane along the direction

\/z’ (1 - z%) (2.60)

is then represented by real p values. The beginning and the end of such path are the points

. . ht . . Rt
z’lz—oox\/z<1—zm>, zé:—}-oox\/Z(l—’LW) (2.61)
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whereas the original path in (2.58) has the end points
2] = —00, Zy3 = +00. (2.62)

If one can show that an integration of (2.58) along the path z; — 2] and along the path z9 — 2z}
gives only vanishing contributions one can replace (2.58) by

I = \/z (1 - z%) /_:Odpexp [—2% (1 + <%>2> ,02] (2.63)

which can be readily evaluated. In fact, one can show that z{ lies at —oco — i x oo and z) at
+00 + i X 0o. Hence, the paths between z; — 2] and z2 — 2z} have a real part of zg of +oo. Since
the exponent in (2.58) has a leading contribution in z¢ of —x3/62 the integrand of (2.58) vanishes

for Rexyg — +00. We can conclude then that (2.63) holds and, accordingly,

O - — (2.64)
Equation (2.57) reads then
1 1
L\ L 2 E 2.65
= |—| |——— . .
vt = || || e tE@) (2.69)
Seperating the phase factor
1
1 — -l 1 s
—m (2.66)
1+ /LW
yields
1 1
1— -t e 1 1
P(x,t) = — exp|E(z)] . 2.67
wh = || || evlEw! (2:67)
We need to determine finally (2.54) using (2.55). One obtains
x? it %f—gt
r) = — + — m 2.68
(@) 202(1+ i) 14ily 14ilh (2.68)
and, using
a ab
= a — 2.69
L+ 1L+0b’ (269)
finally
(J} - &t)Q .Po i p2
E - _ m_ 7 Zr - —=2 2.70
(=) 202(1+il) " RT T ham (2.70)
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which inserted in (2.67) provides the complete expression of the wave function at all times ¢

1 — it 10 1 !
z,t) = mo X 2.71
et = m—] Lém " m—>] =
(x — Bot)? _ht Do i p?
——m (] — o0 — -0t .
- eXp[ 202(1 + j;gi)( 2m52) TR T ham

The corresponding probability distribution is

D=

1
w02 (1 + 122 )

m264

(e, ) = [

(@ = Bty
exp |- ——m | 2.72
[ 0T ) 27

Comparision of Moving Wave Packet with Classical Motion

It is revealing to compare the probability distributions (2.49), (2.72) for the initial state (2.48) and
for the final state (2.71), respectively. The center of the distribution (2.72) moves in the direction
of the positive z-axis with velocity v, = p,/m which identifies p, as the momentum of the particle.
The width of the distribution (2.72)

h2t?

I+ o (2.73)
increases with time, coinciding at ¢ = 0 with the width of the initial distribution (2.49). This
‘spreading’ of the wave function is a genuine quantum phenomenon. Another interesting observation
is that the wave function (2.71) conserves the phase factor expli(p,/h)z| of the original wave function
(2.48) and that the respective phase factor is related with the velocity of the classical particle and
of the center of the distribution (2.72). The conservation of this factor is particularly striking for
the (unnormalized) initial wave function

Y(x0,t0) = exp (i& mo) ; (2.74)
m
which corresponds to (2.48) for § — oco. In this case holds
Po i p2
P(x,t) = exp| i—x — -t . (2.75)
m
i.e., the spatial dependence of the initial state (2.74) remains invariant in time. However, a time-
dependent phase factor exp[—%(pg /2m)t] arises which is related to the energy € = p2/2m of a

particle with momentum p,. We had assumed above [c.f. (2.48)] t, = 0. the case of arbitrary ¢, is
recovered iby replacing ¢ — ¢, in (2.71, 2.72). This yields, instead of (2.75)

V(@ t) = exp(i%x _ %%(t _ t0)> . (2.76)

From this we conclude that an initial wave function

Do i Py
(X0, t0) = exp<z% To — ﬁQP—m%) . (2.77)



22 Quantum Mechanical Path Integral

becomes at t > t, )
Y(x,t) = exp(ipox - Zpot) , (2.78)
m

i.e., the spatial as well as the temporal dependence of the wave function remains invariant in this
case. One refers to the respective states as stationary states. Such states play a cardinal role in
quantum mechanics.

2.5 Propagator for a Quadratic Lagrangian

We will now determine the propagator (2.10, 2.12, 2.13)

.’Z(tN)Z:EN i
o tulote) = [ dao) e { 5 stato)] | (2.79)
x(to)zxo h
for a quadratic Lagrangian
L(z,i,t) = %ma':Q - %c(t):cQ = ez (2.80)

For this purpose we need to determine the action integral
tN
Slz(t)] = / dt’' L(x,,t) (2.81)
to

for an arbitrary path x(t) with end points z(tg) = z¢ and z(ty) = zn. In order to simplify this
task we define again a new path y(t)

x(t) = zalt) + y(t) (2.82)
which describes the deviation from the classical path z.(t) with end points zy(tg) = xo and
zc(ty) = xy. Obviously, the end points of y(t) are

y(to) = 0 ; y(tn) = 0. (2.83)
Inserting (2.80) into (2.82) one obtains
L(l‘cl"i_yux'cl'i_y(t)vt) = L($clvjjcl7t) + L/(yvy(t)’t) + oL (284)
where
. 1 1 2
Lz, a,t) = gmig — 5e(t)rg — e(t)za
. 1 . 1
Ly, 9).t) = gmy* = Se(t)y”
oL = miqyt) — c(t)zqy — e(t)y . (2.85)

We want to show now that the contribution of §L to the action integral (2.81) vanishes?. For this
purpose we use

.. d . .
Tqy = E(xd y) — Eqy (2.86)

2The reader may want to verify that the contribution of 6L to the action integral is actually equal to the differential
0S[xer, y(t)] which vanishes according to the Hamiltonian principle as discussed in Sect. 1.
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and obtain
[atsn = mlaanlly — [ at (mia(t) + clza) + 0o (280

According to (2.83) the first term on the r.h.s. vanishes. Applying the Euler-Lagrange conditions
(1.24) to the Lagrangian (2.80) yields for the classical path

mig + c(t)za + e(t) =0 (2.88)

and, hence, also the second contribution on the r.h.s. of (2.88) vanishes. One can then express the
propagator (2.79)

¢wN¢Numm>=<xp{%sudun}ém¢NMJm (2.89)
where (tx)=0 .
B y(tn)= i N , )
st = [ ayores { § [Tarwan (2:90)

Evaluation of the Necessary Path Integral

We have achieved for the quadratic Lagrangian a separation in terms of a classical action integral
and a propagator connecting the end points y(tp) = 0 and y(ty) = 0 which is analogue to the
result (2.31) for the free particle propagator. For the evaluation of (j;(O,tNIO,to) we will adopt
a strategy which is similar to that used for the evaluation of (2.32). The discretization scheme
adopted above yields in the present case

2

30,150, t0) = limn—oo [ﬁ} X (2.91)
. _ . )2
X [Ty [T dyn 1 exp [% ev S (%m% — 56 Y] )}

where ¢; = ¢(tj), t; = to + en j. One can express the exponent F in (2.91) through the quadratic
form

N-1
E =1 Z Yj ik Yk (2.92)
Jk=1
where a;j, are the elements of the following (N — 1) x (/N — 1) matrix

2 -1 0o ... 0 0
-1 2 -1 ... 0 0
m 0 -1 2 ... 0 0
<aj’“) T Dhen | i o1
0 0 0 2 —1
0 0 0 -1 2
cc 0 0 . 0 0
0 cg O 0 0
ex | 0 0 e .. 0 0
7 R T (29%)
0 0 0 ... ey—2 0
0 0 0 0 CN—-1
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In case det(a;;) # 0 one can express the multiple integral in (2.91) according to (2.36) as follows

¥ [amN )
~ m 2 | (em) T2
9(0, 10, to) 1IN =00 [27?2716]\/} [ det(a) }
2
1
= limy—oo ;”h — (2.94)
T en (WTN) det(a)
In order to determine (5(0, tn|0,tp) we need to evaluate the function
o N-1
f(to,tN) = l’imNHoo [6N< 6N> det(a)] . (295)
m
According to (2.93) holds
N-1
Dy, % [%GN} det(a) (2.96)
92— R 1 0 0
2
—1 2— Eg 1
_ 0 -1 2— ey 0
e2
0 ... Q—HNCN_Q -1
2
0 -1 2—Eey

In the following we will asume that the dimension n = N — 1 of the matrix in (2.97) is variable.
One can derive then for D,, the recursion relationship

D, = (2 - E—Ncn> Dy_1 — Dyos (2.97)
m

using the well-known method of expanding a determinant in terms of the determinants of lower
dimensional submatrices. Using the starting values [c.f. the comment below Eq. (2.43)]

Dy =1; Dy =2 N (2.98)
m
this recursion relationship can be employed to determine Dy_j. One can express (2.97) through

the 2nd order difference equation

Dpy1 — 2Dy + Dy _ cn+1 Dnp (2 99)

2
€N m

Since we are interested in the solution of this equation in the limit of vanishing e we may interpret
(2.99) as a 2nd order differential equation in the continuous variable t = ney + to

Lfd(ttg 1 %f(toat) . (2.100)
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The boundary conditions at ¢ = t(, according to (2.98), are

f(to;to) = enDo = 0;
Dy —D A
e e R R (2.101)
t=to N m

We have then finally for the propagator (2.79)

m

o(. o) = [m] exp { 4 Slou(0)] | (2.102)

where f(tg,t) is the solution of (2.100, 2.101) and where S[z(t)] is determined by solving first the
Euler-Lagrange equations for the Lagrangian (2.80) to obtain the classical path x.(t) with end
points z.(tg) = zo and z4(ty) = xy and then evaluating (2.81) for this path. Note that the
required solution x(t) involves a solution of the Euler-Lagrange equations for boundary conditions
which are different from those conventionally encountered in Classical Mechanics where usually a
solution for initial conditions z.(ty) = ¢ and Z(tp) = vo are determined.

2.6 Wave Packet Moving in Homogeneous Force Field

We want to consider now the motion of a quantum mechanical particle, decribed at time ¢t = ¢,

by a wave packet (2.48), in the presence of a homogeneous force due to a potential V(z) = — f x.
As we have learnt from the study of the time-development of (2.48) in case of free particles the
wave packet (2.48) corresponds to a classical particle with momentum p, and position z, = 0.

We expect then that the classical particle assumes the following position and momentum at times
t>t,

Po L f 2
= Loy - 2.1
W) = P+ gl (2.103)
p(t) = po+ f(t —to) (2.104)
The Lagrangian for the present case is
. 1,
L(x,4,t) = gme + fx. (2.105)
This corresponds to the Lagrangian in (2.80) for ¢(t) = 0, e(t) = —f. Accordingly, we can employ

the expression (2.89, 2.90) for the propagator where, in the present case, holds L'(y,y,t) = %mg)z
such that ¢(0,tn|0,%p) is the free particle propagator (2.45). One can write then the propagator
for a particle moving subject to a homogeneous force

O(. o, o) = [Wm—m] exp | £ 5lealr)]] (2.106)

Here S[z(7)] is the action integral over the classical path with end points

xcl(to) = To , xcl(t) = T. (2’107)
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The classical path obeys

mig = f. (2.108)
The solution of (2.107, 2.108) is
T —x 1 1
.’L'CZ(T) = Ty + (t—too - 5%@-&;)) T + 5%7‘2 (2109)
as can be readily verified. The velocity along this path is
. T — To 1 f f
— — Lt —¢ . 2.11
dalr) = T = Gt t) + LT (2.110)

and the Lagrangian along the path, considered as a function of 7, is

o(r) = ymik(r) + fa(r)

2
_ 1m<x—x0_li(t_to)) —|—f<x_xo—%£(t—to)>7

2 t —t, 2m t—t,
1 f? 2 L = Zo 1f 1 f? 2
— — — = (t -t —
+2mT+fx0+f<t—to Qm( o) T+2mT
1 T — T, 1f 2 T — To 1f
= = — -l (t—t 2 e
2m<t—to 2 m ¢ ")) + f(t—to st )7
2
+ 7%+ fx, (2.111)
m
One obtains for the action integral along the classical path
t
Slza(r)] = [ drg(7)
to
1 T — To 1 f 2
= = — L t—t t—t
2m<t—t0 Qm( 0)) ( O)
r—z, 1Ff 9
— =Lt —t) |t —t
w0 e
1 2
+§‘%(t—to)3+xof(t—to)
1 (v — 2,)? 1 f? 3
= = - t—ty) — — " (t—t
(2.112)
and, finally, for the propagator
m 3
tlxo,to) = |———— 2.11
9, 8]0, to) [QWih(t—to)] . (2.113)

. _ 2 . . 2
ceop [ O 2E Ly —t) - gLy
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The propagator (2.113) allows one to determine the time-evolution of the initial state (2.48) using
(2.5). Since the propagator depends only on the time-difference t —t, we can assume, withoult loss
of generality, t, = 0 and are lead to the integral

1
1741 m 15 [T
bla,t) = [W] [—2m'ht} /OO dzg (2.114)
im (z —x0)®  xy | .Po i i f? o
exp[2h / R T AR A vy A

Ey(zo,z) + E(x)

To evaluate the integral we adopt the same computational strategy as used for (2.51) and divide
the exponent in (2.114) as follows [c.f. (2.54)]

m 9 . ht Do ft?
Ey(z,,x) = o [azo (1 + ZW> — 2z, <x — Et ~ o + f(x) (2.115)
im ft? 1 f2t3
E) = 224 L g - 2.11
0 = g [+ e - 0] - g (2110
One chooses then f(x) to complete, according to (2.52), the square in (2.115)
— Poyp _ It
flo) = | 2ot 2w | (2.117)

1+ il
P ft? 2
im / hit x— Loy - LU
Eo(zo,x) = -0 | To\/1+i—5 — UL 2m : (2.118)

Following in the footsteps of the calculation on page 18 ff. one can state again

This yields

1 — 3 th 1 1 %
z,t) = mo exp | E(x 2.119
e 1“32] [MQ(H%)] p[B()] 2.119)
and is lead to the exponential (2.116)
1 f2t3 im
Ex) = — = + S(x 2.120
where
_ht Ft2 It P #1122
2 o
= 1+ i A 5 R I A A
S(z) x < + Zm52) + - ( + Zm<52) <a: mt o

2 2
_ Do ftQ . ht Po ft2
B <:c m t Zm) <1 s T m ! 2m

2
xf—t2+2m<&t+f—t2) - <@t+f—t2>

+ m m 2m

(2.121)
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Inserting this into (2.120) yields

(- 5i-g)
m 2m

E = - 2.122
. 207 (1 + i %) e
1’ B i 9 f2t3 f2t3
+ 2o+ e - 5 <pot + Pt + =+

The last term can be written

pt+pf1t2+ﬁ - /tdr(p + fr)? (2.123)
° ° 3 2mh 0 o ’ ’

_
2mh

Altogether, (2.119, 2.122, 2.123) provide the state of the particle at time ¢ > 0

1 1
1 — -t ] 1 g y
1+ it | | 7e2(1 4+ BF

111(%75) =

} O e
X exp <$ %t 5—) <1 — zﬂ)
202 (1 + 155 mg*
r . t 2
X exp %(po + ft)w —%/O(h%] . (2.124)

The corresponding probablity distribution is

1 : (- 22t - %)2
o = [t | e |- (2.125)
mo% (1 + Jo5) 0 (1 + 55

Comparision of Moving Wave Packet with Classical Motion

It is again [c.f. (2.4)] revealing to compare the probability distributions for the initial state (2.48)
and for the states at time ¢, i.e., (2.125). Both distributions are Gaussians. Distribution (2.125)
moves along the z-axis with distribution centers positioned at y(t) given by (2.103), i.e., as expected
for a classical particle. The states (2.124), in analogy to the states (2.71) for free particles, exhibit a
phase factor exp[ip(t)z/h], for which p(t) agrees with the classical momentum (2.104). While these
properties show a close correspondence between classical and quantum mechanical behaviour, the
distribution shows also a pure quantum effect, in that it increases its width . This increase, for
the homogeneous force case, is identical to the increase (2.73) determined for a free particle. Such
increase of the width of a distribution is not a necessity in quantum mechanics. In fact, in case of so-
called bound states, i.e., states in which the classical and quantum mechanical motion is confined to
a finite spatial volume, states can exist which do not alter their spatial distribution in time. Such
states are called stationary states. In case of a harmonic potential there exists furthermore the
possibility that the center of a wave packet follows the classical behaviour and the width remains
constant in time. Such states are referred to as coherent states, or Glauber states, and will be
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studied below. It should be pointed out that in case of vanishing, linear and quadratic potentials
quantum mechanical wave packets exhibit a particularly simple evolution; in case of other type of
potential functions and, in particular, in case of higher-dimensional motion, the quantum behaviour
can show features which are much more distinctive from classical behaviour, e.g., tunneling and
interference effects.

Propagator of a Harmonic Oscillator

In order to illustrate the evaluation of (2.102) we consider the case of a harmonic oscillator. In
this case holds for the coefficents in the Lagrangian (2.80) c¢(t) = mw? and e(t) = 0, i.e., the
Lagrangian is

1 1
L(xz,&) = §m3'32 - Qmw2x2. (2.126)
.We determine first f(to,?). In the present case holds
f = _w2f§ f(thtO) =03 f(thto) =1. (2'127)

The solution which obeys the stated boundary conditions is

i t —t
flto ) = St = to) (2.128)
w
We determine now S[z(7)]. For this purpose we seek first the path x.;(7) which obeys x4 (to) = xo

and z.(t) = x and satisfies the Euler—Lagrange equation for the harmonic oscillator

mig + mw?zg = 0. (2.129)
This equation can be written
fo = —w?ay . (2.130)
the general solution of which is
(1) = Asinw(t —t9) + Bcosw(T — to) . (2.131)

The boundary conditions z(tg) = xo and x(t) = x are satisfied for

x — xocosw(t — to)

B = N A = 2.132
w05 sinw(t — to) ’ ( )
and the desired path is
xq(T) = wsinw(T — to) + xocosw(T — tg) (2.133)
s
where we introduced
¢ = cosw(t—t,), s = sinw(t—t,) (2.134)
We want to determine now the action integral associated with the path (2.133, 2.134)
' L .2 L 92
Slza(r)] = t dr imxd(T) - 5w x5(T) (2.135)
0
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For this purpose we assume presently t, = 0. From (2.133) follows for the velocity along the
classical path
Tq(T) = w r = Toc¢ COSWT — W Tp SInwT (2.136)
S
and for the kinetic energy
1 1 — 2
§m:kgl(7') = §mw2 w cos’wT
9 T — XpC )
— MWL, ——— COSWT SinwT
S
1
+§mw2 z2 sin®wr (2.137)

Similarly, one obtains from (2.133) for the potential energy

1 1 5 (z— x00)?

Qmw%zgl(T) = Wt sinwr
9 X — xTpC .
+mw T, ——— COSWT SINWT
s
+§mw2 x2 cos?wr (2.138)
Using
) 11
coswr = o + 3 cos2wT (2.139)
. 9 1 1
sin‘wr = - — - cos2wT (2.140)
2 2
1
coswT sinwt = 3 sin2wt (2.141)

the Lagrangian, considered as a function of 7, reads

1 1 1 _ 2
g(t) = Em;fcgl(T) - Emwzxgl(T) = §mw2 w cos2wT
—me:Uo r— ¢ Sin2wT
s
1
——mw? 22 cos2wT (2.142)

Evaluation of the action integral (2.135), i.e., of S|z (T)] = fotdrg(r) requires the integrals

t
1 1
/chos2wT = 2—sin2wt = —sc (2.143)
0 w w
¢ 1 1,
/deiDQwT = —[1 —cos2wt] = — s (2.144)
0 2w w
where we employed the definition (2.134) Hence, (2.135) is, using s + ¢? = 1,
1 - 2 - 1
Slza(r)] = 5w w sc — mwxow s? — §mw2 2 sc
= T;—;U [(3:2 — 2xxoc + 22¢?) ¢ — 2wows® + 2xlcs? — 56(27820]
= n;—:j [(2* + 22) e — 22,7 ] (2.145)
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and, with the definitions (2.134),

mw

Slra(m)] = St =)

[(1‘% + x?) cosw(t — ty) — 2zoz] . (2.146)

For the propagator of the harmonic oscillator holds then

1
¢(x, t|zo,t0) = [Wf@_to)r x
x exp { gt (3 + 2 coswlt — to) — 2w0r] } - (2.147)

Quantum Pendulum or Coherent States

As a demonstration of the application of the propagator (2.147) we use it to describe the time
development of the wave function for a particle in an initial state

mw1i mw(zg — by )? i
Y(xo, tg) = [ﬁr exp(—% + ﬁpoxo> . (2.148)

The initial state is decribed by a Gaussian wave packet centered around the position x = b, and
corresponds to a particle with initial momentum p,. The latter property follows from the role of
such factor for the initial state (2.48) when applied to the case of a free particle [c.f. (2.71)] or to
the case of a particle moving in a homogeneous force [c.f. (2.124, 2.125)] and will be borne out of
the following analysis; at present one may regard it as an assumption.

If one identifies the center of the wave packet with a classical particle, the following holds for the
time development of the position (displacement), momentum, and energy of the particle

Po

b(t) = b, cosw(t —t,) + sinw(t — t,) displacement
mw
p(t) = —muwb, sinw(t —t,) + po cosw(t —t,) momentum (2.149)
P
€0 = ﬁ + 2mw?b? energy

We want to explore, using (2.5), how the probability distribution |¢(z,t)|? of the quantum particle
propagates in time.
The wave function at times ¢t > tg is

wlat) = [ dod(o.tlan,t) laos t) (2150)
Expressing the exponent in (2.148)
Tmuw . 2 . 2po .
“F . 71 1\ o Yo — lo - o — lo 2‘1 1
st — 1) [z(:p bo)” sinw(t —t,) + T sinw(t — t,) (2.151)

(2.147, 2.150, 2.151) can be written

mwl i m 2 [
U(x,t) = [E] {QWiwhsinw(t — to)] /Oodxo exp|[Ey + E] (2.152)
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where
) 2
Eo(zo,x) = 2272:) 2ic — 2wor 4 isx? — 2iswob, + %azgs + f(x)
(2.153)
E(x) = e [:UQC + ish? — f(@)] . (2.154)
2hs
¢ = cosw(t —t,), s = sinw(t —t,). (2.155)

Here f(x) is a function which is introduced to complete the square in (2.153) for simplification of
the Gaussian integral in . Since E(x) is independent of x, (2.152) becomes

1 L oo
mwz m 2 E(I) /
t) = [—} — d Eo(, 2.156
Ylat) mh [2mwhsmw(t — to)} c oo 7o exp [ Eo(zo, 7)) ( )
We want to determine now E,(z,,z) as given in (2.153). It holds
E, = z;nT;u [acg e t=to) _ 9 (& + isb, — nzj:u s) + f(x) (2.157)
For f(z) to complete the square we choose
_ . Do 2 —iw(t—t,)
= bo — . 2.158
fa) = (o + ishy — 22 g2 (2.158)
One obtains for (2.157)
1mw . . Po . 2
Eo(zo,7) = ~to)] @0 — o 2 —iw(t —to)] . 2.1
0(Zo, ) 575 OXP [iw(t —to)] | zo — (x +isb p— s)exp (—iw(t — to) (2.159)
To determine the integral in (2.156) we employ the integration formula (2.247) and obtain
oo L 1
/ dig Folan) = [ 2TiRsnell — fo) |2 (2.160)
oo mw expliw(t — to)]
Inserting this into (2.156) yields
1
_ [N E@)
b(x,t) = [ﬂh] e (2.161)

For E(z) as defined in (2.154) one obtains, using exp[tiw(t —t,)] = ¢ L s,

B(z) = e [2%c + ish? — aPc + isx? — 2iszb,c — 25°wh,

212, -.312 Po_ - Po_ 2
+s%byc — 18°b; + 2 wse + 20 - bysTe

2 2
__ 9, Po 2 Po 3 P 2 S 3
2i mw T8 + 2 mw bos m2w? $ € + 1 m2w? S

= — 3 [l‘2 + b2 — 2aboe + 2iwsb, — ibisc

2
_ 9 Po Do Do 2 > Po
2 mw LS + 2 mw bosc + m2w? S 2i mw L€

2
;P 2 4
—2i -5 bps” + 1 23 SC

m2
1
= P (x — cb — L= s)? + ﬁ(—mwbos + poc) x
T, 2 i
= 5 (g — gmwbg)se + 7 pobos’ (2.162)
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We note the following identities

t 2
/ 5P
to 2m

1 2 b2 1
= Selt—t) + ( bo T O) s¢ — = bopos® (2.163)

2mw 2 2
/th mw?b?(7)
to

2

2mw 2

1 2 b2
= QEO(t*to) - < pO me Z

1 1

5 > sc + 5501)082 (2.164)
where we employed b(7) and p(7) as defined in (2.149). From this follows, using p(t) = mb(r) and
the Lagrangian (2.126),

/t dr Lib(r), ()] = _ —> s¢ — bupos (2.165)

such that F(z) in (2.162) can be written, using again (2.149)),
' 1 i [ .
Ex) = - 2 —p@))? + 2 — s —0——/ L 2.1
@) = =Gl =bOF + 1o — ige—t) - 1 [arLpelie) (20

Inserting this into (2.161) yields,

-

bz, t) = [%} X exp{—%[m—b(zﬁ)?} X (2.167)
« exp{%p(t)a: - zéw(t—to) - %/tdeL[b(T),b(T)]}

where b(t), p(t), and €, are the classical displacement, momentum and energy, respectively, defined
in (2.149).

Comparision of Moving Wave Packet with Classical Motion

The probability distribution associated with (2.167)

1
mw mw

a0 = [Tr]* ew{ -T2 @ - b)) (2.168)

is a Gaussian of time-independent width, the center of which moves as described by b(t) given in
(2.148) , i.e., the center follows the motion of a classical oscillator (pendulum) with initial position
b, and initial momentum p,. It is of interest to recall that propagating wave packets in the case of
vanishing [c.f. (2.72)] or linear [c.f. (2.125)] potentials exhibit an increase of their width in time; in
case of the quantum oscillator for the particular width chosen for the initial state (2.148) the width,
actually, is conserved. One can explain this behaviour as arising from constructive interference due
to the restoring forces of the harmonic oscillator. We will show in Chapter 4 [c.f. (4.166, 4.178) and
Fig. 4.1] that an initial state of arbitrary width propagates as a Gaussian with oscillating width.
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In case of the free particle wave packet (2.48, 2.71) the factor exp(ip,z) gives rise to the transla-
tional motion of the wave packet described by pot/m, i.e., p, also corresponds to initial classical
momentum. In case of a homogeneous force field the phase factor exp(ip,z) for the initial state
(2.48) gives rise to a motion of the center of the propagating wave packet [c.f. (2.125)] described by
(po/m)t + % ft? such that again p, corresponds to the classical momentum. Similarly, one observes
for all three cases (free particle, linear and quadratic potential) a phase factor exp|ip(t)x/h] for the
propagating wave packet where fp(t) corresponds to the initial classical momentum at time ¢. One
can, hence, summarize that for the three cases studied (free particle, linear and quadratic potential)
propagating wave packets show remarkably close analogies to classical motion.

We like to consider finally the propagation of an initial state as in (2.148), but with b, = 0 and
po = 0. Such state is given by the wave function

mwii mwr? W
W(zo,to) = [E}“ exp( 0 - Qto) . (2.169)

where we added a phase factor exp(—iwt,/2). According to (2.167) the state (2.169) reproduces
itself at later times ¢ and the probablity distribution remains at all times equal to

2

1
mwiz _ mwag
[—ﬂh] exp< - ) (2.170)

i.e., the state (2.169) is a stationary state of the system. The question arises if the quantum
oscillator posesses further stationary states. In fact, there exist an infinite number of such states
which will be determined now.

2.7 Stationary States of the Harmonic Oscillator

In order to find the stationary states of the quantum oscillator we consider the function

W(z,t) = exp(Z,/Tr;;)xe_m — AWt n;—;;aﬂ - zw2t) . (2.171)

We want to demonstrate that w(z,t) is invariant in time, i.e., for the propagator (2.147) of the
harmonic oscillator holds

—+o00
W(x,t) = / g 3z, |10, 1) W (0, 1) - (2.172)

—0o0

We will demonstrate further below that (2.172) provides us in a nutshell with all the stationary
states of the harmonic oscillator, i.e., with all the states with time-independent probability distri-
bution.

In order to prove (2.172) we express the propagator, using (2.147) and the notation T' = ¢ — ¢,

_ —LwT mw 2
P(z, |20, t0) = €2 [m] X
9 1 4 e 2T mw 2x re” T

mw 2
xexp[—ﬁ(mo + x )m — ml_ew (2173)
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One can write then the r.h.s. of (2.172)
1 mw 2 oo
I = e 2t [—] / dzoexp[ Eo(z0,z) + E(z)] (2.174)
wh(l — e=2wT) o ore
where
mw 1+ e~ 2T
Eo(azo,x) = — ﬁ |:x§ <m + 1> (2175)
2re~ T [ b i
+ 2z, (W + 2 —_— " ) + f(:c)]
_ mw [ o1+ e 2T 20 g,
E(x) = 5% [w = + e f(z) (2.176)

Following the by now familiar strategy one choses f(x) to complete the square in (2.175), namely,

. 2
1 iy 2xe T h
flo) = 51— e (m +t 24/ —e “”“’) : (2.177)

This choice of f(z) results in

mw 2
Eo(zo,2) = — 5 [x \/ 1 o2l
. 2
[1 _ e—2iwT 2pe—wT [ b
* 2 (1—6_2“’T 2 i - o

. mw 9
= U ipemer =) @o F %)

(2.178)
for some constant z, € C. Using (2.247) one obtains
1
+oo Al(l — —2wwT 72
/ day ePo(®er®) — [—” 1-e ] (2.179)
o mw
and, therefore, one obtains for (2.174)
[ = e 2wt oB@) (2.180)
For E(z), as given in (2.176, 2.177), holds
Py = e [l B, 2R
2h 1 — e—2wT mw 1 — e~ 2iwT
—4 ixe—in . 2(1 _ e—2in) h e—into
mw mw

mw mw

= —%xQ + 2,/%9:6*“” — gt (2.181)

mw | o h it 2h _git
= _— — 4 w W
o7 [x Te + —e
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Altogether, one obtains for the r.h.s. of (2.172)

. , 1
I = exp(QU%xe_Wt — AWt %1’2 - §iwt> . (2.182)

Comparision with (2.171) concludes the proof of (2.172).

We want to inspect the consequences of the invariance property (2.171, 2.172). We note that the
factor exp(2y/mw/h ze~ ™t — ¢=2!) in (2.171) can be expanded in terms of e n =1,2,....
Accoordingly, one can expand (2.171)

[e.9]

Z [—iw(n + 1)t] dn(z) (2.183)

where the expansion coefficients are functions of z, but not of ¢. Noting that the propagator (2.147)
in (2.172) is a function of t — ¢, and defining accordingly

O(x,z0;t —to) = Pz, t|z0,10) (2.184)
we express (2.172) in the form

Zni —iw(n + 1) t] ¢n(x)

n=0

Z / dz, ®(z, x5t — o) % exp[—iw(m + 1) to] dm(zo) (2.185)

Replacing t — t + t, yields

Z— exp[—iw(n + 1) (t + to)] én(l‘)

1 ~
Z / dz, ®(x, 05 t) - exp[—iw(m + 1) to] dm(zo) (2.186)
Fourier transform, i.e., [*2°dt, expliw(n + 1)t,]- -, results in
1 , s
o} exp[—iw(n + 3) t] ¢n(z)
400 1 -
= / dx, ®(z, x5t — o) ] On (o) (2.187)
or
expl—iw(n + 1) 1] dn(a)

= /+00de O(, |0, to) exp[—iw(n + 1) ts] dn(xo) - (2.188)

—00

Equation (2.188) identifies the functions ¥, (z,t) = exp[—iw(n+ 1)t] ¢, (x) as invariants under the
action of the propagator ¢(z,t|z,,t,). In contrast to W (x,t), which also exhibits such invariance,



2.5: Propagator for a Quadratic Lagrangian 37

the functions v, (z,t) are associated with a time-independent probablity density [t (z, )2 =
\qﬁn( )|2. Actually, we have identified then, through the expansion coefficients gZ)n( ) in (2.183),
stationary wave functions ¢, (z,t) of the quantum mechanical harmonic oscillator

Yn(z,t) = exp[—iw(n + %)t] Ny on(z), n =0,1,2,... (2.189)

Here N,, are constants which normalize i, (z,t) such that

+o0o +0o0 _
/ dz [Y(z,t)]? = N,%/ dz ¢ (z) = 1 (2.190)

— 00 —0o0

is obeyed. In the following we will characterize the functions g?)n(x) and determine the normalization
constants N,,. We will also argue that the functions ¢, (z,t) provide all stationary states of the
quantum mechanical harmonic oscillator.

The Hermite Polynomials

The function (2.171), through expansion (2.183), characterizes the wave functions ¢n(z). To obtain
closed expressions for ¢, (x) we simplify the expansion (2.183). For this purpose we introduce first
the new variables

z = et (2.192)
and write (2.171)
W(z,t) = 23e V"2 w(y, 2) (2.193)
where
w(y,z) = exp(2yz — 2?) . (2.194)

Expansion (2.183) reads then

M|H

w(y, 2) 22e V)2

i 'Z— (2.195)

or
00

) =Y. 'Z—THn(y) (2.196)

where

Ha(y) = " duly). (2.197)
The expansion coefficients H,,(y) in (2.197) are called Hermite polynomials which are polynomials
of degree n which will be evaluated below. Expression (2.194) plays a central role for the Hermite
polynomials since it contains, according to (2.194), in a ‘nutshell’ all information on the Hermite
polynomials. This follows from

T wwn)| = ) (2.198)
z=0
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which is a direct consequence of (2.196). One calls w(y, z) the generating function for the Hermite
polynomials. As will become evident in the present case generating functions provide an extremely
elegant access to the special functions of Mathematical Physics®. We will employ (2.194, 2.196) to
derive, among other properties, closed expressions for H,(y), normalization factors for (j;(y), and
recursion equations for the efficient evaluation of H,(y).

The identity (2.198) for the Hermite polynomials can be expressed in a more convenient form
employing definition (2.196)

an an 2 _ 2 2 an () — )2
—w(y,2) = i e e (y—=2)
32 2=0 aZ 2=0 82 2=0
= (e %e—<y—z>2 _ e (f_we—f (2.199)
z=0

Comparision with (2.196) results in the so-called Rodrigues formula for the Hermite polynomials
2 an 2
Hy(y) = (-1)" e o e V. (2.200)
One can deduce from this expression the polynomial character of H,(y), i.e., that Hy,(y) is a
polynomial of degree n. (2.200) yields for the first Hermite polynomials

Ho(y) = 1, Hi(y) = 2y, Hao(y) = 4° — 2, Hs(y) = 8y° — 12y,... (2.201)

Figure 2.1: Schematic representation of change of summation variables v and g to n = v+ p and
m = v—pu. The diagrams illustrate that a summation over all points in a v, u lattice (left diagram)
corresponds to a summation over only every other point in an n, m lattice (right diagram). The
diagrams also identify the areas over which the summation is to be carried out.

We want to derive now explicit expressions for the Hermite polynomials. For this purpose we expand
the generating function (2.194) in a Taylor series in terms of y” z? and identify the corresponding
coefficient ¢y, with the coefficient of the p—th power of y in H,(y). We start from

o0 v
1
vt =S (1) Ay
V.

[e.e] v

=33 (1) e (2.202)

v=0 pu=0

3 generatingfunctionology by H.S.Wilf (Academic Press, Inc., Boston, 1990) is a useful introduction to this tool as
is a chapter in the eminently useful Concrete Mathematics by R.L.Graham, D.E.Knuth, and O.Patashnik (Addison-
Wesley, Reading, Massachusetts, 1989).
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and introduce now new summation variables
n=v+4+pu m=v—pu 0<n<oo,0<m<n. (2.203)

The old summation variables v, u expressend in terms of n, m are

n -+ m n—m

T T o BT

(2.204)

Since v, i are integers the summation over n, m must be restricted such that either both n and m
are even or both n and m are odd. The lattices representing the summation terms are shown in
Fig. 2.1. With this restriction in mind one can express (2.202)

nfm

TL

00 <n n!
7= Z - ( (2y)™ (2.205)
m>0

n=0

Since (n —m)/2 is an integer we can introduce now the summation variable £ = (n —m)/2, 0 <
k < [n/2] where [z] denotes the largest integer p, p < z. One can write then using m = n — 2k

[n/2]

pe k
2yt _ ;} . Z . n2)k oy (2.206)
=Hn(y)
From this expansion we can identify H,(y)
[n/2] )k; !
Z e (gy)n—%_ (2.207)

This expression yields for the first four Hermite polynomials
Ho(y) = 1, Hi(y) = 2y, Ha(y) = 4* — 2, Hs(y) = 8y> — 12y,... (2.208)

which agrees with the expressions in (2.201).
From (2.207) one can deduce that H,(y), in fact, is a polynomial of degree n. In case of even n , the
sum in (2.207) contains only even powers, otherwise, i.e., for odd n, it contains only odd powers.
Hence, it holds

Ho(=y) = (=1)" Ha(y) - (2.209)

This property follows also from the generating function. According to (2.194) holds w(—y,z) =
w(y, —z) and, hence, according to 2.197)

S iy =Y S ) = Y 2yt ) (2:210)
n=0 n=0 n=0

from which one can conclude the property (2.209).
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The generating function allows one to determine the values of H,(y) at y = 0. For this purpose one
considers w(0, z) = exp(—22) and carries out the Taylor expansion on both sides of this expression

resulting in
o (_1)m 2m

3 m!z -y Hn(o)%“ (2.211)
n=0

m=0
Comparing terms on both sides of the equation yields
2n)!
Hon(0) = (—1)" @ Hopi1(0) = 0, n=0,1,2,... (2.212)
n!

This implies that stationary states of the harmonic oscillator ¢o,,41(x), as defined through (2.188,
2.197) above and given by (2.233) below, have a node at y = 0, a property which is consistent
with (2.209) since odd functions have a node at the origin.

Recursion Relationships

A useful set of properties for special functions are the so-called recursion relationships. For Hermite
polynomials holds, for example,

Hpii1(y) — 2yHy(y) + 2nHp—1(y) = 0, n=1,2,... (2.213)

which allow one to evaluate Hy(y) from Hy(y) and Hi(y) given by (2.208). Another relationship is

d
d—Hn(y) =2nH, 1(y), n=12,... (2.214)
Y
We want to derive (?7?) using the generating function. Starting point of the derivation is the
property of w(y, z)
0
z
which can be readily verified using (2.194). Substituting expansion (2.196) into the differential
equation (2.215) yields

0 anl o 4 0 Zn+1
Z m H,(y) — 2y Z ] Hy(y) + 2 Z T H,(y) = 0. (2.216)
n=1 ’ n=0 n=0

Combining the sums and collecting terms with identical powers of z

o0 Zn
> 5 [ Hen) = 20 Hay) + 20 Haoay) | + Hi(y) = 2uHo(y) = 0 (2.217)
n=1 """
gives
Hyi(y) — 2yHo(y) = 0, Hyy1(y) —2yHy(y) + 2nHyp—1(y) = 0, n=1,2,... (2.218)

The reader should recognize the connection between the pattern of the differential equation (?7)
and the pattern of the recursion equation (?7?): a differential operator d/dz increases the order n
of H,, by one, a factor z reduces the order of H, by one and introduces also a factor n. One can
then readily state which differential equation of w(y, z) should be equivalent to the relationship
(??), namely, dw/dy —2zw = 0. The reader may verify that w(y, z), as given in (2.194), indeed
satisfies the latter relationship.
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Integral Representation of Hermite Polynomials

An integral representation of the Hermite polynomials can be derived starting from the integral

+oo ) 5
= / dt e2Wt=t (2.219)
which can be written
2 oo 121\ 2 2 oo 2
I(y) = 7Y / dte==W)° = 7V / dze % . (2.220)
Using (2.247) for a = i one obtains
I(y) = vae ¥ (2.221)

and, acording to the definition (2.226a),

2 1 +oo 2 2
eV = — / dt e*Vt=1" (2.222)
VT )
Employing this expression now on the r.h.s. of the Rodrigues formula (2.200) yields
= 2/+Oo d™  oiyr— 2
H = Y dt — e . 2.223
) = et [Ca i (2.223)
The identity
mn

A iyt _ (20 t)" 2t =1 (2.224)

dy™
results, finally, in the integral representation of the Hermite polynomials

2n( ) ey 400

VT )

Hy(y) = dtt" Vi =0,1,2,... (2.225)

Orthonormality Properties

We want to derive from the generating function (2.194, 2.196) the orthogonality properties of the
Hermite polynomials. For this purpose we consider the integral

+oo
fj_;o dy ’U)(y, Z) w(y7 Z,) 6_y2 = 62ZZ / dy ef(yfzfz )? = ﬁeQ zz
= VT Z (2.226)

Expressing the L.h.s. through a double series over Hermite polynomials using (2.194, 2.196) yields

+oco
y2 Ak Z n
Z / dy Hn(y) Hu (y) e nln/l Z 2 n'\/_ n! nl (2.227)

n,n'=0

Comparing the terms of the expansions allows one to conclude the orthonormality conditions

+oo
/ dy Hy(y) Hy (y) eV = 2" nl /T S - (2.228)

— 00
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Figure 2.2: Stationary states ¢, (y) of the harmonic oscillator for n = 0, 1,2, 3, 4.

Normalized Stationary States

The orthonormality conditions (2.228) allow us to construct normalized stationary states of the
harmonic oscillator. According to (2.197) holds

only) = eV /2 Hy(y) . (2.229)
The normalized states are [c.f. (2.189, 2.190)]
Snly) = Nue V2 Hy(y) . (2.230)

and for the normalization constants N, follows from (2.228)

+oo
N,%/ dye V' H2(y) = N22"nlym = 1 (2.231)

—0o0

We conclude ]
N, = ——— (2.232)

V2 nl\/m

and can finally state the explicit form of the normalized stationary states

bnly) = e eV (y) (2.233)

V2rn!\/m
The stationary states (2.233) are presented for n = 0,1,2,3,4 in Fig. 2.2. One can recognize, in
agreement with our above discussions, that the wave functions are even for n = 0,2,4 and odd
for n = 1,3. One can also recognize that n is equal to the number of nodes of the wave function.
Furthermore, the value of the wave function at y = 0 is positive for n = 0,4, negative for n = 2
and vanishes for n = 1,3, in harmony with (77?).
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The normalization condition (2.231) of the wave functions differs from that postulated in (2.189)
by the Jacobian dz/dy, i.e., by

dzx mw

1
1
—| = |— . 2.234
The explicit form of the stationary states of the harmonic oscillator in terms of the position variable
x is then, using (2.233) and (2.189)

1 Mwi _ mws? mw
onle) = e [E} e Ha(\ [ ) (2.235)

Completeness of the Hermite Polynomials

The Hermite polynomials are the first members of a large class of special functions which one
encounters in the course of describing stationary quantum states for various potentials and in spaces
of different dimensions. The Hermite polynomials are so-called orthonogal polynomials since they
obey the conditions (2.228). The various orthonogal polynomials differ in the spaces 2 C R over
which they are defined and differ in a weight function w(y) which enter in their orthonogality
conditions. The latter are written for polynomials p,(x) in the general form

/Qdac pn(z) pm(z) w(z) = I Opm (2.236)

where w(z) is a so-called weight function with the property
w(z) > 0, w(z) = 0 only at a discrete set of points x, € Q (2.237)

and where I,, denotes some constants. Comparision with (2.228) shows that the orthonogality
condition of the Hermite polynomials is in complience with (2.236 , 2.237) for Q@ = R, w(z) =
exp(—2?), and I, = 2"n!\/7.

Other examples of orthogonal polynomials are the Legendre and Jacobi polynomials which arise
in solving three-dimensional stationary Schrodinger equations, the ultra-spherical harmonics which
arise in n—dimensional Schrédinger equations and the associated Laguerre polynomials which arise
for the stationary quantum states of particles moving in a Coulomb potential. In case of the
Legendre polynomials, denoted by Py(x) and introduced in Sect. 5 below [c.f. (5.150 , 5.151, 5.156,
5.179] holds Q@ = [-1,1], w(x) = 1, and I = 2/(2¢ 4+ 1). In case of the associated Laguerre
polynomials, denoted by Lq(za) (x) and encountered in case of the stationary states of the non-
relativistic [see Sect. 7?7 and eq. ??7] and relativistic [see Sect. 10.10 and eq. (10.459] hydrogen
atom, holds = [0, 400, w(z) = 2% *, I, = I'(n+a+1)/n! where I'(2) is the so-called Gamma
function.

The orthogonal polynomials p, mentioned above have the important property that they form a
complete basis in the space F of normalizable functions, i.e., of functions which obey

/Qd:n A(z) w(z) =< oo, (2.238)

where the space is endowed with the scalar product

(flg9) = /Q dz f(2)gz) w(z) = <oo, fg € F. (2.239)
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As a result holds for any f € F
f(:E) = Z Cnpn(l') (2.240)

where

1
Cn = I /Qda: w(z) f(x) pu(z) . (2.241)

The latter identity follows from (2.236). If one replaces for all f € F: f(z) — Jw(zx) f(z) and,
in particular, p,(z) — /w(z)pn(x) the scalar product (2.239) becomes the conventional scalar
product of quantum mechanics

(flg) = /Q dx f(x) g(x) . (2.242)

Let us assume now the case of a function space governed by the norm (2.242) and the existence of a
normalizable state 1(y, t) which is stationary under the action of the harmonic oscillator propagator
(2.147), i.e., a state for which (2.172) holds. Since the Hermite polynomials form a complete basis
for such states we can expand

Y(y.t) = > enlt) eV 2 Hy(y) . (2.243)
n=0

To be consistent with(2.188, 2.197) it must hold ¢,(t) = d, exp[—iw(n + 3)t] and, hence, the
stationary state ¥(y,t) is

Y(y,t) = Zdn exp|—iw(n + %)t] e/ Hy(y) . (2.244)
n=0

For the state to be stationary |¢(x,t)[?, i.e.,

Z dy dy, expliw(m — n)t] eV’ H,(y)Hn(y) , (2.245)

n,m=0

must be time-independent. The only possibility for this to be true is d, = 0, except for a single
n = n, i.e., Y(y,t) must be identical to one of the stationary states (2.233). Therefore, the states
(2.233) exhaust all stationary states of the harmonic oscillator.

Appendix: Exponential Integral

We want to prove

—+o00 +oo
[ = fap ... [ay, Shevesw — ]GO 2.246
/y1 /y e’ det(a) (2.246)
— o0 — 0
T

for det(a) # 0 and real, symmetric a, i.e. a’ = a. In case of n = 1 this reads

o0 . ;
/ dreie® = /1T (2.247)
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which holds for a € C as long as a # 0.
The proof of (2.246) exploits that for any real, symmetric matrix exists a similarity transformation
such that

Gz 0 ... 0
0 ap ... 0

S!las = a = . , : (2.248)
0 0 ... G

where S can be chosen as an orthonormal transformation, i.e.,
s’s =1 o S =581 (2.249)

The agr are the eigenvalues of a and are real. This property allows one to simplify the bilinear
form Z?k yja;kyr by introducing new integration variables

n

gio= > (S Vaves we = Y Skl - (2.250)
k p

The bilinear form in (2.246) reads then in terms of g;

n n
ST etk = Y Y 5656k Skmim

ik fm

= Z Z Ge(ST) 05 SkmTm

7,k fm
n

=) Gidjein (2.251)
j?k

where, according to (2.248, 2.249)
n
ajp = Z(ST)jlalmSmk : (2.252)
lym

For the determinant of a holds .
det(a) = [ ] a; (2.253)
j=1
as well as

det(d) = det(S7'aS) = det(S7!)det(a) ,det(S)
= (det(S))7! det(a) det(S) = det(a) . (2.254)

One can conclude

det(a) = ﬁajj . (2.255)
j=1
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We have assumed det(a) # 0. Accordingly, holds
n
[Jas#0
j=1
such that none of the eigenvalues of a vanishes, i.e.,

ZL]‘]'#O, forj:1,2,...,n

Substitution of the integration variables (2.250) allows one to express (2.250)

+0o 400 5
I = /dgl .. /dgn det (M) ‘ eingzkaz .

O, - - i)

where we introduced the Jacobian matrix

J = 6<y1,... ;yn)
Oy1s-- -, Un)
with elements 5
Yj
Jis = == .
0y
According to (2.250) holds
J=S

and, hence,

a(yl,...,yn) — de
det(Ga09) = de(S)

From (2.249) follows
1 = det (STS) = (detS)?

such that one can conclude

detS = +£1
One can right then (2.258)
+oo “+o0o
I = /dgl /dgn ¢! Xk WKk T
—o —00
+oo +oo n T
= faemst i e < T i o
—00 -0 k=1 _"

which leaves us to determine integrals of the type

+oo

/da: eicr2

—00

(2.256)

(2.257)

(2.258)

(2.259)

(2.260)

(2.261)

(2.262)

(2.263)

(2.264)

(2.265)

(2.266)
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where, according to (2.257) holds ¢ # 0.
We consider first the case ¢ > 0 and discuss the case ¢ < 0 further below. One can relate inte-
gral (2.266) to the well-known Gaussian integral

+o0o
/dx e = T c>0 . (2.267)
c
—00
by considering the contour integral
J = f dz "% =0 (2.268)
gl

along the path v = v1 +v2 + 73 + 74 displayed in Figure 2.3. The contour integral (2.268) vanishes,
since €¢*” is a holomorphic function, i.e., the integrand does not exhibit any singularities anywhere
in C. The contour intergral (2.268) can be written as the sum of the following path integrals

J = N+ =+ Js+ Ju; Jp= fdz e'e”” (2.269)
Tk

The contributions J; can be expressed through integrals along a real coordinate axis by realizing
that the paths ~; can be parametrized by real coordinates x

p
s 2
YIiz==x J1 = fdme“z
-p

p .
Yo:iz=1x+p Jo= [idz gicliz+p)?
0

—V2p R
y3:iz=Vizx J3 = f Vi dz gic(Viz)
V2p (2.270)

V2p N
= i f dr e %
—V2p
0
Yaiz=1ix—p Jy=[idxectirr?
—p
forz,p € R.

Substituting —x for z into integral J4 one obtains

0
I (—l) dr eic(fix+p)2

p
p

= / i da e’ =, (2.271)
0
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,//v 3 N
!

Figure 2.3: Contour path 7 in the complex plain.

We will now show that the two integrals Jo and Jy vanish for p — 4o00. This follows from the
following calculation

p
lim |Jaora] = lim ]/z dz eitiv+r)? |
p——+00 p——+00
0
< lim / i da |’ )| |e=2emp)| (2.272)
p—too

It holds \eic(pQ_xz)] = 1 since the exponent of e is purely imaginary. Hence,

p
lim |Jaora] < lim /d |e™2¢7P|
p——+o00 p——+00
0
1 —20p
= 1 = 0. 2.273

Jo and Jy do not contribute then to integral (2.268) for p = +00. One can state accordingly

o0 oo

J = /dx e’ — i [dze ™ = 0 . (2.274)
—00 —00
Using 2.267) one has shown then
oo
/dx eer” = 4T (2.275)
C
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One can derive the same result for ¢ < 0, if one chooses the same contour integral as (2.268), but
with a path ~ that is reflected at the real axis. This leads to

o0 —0o0

J = /dx Y A (2.276)
and (¢ < 0)
dm e’ 1/ |c \/ (2.277)

700

We apply the above results (2.275, 2.277) to (2.265). It holds

~ [in (i)™
oy v akk [T5=1 aj

Noting (2.255) this result can be expressed in terms of the matrix a

(2.279)

which concludes our proof.
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Chapter 3

The Schrodinger Equation

3.1 Derivation of the Schrodinger Equation

We will consider now the propagation of a wave function ¢ (7,¢) by an infinitesimal time step e. It
holds then according to (2.5)

Bt +e) = /Q @Pro B(F, t + el ) (7o, ) - (3.1)

We will expand the l.h.s. and the r.h.s. of this equation in terms of powers of ¢ and we will
demonstrate that the terms of order e require that (7, t) satisfies a partial differential equation,
namely the Schrodinger equation. For many situations, but by no means all, the Schrodinger
equation provides the simpler avenue towards describing quantum systems than the path ingral
formulation of Section 2. Notable exceptions are non-stationary systems involving time-dependent
linear and quadratic Lagrangians.

The propagator in (3.1) can be expressed through the discretization scheme (2.20, 2.21). In the
limit of very small € it is sufficient to employ a single discretization interval in (2.20) to evaluate
the propagator. Generalizing (2.20) to R*¥ one obtains then for small e

F exp{i {T@ - eU(F,t)]} . (3.2)

R . m
(7t + elro,t) = [27‘(’ih€ h| 2

From this follows

(Tt e) = /Qd?’ro [;j’hf exp{% [%@ _ eU(f,t)H Wit) . (33)

In order to carry out the integration we set iy = ¥ + § and use § as the new integration variable.
We will denote the components of 5 by (21,2, 23)7. This yields

Yt e) = [18 den [C3 dey [U3 das [a7i]*
; 2 2 2
<o (7 BOEEES g ) wire s, (3.4
€

-~

even in x1, Ts,, T3

o1
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It is important to note that the integration is not over 7, but over 5 = (z1, 72, 23)", e.g. U(7,t) is a
constant with respect to this integration. The integration involves only the wave function (74§, t)
and the kinetic energy term. Since the latter contributes to (3.4) only for small 23 + 23 + 23 values

we expand
09 1< 82
W(F+ 5 t) = V(L) + ;xja—%w(r,t) + 5 j;lxjkaw,t) +o. (3.5)

assuming that only the leading terms contribute, a supposition which will be examined below. Since
the kinetic energy contribution in (3.4) is even in all three coordinates x1, x2, 3, only terms of the
expansion (3.5) which are even separately in all three coordinates yield non-vanishing contributions.
It is then sufficient to consider the terms

— 3 52 — 3 o —
Y(rit) % 23:1 x?a_gﬁ (rt) % ijk:l x?wi—amgaziw(r’t) ;
3 4
NG AN (3.6)

of the expansion of (7" + §,t).
Obviously, we need then to evaluate integrals of the type

+o00
I(a) = / dz 22" exp (iaxQ) , n=0,1,2 (3.7)
—00

According to (2.36) holds

Inspection of (3.7) shows

10

Int1(a) = 7 90

Starting from (3.8) one can evaluate recursively all integrals I,,(a). It holds

1 i 3 T

It is now important to note that in case of integral (3.4) one identifies

I(a). (3.9)

Lo 2 o (3.11)

and, consequently, the terms collected in (3.6) make contributions of the order
O(e3), O(e2) , O(ez) , O(e?). (3.12)

Here one needs to note that we are actually dealing with a three-fold integral. According to (3.11)

holds ,
[ m }gx[i—”]2:1 (3.13)

2mihe a
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and one can conclude, using (3.10),

l%ehv%(m) + 0() | . (3.14)

Wt +e) = exp[—i—EU(F,t)} [w(f‘,t) g

h

This expansion in terms of powers of € suggests that we also expand

0

V(7 t+€) = (7 t) + e&u}(ﬁt) + O(é?) (3.15)
and . '
exp [—%U(F,t)} =1 - %U(F,t) + O(&) . (3.16)

Inserting this into (3.14) results in

¢(F7t) + G%Wﬁt) = w("?at) - EU(th)'@Z}(th)
. L V(7 t) + O(€%) (3.17)
h 2m ’ ’ )

Obviously, this equation is trivially satisfied to order O(e?). In order O(e) the equation reads
ind (7 t) = " V2 + U7 t) | (7t (3.18)
ot 2m ’ T '

This is the celebrated time-dependent Schrodinger equation. This equation is often written in the
form

ih—gtw(ﬁt) = H(7 1) (3.19)
where
T = w2 vV + U 3.20
H=—— o) . .
2 (T7t> ( )

3.2 Boundary Conditions

The time-dependent Schrodinger equation is a partial differential equation, 1st order in time, 2nd
order in the spatial variables and linear in the solution (7, t). The following general remarks can
be made about the solution.

Due to its linear character any linear combination of solutions of the time-dependent Schrédinger
equation is also a solution.

The 1st order time derivative requires that for any solution a single temporal condition needs to be
specified, e.g., ¥(7,t1) = f(7). Usually, one specifies the so-called initial condition, i.e., a solution
is thought for ¢ > tg and the solution is specified at the intial time #g.

The 2nd order spatial derivatives require that one specifies also properties of the solution on a
closed boundary 92 surrounding the volume € in which a solution is to be determined. We will
derive briefly the type of boundary conditions encountered. As we will discuss in Chapter 5 below
the solutions of the Schrodinger equation are restricted to particular Hilbert spaces H which are
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linear vector spaces of functions f(7) in which a scalar product between two elements f,g € H is
defined as follows

(lo)e = /Q Br (@) (3.21)

This leads one to consider the integral

U1Hlga = [ &) o) (3:22)
where H is defined in (3.20). Interchanging f*(7) and g(7) results in

WM = [ drg®ife. (323)

Since H is a differential operator the expressions (3.22) and (3.23), in principle, differ from each
other. The difference between the integrals is

I H|f)o == (g[HI o
= [ @@ (-5 ) o - [ Er (-39 ) 10

+ /Q Erf* (P U 1) g(7) - /Q drg() U(F 1), *(7)

h2
W[ e ) (v2) o) — / Pro(i) (V?) f(7) (3.24)
Q Q

T om

Using Green’s theorem!

Jodr (F(F)V2g(F) — g(®) V> f*(1))
= Jpadd - (f*(MVy(F) — gV (7)) (3.25)

one obtains the identity

litlgha = i1 fa + [ di- (o) (3.26)
where | 90 da - /T(F) denotes an integral over the surface 92 of the volume €2, the surface elements
da pointing out of the surface in a direction normal to the surface and the vector—valued function
A(7) is taken at points 7 € 0€). In (3.26) the vector—valued function P(f*, g|7) is called the
concomitant of H and is

2

P(f*, glf) = *2% (fH(F)Vg(F) — g(P) VI(F)) (3.27)

We will postulate below that H is an operator in H which represents energy. Since energy is a real
quantity one needs to require that the eigenvalues of the operator H are real and, hence, that H is
hermitian®. The hermitian property, however, implies

(f1H|g)o = (9| H|f)a (3.28)

!See, for example, Calssical Electrodynamics, 2nd Ed., J. D. Jackson, (John Wiley, New York, 1975), Chapter 1.
2The reader is advised to consult a reference text on ‘Linear Algebra’ to follow this argument.
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and, therefore, we can only allow functions which make the differential d@ - P(f*, g|7) vanish on
09). It must hold then for all f € H

f(F) = 0 VF, 7€ oQ (3.29)

or

di-Vf(F) = 0 V7, 7 e 09 (3.30)

Note that these boundary conditions are linear in f, i.e., if f and ¢ satisfy these conditions than
also does any linear combination af + (g. Often the closed surface of a volume 0 is the union
of disconnected surfaces® 08, ie., 02 = 001 NON N O3 N ... In this case one can postulate
both conditions (3.29, 3.30) each condition holding on an entire surface 9€2;. However, to avoid
discontinuities in (7, t) on a single connected surface 9€2; only either one of the conditions (3.29,
3.30) can be postulated.

A most common boundary condition is encountered for the volume 2 = R3 in which case one
postulates
|jlim f(¥) = 0 “natural boundary condition” . (3.31)
7] —o00

In fact, in this case also all derivatives of f(7) vanish at infinity. The latter property stems from
the fact that the boundary condition (3.31) usually arises when a particle existing in a bound state
is described. In this case one can expect that the particle density is localized in the area where the
energy of the particle exceeds the potential eenrgy, and that the density decays rapidly when one
moves away from that area. Since the total probability of finding the particle anywhere in space is

/ PR = 1 (3.32)

the wave function must decay for |7 — oo rapidly enough to be square integrable, i.e., obey (3.32),
e.g., like exp(—kr), Kk > 0 or like r~% a > 2. In either case does f(7) and all of its derivatives
vanish asymptotically.

3.3 Particle Flux and Schrodinger Equation

The solution of the Schrodinger equation is the wave function (7, t) which describes the state of
a particle moving in the potential U(7,t). The observable directly linked to the wave function is
the probability to find the particle at position 7 at time ¢, namely, |¢(7,t)|?. The probability to
observe the particle anywhere in the subvolume w C € is

pert) = [ drluor. (3.33)
The time derivative of p(w,t) is

Ohp(w,t) = /d3?“ [V (7, 0)0pp(Fyt) + (7 8)0p™(Ft)] (3.34)

3An example is a volume between two concentric spheres, in which case 9Q; is the inner sphere and 8 is the
outer sphere.
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Using (3.19) and its conjugate complex?

—m% V(P ) = Hy*(Ft) (3.35)
yields
ihdp(w,t) = / dr [wmwﬁww — (7 ) Hy™ (7, 8) | (3.36)
According to (3.26, 3.27) this can be written
ihOp(w,t) = /8 di - ™ (7,1), b(F, )7, 1) . (3.37)

If one applies this identity to w = £ one obtains according to (3.29, 3.30) dyp(Q2,t) = 0. Accord-
ingly the probability to observe the particle anywhere in the total volume ) is constant. A natural
choice for this constant is 1. One can multiply the solution of (3.18) by any complex number and
accordingly one can define (7, t) such that

/ BrivFE DR = 1 (3.38)
Q

holds. One refers to such solution as normalized. We will assume in the remainder of this Section
that the solutions discussed are normalized. Note that for a normalized wave function the quantity

p(F.t) = (1) (3.39)

is a probability density with units 1/volume.
The surface integral (3.37) can be expressed through a volume integral according to

/8 da- () = / PBrv - A (3.40)

w

One can rewrite then (3.37)

/d3r<8tp(F,t) + V-I(F,t)) =0 (3.41)
where
J(Ft) = P(* ¢l t) . (3.42)
Using (3.27) one can express this

ity = i [$(7,t) VP* (7 1) — (7, 1) V(7 1) ] (3.43)

2ma

Since (3.41) holds for any volume w C  one can conclude

Ap(Ft) + V-j(Ft) = 0. (3.44)

“Note that the Hamiltonian H involves only real terms.
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The interpretation of f(F, t) is that of density flux. This follows directly from an inspection of
Eq. (3.41) written in the form

o / BrpFt) = — | da-j(7t). (3.45)
w Ow

Obviously, j(f", t) gives rise to a descrease of the total probability in volume w due to the disap-
pearence of probability density at the surface dw. Note that f(f’, t) points in the direction to the
outside of volume w.

It is of interest to note from (3.43) that any real wave function (7, ¢) has vanishing flux anywhere.
One often encounters wave functions of the type

o) = F(7) R | for f(7) €R. (3.46)
The corresponding flux is

i = P, (347

i.e., arises solely from the complex factor exp(: k- 7). Such case arose in Sect. 2 for a free parti-
cle [c.f. (2.48, 2.71)], and for particles moving in a linear [c.f. (2.105, 2.125)] and in a quadratic
[c.f. (2.148, 2.167)] potential. In Sect. 2 we had demonstrated that a factor exp(ip,x,/h) induces
a motion of 1-dimensional wave packets such that p,/m corresponds to the initial velocity. This
finding is consistent with the present evaluation of the particle flux: a factor exp(ip,z,/h) gives rise
to a flux p,/m, i.e., equal to the velocity of the particle. The generalization to three dimenisons
implies then that the factor exp(i k- 7) corresponds to an intial velocit hik /m and a flux of the same
magnitude.

3.4 Solution of the Free Particle Schrodinger Equation

We want to consider now solutions of the Schrédinger equation (3.18) in Q4 = R¥ in the case
U(rt) =0

L0 e

zhE P(r,t) = —%V P(T,t) (3.48)

which describes the motion of free particles. One can readily show by insertion into (3.48) that the
general solution is of the form

G(Ft) = [2n] 2 / Bk $(E) exp (z’(E - wt)) (3.49)
where the dispersion relationship holds
hk?

Obviously, the initial condition at (7, %) determines ¢(k). Equation (3.49) reads at t = to

W7 to) = [27@3/ &l p(k) exp (i(E-F—wto)) . (3.51)
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The inverse Fourier transform yields
3R = 123 / PBro exp(—if - 7o) (7, to) - (3.52)
Qoo

We have not specified the spatial boundary condition in case of (3.49). The solution as stated is
defined in the infinte space Qo = R¥. If one chooses the initial state f(7) defined in (3.51) to
be square integrable it follows according to the properties of the Fourier—transform that (7, t) as
given by (3.49) is square integrable at all subsequent times and, hence, that the “natural boundary
condition” (3.31) applies. The ensuing solutions are called wave packets.

Comparision with Path Integral Formulation

One can write solution (3.49, 3.51, 3.52) above

(7, t) = / d3ro ¢ (7, |7y, to) ¥ (7o, to) (3.53)
where
3 R . h2k‘2
(b(F,t‘F(),to) = [%] /Qoo dBk exp <Zk . (F — F()) - % % (t - to)) . (354)

This expression obviously has the same form as postulated in the path integral formulation of Quan-
tum Mechanics introduced above, i.e., in (2.5). We have identified then with (3.54) an alternative
representation of the propagator (2.47). In fact, evaluating the integral in (3.54) yields (2.47). To
show this one needs to note

1 +o00 . P B21.2
%/_OO dky exp<ik‘1(:v — Ip) —ih—f;(t - to)>

h 2
2 [im (@ =)
B m im (z —xo
- [QWih(t—tO)} exp[Qh t—t ] ' (3:55)
This follows from completion of the square
- i h2k?
ky(z — — L@ -t
ihi(z — 20) — 5 5= (t = to)
L h(t—t,) ma—z,|? im (x—x,)?
- o {kl_ﬁt—to} TR -1, (3.56)

and using (2.247).

Below we will generalize the propagator (3.54) to the case of non-vanishing potentials U (7), i.e.,
derive an expression similar to (3.54) valid for this case. The general form for this propagator
involves an expansion in terms of a complete set of eigenfunctions as in (3.114) and (4.70) derived
below for a particle in a box and the harmonic oscillator, respectively. In case of the harmonoc
oscillator the expansion can be stated in a closed form given in (4.81)
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Free Particle at Rest

We want to apply solution (3.49, 3.52) to the case that the initial state of a 1-dimensional free
particle v (zo,t) is given by (??). The 1-dimensional version of (3.53, 3.54) is

400
P(x,t) :/ dxo ¢(z, t|zo, to) Y (zo, t) (3.57)
where . oo 22
ol o, to) = o= /_Oo dk exp <zk (0 — o) — 2 t0)> . (3.58)

Integration over x( leads to the integral

+00 . i x(Q) (k‘ _ %’)2(52
/ droexp | —ikxzg + 7Poto = 555 | = V212 exp —— (3.59)

—00

which is solved through completion of the square in the exponent [c.f. (3.55, (3.56)]. The remaining
integration over k leads to the integral

f_*;‘”dkexp[ikx — Lk )25 — z’h—kQ(t—to)}

m
—7777 (3.60)
Combining (3.57-3.60) yields with tp = 0
At |2 %
1 — i 1
z,t) = mo X 3.61
viot) 1+i%] [w52(1+%)] (3:61)
(x — Bot)? _ ht Do i p?
- m 7 (1 — j—— L — 2% .
o [ 21 + By T ) TR R

a result which is identical to the expression (??) obtained by means of the path integral propagator
(2.46). We have demonstrated then in this case that the Schrédinger formulation of Quantum
Mechanics is equivalent to the Feynman path integral formulation.

Stationary States

We consider now solutions of the time-dependent Schrédinger equation (3.19, 3.20) which are of
the form

Y(rt) = f(t)o(r). (3.62)
We will restrict the space of allowed solutions to a volume 2 such that the functions also make the

concomitant (3.27) vanish on the surface 992 of Q, i.e., the functions obey boundary conditions of
the type (3.29, 3.30). Accordingly, the boundary conditions are

G(F) = 0 V7, 7 € 00 (3.63)

or

d@ - V(i) = 0 V7, 7 e 09 (3.64)
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and affect only the spatial wave function ¢(7). As pointed out above, a common case is Q = Qo
and the ‘natural boundary condition’ (3.31). We will demonstrate that solutions of the type (3.62)
do exist and we will characterize the two factors of the solution f(¢) and ¢(7). We may note in
passing that solutions of the type (3.62) which consist of two factors, one factor depending only on
the time variable and the other only on the space variables are called separable in space and time.
It is important to realize that the separable solutions (3.62) are special solutions of the time-
dependent Schrodinger equation, by no means all solutions are of this type. In fact, the solutions
(3.62) have the particular property that the associated probability distributions are independent
of time. We want to demonstrate this property now. It follows from the observation that for the
solution space considered (3.27) holds and, hence, according to (3.42) the flux j(7,¢) vanishes on
the surface of 0. It follows then from (3.45) that the total probability

/Qf%po~t L/cﬁ (7, |f@ﬂ2/£d%1¢aﬂﬁ (3.65)

is constant. This can hold only if |f(¢)] is time-independent, i.e., if

flt) = e a €R. (3.66)
One can conclude that the probability density for the state (3.62) is

(11 = 1o, (3.67)

i.e., is time-independent. One calls such states stationary states.
In order to further characterize the solution (3.62) we insert it into (3.19). This yields an expression

91(t) ha(7) = ga(t) ha(7) (3.68)
where g1(t) = ihd; f(t), go(t) = f(t), hi(F) = ¢(F), and ho(F) = H ¢(7). The identity (3.68) can
hold only for all ¢t and all 7 if g1(t) = E g2(t) and E hy(7) = ha(7) for some E € C. We must
postulate therefore

0.f(t) = Ef()
Hor) = Eo(). (3.69)

If these two equations can be solved simultaneously a solution of the type (3.62) exists.
It turns out that a solution for f(¢) can be found for any E, namely

£(t) = £(0)exp (—%Et) . (3.70)

The task of finding solutions ¢(7) which solve (3.69) is called an eigenvalue problem. We will
encounter many such problems in the subsequent Sections. At this point we state without proof
that, in general, for the eigenvalue problems in the confined function space, i.e., for functions
required to obey boundary conditions (3.63, 3.64), solutions exist only for a set of discrete E
values, the eigenvalues of the operator H. At this point we will accept that solutions ¢(7) of the
type (3.69) exist, however, often only for a discrete set of values E,, n = 1,2,... We denote the
corresponding solution by ¢ (7). We have then shown that

wmwzmmWQ—@¢m>mMeﬁ@m=Ewm. (3.71)
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is a solution of the time-dependent Schrodinger equation (3.19, 3.20).

According to (3.66) F must be real. We want to prove now that the eigenvalues E which arise in
the eigenvalue problem (3.71) are, in fact, real. We start our proof using the property (3.28) for
the special case that f and g in (3.28) both represent the state ¢g(7), i.e.,

/ﬁmwMMWﬂszwmﬁ%m- (3.72)
Q Q

According to (3.71) this yields

B [ i) 06) = B [ dros) op0). (3.73)

from which follows £ = FE* and, hence, F € R. We will show in Section 5 that E can be
interprerted as the total energy of a stationary state.

Stationary State of a Free Particle

We consider now the stationary state of a free particle described by

(7, t) = exp <—%Et> op(F) ——mv%(f) = E¢(F) . (3.74)

The classical free particle with constant energy £ > 0 moves without bounds in the space 2,. As
a result we cannot postulate in the present case that wave functions are localized and normalizable.
We will wave this assumption as we always need to do later whenever we deal with unbound
particles, e.g. particles scattered of a potential.
The solution ¢g(7) corresponding to the eigenvalue problem posed by (3.74) is actually best labelled
by an index E, k € R¥
- h2k?
b:(7) = Nexp(ik-f') , o =B. (3.75)

m
Onme can ascertain this statement by inserting the expression for ¢;(7) into the eigenvalue problem
posed in (3.74) using Vexp (zk . F) = tkexp (zk . F). The resulting total energy values E are
positive, a property which is to be expected since the energy is purely kinetic energy which, of

course, should be positive.
The corresponding stationary solution

W7 1) i B (iF-7) (3.76)
rt) = exp|————1] exp|ik-T .
) p i om P
has kinetic energy h?k2/2m. Obviously, one can interpret then hk as the magnitude of the momen-
tum of the particle. The flux corresponding to (3.76) according to (3.43) is

j(Ft) = |N

hk
2_
" (3.77)

Noting that hk can be interpreted as the magnitude of the momentum of the particle the flux is
equal to the velocity of the particle ¥ = hk/m multiplied by |N|?.
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3.5 Particle in One-Dimensional Box

As an example of a situation in which only bound states exist in a quantum system we consider the
stationary states of a particle confined to a one-dimensional interval [—a,a] C R assuming that the
potential outside of this interval is infinite. We will refer to this as a particle in a one-dimensional
‘box’.

Setting up the Space F; of Proper Spatial Functions

The presence of the infinite energy wall is accounted for by restricting the spatial dependence of the
solutions to functions f(z) defined in the domain ©; = [—a,a] C R which vanish on the surface
o = {—a,a}, ie.,

fe F ={f:]-a,a] CR — R, f continuous, U(+0) = ¥} (3.78)

Solutions of the Schrodinger Equation in F;

The time—dependent solutions satisfy

n? d?

2m da?

ihop(x,t) = Y(x,t) . (3.79)
The stationary solutions have the form ¥ (x,t) = exp(—iEt/h)¢p(x) where ¢g(x) is determined
by
h?  d?
“om @GZ)E(CU) = E¢p(r), ¢(Fa) =0. (3.80)
We note that the box is symmetric with respect to the origin. We can expect, hence, that the
solutions obey this symmetry as well. We assume, therefore, two types of solutions, so-called even

solutions obeying ¢(z) = ¢(—x)

¢y (x) = Acoskx, —— = E (3.81)

and so-called odd solutions obeying ¢(z) = —¢(—x)

h2k?
() = Asinka;, S5 =B (3.82)
One can readily verify that (3.81, 3.82) satisfy the differential equation in (3.80).

The boundary conditions which according to (3.80) need to be satisfied are
) (a) = 0 and ¢\ (—a) = 0 (3.83)

The solutions (3.81, 3.82) have the property that either both boundary conditions are satisfied or
none. Hence, we have to consider only one boundary condition, let say the one at x = a. It turns
out that this boundary condition can only be satisfied for a discrete set of k—values k,,n € N. In
case of the even solutions (3.81) they are

nm
bn = 5.0 n =135 (3.84)
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since for such k&,

nwa nm
cos(kpa) = cos <%) = cos <7> =0. (3.85)
In case of the odd solutions (3.82) only the k,,—values
nm
n — <~ 3 = 2,4, “ e .
e 6 (3.86)
satisfy the boundary condition since for such k,,
. . [/nTa . /nm
sin(kpa) = sin <%> = sin (7) =0. (3.87)

(Note that, according to (3.86), n is assumed to be even.)

The Energy Spectrum and Stationary State Wave Functions

The energy values corresponding to the k,—values in (3.84, 3.86), according to the dispersion
relationships given in (3.81, 3.82), are

R2r?
— T p?,
8ma?
where the energies for odd (even) n—values correspond to the even (odd) solutions given in (3.81)
and (3.82), respectively, i.e.,

E, = n=123... (3.88)

a;xr) = ncos@, n=13>5... .
o€ A o 1,3,5 3.89
and o

o9 (a;2) = Ap sin—, n =246 (3.90)

The wave functions represent stationary states of the particle in a one-dimensional box. The wave
functions for the five lowest energies E, are presented in Fig. (3.1). Notice that the number of
nodes of the wave functions increase by one in going from one state to the state with the next
higher energy FE,. By counting the number of their nodes one can determine the energy ordering
of the wave functions.

It is desirable to normalize the wave functions such that

+a
/ dz |l (a; )2 = 1 (3.91)
—a
holds. This condition implies for the even states
+a
|An|2/ da cos? T — |[Apf2a =1, n=1,35... (3.92)
—a 2a
and for the odd states
+a
Anlz/ dosin? 20 = |AplPa =1, n=246... (3.93)
—a 2a
The normalization constants are then
1
A, = /- (3.94)
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h2
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-a a X

Figure 3.1: Eigenvalues F, and eigenfunctions <b$f’o)(a; x) forn = 1,2,3,4,5 of particle in a box.



3.5: Particle in One-Dimensional Box 65

The Stationary States form a Complete Orthonormal Basis of F;
We want to demonstrate now that the set of solutions (3.89, 3.90, 3.94)

By = {¢n(a;2), n = 1,2,3,...} (3.95)

1 nIz forp = 1,3,5...
Pn(a;z) = \/; { A (3.96)

singr forn = 2,4,6...

where

together with the scalar product®
(Hoa, = [ def@g@), fge A (3.97)

form an orthonormal basis set, i.e., it holds

<¢n|¢m>ﬂl = 5nm- (3.98)

The latter property is obviously true for n = m. In case of n #% m we have to consider three cases,
(i) n, m both odd, (ii) n,m both even, and (iii) the mixed case. The latter case leads to integrals

+a

1 nwr .
(Dnldm)a, = 5/ dwcosz—sm

_a a 2a

mmnx

(3.99)

Since in this case the integrand is a product of an even and of an odd function, i.e., the integrand
is odd, the integral vanishes. Hence we need to consider only the first two cases. In case of n,m
odd, n # m, the integral arises

(Dnldm)a, = %fj;d:):cos% cos L =

1 ta gy [Cos(n—;;)mn i cos(”+§;)m’ (3.100)

The periods of the two cos-functions in the interval [—a,a] are N, N > 1. Obviously, the integrals
vanish. Similarly, one obtains for n, m even

<¢n’¢m>91 = %fja“dxsin%sin”gf =
L[ de [costgnt — coslrtpinr (3.101)

and, hence, this integral vanishes, too.
Because of the property (3.98) the elements of B; must be linearly independent. In fact, for

f@) = dnon(a;x) (3.102)
n=1
holds according to (3.98)
(e, = > dr. (3.103)
n=1

®We will show in Section 5 that the property of a scalar product do indeed apply. In particular, it holds:
(flfray =0 — flz) = 0.



66 Schrédinger Equation

f(x) = 0 implies (f|f)a, = 0 which in turn implies d,, = 0 since d>2 > 0. It follows that B
defined in (3.95) is an orthonormal basis.

We like to show finally that the basis (3.95) is also complete, i.e., any element of the function space
F1 defined in (3.78) can be expressed as a linear combination of the elements of B; defined in
(3.95, 3.96). Demonstration of completeness is a formidable task. In the present case, however,
such demonstration can be based on the theory of Fourier series. For this purpose we extend the
definition of the elements of F; to the whole real axis through

f:R—-R; B() =0([~+]—-0) (3.104)

where [y], = ymod2a. The functions f are periodic with period 2a. Hence, they can be expanded
in terms of a Fourier series, i.e., there exist real constants {a,, n =0,1,2,...} and {b,, n =1,2,...}
such that

o
nwx nmwx
Z G COS— — + ap sin—— (3.105)
— 2a
The functions f corresponding to the functions in the space F; have zeros at x = +ma, m =

1,3,5... Accordingly, the coefficients a,, n = 2,4,... and b,, n = 1,3,... in (3.105) must vanish.
This implies that only the trigonometric functions which are elements of By enter into the Fourier
series. We have then shown that any f corresponding to elements of F; can be expanded in terms
of elements in B;. Restricting the expansion (3.105) to the interval [—a,a| yields then also an
expansion for any element in F; and B is a complete basis for Fj.

Evaluating the Propagator

We can now use the expansion of any initial wave function 1 (z,tp) in terms of eigenfunctions
¢n(a; ) to obtain an expression for ¥ (x,t) at times t > tg. For this purpose we expand

(z,t0) Zdn dn(a; ) (3.106)
Using the orthonormality property (3.98) one obtains
+a
| danbm(aizn) vian,t0) = do. (3.107)
—a
Inserting this into (3.106) and generalizing to t > tg one can write
00 +a
= S onlma)en(t) | droda(aiz) vl to) (3.108)
n=1 —a

where the functions ¢, (t) are to be determined from the Schrédinger equation (3.79) requiring the
initial condition
calto) = 1. (3.109)

Insertion of (3.108) into the Schrédinger equation yields
>zt Pnl(a; ) Oren(t) fjaa dzogn(a; 2o) (w0, to) =
S (<L Ey) ¢nlasa) enlt) [F8 dzodn(aszo) (o, to) - (3.110)
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Multiplying both sides by ¢, (a;x) and integrating over [—a, a] yields, according to (3.98),

O em(t) = —%Emcm(t), em(to) = 1. (3.111)

The solutions of these equations which satisfy (3.109) are

em(t) = exp (—%Em (t - t0)> . (3.112)

Equations (3.108, 3.112) determine now #(x,t) for any initial condition ¢ (x,%o). This solution can

be written
“+a

Y(z,t) = dxo ¢(x,t]xo, to) (20, o) (3.113)

—a

where

o(z, tlxo, to) = Z(bn(a; x) exp (—%En (t — to)) on(a;x) . (3.114)
n=1

This expression has the same form as postulated in the path integral formulation of Quantum
Mechanics introduced above, i.e., in (2.5). We have identified then with (3.114) the representation
of the propagator for a particle in a box with infinite walls.

It is of interest to note that ¢(z,t|xo,to) itself is a solution of the time-dependent Schrédinger
equation (3.79) which lies in the proper function space (3.78). The respective initial condition
is ¢(z,to|zo,t0) = 6(xr — xp) as can be readily verified using (3.113). Often the propagator
o(x, t|xg, to) is also referred to as a Greens function. In the present system which is composed
solely of bound states the propagator is given by a sum, rather than by an integral (3.54) as in the
case of the free particle system which does not exhibit any bound states.

Note that the propagator has been evaluated in terms of elements of a particular function space Fi,
the elements of which satisfy the appropriate boundary conditions. In case that different boundary
conditions hold the propagator will be different as well.

Example of a Non-Stationary State

As an illustration of a non-stationary state we consider a particle in an initial state

1 2 5
w(l‘o,to) = |: :| exp(—x—OQ + ikol‘o) s g = %, ko = — . (3.115)

2mo? 20

This initial state corresponds to the particle being localized initially near xy = 0 with a velocity
vo = 15h/m a in the direction of the positive x-axis. Figure 3.2 presents the probability distribution
of the particle at subsequent times. One can recognize that the particle moves first to the left and
that near the right wall of the box interference effects develop. The particle moves then to the
left, being reflected at the right wall. The interference pattern begins to ‘smear out’ first, but the
collision with the left wall leads to new interference effects. The last frame shows the wave front
reaching again the right wall and the onset of new interference.



68

1P
t= 000 &
n
L
i
=15
k=g
a a
WP
t= 04 ME
n
1
m M
a
1w
t=09% ";‘—232
1
s
a a
W
- 2
t= 144 ";1—2
1
i

1w

'i!‘,_.
a

1:192%3;

Adas

Figure 3.2: Stroboscopic views of the probability distribution |¢(x,t)

1P
t= 024 '“Tf
1
o
2
1P
t= 072 ";732
R
VMo
-a a
1P
t=120 ";‘—232
R
Imo
& a
1P
R
Mo

AAAAA o

starting in a Gaussian distribution with momentum 154/a.

| 2

Schrodinger Equation

for a particle in a box



3.6: Particle in Three-Dimensional Box 69

Summary: Particle in One-Dimensional Box

We like to summarize our description of the particle in the one-dimensional box from a point of
view which will be elaborated further in Section 5. The description employed a space of functions
F1 defined in (3.78). A complete basis of F; is given by the infinite set B; (3.95). An important
property of this basis and, hence, of the space F; is that the elements of the basis set can be
enumerated by integer numbers, i.e., can be counted. We have defined in the space F; a scalar
product (3.97) with respect to which the eigenfunctions are orthonormal. This property allowed us
to evaluate the propagator (3.114) in terms of which the solutions for all initial conditions can be
expressed.

3.6 Particle in Three-Dimensional Box

We consider now a particle moving in a three-dimensional rectangular box with side lengths
2a1, 2a9, 2a3. Placing the origin at the center and aligning the x1, x2, x3—axes with the edges
of the box yields spatial boundary conditions which are obeyed by the elements of the function
space

Fz = {f :Q — R, f continuous, B(« e, e, i) =¥V (e, o, i)t €9€) . (3.116)

where (Q is the interior of the box and 0f2 its surface

Q = [—a1,a1] ® [—a2,a2] ® [—as,a3] C R¥
ol = {(1'1,332,$3)T €N, = :|:CL1} U {(xl,xg,xg)T €0, xo = :|:CL2}
U{(z1,22,23)7 € Q, 23 = a3} . (3.117)

We seek then solutions of the time-dependent Schrédinger equation

. - - h?
ihd (1) = Hpwy,ao,05,) , H = —o— (0f + 05 + 05 (3.118)
which are stationary states. The corresponding solutions have the form
i
Y(x1,x9,23,t) = exp <_ﬁ Et> op(r1, T2, 3) (3.119)

where ¢p(z1, 22, 23) is an element of the function space F3 defined in (3.116) and obeys the partial
differential equation

H¢p(x1,29,73) = E¢p(r1,2,3) . (3.120)

Since the Hamiltonian H is a sum of operators O(x;) each dependent only on a single variable, i.e.,
H = O(z1) + O(z2) + O(x3), one can express

3
$(a1,29,73) = [[ Y () (3.121)
j=1
where 2
—— 2 (x;) = Ej¢P(x;), ¢V (xa;) =0, j=1,2,3 (3.122)

2m
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and F1 + FEy + F3 = E. Comparing (3.122) with (3.80) shows that the solutions of (3.122) are
given by (3.96) and, hence, the solutions of (3.120) can be written

Bny nams)(@1,02,a3;T1,T2,73) = ¢Pny(a1;71) Py (ag; T2) Png(as; z3)
ni,n2,n3 = 1,2,3,... (3.123)

and

hQ 2 2 2 2
T (”—;+"—§+"—§> o, nang = 1,2,3, .. (3.124)

The same considerations as in the one-dimensional case allow one to show that

8m

83 = {¢(n1’n2’n3)(a1,ag,ag;l‘l,l‘Q,xg), ni,nz2,n3g = 1,2,3,...} (3125)

is a complete orthonormal basis of F3 and that the propagator for the three-dimensional box is

o)
¢(th|7707t0) = Z ¢(n1,n2,n3)(a1aa2aa3;fj (3126)

ni,n2,n3=1

i -
exp <_ﬁ E(ninyns) (t — t0)> ¢(n1,n2,n3)(a17 ag, az; 7o) -

Symmetries

The three-dimensional box confining a particle allows three symmetry operations that leave the box
unchanged, namely rotation by 7 around the z1, z2, x3—axes. This symmetry has been exploited
in deriving the stationary states. If two or all three orthogonal sides of the box have the same
length further symmetry operations leave the system unaltered. For example, if all three lengths
ai,az,as are identical, i.e., aj = a2 = a3 = a then rotation around the xi,z2,x3-axes by /2
also leaves the system unaltered. This additional symmetry is also reflected by degeneracies in the
energy levels. The energies and corresponding degeneracies of the particle in the three-dimensional
box with all side lengths equal to 2a are given in the following Table:

n1 no n3 | E/[R*7?/8ma?] | degeneracy
1 1 1 3 single

1 1 2 6 three-fold
1 2 2 9 three-fold
1 1 3 11 three-fold
2 2 2 12 single

1 2 3 14 six-fold
2 2 3 17 three-fold
1 1 4 18 three-fold
2 3 3 22 three-fold
3 3 3 27 single

1 1 5 27 three-fold

One can readily verify that the symmetry of the box leads to three-fold and six-fold degeneracies.
Such degeneracies are always a signature of an underlying symmetry. Actually, in the present case
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‘accidental’” degeneracies also occur, e.g., for (ni,n2,n3) = (3,3,3)(1,1,5) as shown in the Table
above. The origin of this degeneracy is, however, the identity 32 + 32 + 32 = 12 + 1% + 52,

One particular aspect of the degeneracies illustrated in the Table above is worth mentioning. We
consider the degeneracy of the energy F190 which is due to the identity Fio9 = E219 = FEa91. Any
linear combination of wave functions

QE(F) = a¢(17272)(a,a, a;7) + ﬁgb(lm)(a,a,a;??) + 7(15(2,2,1)(@7&7@;7:7 (3.127)

obeys the stationary Schrédinger equation H (Z;(F) = Fio9 <Z~>(f) However, this linear combination
is not necessarily orthogonal to other degeneraste states, for example, ¢(; 2 2) (a,a,a;7). Hence,
in case of degenerate states one cannot necessarily expect that stationary states are orthogonal.
However, in case of an n—fold degeneracy it is always possible, due to the hermitian character of
H , to construct n orthogonal stationary states®.

5This is a result of linear algebra which the reader may find in a respective textbook.
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Chapter 4

Linear Harmonic Oscillator

The linear harmonic oscillator is described by the Schrodinger equation
iho(x,t) = H(z,t) (4.1)

for the Hamiltonian
(4.2)

It comprises one of the most important examples of elementary Quantum Mechanics. There are sev-
eral reasons for its pivotal role. The linear harmonic oscillator describes vibrations in molecules and
their counterparts in solids, the phonons. Many more physical systems can, at least approximately,
be described in terms of linear harmonic oscillator models. However, the most eminent role of this
oscillator is its linkage to the boson, one of the conceptual building blocks of microscopic physics.
For example, bosons describe the modes of the electromagnetic field, providing the basis for its
quantization. The linear harmonic oscillator, even though it may represent rather non-elementary
objects like a solid and a molecule, provides a window into the most elementary structure of the
physical world. The most likely reason for this connection with fundamental properties of matter
is that the harmonic oscillator Hamiltonian (4.2) is symmetric in momentum and position, both
operators appearing as quadratic terms.

We have encountered the harmonic oscillator already in Sect. 2 where we determined, in the context
of a path integral approach, its propagator, the motion of coherent states, and its stationary states.
In the present section we approach the harmonic oscillator in the framework of the Schrodinger
equation. The important role of the harmonic oscillator certainly justifies an approach from two
perspectives, i.e., from the path integral (propagotor) perspective and from the Schrédinger equa-
tion perspective. The path integral approach gave us a direct route to study time-dependent
properties, the Schrédinger equation approach is suited particularly for stationary state properties.
Both approaches, however, yield the same stationary states and the same propagator, as we will
demonstrate below.

The Schrodinger equation approach will allow us to emphasize the algebraic aspects of quantum
theory. This Section will be the first in which an algebraic formulation will assume center stage.
In this respect the material presented provides an important introduction to later Sections using
Lie algebra methods to describe more elementary physical systems. Due to the pedagodical nature
of this Section we will link carefully the algebraic treatment with the differential equation methods
used so far in studying the Schrodinger equation description of quantum systems.

73
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In the following we consider first the stationary states of the linear harmonic oscillator and later
consider the propagator which describes the time evolution of any initial state. The stationary states
of the harmonic oscillator have been considered already in Chapter 2 where the corresponding wave
functions (2.235) had been determined. In the framework of the Schrédinger equation the stationary
states are solutions of (4.1) of the form ¢ (x,t) = exp(—iEt/h)¢g(x,t) where

H¢p(z) = E¢p(w). (4.3)

Due to the nature of the harmonic potential which does not allow a particle with finite energy to
move to arbitrary large distances, all stationary states of the harmonic oscillator must be bound
states and, therefore, the natural boundary conditions apply

lim ¢g(x) = 0. (4.4)

r—=100
Equation (4.3) can be solved for any E € R, however, only for a discrete set of FE values can the
boundary conditions (4.4) be satisfied. In the following algebraic solution of (4.3) we restrict the

Hamiltonian H and the operators appearing in the Hamiltonian from the outset to the space of
functions

M = {f:R >R U € Cx, lim U(n)=F} (4.5)

where Co, denotes the set of functions which together with all of their derivatives are continuous.
It is important to keep in mind this restriction of the space, in which the operators used below,
act. We will point out explicitly where assumptions are made which built on this restriction. If
this restriction would not apply and all functions f : R — R would be admitted, the spectrum of
H in (4.3) would be continuous and the eigenfunctions ¢ () would not be normalizable.

4.1 Creation and Annihilation Operators

The Hamiltonian operator (4.2) can be expressed in terms of the two operators

hd
idx’

T =z (4.6)

the first being a differential operator and the second a multiplicative operator. The operators act
on the space of functions N defined in (4.5). The Hamiltonian H can be expressed in terms of the
operators acting on the space (4.5)

2 (4.7)

which is why these operators are of interest to us.
The cardinal property exploited below, beside the representation (4.7) of the Hamiltonian, is the
commutation property

[p, 2] = =1 (4.8)

which holds for any position and momentum operator. This property states that p and & obey an
algebra in which the two do not commute, however, the commutator has a simple form. In order
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to derive (4.8) we recall that all operators act on functions in N; and, hence, the action of [p, 7]
on such functions must be considered. One obtains

?dixf(x)— ——f() ?f(x):?]lf(x) (4.9)

i dx

b, 2] f(z) =

From this follows (4.8).

Our next step is an attempt to factorize the Hamiltonian (4.7) assuming that the factors are easier
to handle than the Hamiltonian in yielding spectrum and eigenstates. Being guided by the identity
for scalar numbers

(b—ic)(b+ic) = b* —i(cb—bec) + 2 = b* + 2 (4.10)
we define
e ) . o mw 1 .
at = — T — , a4 = 4/—a + . 4.11
2h 2mﬁwp 2h 2mhwp (4.11)

The reader may note that we have attempted, in fact, to factor H /hw. Since a* and a~ are
operators and not scalars we cannot simply expect that the identy (4.10) holds for a™ and a~ since
[a=,a*] = a~a* — ata~ does not necessarily vanish. In fact, the commutator property (4.8)
implies

[a=,a%] = 1. (4.12)

A=t mw .o 1 ~2 L A 4.1
@ T LR T (4.13)
(4.7) and (4.8) yield
1 - 1
a-at = —H + - 1. 4.14
@ a hw + 2 ( )
Similarly one can show
1 - 1
ot = —H — 1. 4.15
@ a hw 2 ( )

(4.14) and (4.15) together lead to the commutation property (4.12).
Before we continue we like to write (4.14, 4.15) in a form which will be useful below

H = hwa-at — %]1 (4.16)
X hw
H = hwata™ + 5 1. (4.17)

We also express a™ and 4~ directly in terms of the coordinate z and the differential operator %

N mw o mw . h d
a* \/ on V 2mw dac @ = \/2—hx + V 2mw dz (4.18)

It is of interest to note that the operators a™ and @~ are real differential operators.
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Relationship between a* and a~

The operators a* and a~ are related to each other by the following property which holds for all
functions f, g € N}

+00 +oo
/ dz f(z)at g(z) = / dr g(x)a™ f(x) . (4.19)

—0o0 —00

This property states that the operators a* and a~ are the adjoints of each other. The property
follows directly from (??). Using (??) we like to state (4.19) in the form®

(fla* gy, = (gla fa.. - (4.20)

In the following we will determine the spectrum of H and its eigenstates. The derivation will be
based solely on the properties (4.12, 4.16, 4.17, 4.19).
a™ and a~ as Ladder Operators

The operators a™ and a~ allow one to generate all stationary states of a harmonic oscillator once
one such state ¢g(x)

H¢p(z) = Eép() (4.21)
is available. In fact, one obtains using (4.16, 4.17, 4.21)

Ha ¢p(z) = (hwa at — %ﬂ)d‘@;(m)

= a (hwata™ + %n — hwll) ¢p(x)
0 (H — hw)ép(x)
= (F — w)a ¢p() . (4.22)

Similarly one can show using again (4.16, 4.17, 4.21)

Hat ¢p(z) = (hwata™ +

= ot (H + hw)¢p(z)
= (E + hw)at ¢p(z) . (4.23)
Together, it holds that for a stationary state ¢p(z) of energy E defined through (4.21) a~ ¢ (x) is

a stationary state of energy E — hw and a*¢g(z) is a stationary state of energy F + hw.
The results (4.22, 4.23) can be generalized to m-fold application of the operators a™ and a~

H @)™ ¢px) = (E + mhw) (a7)" ¢p(r)
H (@ )" ¢plz) = (E — mhw) (a7)" ¢p(z) . (4.24)

!This property states that the operators in the function space N; are the hermitian conjugate of each other. This
property of operators is investigated more systematically in Section 5.
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One can use these relationships to construct an infinite number of stationary states by stepping up
and down the spectrum in steps of +hw. For obvious reasons one refers to a™ and a~ as ladder
operators. Another name is creation (a*) and annihilation (a~) operators since these operators
create and annihilate vibrational quanta fw. There arise, however, two difficulties: (i) one needs to
know at least one stationary state to start the construction; (ii) the construction appears to yield
energy eigenvalues without lower bounds when, in fact, one expects that £ = 0 should be a lower
bound. It turns out that both difficulties can be resolved together. In fact, a state ¢o(x) which
obeys the property

a” ¢o(z) = 0 (4.25)

on one side would lead to termination of the sequence Ey + m, m € Z when m is decreased, on
the other side such a state is itself an eigenstate of H as can be shown using (4.17)

Hoola) = (hwita™ + "2 1) go(x) = hooo(r) (4.26)

Of course, the solution ¢g(x) of (4.25) needs to be normalizable in order to represent a bound state
of the harmonic oscillator, i.e., ¢o(x) should be an element of the function space N7 defined in
(4.5).

The property (??) has an important consequence for the stationary states ¢g(x). Let ¢g(x) and
¢ g (z) be two normalized stationary states corresponding to two different energies E,E', E # E'.
For f(z) = ¢p(x) and g(x) = ¢p/(x) in (?7) follows (Note that according to (??) the eigenvalue
E is real.)

0 = (¢pp|Hop)o., — (9p|Hép)o. = (E' — E){(¢p|op)a.. - (4.27)

Since E # E’ one can conclude
(PElPE )0, = 0. (4.28)

4.2 Ground State of the Harmonic Oscillator

A suitable solution of (4.25) can, in fact, be found. Using (4.6, 4.11) one can rewrite (4.25)

(% " y) doly) = 0 (4.20)

y = \/? x. (4.30)

Assuming that ¢o(y) does not vanish anywhere in its domain | — oo, +00[ one can write (4.29)

where

1 d d
o W) == () (431)

the solution of which is )
Ingo(y) = —§y2 + ¢ (4.32)

for some constant cg or

Po(y) = CoeXP<—%y2> : (4.33)
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This solution is obviously normalizable. The conventional normalization condition

(doldo)a, = 1 (4.34)

+o00 +o00 mwa 7h
[ dslon@ =l [ dwesn (=T ) = el 22 (1.35)

The appropriate ground state is

reads

2

do(z) = [%]‘1‘ exp(—m(;hx ) . (4.36)

Since the first order differential equation (4.25) admits only one solution there is only one set of
states with energy £ + mhw, m € 7Z which properly terminate at some minimum value F +
mo hw > 0. We recall that according to (4.26) the energy value associated with this state is %ﬁw
This state of lowest energy is called the ground state of the oscillator. The set of allowed energies
of the oscillator according to (4.24) can then be written as follows

En:hw(n—i—%), n=2~012... (4.37)
It is most remarkable that the energy %hw of the ground state is larger than the lowest classically
allowed energy E = 0. The reason is that in the Hamiltonian (4.2) there are two competing
contributions to the energy, the potential energy contribution which for a state d(x), i.e., a state
confined to the minimum corresponding to the classical state of lowest energy, would yield a van-
ishing contribution, and the kinetic energy contribution, which for a narrowly localized state yields
a large positive value. The ground state (4.36) assumes a functional form such that both terms
together assume a minimum value. We will consider this point more systematically in Section 5.

4.3 Excited States of the Harmonic Oscillator

Having obtained a suitable stationary state with lowest energy, we can now construct the stationary
states corresponding to energies (4.37) above the ground state energy, i.e., we construct the states
for n = 1,2,..., the so-called ezcited states. For this purpose we apply the operator a* to the
ground state (4.36) n times. Such states need to be suitably normalized for which purpose we
introduce a normalization constant ¢/,

bn(x) = c, (&+)n ¢o(z), m=0,1,2,... (4.38)
These states correspond to the energy eigenvalues (4.39), i.e., it holds
1
Hop(z) = hw(n + §)¢n(x), n=2012... (4.39)

We notice that the ground state wave function ¢o(z) as well as the operators (a™)™ are real. We
can, therefore, choose the normalization constants ¢, and the functions ¢, (z) real as well.
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We need to determine now the normalization constants ¢,. To determine these constants we adopt
a recursion scheme. For n = 0 holds ¢{, = 1. We consider then the situation that we have obtained
a properly normalized state ¢, (x). A properly normalized state ¢,1(x) is then of the form

bni1(x) = apat gu(x) (4.40)
for some real constant a,, which is chosen to satisfy
(bn+1lpnti)o. = an (@t onlatdn)a, = 1. (4.41)
Employing the adjoint property (4.20) yields
a2 (pnla"a  dp)a., = 1. (4.42)

Using (4.14) together with H ¢, () = hw(n+ %) én(z) leads to the condition (note that we assumed
¢n(x) to be normalized)

ap (n + 1) (6nld”a" on)o., = af(n+1) =1 (4.43)
From this follows oy, = 1/4v/n + 1 and, according to (4.40),
@ dn(z) = Vn+1lops(z). (4.44)

One can conclude then that the stationary states of the oscillator are described by the functions

bn(z) = % (@")" ¢o(z), n=01,2,... (4.45)

We like to note that these functions according to (4.28) and the construction (4.40-4.45) form an
orthonormal set, i.e., they obey

(Pnldn) = Opn, nyn' =0,1,2,... . (4.46)
According to (4.24) holds in analogy to (4.40)
On-1(x) = Bpna on(x) (4.47)

for some suitable constants ,. Since a~ is a real differential operator [see (4.18)] and since the
on(x) are real functions, (3, must be real as well. To determine 3, we note using (4.20)

1= <¢n—1’¢n—1>ﬂw = /87% <d7¢n‘&7¢n>9w = /BZ <¢n’d+&7¢n>9w . (4~48)
Equations (4.15 , 4.39) yield

1 = szn<¢n‘¢n>ﬂoo = ﬁ%n (4'49)
From this follows (3, = 1/y/n and, according to (4.47),
0 fnl(e) = VG (). (4.50)

Repeated application of this relationship yields

(n—s)!

n_s(x) = (a7)° ¢nlz) . (4.51)

n!
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Evaluating the Stationary States

We want to derive now an analytical expression for the stationary state wave functions ¢, (x)
defined through (4.39). For this purpose we start from expression (4.45), simplifying the calculation,
however, by introducing the variable y defined in (4.30) and employing the normalization

+oo
/ dydi(y) = 1 (4.52)

—00

This normalization of the wave functions differs from that postulated in (4.35) by a constant,
n—independent factor, namely the square root of the Jacobian dx/dy, i.e., by

dzx

ol = [T]‘l‘ . (4.53)

We will later re-introduce this factor to account for the proper normalization (4.35) rather than
(4.52).
In terms of y the ground state wave function is

(4.54)

and at is
1

d+:%< —d—y>. (4.55)

The eigenstates of the Hamiltonian are then given by

on(y) = N ey;ey22< —i>ney22 (4.56)
Y V2l YTy ' ‘

Relationship to Hermite Polynomials

We want to demonstrate now that the expression (4.56) can be expressed in terms of Hermite
polynomials H,,(y) introduced in Sect. 2.7 and given, for example, by the Rodrigues formula (2.200).
We will demonstrate below the identity

2 d n 2
Hy(y) = e <y - @> e T (4.57)
such that one can write the stationary state wave functions of the harmonic oscillator
1 v
¢n(y) = /=€ 2 Hn(y) . (4'58)

V2rnl /T

This result agrees with the expression (2.233) derived in Sect. 2.7. It should be noted that the
normalization (4.28) of the ground state and the definition (4.57) which includes the factor 1/v/n!
according to Eqgs. (4.40-4.46) yields a set of normalized states.
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To verify the realtionship between the definition (4.57) of the hermite polynomials and the definition
given by (2.200) we need to verify

d n 2 2 dn
<y - d_y> T = (~1)e7 We—y{ (4.59)
which implies
Hay) = (-1 e e (460)

and, hence, the Rodrigues formula (2.200).
We prove (4.59) by induction noting first that (4.59) holds for n = 0, 1, and showing then that the
property also holds for n + 1 in case it holds for n, i.e.,

2 dn+1 d n+1 9
g(y) = (—1)H e Weﬂﬁ = <y — —) e T . (4.61)

One can factor g(y) and employ (4.59) as follows

sy) = ek e (At e
2 2 d n 2
) @e*% (y — d_y> e T (4.62)

Denoting f(y) = (y — d/dy)exp(—y?/2) and employing

T ) = e )+ T ) (4.63)
one obtains ;
gly) = (y - @> f(y) (4.64)

which implies that (4.61) and, therefore, (4.59) hold.

4.4 Propagator for the Harmonic Oscillator

We consider now the solution of the time-dependent Schrodinger equation of the harmonic oscillator
(4.1, 4.2) for an arbitrary initial wave function ¥ (zg,tp). Our derivation will follow closely the
procedure adopted for the case of a ‘particle in a box’ [see Eqgs. (3.106-3.114)]. For the sake of
notational simplicity we employ initially the coordinate y as defined in (4.30) and return later to
the coordinate z.

Starting point of our derivation is the assumption that the initial condition can be expanded in
terms of the eigenstates ¢, (y) (4.39)

1/1(3/07750) = Z dn (bn(y()) . (465)
n=0
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Such expansion is possible for any f (yo) = 1(yo,to) which is an element of N; defined in (4.5),
a supposition which is not proven here?. Employing orthogonality condition (4.46) the expansion

coefficients d,, are
“+oo

dn = / dyo ¥ (yo,to) ¢n(yo) - (4.66)

—00

One can extend expansion (4.65) to times ¢t > ¢ through insertion of time-dependent coefficients
(&% (tl)

y, tl Z dn ¢n Cn ) (467)

for which according to (3.108-3.112) and (4.39) holds

en(ty) = exp (—iw(n + %)(tl - to)> . (4.68)

Altogether one can express then the solution

+o0
Py th) = / do By, tyo, to) ¥ (30, £) (4.69)
where
¢y, ta]yo, o) qun ) $ulyo) "2, ¢ = e hito) (4.70)

is the propagator of the linear harmonic oscillator. We want to demonstrate now that this propaga-
tor is identical to the propagator (2.147) for the harmonic iscillator determined in Sect. sec:harm.
In order to prove the equivalence of (4.70) and (2.147) we employ the technique of generating
functions as in Sect. 2.7. For this purpose we start from the integral representation (2.225) which
allows one to derive a generating function for products of Hermite polynomials which can be applied
to the r.h.s. of (4.70). We consider for this purpose the following expression for |t| < 1

0 ~y?/2 ~y3/2
= 2nnl /7

w(yv Yo, t) =

Applying (?7?) to express H,(y) and H,(yo) yields

exp(—2tuv)

y +oo +oo >
w(y,yo,t) = 7r3/gexp< 0)/ dU/ v n,( —2tuv )"

—u? — 0%+ 2iyu + 2iyv) . (4.72)

x exp(

2A demonstration of this property can be found in Special Functions and their Applications by N.N.Lebedev
(Prentice Hall, Inc., Englewood Cliffs, N.J., 1965) Sect. 4.15, pp. 68; this is an excellent textbook from which we
have borrowed heavily in this Section.
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Carrying out the sum on the r.h.s. one obtains

32 v oow [ Iy
w(y,yo,t) = exp | 5 + 5 dvexp( —v° + 2iyov) X
—00

X /+OO duexp(—u? —2u(tv — iy)) . (4.73)

—00

Vmexp(t2v2 — 2iytv — y?)

The incomplete Gaussian integral

+
/ " dpemete — 2 _ \/_%61,%2’ Rea? > 0 (4.74)
oo a
applied once results in
v oow\ [
w(y,yo,t) = 7 Lexp (_E + 20> / dvexp(—(1 —t*)v? — 2i(yt — yo)v) . (4.75)
—0o0

Applying (4.74) a second time yields finally together with the definition (4.71) of w(y, yo, t)

S S
m(1—t2)

2
exp [—%(zﬁ +y3) s + 2yyoﬁ}

Hy(y)e—v2/2 H, ~v3/2
= o, Hellet ialule T gn (4.76)

One can express this in terms of the stationary states (4.58) of the harmonic oscillator
1 1o, o 1+ ¢ t
= — —= — + 2 —s | . 4.77
Z¢n ) én(yo) t 7T(l_tz)exp[ S T T 2y (4.77)

The sum in (4.70) is, indeed, identical to the generating function (4.77), i.e., it holds

1 L9 2 i 1 ]
iy, to) = ————exp | = + G(t1,t0) — i Tt 1) 4.78
é(y, t1lyo, to) Sin F (i f0) p [2 (y y) G(t1,to) yyOF(tl,to) (4.78)
where
1 — e—2iw(t1—to) ]

Fltit) = 5w = siwlti—t) e

and 2iw(ty —to)

1 4 e 2wl(ti—to cosw(ty — to)

Gt 1) — ‘ _ ) 4.80
( 1, 0) i 1 — e—21w(t1*t0) sinw(t1 - tO) ( )

We can finally express the propagator (4.78) in terms of the coordinates x and zo. This requires
that we employ (4.30) to replace y and yo and that we multiply the propagator by /mw/h, i.e.,
by a factor «/mw/h for both ¢, (y) and ¢, (yo). The resulting propagator is

mw 2

t|xo,to) =
¢(x,t|xo, to) [2z‘7rhsinw(t1—t0> "

1MW 9 9 B B
eXp{thinw(tl —t0) [(JU + x{) cosw(t1 — to) 2$$0] } . (4.81)

This result agrees with the propagator (2.147) derived by means of the path integral description.



4 Linear Harmonic Oscillator

4.5 Working with Ladder Operators

In the last section we have demonstrated the use of differential equation techniques, the use of
generating functions. We want to introduce now techniques based on the ladder operators at and
a~. For the present there is actually no pressing need to apply such techniques since the techniques
borrowed from the theory of differential equations serve us well in describing harmonic oscillator
type quantum systems. The reason for introducing the calculus of the operators a™ and a~ is that
this calculus proves to be useful for the description of vibrations in crystals, i.e., phonons, and of
the modes of the quantized electromagnetic field; both quantum systems are endowed with a large
number of modes, each corresponding to a single harmonic oscillator of the type studied presently
by us. It is with quantum electrodynamics and solid state physics in mind that we cease the
opportunity of the single quantum mechanical harmonic oscillator to develop a working knowledge
for a* and a~ in the most simple setting.

To put the following material in the proper modest perspective we may phrase it as an approach
which rather than employing the coordinate y and the differential operator d/dy uses the operators

Obviously, one can express y = v/2(a~ 4+ at) and d/dy = v/2(a~ — a™) and, hence, the approaches
using y, d/dy and a™, G~ must be equivalent.

Calculus of Creation and Annihilation Operators

We summarize first the key properties of the operators a™ and a~

a=,at] =1
a ¢oly) =10
atduly) = Vn+1éni(y)
a~ énly) = Vnon-1(y)
(@ floo. = (fla* 9o, - (4.83)

We note that these properties imply
$n(y) = (@*)"do(y)/Vn! . (4.84)

We will encounter below functions of a* and a~, e.g., f(a¥). Such functions are defined for
f: R — R in case that the Taylor expansion

2 4(v)
fly) = ! V,(O) v (4.85)
v=0 :

is convergent everywhere in R. Here f*) (yo) denotes the v-th derivative of f(y) taken at y = yp.
In this case we define

0 r(v)
fa*) = Zf ,(O) (a*)” (4.86)
v=0

V.
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and similarly for f(a~). The following important property holds
a~ fat) = M@t + fatya . (4.87)
In particular,
a” f(@*) soly) = fH@") doly) (4.88)
which follows from a~ ¢,(y) = 0. We note
a~ f(a*) = [a, f(@")] + f@@")a- (4.89)
which implies that in order to prove (4.87, 4.88) we need to show actually
(@, f@h) = fOa@h). (4.90)

To prove (4.90) we show that (4.90) holds for any function f,(at) = (a')” which is a power of
at. The convergence of the Taylor expansion ascertains then that (4.90) holds for f(a™).

We proceed by induction noticing first that (4.90) holds for fy and for fi. The first case is trivial,
the second case follows from

=A@ = ama) = 1= U@, (4.91)
Let us assume that (4.90) holds for f,. For f,41 follows then

@ fn@)] = @@t = @t + o @)t
= @)L+ 0@ = () @) (492

Since any function f(y) in the proper function space N7 can be expanded

= = (ah)"
fly) = ;dn Pnly) = ;)dn N bo(y) (4.93)

one can reduce all operators acting on some proper state function by operators acting on the state
¢o(y). Hence, property (4.88) is a fundamental one and will be used in the following, i.e., we will
only assume operator functions acting on ¢o(y). As long as the operators act on ¢y(y) one can
state then that a~ behaves like a differential operator with respect to functions f(a"). Note that
an immediate consequence of (4.88) is

(@) f(a*) boly) = F™(@") do(y) - (4.94)
We like to state the following property of the functions f(a*)
(f@™) oly) = (glf(a") ). (4.95)

This identity follows from (4.83) and can be proven for all powers f,, by induction and then inferred
for all proper functions f(a®).

An important operator function is the exponential function. An example is the so-called shift
operator exp(ua~). It holds

" f@*) ¢oly) = (@ + u)oly) . (4.96)
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To prove this property we expand exp(ua™)

Y L@ @ hw) = 30 V@) doly) = S@ ooty (497)
v=0 v=0

An example in which (4.96) is applied is
at qf)o(y) — v (@t +u) ¢0(y) — W evéﬁ' ¢O(y) ‘ (498)

The related operators exp[va™ 4+ v*a~] play also an important role. We assume in the following
derivation, without explicitly stating this, that the operators considered act on ¢o(y). To express
these operators as products of operators exp(va™) and exp(v*a~) we consider the operator C(u) =
exp(uza™)exp(uz*a~) where u € R, z € C, F F* = I and determine its derivative

* A

~ . it - ? o

(2" + 2% ) eweit queta _ [z*a:euzﬂ (st (4.99)

Using (4.90) and zz* = 1 we can write this

%Cf(u) _ (Z&+ + Z*d_) euzd+ euz*d’ - ueuzéﬁ euz*d’
(za™ + z*a™ — u) C(u). (4.100)
To solve this differential equation we define C'(u) = D(u) exp(—u?/2) which leads to
d - .
%D(u) = (za* + 2*a”) D(u) (4.101)
C’(A) obviously obeys C'(0) = 1. This results in D(0) = 1 and, hence, the solution of (4.101)
is D(u) = exp(uza®™ + uz*a~). One can conclude then using the definition of C(u) and defining
v = uz . ) .
et T go(y) = e e e goly) (4.102)
Similarly, one obtains
~ * A — 1 * ~ * A —
€Ua+—’l) a ¢0(y) — 6—5'07.) e'l)(l+ e—'U a ¢O(y) (4.103)
va++v a~ b0 ( ) e—%vv* evraT evd+¢0(y) (4104)
- 1 * * A — ~
€Ua+—v a ¢0(y) — 65’[}'[} 6—’[} a 6va+¢0(y) . (4.105)

Below we will use the operator identity which follows for the choice of v = « in (4.105)
0T AT g () = %5 e 20 g (y) | (4.106)
Applying (4.98) for u = —a* and v = « yields

eI T Gy (y) = e e gy (y) (4.107)

This together with (4.106) yields

AT A () = e e gy(y) (4.108)
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Generating Function in Terms of a™

We want to demonstrate now that generating functions are as useful a tool in the calculus of the
ladder operators as they are in the calculus of differential operators. We will derive the equivalent
of a generating function and use it to rederive the values H,(0) and the orthonormality properties

of én(y).

We start from the generating function (??) and replace according to (4.58) the Hermite polynomials
H,(y) by the eigenstates ¢, (y)

o]
2 1

Using (4.84) and defining v/2¢t = u one can write then

77T exp (—; +V2uy — —> Z bo(y) (4.110)

V1% g (y) (4.109)

or

_1 y? u? it
mdexp | — + V2uy — 5 ) =€ ®o(y) - (4.111)

This expression, in the ladder operator calculus, is the equivalent of the generating function (?77).
We want to derive now the values H,(0). Setting y = 0 in (4.111) yields
2
T exp (— %) = eud” ¢0(0) . (4.112)

Expanding both sides of this equation and using (4.84, 4.58) one obtains

B ot (_1)1/ 2v
T 2} 2vpl Z\/»(ZS,, Z\/ﬂy, V (4'113)

V=

W=

Comparision of all terms on the Lh.s. and on the r.h.s. provide the same values for H,(0) as provided
in Eq. (77).

Similarly, we can reproduce by means of the generating function (4.111) the orthonormality prop-
erties of the wave functions ¢, (y). For this purpose we consider

(€ pole’™ o) = (dole"™® € o) (4.114)
where we have employed (4.95). Using (4.98) and again (4.95) one obtains
(e dole™™ do) = (dole"” " do) = " (e doldo) = (4.115)

where the latter step follows after expansion of €% and using @~ ¢o(y) = 0. Expanding r.h.s. and
Lh.s. of (4.115) and using (4.84) yields

Z T ¢u‘¢lx> =y u ot (4.116)

v,u=0 n=0

from which follows by comparision of each term on both sides (¢,|¢,) = 6., i.e., the expected
orthonormality property.
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4.6 Momentum Representation for the Harmonic Oscillator

The description of the harmonic oscillator provided so far allows one to determine the probability
density P(x) of finding an oscillator at position x. For example, for an oscillator in a stationary
state ¢p(z) as given by (2.235), the probability density is

P(z) = |pn(x)] . (4.117)

In this section we want to provide a representation for the harmonic oscillator which is most natural
if one wishes to determine for a stationary state of the system the probability density P (p) of finding
the system at momentum p. For this purpose we employ the Schrédinger equation in the momentum
representation.

In the position representation the wave function is a function of x, i.e., is given by a function ¥ (x);
the momentum and position operators are as stated in (4.6) and the Hamiltonian (4.7) is given by
(4.2). In the momentum representation the wave function is a function of p, i.e., is given by the

function 1 (p); the momentum and position operators are

d
p=p, &= ih%, (4.118)
and the Hamiltonian (4.7) is
- 1 mhtw? d?
H=_——p" - — . 4.119
om P 2 dp? ( )
Accordingly, the time-independent Schrodinger equation for the oscillator can be written
mw?h? d? 1 ~ ~
Multiplying this equation by 1/m?w? yields
B d? 1 - .
<_%d—]?2 + émw2p2> ¢E(p) = E(Z)E(p) (4121)
where .
E = E/m%*, &=1/nmw. (4.122)

For a solution of the Schrédinger equation in the momentum representation, i.e., of (4.121), we
note that the posed eigenvalue problem is formally identical to the Schrodinger equation in the
position representation as given by (4.2, 4.3). The solutions can be stated readily exploiting the
earlier results. The eigenvalues, according to (4.37), are

E, =hon+1LY, n=012... (4.123)

or, using (4.122),
E, =ho(n+1), n=012... (4.124)

As to be expected, the eigenvalues are identical to those determined in the position representation.
The momentum representation eigenfunctions are, using (2.235),

bn(p) = (_i)n. [T:—g]%exp <—m;f2> Ha(y) 22 p) . (4.125)
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or with (4.122)

In(p) = \(/;%n' [m;hwrexp <—2£;U> Hy( %m. (4.126)

Normalized eigenfunctions are, of course, defined only up to an arbitrary phase factor e'*, o € R;
this allowed us to introduce in (4.125, 4.126) a phase factor (—i)™.

We can now state the probability density P, (p) for an oscillator with energy E,, to assume momen-
tum p. According to the theory of the momentum representation holds

Pa(p) = |én(p)? (4.127)

or

1
. 1 1 2 P> 5 1
P, = — H — D). 4.128
w(P) = 5o Lmhw] exp ( mhw) n(\/ ) (4.128)
We may also express the eigenstates (4.126) in terms of dimensionless units following the procedure

adopted for the position representation where we employed the substitution (4.30) to obtain (4.58).
Defining k = /m&/h p or

b — 4.129
P ( )

one obtains, instead of (4.126),

n(k) = ————==e¢ 2 Hyp(k). 4.130
We want to finally apply the relationship
- 1 +oo
n = — dzx exp(—ipx/h) ¢n(x 4.131
6u) = <= [ esp(iva/) ¢ula) (1.131)
in the present case employing dimensionless units. From (4.30) and (4.129) follows
ky = px/h (4.132)
and, hence,
- 1 t+oo
n(k) = —/ dy exp(—ik n 4.133
n(F) m_myp( y) on(y) (4.133)

where we note that a change of the normalization of ¢,(y) [c.f. (4.30) and (2.235)] absorbs the
replacement dx — dy, i.e., the Jacobian. This implies the property of Hermite polynomials

52 +oo 22
(—)"e” 2 Hy(k) = / dy exp(—iky)e™ 2 Hy(y) (4.134)

—0o0

Exercise 4.6.1: Demonstrate the validity of (4.134), i.e., the correctness of the phase factors
(—%)", through direct integration. Proceed as follows.
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(a) Prove first the property

1 +oo
flh) = == [ dy exp(=ity) g(z.0) (4.135)
where
f(k,z) = exp (—2ikz + 22 —K/2) g(k,z) = exp (2yz — 22 —y2/2) (4.136)

(b) Employ the generating function (2.194, 2.196) of Hermite polynomials and equate coefficients
of equal powers of z to prove (4.134).

4.7 Quasi-Classical States of the Harmonic Oscillator

A classical harmonic oscillator, for example, a pendulum swinging at small amplitudes, carries out
a periodic motion described by ‘
y(t) = Re(yoe™") (4.137)

where y(t) describes the center of the particle and where the mass of the particle remains narrowly
distributed around y(t) for an arbitrary period of time. The question arises if similar states exist
also for the quantum oscillator. The answer is ‘yes’. Such states are referred to as quasi-classical
states, coherent states, or Glauber states of the harmonic oscillator and they play, for example, a
useful role in Quantum Electrodynamics since they allow to reproduce with a quantized field as
closely as possible the properties of a classical field3. We want to construct and characterize such
states.

The quasi-classical states can be obtained by generalizing the construction of the ground state of
the oscillator, namely through the eigenvalue problem for normalized states

a0y = ap(y), aeR, (] = k. (4.138)

We will show that a harmonic oscillator prepared in such a state will remain forever in such a
state, except that a changes periodically in time. We will find that « can be characterized as
a displacement form the minimum of the oscillator and that the state ¢(©) (y) displays the same
spatial probability distribution as the ground state. The motion of the probability distribution of
such state is presented in Fig. 4.1 showing in its top row the attributes of such state just discussed.
We first construct the solution of (4.138). For this purpose we assume such state exists and expand

¢(a) (y) = Z dgLa) d’n(y) ) Z ‘d?(’La)
n=0 n=0

2
‘ — 1 (4.139)

where we have added the condition that the states be normalized. Inserting this expansion into
(4.138) yields using a~ ¢, (y) = V/ndn-1(y)

> (VAd) i) — adf) 6u(y) ) = 0 (4.140)
n=0

3An excellent textbook is Photons and Atoms: Introduction to Quantum Electrodynamics by C.Chen-Tannoudj,
J.Dupont-Roc, and G.Grynberg (John Wiley & Sons, Inc., New York, 1989) which discusses quasi-classical states of
the free electromagnetic field in Sect.— II1.C.4, pp. 192
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or
Z (\/’I’L—Fldfﬁﬁl - ad%"‘)) on(y) = 0. (4.141)
n=0

Because of the linear independence of the states ¢, (y) all coefficients multiplying ¢, (y) must vanish
and on obtains the recursion relationship

A, = — d . (4.142)

The solution is
do = —¢ (4.143)

for a constant ¢ which is determined through the normalization condition [see (4.139)]

[ee)

1=l

2 2 ad Oé2 2 2
= || E — = [d7e™ . (4.144)
n!

Normalization requires ¢ = exp(—a?/2) and, hence, the quasi-classical states are

Ct2 o0 a™
#(y) = exp (— 7) > o). (4.145)
n=0 :

Using the generating function in the form (4.109), i.e.,

n

2 2 >
i e E Vet — g (2 ) ST T galy), (4.146)
2 n=0

n!

&)

one can write

1
6) =l Fewp (= 30 - VEa)?) (4.147
which identifies this state as a ground state of the oscillator displaced by v/2a. This interpretation
justifies the choice of & € R in (4.138). However, we will see below that o € C are also admissible
and will provide a corresponding interpretation.

One can also write (4.145) using (4.84)

a?\ o= (aa™)" _aa*
o (y) = exp(—;) > ( n,) doly) = e "2 " go(y) . (4.148)
n=0 ’
The identity (4.108) allows one to write
6@ (y) = TH(0)doly) = T*(a) [x] Te /2 (4.149)
where ) )
TH(a) = " —a%a” (4.150)

for a presently real. Comparing (4.149) with (4.147) allows one to interprete T'(«) as an operator
which shifts the ground state by /2.
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The shift operator as defined in (4.150) for complex a obeys the unitary property
THa)T(a) = 1 (4.151)
which follows from a generalization of (4.95) to linear combinations aa™ + Sa~ and reads then
(flaa® + pa~)¢l) = (dlf(a"a™ + Ba*)w) . (4.152)

Since the operator function on the r.h.s. is the adjoint of the operator function on the l.h.s. one
can write in case of T («)

(TH(@))" = T(a) = 0 08" — g-(adT—a%ar) (4.153)

This is obviously the inverse of T («) as defined in (4.150) and one can conclude that T («) is a
so-called unitary operator with the property

THa)T(a) = T(a)TH(a) = 1 (4.154)
or applying this to a scalar product like (4.152)
(T™() fIT™(a) g) = {fIT()TT(a)g) = (flg)- (4.155)
In particular, it holds
(T (c) g0 |TF () do) = (fIT()T"(a)g) = {boldo), o €C (4.156)

, 1.e., the shift operator leaves the ground state normalized.
Following the procedure adopted in determining the propagator of the harmonic oscillator [see
(4.67, 4.68)] one can write the time-dependent solution with (4.145) as the initial state

2 0 n
¢ (y,t1) = exp (— %) n;) exp (—iw(n + %)(t1 - t0)> \%%(y) (4.157)

or ) -
¢ (y.t1) = utexp <— %) nzo (C;%)! bnly), u = e ®li—to) (4.158)

Comparision of this expression with (4.145) shows that « in (4.145) is replaced by a complex number
aw which at times t; = tp + 27n/w, n = 0,1,... becomes real. Relationship (4.109) serves again
to simplify this sum

2 2 (12
1
oy, h) = ™7 Uz exp —% + V2yau — w

E

(4.159)

Noticing the identity which holds for |u|? = 1

u> +1 = Rew)? — (Imu)® + 1 + 2iReuImu = 2(Reu)® + 2iReu Imu (4.160)
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the exponent F can be written

2

E = _% + \/ﬁayReu — a? (Reu)2 + i\/ﬁaylmu — ia?ReuImu
1 2
=3 <y — \/§aReu> + z'\/iyalmu — i a’Reulmu (4.161)

hase term

displaced Gaussian momentum P

and is found to describe a displaced Gaussian, a momentum factor and a phase factor. It is of

interest to note that the displacement gy of the Gaussian as well as the momentum k¢ and phase
¢o associated with (4.161) are time-dependent

yo(t1) = V2acosw(t; —to)
kg(tl) = —V2 asinw(tl — t())
1
(bo(tl) = — §a281n2w(t1 — to) (4.162)

with a periodic change. The oscillations of the mean position yo(¢1) and of the mean momentum
ko(t1) are out of phase by 7 just as in the case of the classical oscillator. Our interpretation
explains also the meaning of a complex « in (4.138): a real a corresponds to a displacement such
that initially the oscillator is at rest, a complex a corresponds to a displaced oscillator which has
initially a non-vanishing velocity; obviously, this characterization corresponds closely to that of the
possible initial states of a classical oscillator. The time-dependent wave function (4.159) is then

$@(y,tr) = 7 Texp <—%[y —yo(t1)]* + iyko(t1) — igo(t1) — %w(tl —t0)> : (4.163)

This solution corresponds to the initial state given by (4.138, 4.147).

In Fig. 4.1 (top row) we present the probability distribution of the Glauber state for various
instances in time. The diagram illustrates that the wave function retains its Gaussian shape with
constant width for all times, moving solely its center of mass in an oscillator fashion around the
minimum of the harmonic potential. This shows clearly that the Glauber state is a close analogue
to the classical oscillator, except that it is not pointlike.

One can express (4.163) also through the shift operator. Comparing (4.148, 4.150) with (4.158)
allows one to write

¢ (y,t1) = uz T*(au) oly) (4.164)
where according to (4.150)

Tt (au) = exp ((Jz(efi“)(tl*to)&Jr - eiw(tl*to)&f)) . (4.165)
This provides a very compact description of the quasi-classical state.

Arbitrary Gaussian Wave Packet Moving in a Harmonic Potential

We want to demonstrate now that any initial state described by a Gaussian shows a time dependence
very similar to that of the Glauber states in that such state remains Gaussian, being displaced
around the center with period 27 /w and, in general, experiences a change of its width (relative to
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Figure 4.1: Time dependence of Gaussian wave packets in harmonic oscillator potential.

that of the Glauber states) with a period 7/w. This behaviour is illustrated in Fig. 4.1 (second and
third row). One can recognize the cyclic displacement of the wave packet and the cyclic change of
its width with a period of twice that of the oscillator.

To describe such state which satisfies the initial condition

2
1 Y —ao
¢(ao, 0y, to) = [w0?] T exp <— %) (4.166)
we expand
$(ao,oly,to) = Y dndn(y) - (4.167)
n=0
One can derive for the expansion coefficients
+o0o
dn = / dy én(y) ¢(ao, oly,to)
1 oo (y B ao)2 y2
= — d - — = | H
V2rnlno /_OO yexp( 202 2 n(¥)
e[ e g 4.168
— e - n 1
s | W (v) (4.168)
where )
1
p= T =Y (4.169)

202 ' 1+ o2
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The solution of integral (4.168) is*

e—aq/Q (p_l)n/Q D
- Vornle p(th/2 Hy(q E)- (4.170)

In order to check the resulting coefficients we consider the limit ¢ — 1. In this limit the coefficients
dy, should become identical to the coefficients (4.143) of the Glauber state, i.e., a ground state shifted
by a, = /2. For this purpose we note that according to the explicit expresssion (??) for H,(y)
the leading power of the Hermite polynomial is

dn

O(y"2) forn > 2
— n -
Ha(y) = (29)" + { 1 forn =01 (4.171)
and, therefore,

. p— 1\2 b 1 n _ .n

gﬂ77)mm§:@—gym o (4.172)
One can then conclude

' e—a2/4 .

which is, in fact, in agreement with the expected result (4.143).
Following the strategy adopted previously one can express the time-dependent state corresponding
to the initial condition (4.166) in analogy to (4.157) as follows

O(ao;oly, 1) = (4.174)
e—aa/ 00 —iw(nt+i - — /2
T Do MO () Hulay D 6ntw)

This expansion can be written

2
Blaooly.t1) = L exp (~drivs + b — Julh — 1)) x
X Zf:o 22—2' Hy(yo) e vol? Hy(y) e v’/? (4.175)

where

p a P 1 — o2 —iw(t1—to)

yo:qp_l— /71—04’ 1 + o2

The generating function (4.76) permits us to write this

$(ao, oly,t1) = —= — X (4.177)

2 2
<exp [ =302 + ) S - 3 + 2 + 2yn e - delti—t)] -

4This integral can be found in Integrals and Series, vol. 2 by A.P. Prudnikov, Yu. Brychkov, and O.I. Marichev
(Wiley, New York, 1990); this 3 volume integral table is likely the most complete today, a worthy successor of the
famous Gradshteyn, unfortunately very expensive, namely $750
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Chapter 5

Theory of Angular Momentum and
Spin

Rotational symmetry transformations, the group SO(3) of the associated rotation matrices and the
corresponding transformation matrices of Spin*% states forming the group SU(2) occupy a very
important position in physics. The reason is that these transformations and groups are closely tied
to the properties of elementary particles, the building blocks of matter, but also to the properties of
composite systems. Examples of the latter with particularly simple transformation properties are
closed shell atoms, e.g., helium, neon, argon, the magic number nuclei like carbon, or the proton
and the neutron made up of three quarks, all composite systems which appear spherical as far as
their charge distribution is concerned. In this section we want to investigate how elementary and
composite systems are described.

To develop a systematic description of rotational properties of composite quantum systems the
consideration of rotational transformations is the best starting point. As an illustration we will
consider first rotational transformations acting on vectors 7 in 3-dimensional space, i.e., 7" € Ry,
we will then consider transformations of wavefunctions 1 (7) of single particles in Ry, and finally
transformations of products of wavefunctions like vazl 1 (7j) which represent a system of N (spin-
zero) particles in Rye.

We will also review below the well-known fact that spin states under rotations behave essentially
identical to angular momentum states, i.e., we will find that the algebraic properties of operators
governing spatial and spin rotation are identical and that the results derived for products of angular
momentum states can be applied to products of spin states or a combination of angular momentum
and spin states.

5.1 Matrix Representation of the group SO(3)

In the following we provide a brief introduction to the group of three-dimensional rotation matrices.
We will also introduce the generators of this group and their algebra as well as the representation
of rotations through exponential operators. The mathematical techniques presented in this section
will be used throughout the remainder of these notes.

97
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Properties of Rotations in Ry

Rotational transformations of vectors i € Ry, in Cartesian coordinates 7 = (z1, 2, 23)7, are linear
and, therefore, can be represented by 3 x 3 matrices R(zg')7 where ¥ denotes the rotation, namely
around an axis given by the direction of ¥ and by an angle |19] We assume the convention that
rotations are right-handed, i.e., if the thumb in your right hand fist points in the direction of 5,
then the fingers of your fist point in the direction of the rotation. J parametrizes the rotations
uniquely as long as |J| < 2.
Let us define the rotated vector as
= R 7 . (5.1)
In Cartesian coordinates this reads
3
[RNwjz; k=1,2,3 . (5.2)
j=1

Rotatlons conserve the scalar product between any pair of vectors @ and l_;, i.e., they conserve
b= Z] 1 @;bj. It holds then

3 3
' = Y [RO)w[ROD)jearbe = Y ajb; (5.3)
7,k 0=1 j=1
Since this holds for any @ and l;, it follows
3 - —
> ROk [ROD)]je = 6k - (5.4)
j=1
With the definition of the transposed matrix RT
[R"]jx = Ry (5.5)
this property can be written
RW)RTW) = RTW)R(W) = 1 . (5.6)

This equation states the key characteristic of rotation matrices. From (5.6) follows immediatety
for the determinant of R(J) using detA B = detAdetB and detAT = detA

detR(J) = +1 . (5.7)

Let us consider briefly an example to illustrate rotational transformations and to interpret the sign
of detR(J). A rotation around the zs-axis by an angle ¢ is described by the matrix

cosp —sing 0
R = (0,0,9)T) = £ sinp cosp 0 (5.8)
0 0 1

In case of a prefactor +1, the matrix represents a proper rotation, in case of a prefactor —1 a
rotation and an inversion at the origin. In the latter case the determinant of R(J = (0,0, ¢)7) is
negative, i.e. a minus sign in Eq.(5.7) implies that a rotation is associated with an inversion. In
the following we want to exclude inversions and consider only rotation matrices with detR = 1.
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Definition of the Group SO(3)
We will consider then the following set
SO(3) = {real3 x 3 matrices R; RRT = RTR = 1, detR = 1} (5.9)

This set of matrices is closed under matrix multiplication and, in fact, forms a group G satisfying
the axioms

(i) For any pair a, b € G the product ¢ = aob is also in G.
(ii) There exists an element e in G with the property Va € G — eoa = aoe = a.
(iii) Va, a € G — Ja~! € Gwithaoa™ = aloa = e.

(iv) For products of three elements holds the associative law
ao(boc) = (aob)oec.

We want to prove now that SO(3) as defined in (5.9) forms a group. For this purpose we must

demonstrate that the group properties (i-iv) hold. In the following we will assume R;, Ry € SO(3)

[1b)

and do not write out “o” explicitly since it represents the matrix product.
(i) Obviously, R3 = R1R» is a real, 3 x 3—matrix. It holds
RIRs = (RiRy))" RiRy= RIRTRIRy, = RI Ry, = 1. (5.10)
Similarly, one can show R3R3T = 1. Furthermore, it holds
detR3 = det(R; Ry) = detRydetRy = 1. (5.11)
It follows that Rj3 is also an element of SO(3).
(ii) The group element ‘e’ is played by the 3 x 3 identity matrix 1.

(iii) From detR; # 0 follows that R; is non-singular and, hence, there exists a real 3 x 3—matrix
Ry ! which is the inverse of R;. We need to demonstrate that this inverse belongs also to
SO(3). Since (BT = (RT)~! it follows

_ —_ _ _ -1 _
RyHTR' = (R))™'R{' = (RWR]) =1"'=1 (5.12)
which implies Ry ' € SO(3).

(iv) Since the associative law holds for multiplication of any square matrices this property holds
for the elements of SO(3).

We have shown altogether that the elements of SO(3) form a group.
We would like to point out the obvious property that for all elements R of SO(3) holds

Rt = RT (5.13)
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Exercise 5.1.1: Test if the following sets together with the stated binary operation ‘o’ form groups;
identify subgroups; establish if 1-1 homomorphic mappings exist, i.e. mappings between the sets
which conserve the group properties:

(a) the set of real and imaginary numbers {1,i, —1, —i} together with multiplication as the binary
operation ‘o’;

(b) the set of matrices { My, My, M3z, My}

HEDCGC D) e

together with matrix multiplication as the binary operation ‘o’;
(c) the set of four rotations in the x1, zo—plane {rotation by O°, rotation by 90°, rotation by 180°,
rotation by 270°} and consecutive execution of rotation as the binary operation ‘o’.

Generators, Lie Group, Lie Algebra

=,

We want to consider now a most convenient, compact representation of R(¥) which will be of
general use and, in fact, will play a central role in the representation of many other symmetry
transformations in Physics. This representation expresses rotation matrices in terms of three 3 x 3—
matrices Jy, Jo, J3 as follows

R(J) = exp<22§-j> (5.15)

Below we will construct appropriate matrices Ji, presently, we want to assume that they exist.
We want to show that for the property R RT = 1 to hold, the matrices

l
Ly = —=J 5.16
v = i (5.16)

must be antisymmetric. To demonstrate this property consider rotations with J = V€ where é
is a unit vector in the direction of the Cartesian k—axis. Geometric intuition tells us

R(Upér) ™" = R(—Vpéx) = exp(—0 Ly) (5.17)
Using the property which holds for matrix functions
(R = f(RT) (5.18)
we can employ (5.13)
R(Wpér) ™ = R(Wkéx)” = [exp (V) Li)]" = exp () L}) (5.19)
and, due to the uniqueness of the inverse, we arrive at the property
exp (95 L) = exp(—9 Ly) (5.20)

from which follows Lf = —L;.
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We can conclude then that if elements of SO(3) can be expressed as R = e, the real matrix A is
anti-symmetric. This property gives A then only three independent matrix elements, i.e., A must
have the form

0 a b
A=\ —a 0 ¢ |. (5.21)
b —c 0

It is this the reason why one can expect that three-dimensional rotation matrices can be expressed
through (5.15) with three real parameters 91, 92,93 and three matrices L, Lo, Ls which are inde-
pendent of the rotation angles.

We assume now that we parameterize rotations through a three-dimensional rotation vector J =
(91,02,93)" such that for J = (0,0,0)T the rotation is the identity. One can determine then the

matrices Ly defined in (5.15) as the derivatives of R(¢) with respect to the Cartesian components
V), taken at 9 = (0,0,0)”. Using the definition of partial derivatives we can state

Ly = lim 07! (R(ﬁ = (91,0,0)T) — 11) (5.22)

¥1—0

and similar for Ly and Ls.
Let us use this definition to evaluate L3. Using (5.8) we can state

costts —sintdsy 0 1 —d3 0
lim R[(0,0,93)T] = lim [ sinds cosv3 0 | = 93 1 0 |. (5.23)
Va0 B0\ o 0 1 0 0 1
Insertion into (5.22) for k = 3 yields
0 —v3 0 0 -1 0
Ly =93 [ 93 0 o] =[1 0 o0 (5.24)
0 0 0 0 0 0
One obtains in this way
; 00 0
% S =L =00 -1 (5.25)
01 0
‘ 0 01
i
% Jo = Ly = 0 00 (5.26)
-1 00
; 0 -1 0
% Js = L3 = 1 0 0 (5.27)
0 0 0

The matrices Ly are called the generators of the group SO(3).

Exercise 5.1.2: Determine the generator L; according to Eq.(5.22).
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Sofar it is by no means obvious that the generators Ly allow one to represent the rotation matrices
for any finite rotation, i.e., that the operators (5 15) obey the group property. The latter property
implies that for any 191 and 192 there exists a 193 such that

exp(—%ﬁyf) exp<—%q2'j> = eXp(-%ﬁ?)'j) (5.28)

The construction of the generators through the limit taken in Eq. (5.22) implies, however, that
the generators represent infinitesimal rotations with 1 >> \5| around the -, x9-, and x3-axes.
Finite rotations can be obtained by applications of many infinitesimal rotations of the type R(ﬁ =
(€1,0,0)T) = exp(e1L1), R(J = (0, €2,0)T) = exp(eaLs) and R(J = (0,0, e3)T) = exp(esLs). The
question is then, however, if the resulting products of exponential operators can be expressed in
the form (5.15). An answer can be found considering the Baker-Campbell-Hausdorf expansion

exp(AA)exp(AB) = eXp(Z A\ Zn) (5.29)

where Z1 = A + B and where the remaining operators Z,, are commutators of A and B, com-
mutators of commutators of A and B, etc. The expression for Z,, are actually rather complicated,
e.g. Zo = 3[A, B, Z3 = 5 ([A, [4, B]] + [[A, B], B]). From this result one can conclude that
expressions of the type (5.15) will be closed under matrix multiplication only in the case that
commutators of L; can be expressed in terms of linear combinations of generators, i.e., it must

hold
[Lk, Li] Z Jrem Lm (5.30)

Groups with the property that their elements can be expressed like (5.15) and their generators
obey the property (5.30) are called Lie groups, the property (5.30) is called the Lie algebra, and
the constants frem, are called the structure constants. Of course, Lie groups can have any number
of generators, three being a special case.
In case of the group SO(3) the structure constants are particularly simple. In fact, the Lie algebra
of SO(3) can be written

[Lka Ld = €kom Lm (531)

where €y, are the elements of the totally antisymmetric 3-dimensional tensor, the elements of

which are
if any two indices are identical

fork=1,=2,m=3
for any even permutation of k =1,/ =2,m =3
—1 for any odd permutation of k=1, =2, m =3

€htm = (5.32)

— = O

For the matrices J;, = thLj; which, as we see later, are related to angular momentum operators,
holds the algebra

[T, Ji| = iherom Jm - (5.33)

We want to demonstrate now that exp(ﬁ : E) yields the known rotational transformations, e.g., the
matrix (5.8) in case of ¥ = (0,0,)T. We want to consider, in fact, only the latter example and
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determine exp(¢Ls). We note, that the matrix pLs, according to (5.27), can be written

0 —
pLs = 4 , A-gp(o 1> . (5.34)
0 0 0 1 0

One obtains then for the rotational transformation

A 0 1 0 O oo1 A 0 v
exp 0 = 0 1 0 +Z—' 0
0 0 0 — Y \o 0o o
0O 0 1 v=1
1 0 O 0
1 v 0
Y +Z_<A o)
vl
0 0 1 v=1 0 0 0

o0 1 v O A 0
— [ ZzeuA o Y= ¢7 o ). (5.35)
0 0 1 00 1

To determine expA = Y 77| AY/v! we split its Taylor expansion into even and odd powers

1 1
A 2n 2n+1
= E —— A" 4+ E — A . 5.36
‘ (2n)! — (2n+1)! (5:36)

2

0 -1 1 0

(1 o)‘(o 1) (5:37)
allows one to write

(L) e (1) (0 e (P) e

and, accordingly,

The property

o0 oo
A (=)™ 9, (1 0 (D" onp1 [0 -1

= —_ : 5.39
¢ 2(271)!@ 0 1 +Z(2n+1)!*p 1 0 (5-39)

n=0 n=0

Recognizing the Taylor expansions of cos ¢ and sin ¢ one obtains
et = < cosp —smY ) (5.40)
sing  cosy

and, using (5.34, 5.35),
cosp —singp 0
efls = sing cosep 0 (5.41)
0 0 1

which agrees with (5.8).

Exercise 5.1.3: Show that the generators Ly of SO(3) obey the commutation relationship (5.31).
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5.2 Function space representation of the group SO(3)

In this section we will investigate how rotational transformations act on single particle wavefunctions
(7). In particular, we will learn that transformation patterns and invariances are connected with
the angular momentum states of quantum mechanics.

Definition

We first define how a rotational transformation acts on a wavefunction ¢ (7). For this purpose we
require stringent continuity properties of the wavefunction: the wavefunctions under consideration
must be elements of the set Co (J), i.e., complex-valued functions over the 3-dimensional space R

=,

which can be differentiated infinitely often. In analogy to R(¢) being a linear map Ry — Ry, we

-,

define rotations R(1) as linear maps Coo () — Coo (), namely

=, —,

RWO)(7) = »(R(I)7) . (5.42)

=, -,

Obviously, the transformation R(¥): Coo(l) — Co(F) is related to the transformation R(19):
Ry — Ry, a relationship which we like to express as follows

R = p (R(J)) . (5.43)
p( ) conserves the group property of SO(3), i.e. for A, B € SO(3) holds
W(AB) = p(A)p(B) . (5.44)

This important property which makes p( SO(3) ) also into a group can be proven by considering

—

p(ROVRW)) 0™ = w([R@) R(W)] ) (5.45)
= SR ROV = p(RW)) w(R@G)) ) (5.46)
= p(RO) p(RW2)) v(7) (5.47)

Since this holds for any ¢ (7) one can conclude p (R(gl)) p (R(ﬁg)) =p (R(ﬁl) R(ﬁg)), i.e. the
group property (5.44) holds.

-, =,

Exercise 5.2.1: Assume the definition p’ (R( )) () = Y(R(Y) 7). Show that in this case holds
J(AB) = p(B) p/(A).

Generators

=,

One can assume then that R(J) should also form a Lie group, in fact, one isomorphic to SO(3)
and, hence, its elements can be represented through an exponential

R = exp<—%ﬁ-f> (5.48)
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where the generators can be determined in analogy to Eq. (5.22) according to
17 = lim o7 (R(ﬁ = (=01,0,0)7) — 1) (5.49)
h Y¥1—0

(note the minus sign of —¢; which originates from the inverse of the rotation in Eq.(5.42)) and
similarly for Jo and Js.
The generators J; can be determined by applying (5.49) to a function f(7), i.e., in case of Js,

2T () = Jim 9yt (RGT = 0,0,09)7) /() — (7))

¥3—0

J
= Jim 957 (F(R(0,0,=V3)7) = f(7)) - (5.50)

Using (5.23, 5.24) one can expand

1 93 0 T x1 + V32
R(O, 0, —’193) TR -3 1 0 ) = —t3r1 + T . (5.51)
0 0 1 3 T3

Inserting this into (5.50) and Taylor expansion yields

S BIE) = Jm 05 (S0 + Dm0 (0) — G Baf(@) — 1)
= (ZEQ 31 — I 32) f(TT) . (5.52)

Carrying out similar calculations for J; and J5 one can derive

7

—%jl = 56332 - .Tgag (5'53)
—%jg = .%'163 — .%3(91 (5.54)
—%jg = 56261 - .’Elag . (555)

Not only is the group property of SO(3) conserved by p( ), but also the Lie algebra of the generators.
In fact, it holds
(T, Te) = iherom Tm - (5.56)

We like to verify this property for [J1, J2]. One obtains using (5.53-5.55) and f(7) = f

[T1, Jo) f(7) = =h? [=4T1, =1 Ta] f(P) = —h? x
[ (2302 — @203) (x103f — w301 f) — (2105 — 2301) (2302f — 2205f) |
= —h2 [ 411230203 f — {L‘1:L'28§f — $§8182f + x0x30103f + w201 f
—x102f — 21230203 f +$§3132f +5L”19323§f —$2l’33133f]
= —h2 (2201 — 1109) f(7) = RT3 (7). (5.57)

Exercise 5.2.2: (a) Derive the generators Ji, k = 1,2 by means of limits as suggested in Eq. (5.49);
show that (5.56) holds for [ 72, J3] and [J3, Ji]-
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Exercise 5.2.3: Consider a wave function ¢ (¢) which depends only on the azimutal angle ¢ of the
spherical coordinate system (r, 0, ¢), i.e. the system related to the Cartesian coordinates through
x1 = rsinfcos¢, ro = rsinfsing, and r3 = rcosd. Show that for [J3 as defined above holds

exp('f J3) ¥(9) = ¥( + a).

5.3 Angular Momentum Operators

The generators J; can be readily recognized as the angular momentum operators of quantum
mechanics. To show this we first note that (5.53-5.55) can be written as a vector product of 7 and

\Y
——J = —-Fx V. (5.58)

" h ~
j:f’xzvzfxﬁ (5.59)

which, according to the correspondence principle between classical and quantum mechanics, iden-
tifies 7 as the quantum mechanical angular momentum operator.

Equation (5.56) are the famous commutation relationships of the quantium mechanical angular
momentum operators. The commutation relationships imply that no simultaneous eigenstates of
all three J;, exist. However, the operator

J? = JE + T3 + T} (5.60)
commutes with all three Ji, k =1,2,3, i.e.,
(T3 J] =0, k=1,2,3. (5.61)

We demonstrate this property for £ = 3. Using [AB,C] = A[B,C] + [A,C]|B and (5.56) one
obtains

7% T5) = [JE + T3, T3] (5.62)
= NNh.Js| + [T, B + T2 T2y Ts| + [T, T3] T2
= —hJ1Je — b1 + ihJeJ1 + ihJ1Je = 0

According to (5.61) simultaneous eigenstates of J2 and of one of the Jj, usually chosen as 73, can
be found. These eigenstates are the well-known spherical harmonics Yy, (6, ¢). We will show now
that the properties of spherical harmonics

T*Yim(0,0) = B+ 1) Yin(0,0) (5.63)
j3 Yém(&‘ﬁ) = ﬁngm(G,(ﬁ) (5'64)

as well as the effect of the so-called raising and lowering operators

Je = £iM (5.65)
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on the spherical harmonics, namely,

Tt Yo (0,0) = h/(E+m+1)(0 —m) Yoy (0, 9) (5.66)
T Yu®,6) =0 (5.67)
T Yums1(0,0) = h/(€+m+1)({ —m) Y (0, 9) (5.68)
T-Yie(0,6) =0 (5.69)

are a consequence of the Lie algebra (5.56). For this purpose we prove the following theorem.

An Important Theorem

Theorem 1.1 Let Ly, k = 1,2,3 be operators acting on a Hilbert space H which obey the algebra
[Li, Le] = €pom L and let Ly = Ly & iLy, L? = L2 + L3 + L3. Let there exist states |[(£) in
H with the property

L, |te) =0 (5.70)
Ls|tty = —it|ee) (5.71)

then the states defined through
L_|tm+1) = —ifBy[fm) (5.72)

have the following properties

(i) Lyltm) = —iamy[fm+1) (5.73)
(i) Ls|lm) = —iml|lm) (5.74)
(iii) L?|fm) = —L(L+1)[{m) (5.75)

To prove this theorem we first show by induction that (i) holds. For this purpose we first demon-
strate that the property holds for m = ¢ — 1 by considering (i) for the state L_[¢f) ~ [¢¢ —1). Tt
hOldS L+L7|££> = (L+L, — L,L+ + L,L+)|£ f> = ([L+,L,} + L,L+)|€ £> Notlng [L+,L7] =

[L1 +iLo, L1 —iLo] = —2iL3 and Ly |¢ £) = 0 one obtains Ly L_[|0f) = —2iLs|tl) = —2¢0]¢0),
i.e., in fact, Ly raises the m-value of [¢¢ — 1) from m = ¢ —1 to m = {. The definitions of the
coefficients ay_1 and By yield Ly L_|00) = Li(ifp—1|0l —1) = —ay_18e—1 |tL), i.e.

(nglﬁgfl =20 . (*) (576)

We now show that property (i7) also holds for m = ¢ — 1 proceeding in a similar way. We note
L3L,w€> = ([Lg,Lf] + Lng) |€€> Using [Lg,L,] == [Lg,Ll — ZLQ] = L2 + iLl = Z(L1 —
iLo) = iL_ and L3|¢l) = —il|tl) we obtain LsL_[¢) = (iL_ + L_L3)|tl) = i(—¢+ 1) L_¢L).
From this follows that L_|¢¢) is an eigenstate of L3, and since we have already shown |0/ — 1) =
(iBe—1)"LL_|¢) we can state L3|0f — 1) = —i(f —1)|¢¢ — 1).

Continuing our proof through induction we assume now that property (i) holds for m. We will
show that this property holds then also for m — 1. The arguments are very similar to the ones
used above and we can be brief. We consider LyL_|¢m) = ([L4+,L_] + L_Ly)|fm) = (—2iL3 +
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L_Ly)|tm) = (=2m — aumfBm )|¢m). This implies that (i) holds for m — 1, in particular, from
LiL_|tm) = — aum—1Bm—1|¢fm) follows the recursion relationship

Om—1Pm-1 = 2m + apfm . (**) (577)

We will show now that if (i7) holds for m, it also holds for m — 1. Again the argumemts are similar
to the ones used above. We note L3L_|¢m) = ([Ls,L_] + L_L3)|¢m) = (iL_ —imL_)[{m) =
—i(m — 1) L_|¢m) from which we can deduce Ls|¢m — 1) = —i(m — 1)[fm — 1).

Before we can finally show that property (iii) holds as well for all —¢ < m < ¢ we need to determine
the coefficients oy, and [,,. We can deduce from (x) and (xx)

ap_ 101 =2
ag_20¢—2 =2({—1+1Y)
ay_300_3 :2(6—24—6—1 +£)

Obviously, it holds a5, = 2 <Z£:m I k:) Using the familiar formula >°)_  k = n(n+1)/2

one obtains

amfBm = L+l — (m+1)m = L+1)0 +ml —Im — (m+1)m
= (+m+ 1) —m) (5.78)
One can normalize the states [¢m) such that o, = [, i.e., finally
m = Bm = VUl +m+ 1) —m). (5.79)
We can now show that (iii) holds for all proper m-values. We note that we can write L? =
%L+1L_ + $L_Ly + L3. 1t follows then L%fm) = — (fam—1Bm-1 + 2emBn + m?) [tm) =
— (3(+m+1)(f —m)
+1(l+m)({ —m+1) + m?) = —£(¢+ 1)|¢m). This completes the proof of the theorem.
We note that Eqs. (5.70, 5.72, 5.73, 5.79) read
Liltm) = —i/({+m+ 1) —m)[m+1) (5.80)
L_|tm+1) = —i/(l +m+1)(f —m) |tm) , (5.81)

i.e., yield properties (5.66, 5.69).

We will have various opportunities to employ the Theorem just derived. A first application will
involve the construction of the eigenstates of the angular momentum operators as defined in (5.63,
5.64). For this purpose we need to express the angular momentum operators in terms of spherical
coordinates (7, 6, ¢.

Angular Momentum Operators in Spherical Coordinates

We want to express now the generators J, given in (5.53-5.55), in terms of spherical coordinates
defined through
1 = rsinfcos¢ (5.82)
Tg = rsinfsing (5.83)
x3 = rcosf (5.84)
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We first like to demonstrate that the generators Jj, actually, involve only the angular variables 0
and ¢ and not the radius r. In fact, we will prove

) . 0 0
_ﬁjl =L = Slan)% + cott%osqba—qs (5.85)
g — Ly = s + cotfsingl (5.86)
2 =Ly = cos 50 cotfs 99 .
) 0
_ﬁjg — Ly = — % ) (5.87)

To derive these properties we consider, for example, £1f(0,¢) = (2302 — 2203)f(0,¢). Using
(5.82-5.84 ) one obtains, applying repeatedly the chain rule,

L1f(0,¢) = (2302 — x203) f(0,0) (5.88)

B Oxe/x1 O oxg/r 0
o (;1:3 Ory Otano + Oxg 0dcosb (5-89)

81‘2/331 9 Oxs/r 9 )f(0,¢)

— T2 a$3 dtan ¢ L2 Oxrz Ocosl

=0

2 2 2
_ <x3 0 x5x2 0 B x2x1 + x5 0 >f(9,¢)) (5.90)

z1 Otang 13 Dcosf r3  OQcosb

This yields, using 9/0tan¢g = cos?¢9/0¢ and 9/0cosh = —(1/sind) /08,

cos 0 5, 0
ﬁlf(e, ¢) = ( m COS % + (591)
COS2HSiHHSin¢g sinfsing . 5, 0

e 7

which agrees with expression (5.85).
We like to express now the operators J3 and J2, the latter defined in (5.60), in terms of spherical
coordinates. According to (5.87) holds

h

Ty = =05 (5.92)
To determine J2 we note, using (5.85),
0 9\’
2 _ o 9 =
(L1)" = <smd>80 + cotd COS¢8¢>
2 2
= sin%ﬁ% — ﬁsinqﬁcosd)({% + 2cotf sing cos¢ 8988¢

82

35 (5.93)

+ cotf cos? % + cot?f cos?¢

and similarly, using (5.86),

2
(L2)? = <—cos¢% + cot# sin¢ %)
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9? 1 2
= COSQ(Z)W + msinqﬁcow% — 2cotf sing cosp 9095
+ cotf sin?¢ 9 + cot?@sin’¢p 8—2 (5.94)
00 d? '
It follows
(£1)* + (L2)* + (£ )2—8—2+c0t03+(cot29+1)8—2 (5.95)
! 2 VT 002 a0 9p? '
With cot?6 + 1 = 1/sin6,
1 0 0 0? 0
—— | sinf — ingd — | = — t0 — 5.96
sinZ0 <Sm ae) (Sm ae) 96z T %o (5.96)
and the relationship between £ and Jj as given in (5.85, 5.86, 5.87), one can conclude
h? a\> 9
2 .
= — 0 — — | . 5.97
J sin6 [ (sm 00) + O¢? ] (5.97)
Kinetic Energy Operator The kinetic energy of a classical particle can be expressed
) 2 2
p_ _ p_’r Jclass
2m  2m * 2m 12 (5-98)
where fclass = 7 X m¥ is the angular momentum and p, = ms is the radial momentum. The
corresponding expression for the quantum mechanical kinetic energy operator is
. h? n? 1 92 J?
T - g2 2 Y A 5.99
2mv 2mrar2r+ 2mr?’ (5.99)
which follows from the identity
#? 29 1 8\> 8
2 .
- Y 4,2 - o — - 5.100
v o2 T e T r2sin6 [(sm 39) * 8¢2] ( )
1 62 0? 2 0
- — = — 4+ - = 5.101
rorz’ or2  ror ( )

and comparision with (5.97).

5.4 Angular Momentum Eigenstates

According to the theorem on page 107 above the eigenfunctions (5.63, 5.64) can be constructed as
follows. One first identifies the Hilbert space H on which the generators L operate. The operators
in the present case are £ = —%Jk where the Jj, are differential operators in 6 and ¢ given in (5.85,
5.86, 5.87). These generators act on a subspace of C (¥), namely on the space of complex-valued
functions on the unit 3-dim. sphere Sy, i.e. Coo(Sg). The functions in C(Sg) have real variables
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0,9,0 <0 <m0 < ¢ < 27w, and to be admissable for description of quantum states, must be
cyclic in ¢ with period 27. The norm in H is defined through

P = /S a1 (9, 6)1(6, 9) (5.102)

where d) = sinf df d¢ is the volume element of S;. The function space endowed with this norm
and including only functions for which the integral (5.102) exists, is indeed a Hilbert space.

The eigenfunctions (5.63, 5.64) can be constructed then by seeking first functions Yy (6, ¢) in H
which satisfy £,Yy(0,¢) = 0 as well as L3Yp(0,9) = —il Yy(0, ¢), normalizing these functions,
and then determining the family {Yz,,(0,¢),m = —¢,—¢+1,...,¢} applying

L Yims1(0,6) = —in/T+m+ D)€ = m)Yin (0, 0) (5.103)
iteratively for m =/¢ — 1,0 —2,...,—F¢. One obtains in this way
{—m
Vonl6,6) = AlL,m) (ﬁj_) Yia(6. ) (5.104)
(€ + :
m)
A(l,m) [ 0 = m) ] (5.105)

Constructing Yy, — Yy 1 —— - Yy

We like to characterize the resulting eigenfunctions Yz, (6, ¢), the so-called spherical harmonics, by
carrying out the construction according to (5.104, 5.105) explicitly. For this purpose we split off
a suitable normalization factor as well as introduce the assumption that the dependence on ¢ is
described by a factor exp(ima)

20+1(0—m)!

Yim(0,¢) = B P prapesT Py (cosh) e (5.106)

It must hold
Ly Yyd,0) = 0 (5.107)
L3Yu(0,0) = —ilYy(0,9). (5.108)

The latter property is obviously satisfied for the chosen ¢-dependence. The raising and lowering

operators
Ly =L £iLly, (5.109)

using (5.85-5.87), can be expressed

Lo = Fiet? ((59 + zcot@%) . (5.110)

Accordingly, (5.107) reads

0 0 ity _
<% + icotf 6¢> Pyy(cosh) e™® = 0 (5.111)
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or
0
(% — Ecot@) Pyy(cos) = 0 (5.112)
where we employed the definition of Py(cosf) in (5.107). A proper solution of this equation, i.e.,
one for which -
/ d6 sind | Py (cosh)|? (5.113)
0
is finite, is
Py(cosf) = Nysin®6 (5.114)
as one can readily verify. The normalization factor NNy is chosen such that
™
/ dfsind |Yye(cosh)|? = 1 (5.115)
0
holds. (5.106, 5.114) yield
20+1 1 4
N2 == —=2 dosin® o = 1. 5.116
] ”/o sin (5.116)

The integral appearing in the last expression can be evaluated by repeated integration by parts.
One obtains, using the new integration variable x = cos#,

™ +1
/ df sin**19 = / dr (1 — 22)*
0

-1
+1 +1
= {x (1 - xQ)q_l + 20 /1 dea? (1 — 2z2)% !

3 +1 ) _ +1
Y [x_ 1 - x2)4—1} + 20-(2¢-2) / drzt (1 — 22)2
3 B 13/,

(20— 9)... +1
20 (20— 2) 2/ a2t
1-3-5---(20—1) ),

2-(20—-2)---2 2 (20)! 2

= = 5.117
1-3-5---(20—1)20+1 [1-3-5---(20—1)]Z20+1 (5.117)

Accordingly, (5.116) implies

1
NoJ? =1 5.118
[Nl [1-3-5---(20—1)2 ( )
from which we conclude

Ny = (-1)%1-3-5---(20-1) (5.119)

where the factor (—1)¢ has been included to agree with convention'. We note that (5.106, 5.114,
5.119) provide the following expression for Yy

2+1 1 1, .
¢ ppe W 2£—€‘ smzﬂe tp . (5120)

1See, for example, ”Classical Electrodynamics, 2nd Ed.” by J.D. Jackson (John Wiley, New York, 1975)

Yee(0,9) = (=1)




5.4: Angular Momentum FEigenstates 113

We have constructed a normalized solution of (5.106), namely Yz (6, ¢), and can obtain now, through
repeated application of (5.103, 5.110), the eigenfunctions Yz, (0, ¢), m = £—1, £—2, ... —{ defined
n (5.63, 5.64). Actually, we seek to determine the functions P, (cos ) and, therefore, use (5.103,
5.110) together with (5.106)

o 0 0 20+1(f—m—1)! ,
id - i(m+1)¢p
ie <— zcot@—) \/ JE Ta— Pyny1(cosf)e

00 0o

= —iv/{l+m+1)(l—m) \/264—; ! Eﬁ " Zi: Poy(cos ) €™, (5.121)

This expressions shows that the factor e/, indeed, describes the ¢-dependence of Yy,, (0, ¢); every
application of £_ reduces the power of ¢’® by one. (5.121) states then for the functions Py, (cos )

(% + (m+1) cot@) Pppgi(cosf) = —(l+m+1) (£ —m) Ppy(cosh) . (5.122)

The latter identity can be written, employing again the variable x = cos#,

Ppo(z) = (£+m+_11) T (5.123)
10 x
x | —(1—a? )28_ (m—i—l)m Prpii(x) .

We want to demonstrate now that the recursion equation (5.123) leads to the expression

1 (£+m) w0

8 (C 1 ) g 1) (5.124)

Py (x) =
called the associated Legendre polynomials. The reader should note that the associated Legendre

polynomials, as specified in (5.124), are real. To prove (5.124) we proceed by induction. For m = ¢
(5.124) reads

Py(z) = % (1-— .732)7% (x2 — 1)Z
= (=1)f1-3.5---(20—1) sin0 (5.125)

which agrees with (5.114, 5.119). Let us then assume that (5.124) holds for m + 1, i.e.,

1 (+m+1) gy mi1 QL '
Pania(@) = sip == 0 =7 7 g @ -1 (5.126)
Then holds, according to (5.123),
-1 ({+m)! 10 x
P, = — — | —(1- - 1) ——
() ot (=t | (T, >(1_x2)§ X
_mp1 9l
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By means of

10 Cmal 8€—m—1
—(l—xQ)Q%(l—xz) 2 =1 (2 1)£
m aﬂ—m
= —a- @y
T Cmil aﬁ—m—l

one can show that (5.127) reproduces (5.124) and, therefore, that expression (5.124) holds for m if
it holds for m + 1. Since (5.124) holds for m = ¢, it holds then for all m.
We want to test if the recursion (5.123) terminates for m = —/, i.e., if

L_Yu(0,¢) = 0 (5.129)

holds. In fact, expression (5.124), which is equivalent to recursive application of £_, yields a
vanishing expression for m = —¢ — 1 as long as ¢ is a non-negative integer. In that case (1 — 22)*
is a polynomial of degree 2¢ and, hence, the derivative 921 /9x2+1 of this expression vanishes.

Constructing Y,y — Yy o411 — - Yy

An alternative route to construct the eigenfunctions Yy, (6, ¢) determines first a normalized solution
of

L_f(0,0) = 0 (5.130)

identifies f(0,¢) = Yy_¢(0,¢) choosing the proper sign, and constructs then the eigenfunctions
Yi—vo41, Yo_oso, etc. by repeated application of the operator £,. Such construction reproduces
the eigenfunctions Yy, (6, ¢) as given in (5.106, 5.124) and, therefore, appears not very interesting.
However, from such construction emerges an important symmetry property of Yz, (6, ¢), namely,

thn(ea¢) = (_1)m Y'Efm(ea¢) (5.132)

which reduces the number of spherical harmonics which need to be evaluated independently roughly
by half ; therefore, we embark on this construction in order to prove (5.132).
We first determine Y;_,(6, ¢) using (5.106, 5.124). It holds, using x = cos#,

11 gt 0%
Pee@) = 55 G (1 =27)°

Nl

(z® —1)*. (5.133)

Since the term with the highest power of (22 — 1)* is 2%, it holds

8% ) '
and, therefore,
1 L
Py_y(x) = 57 (1—a?)2 . (5.135)
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Due to (5.106, 5.124) one arrives at

2+1 1 1 o i
Ar M QZ—E' sin“fe . (5136)

YZ—E(G’ ¢) =

We note in passing that this expression and the expression (5.120) for Yy, obey the postulated
relationship (5.132).

Obviously, the expression (5.136) is normalized and has the proper sign, i.e., a sign consistent with
the family of functions Yy, constructed above. One can readily verify that this expression provides
a solution of (5.129). This follows from the identity

9 , 9 0 —ilp
<80 i cotd 8¢> sin® O e =0. (5.137)

One can use (5.136) to construct all other Yy,,(6,¢). According to (5.80) and (5.110) applies the
recursion

) 0 0
it (% N z’cot&a—(z)) Yo (0,6) = /(T m £ 1) —m) Yoms1 (6, 6) (5.138)

Employing (5.106), one can conclude for the associated Legendre polynomials

(L—=m)! (0
@Tm) (% - mcot«9> Py (cos )
=Vl +m+ 1)l —m) % Ppy1(cos0) (5.139)
Pppai(cosf) = (% - mcot0> Py (cosB) . (5.140)

Introducing again the variable z = cosf leads to the recursion equation [c.f. (5.122, 5.123)]

0 T
i mi(1 _x2)% ) Py (z) . (5.141)

=

Pimi(2) = (—(1 —a?)

We want to demonstrate now that this recursion equation leads to the expression

_1\m {+m
Py (z) = ( elg), (1—z2)% o~ — 1) (5.142)

gt (7

For this purpose we proceed by induction, following closely the proof of eq. (5.124). We first note
that for m = —/ (5.142) yields

Pedw) = CV 0ot oy = Lo (5.143)
—¢\T ' X X X .

2001
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wich agrees with (5.135). We then assume that (5.142) holds for m. (5.141) reads then

Prmt1(z) = (5.144)
Replacing in (5.128) m + 1 — —m or, equivalently, m — —m — 1 yields
- L a—ant Loy
- (-2 % (a® — 1)
+mﬁ(l—x2)? ;;%. (5.145)
Hence, (5.144) reads
Pania(e) = S oty T 2y, (5.146)

i.e., (5.142) holds for m + 1 if it holds for m. Since (5.142) holds for m = —¢ we verified that it
holds for all m.

The construction beginning with Y, , and continuing with Y,_py1, Yy sy, etc. yields the same
eigenfunctions as the previous construction beginning with Yy, and stepping down the series of
functions Y1, Ye_o, etc. Accordingly, also the associated Legendre polynomials determined this
way, i.e., given by (5.142) and by (5.124), are identical. However, one notes that application of
(5.124) yields

_1\ym m +m
Comlp @ = CD -0t 2

o (x> —1)%, (5.147)

Oxttm

the r.h.s. of which agrees with the r.h.s. of (5.142). Hence, one can conclude

(£ —m)!

Py (z) = (—1)mm

Pp_p(z) . (5.148)
According to (5.106) this implies for Yy, (6, ¢) the identity (5.132).

The Legendre Polynomials

The functions
Py(z) = Pul(z) (5.149)

are called Legendre polynomials. According to both (5.124) and (5.142) one can state

1o,

l

Py(x) =
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The first few polynomials are

Py(x) = 1, Pi(z) = =, Py(z) = (32 — 1)
P3(z) = % (52 — 3a) : (5.151)

Comparision of (5.150) and (5.142) allows one to express the associated Legendre polynomials in
terms of Legendre polynomials

Pyp(z) = (-1)™ (1 —m2)% 383;771 Pyxz), m >0 (5.152)
and, accordingly, the spherical harmonics for m > 0
2041 (£ —m)! )
N7 — —1)™ sin™ 1
m (0, ) \/ I () (—=1)™ sin™ 0 x (5.153)

o \" ;
imeo
X <8cos0> Py(cos@)e™? .

The spherical harmonics for m < 0 can be obtained using (5.132).

The Legendre polynomials arise in classical electrodynamics as the expansion coefficients of the
electrostatic potential around a point charge ¢q/|™ — 7| where ¢ is the charge, 7 is the point where
the potential is measured, and 7 denotes the location of the charge. In case ¢ =1 and |r| < ||
holds the identity?

oAl r2| Z f“ Py(cosy) (5.154)
=0

where 7 is the angle between 7 and 7. Using x = cos~y, t = rg/r1, and

‘Fl — F2| =nrmVv1: -2zt + t2, (5155)

(5.154) can be written

w(z,t) =

Pu(a) t . 5.156
V1= 22t 1 &2 Z o (5.156)

w(w,t) is called a generating function of the Legendre polynomials®.
The generating function allows one to derive useful properties of the Legendre polynomials. For
example, in case of z = 1 holds

1 1 >
1.t) = = = th 1
w(l, 1) — - 1% Z_: (5.157)

Comparision with (5.156) yields

P(1) =1, €£=012,... (5.158)

Zsee, e.g., ”Classical Electrodynamics, 2nd Ed.” by J.D. Jackson (John Wiley, New York, 1975), pp. 92

3To prove this property see, for example, pp. 45 of “Special Functions and their Applications” by N.N. Lebedev
(Prentice-Hall, Englewood Cliffs, N.J., 1965) which is an excellent compendium on special functions employed in
physics.
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For w(z,t) holds
Olnw(z,t) x —t
ot 1 - 2xt + 2
Using dlnw/dt = (1/w) Ow/dt and multiplying (5.159) by w(1 — 2xt + t2) leads to the differential
equation obeyed by w(z,t)

(5.159)

dw

_ 2
(1 2xt—|—t)at

+ ({t—x)w =0. (5.160)

Employing (5.156) and (9/0t) >_, Pi(x)t* = >, ¢P(z)t*"! this differential equation is equivalent
to

(1 — 2zt + t?) im(m) 7t (- x) in(m) t“ =0 (5.161)
=0 =0

Collecting coefficients with equal powers t¢ yields
0 = Pi(z) — zPy(x) (5.162)

+ D [+ 1) Prya(z) — 20+ Da Py(z) + £Ppy(z)] ¢t
=

—_

The coefficients for all powers t* must vanish individually. Accordingly, holds

Pi(z) = zPy(x) (5.163)
(L + 1)Pryr(z) = (20 + 1) axPy(x) — LP_q1(x) (5.164)

which, using Py(z) = 1 [c.f. (5.151)] allows one to determine Py(z) for £ = 1, 2, .. ..

Inversion Symmetry of Y;,,(0,6) Under inversion at the origin vectors * are replaced by — 7.
If the spherical coordinates of 7 are (r,0,¢), then the coordinates of —7 are (r,m — 0,7 + ¢).
Accordingly, under inversion Yz, (6, ¢) goes over to Yy, (m — 0,7 + ¢). Due to cos(m —6) = — cosf
the replacement 7 — —7 alters Py, (x) into Py, (—x). Inspection of (5.142) allows one to conclude

Ppp(—2) = (1) Py () (5.165)
since 9" /0(—z)" = (—1)"0"/0x™. Noting exp[im(m + ¢)] = (—1)"exp(im¢) we determine
Yom(7 = 0,7+ 9) = (=1)f Yom(6,9) - (5.166)
Properties of Y, (0, ¢)
We want to summarize the properties of the spherical harmonics Yp,, (6, ¢) derived above.

1. The spherical harmonics are eigenfunctions of the angular momentum operators

T Yeu(0,6) = WL+ 1) Yo (6, 0) (5.167)
ToYim(0,6) = hmYin(0,9) . (5.168)
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2. The spherical harmonics form an orthonormal basis of the space Cy,(S2) of normalizable,
uniquely defined functions over the unit sphere S5 which are infinitely often differentiable

s 2m
/ sin 6d6 / dgfﬂ/;m/(e, gf)) Ykm (0, gf)) = 5g/g5m/m .
0 0

3. The spherical harmonics form, in fact, a complete basis of Cy(S2), i.e., for any f(

Coo(S2) holds
00 L
F0,6) = D D ComYum(0,0)
=0 m=—¢

T 2T
Com = /0 sin 0df /0 06 Yiin(0,6)1(6,6)

4. The spherical harmonics obey the recursion relationships

T Yem(0,0) = I/l +m+ 1) —m) Yoii(0,0)
J- }/Zm+1(97 ¢) = h \/(E +m+ 1)@ - m) }/Zm(ev ¢)

where J+ = J1 + iJs.

5. The spherical harmonics are given by the formula

2041 (0 —m)! (=1)™
Yim(0,0) = \/4—; EE msl(gég)l sin™ 6 x

8 <8cos0
where (£ =1,2,...)

Py(z) = 1, Pi(z) = =,
Ppyq(x) = ZJ%I [(20 + 1)x Py(x) — LPp_q(x)]

are the Legendre polynomials. The spherical harmonics for m < 0 are given by

Note that the spherical harmonics are real, except for the factor exp(ima).

6. The spherical harmonics Yy are

Vio(0,6) = | 2ot Pifeost)

7. For the Legendre polynomials holds the orthogonality property

+1 , 2
/_1 dx Py(z) P(0'(x) = 11 deer

) Py(cos0) €™ | m >0

(5.169)

0.9) €

(5.170)

(5.171)

(5.172)
(5.173)

(5.174)

(5.175)
(5.176)

(5.177)

(5.178)

(5.179)
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8. The spherical harmonics for § = 0 are

20+ 1
Yon(0 =0.6) = oo/ = — - (5.180)

9. The spherical harmonics obey the inversion symmetry
Yim(0,0) = (=1)'Yom(r — 0,7+ ¢) . (5-181)

10. The spherical harmonics for £ = 0, 1, 2 are given by

1
3 ,
Y = =g sin 0 e'¢ (5.183)
Yip = % cos 0 (5.184)
1 /15 ;
Yoo = \/oo sin? § 2% (5.185)
1 .
Yo = - 8_7? sin f cos 6 ' (5.186)
5 (3 1
Yoo = o <5 cos? @ — 5) (5.187)
together with (5.177).
11. For the Laplacian holds
16° (41
V) Yin0.0) = | 1o - L v sy

Exercise 5.4.1: Derive expressions (5.86), (5.87).
Exercise 5.4.2: Derive the orthogonality property for the Legendre polynomials (5.179) using the
generating function w(z,t) stated in (5.156). For this purpose start from the identity

+1 0 +1
/ drw(e P = 3 / daPy(x) Py () (5.189)

-1 00=0 -1

evaluate the integral on the Lh.s., expand the result in powers of ¢ and equate the resulting powers
to those arising on the r.h.s. of (5.189).
Exercise 5.4.3: Construct all spherical harmonics Y3,, (6, ¢).
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5.5 Irreducible Representations

We will consider now the effect of the rotational transformations introduced in (5.42),
exp (—%5 j), on functions f(6,¢) € Cs(Sg). We denote the image of a function f(6,¢)

under such rotational transformation by f 0,9), ie.,

F0.0) = exp (=377 ) 10.0). (5.190)

Since the spherical harmonics Yy, (0, ¢) provide a complete, orthonormal basis for the function
space Coo(Sg) one can expand

F0.0) = D com Yim(6,0) (5.191)
4m
Iy x 1o Lz oz rog
Ctm = /SdQ nm(97¢)exp<_ﬁﬁj>f(97¢) (5192)

One can also represent Co(Sk)
Coo(S) = [{Yun, £ = KW, ... 00, > = —0, L+, ... 0}] (5.193)

where [{ }] denotes closure of a set by taking all possible linear combinations of the elements
of the set. The transformations exp (—%J N ), therefore, are characterized completely if one
specifies the transformation of any Yz, (6, ¢)
Vultd) = 3 @], Yinl0.0) (5.194)
m

-,

[D(ﬁ) - /Sdgmm,(e,gb) exp<%5-j) Yim (0, 9) (5.195)

]E’m’;ﬁm

i.e., if one specifies the functional form of the coefficients [D(9)],,,,. s,- These coefficients can
be considered the elements of an infinite-dimensional matrix which provides the representation of

exp(—%ﬁ-j) in the basis {Yy,, £ = 0,1,...00,m = —{,—(+ 1, ... 0}

We like to argue that the matrix representing the rotational transformations of the function space
Coo(Sg), with elements given by (5.195), assumes a particularly simple form, called the irreducible
representation. For this purpose we consider the subspaces of Co,(Sg)

Xe = [{Yoo, > = —4,—0+W, ..., 0}] 0 =FKFE ... (5.196)
Comparision with (5.193) shows
Coo(Sk) = | X (5.197)
=k

The subspaces X; have the important property that (i) they are invariant under rotations
exp (—% J- j), i.e., exp (—% J- f) (X¢) = Xy, and (ii) they form the lowest dimensional sets X
obeying Co(Sg) = |J, X, which have this invariance property.
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The invariance of the subspaces X, under rotations follows from a Taylor expansion of the expo-
nential operator exp (—% J-T ) One proceeds by expanding first J- 7 in terms of T+, J-, and
J3 ) ) )

9T = 519_j+ + §ﬂ+j_ + Y373 (5.198)

where 9+ = 11 F ¥9. The exponential operator exp (—%5 j) can be expanded in powers
(%ﬂ,jJr + %19+j, + U¥3J3)". One employs then the commutation properties

[T+, T-] = 20T5, (T3, Tx] = £hJx (5.199)

which follow readily from (5.56, 5.65). Application of (5.199) allows one to express

iz 2 n n n,
exp<—ﬁ19-j> = > ey TPT TR (5.200)

ni,n2,n3

Accordingly, one needs to consider the action of J}"' 7""* 73" on the subspaces X;. Since the Yy, are
eigenfunctions of J3 the action of J3** reproduces the basis functions of Xy, i.e., leaves X, invariant.
The action of J_ on Yy, produces Yy,,_1 or, in case m = —/, produces 0, i.e., J"? also leaves
X¢ invariant. Similarly, one can conclude that J'' leaves X, invariant. Since any additive term

in (5.200) leaves X, invariant, the transformation exp (—% J-J ) leaves X, invariant as well. One

can conclude then that in the expansion (5.194) only spherical harmonics with ¢/ = ¢ contribute
or, equivalently, one concludes for the matrix elements (5.195)

-

O dﬂ%w,@exp(—— ‘f)nmw,@. (5.201)

Ss h

From expression (5.200) of the rotational transformations one can also conclude that the X, are
the smallest invariant subspaces of Coo(Sk).

If one orders the basis according to the partitoning (5.197) of Co(Sg) the matrix representation of
D(¥) assumes a block-diagonal form, with blocks of dimension 1,3,5, ..., i.e.,

1x1

3 x3

D) = (5.202)

(204 1) x (20+1)
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This representation of D(¥) is the one wich has blocks of the lowest dimensions possible. The
representation is referred to as the irreducible representation, other representations are termed
reducible representations.

Exercise 5.5.1: Representations of the group SO(2)

SO(2) is the set of all 2 x 2 matrices R which are orthogonal, i.e. for which holds RTR = RRT = 1
and for which detR = 1.

(a) Show that SO(2) with the group operation o defined as matrix multiplication, is a group.

(b) Prove that the elements of SO(2) can be completely characterized through a single parameter.
(c) Show that the map R(p)

x z cosp —sin x x
()= =(8 52 () = (5)
y Yy sing  cosy y Yy
defines a representation of SO(2).

(d) Show that the similarity transformation 7'(¢) defined in the space of non-singular, real 2 x 2—
matrices O through

)

0" = T(¢)O = R(p)OR ()

with R(y) as in (c) is also a representation of SO(2).
(e) In the space C*(¥) of infinitely often differentiable, and periodic functions f(«), i.e. f(a +
27) = f(«), the map p(p) defined through

Fl@) L g(e) = fla = ) = ple)f(a)

also defines a representation of SO(2). Determine the generator of p(¢) in analogy to (5.22, 5.49).
(f) The transformation p(p) as defined in (e) leaves the following subspace of functions considered
in (e)

Xn = {fla) = Ae7™* AcC,>c N}

invariant. Give the corresponding expression of p(p).

5.6 Wigner Rotation Matrices

We will now take an important first step to determine the functional form of the matrix elements
of D(1¥). This step reconsiders the parametrization of rotations by the vector J assumed sofar. The
three components ¥,k = 1,2,3 certainly allow one to describe any rotation around the origin.
However, this parametrization, though seemingly natural, does not provide the simplest mathe-
matical description of rotations. A more suitable parametrization had been suggested by Euler:

every rotation exp (—% J-J ) can be represented also uniquely by three consecutive rotations:
(i) a first rotation around the original zs—axis by an angle a,
(ii) a second rotation around the new z,—axis by an angle 3,

(iii) a third rotation around the new zj—axis by an angle .
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The angles «, 3, will be referred to as Euler angles. The axis ), is defined in the coordinate frame
which is related to the original frame by rotation (i), the axis x4 is defined in the coordinate frame
which is related to the original frame by the consecutive rotations (i) and (ii).

The Euler rotation replaces exp <—% J-F ) by
O R ot T ot LC (5.203)
For any ¥ € R¥ one can find Euler angles a, 8, v € R such that
exp (—% J- j) = e i e iBTs g hes (5.204)

is satisfied. Accordingly, one can replace (5.194, 5.195) by

Yin(0,6) = > D, B9 om Yem(6,0) (5.205)
o’
[D(aaﬁa'}/)]ﬁ’m/;ém = /S ds2 Yv;m’(a(rb) 6_%%]‘4’/6_%6% e_%aJ?’YYKm(eaqb) )
2
(5.206)

The expression (5.203) has the disadvantage that it employs rotations defined with respect to three
different frames of reference. We will demonstrate that (5.203) can be expressed, however, in terms
of rotations defined with respect to the original frame. For this purpose we notice that Jj can be
expressed through the similarity transformation

T = e w075 Jy ehols (5.207)

which replaces Jj by the inverse transformation (i), i.e., the transformation from the rotated frame
to the original frame, followed by Jo in the original frame, followed by transformation (i), i.e., the
transformation from the original frame to the rotated frame. Obviously, the Lh.s. and the r.h.s. of
(5.207) are equivalent. For any similarity transformation involving operators A and S holds

eSASTH = gt gt (5.208)

Accordingly, we can write _ _ _ _
e P = emnIs gm B2 grrvds (5.209)
The first two rotations in (5.203), i.e., (i) and (ii), can then be written

P74

e~ 1B emrads — gmpads o~ B2 (5.210)
The third rotation in (5.203), in analogy to (5.209), is
e~ = T iBIs i3 =iV g3 783 (5.211)
Using (5.209) in this expression one obtains

6*%')/]5/ — e*%an ef%ﬁJQ e%a]g e*%’at]g e*%’)’]g e%ajg 67%0&]3 e%,@]z e%ajg

= e i = T g7 B2 em iV B2 i3 (5.212)
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Multiplication from the left with (5.210) yields the simple result

e iV e~ 1Pl emhels = gmeds o3BT o113 , (5.213)
i.e., to redefine the three rotations in (5.203) with respect to the original (unprimed) frame one

simply needs to reverse the order of the rotations. This allows one to express the rotational
trasnformation (5.205, 5.206) by

Yom(0.0) = > [D(, 8.y om Yo (0, 0) (5.214)
o m!
[D(a, ﬁ77)]€’m’;€m = /5: df) Y;m/(e, qb) 6_%%]3 e—%ﬂh e—%%kygm(g7 gb) )
(5.215)

The evaluation of the matrix elements (5.215) benefits from the choice of Euler angles for the
parametrization of rotational transformations. The eigenvalue property (5.64) yields

[ 4256.0) €1 Yi0(0.0) = [ d925(6.6) Yin(6.6) (5.216)
52 52
Using, in addition, the self-adjointness of the operator [J3 one can state
| a0%i,0.0) i 0 p0.0) = e [ d0Y5,00.0) £0,0). (5.217)
So Sa

Accordingly, one can write

[D(Ck, ﬁ: 7)]€m;£/m’ — e_iﬂém, (/; dQ anl(e’ (Z)) 6_%ﬂ‘72 nm(ey ¢)> e—i'y’m 6“' (5218)

2

Defining the so-called Wigner rotation matrix
di)(8) = / QY (0, 0) €70 Yy (6, ) (5.219)
So

one can express the rotation matrices

(D, B iy = 7™ i), (B) €™ S (5.220)

We will derive below [see Egs. (5.309, 5.310)] an explicit expression for the Wigner rotation matrix
(5.219).

5.7 Spin i and the group SU(2)

The spin describes a basic and fascinating property of matter. Best known is the spin of the
electron, but many other elementary components of matter are endowed with spin-like properties.
Examples are the other five members of the lepton family to which the electron belongs, the electron
e and the electron neutrino v, of the first generation, the muon x and its neutrino v, of the second
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generation, the tau 7 and its neutrino v, of the third generation and their antiparticles carry a
spin—%. So do the three generations of six quarks, two of which (in certain linear combinations)
make up the vector mesons which carry spin 1, and three of which make up the baryons which
carry spin—% and spin—%. There are also the mediators, the gluon, the photon, the two W+ and the
7°, particles which mediate the strong and the electro-weak interactions, and which carry spin 1.
The particles mentioned, e.g. the quarks, carry other spin-like properties which together, however,
have properties beyond those of single spins. In any case, there is nothing more elementary to
matter than the spin property. The presence of this property permeates matter also at larger scales
than those of the elementary particles mentioned, leaving its imprint on the properties of nuclei,
atoms and molecules; in fact, the spin of the electron is likely the most important property in
Chemistry. We may finally mention that the spin is at the heart of many properties of condensed
matter systems, like superconductivity and magnetism. It appears to be rather impossible for a
Physicist not to be enamored with the spin property. We will find that the spin in its transformation
behaviour is closely related to angular momentum states, a relationship, which might be the reason
why consideration of rotational symmetry is so often fruitful in the study of matter.

We will consider first only the so-called spinf%, generalizing then further below. Spin—% systems
can be related to two states which we denote by x4+ and x_. Such systems can also assume any
linear combination c; x4 + c_x_, c+ € C, as long as |c;|? + |c_|? = 1. If we identify the states
X+ and x_ with the basis of a Hilbert space, in which we define the scalar product between any
state [1) = a;x4 + a—x— and |2) = byx4 + b_x— as (1]2) = aby + a*b_, then allowed
symmetry transformations of spin states are described by 2 x 2-matrices U with complex-valued
matrix elements Uj;. Conservation of the scalar product under symmetry transformations requires
the property U UT = UTU = 1 where UT denotes the adjoint matrix with elements [UT]JA,g = U,jj.
We will specify for the transformations considered detU = 1. This specification implies that we
consider transformations save for overall factors e’® since such factors are known not to affect any
observable properties.

The transformation matrices are then elements of the set

SU(2) = {complex?2 x 2 matricesU; UUT = UTU = 1, detU = 1} (5.221)

One can show readily that this set forms a group with the groups binary operation being matrix
multiplication.

How can the elements of SU(2) be parametrized. As complex 2 x 2 matrices one needs, in principle,
eight real numbers to specify the matrix elements, four real and four imaginary parts of Uj, j, k =
1,2. Because of the unitarity condition UTU = 1 which are really four equations in terms of real
quantities, one for each matrix element of UTU, and because of detU = 1, there are together five
conditions in terms of real quantities to be met by the matrix elements and, hence, the degrees of
freedom of the matrices U are three real quantities. The important feature is that all U € SU(2)
can be parametrized by an exponential operator

U = exp (—zﬁ- §) (5.222)

where the vector S has three components, each component S,k = 1,2,3 representing a 2 x 2
matrix. One can show that the unitarity condition requires these matrices to be hermitian, i.e.
[Sklm = ([Skl,,m)"> and the condition detU = 1 requires the Sj to have vanishing trace. There
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exist three such linear independent matrices, the simplest choice being

1 1 1
Sl = 50’1, SQ = 50’2, 53 = 50’3 (5223)

where o, k = 1,2, 3 are the Pauli matrices

0 1 0 —1 1 0
01—(10>,02—<i 0),03—<0_1>. (5.224)

Algebraic Properties of the Pauli Matrices

The Pauli matrices (5.224) provide a basis in terms of which all traceless, hermitian 2 x 2-matrices
A can be expandend. Any such A can be expressed in terms of three real parameters z,y, z

B z T — 1y
A_<x—|—iy . >, x,y, 2z, ER. (5.225)
In fact, it holds,

A =201 + yoy + zo03. (5.226)

The Pauli matrices satisfy very special commutation and anti-commutation relationships. One can
readily verify the commutation property

00K — 0p0j = [0j, Okl = 2i€jr0q (5.227)

which is essentially identical to the Lie algebra (5.31) of the group SO(3). We will show below that a
2-1-homomorphic mapping exists between SU(2) and SO(3) which establishes the close relationship
between the two groups.

The Pauli matrices obey the following anti-commutation properties

ojor + opoj = [oj, okl = 2631, (5.228)

ie.
(O‘j)2 =1; oo = —oke? forj #k (5.229)

which can also be readily verified. According to this property the Pauli matrices generate a 3-
dimensional Clifford algebra C5. Clifford algebras play an important role in the mathematical
structure of physics, e.g. they are associated with the important fermion property of matter. At
this point we will state a useful property, namely,

(G-3)(F-b) = a-bll + i - (@xb) (5.230)
where @, b are vectors commuting with &, but their comonents must not necessarily commute with
each other, i.e., it might hold ajb; — bra; # 0. The proof of this relation rests on the commuta-
tion relationship and the anti-commutation relationship (5.227, 5.229) and avoids commuting the
components a; and by. In fact, one obtains

(F-a@)(F-b) = Y0 0lokajbe =

Z?Zl(aj)Q a;b; + Z?}ykzl olok ajby + Z?,k:l olok ajby . (5.231)
i>k Jj<k



128 Theory of Angular Momentum and Spin

Using (67)2 = 1 the first term on the r.h.s. yields @ - b. The two remaining terms yield using
k= —gk6J for j # k and altering ‘dummy’ summation indices

Zi;k:l UjUk (ajbk — akbj) =

olo

>k
%Z?}’k:kl JjO'k (ajbk — akbj) — %E?’,k=1 OkUj (ajbk — akbj) =
7> >k
%Zi_ﬁl (070" — oFol) (azby — arb;) . (5.232)
7>

The commutation property (5.227) leads to
3

3
1 Z €jke0] (ajbk — akbj) = iZUZ (EiX b)é . (5.233)
7,k=1 /=1
Jj>k

This result together with (5.231) proves (5.230).
In the special case @ = b € R¥ holds

(¢-d)* = an. (5.234)

5.8 Generators and Rotation Matrices of SU(2)

Sofar there is nothing which relates the transformations U, i.e. (5.222), to rotations in space. This
relationship emerges, however, through the algebra obeyed by the operators Sy

[Sks Se] = i €kom Sm (5.235)

which is identical to that of the generators of SO(3). The algebra of the generators of a transforma-
tion is such a basic property that the ‘accident’ that the generators of spin transformations behave
in this respect like the generators of 3-dimensional rotations makes spins appear in their physical
behaviour like rotations. Well almost like it, since there is a slight difference: when you interprete
the 3-component J in (5.222) as a rotation vector and you rotate once, let say around the xo—axis
by 360°, spin changes sign; only a 720° rotation leaves the spin invariant. We like to derive this
result now by evaluating the transformations of SU(2) explicitly. For this purpose we choose to
replace (5.222) by the Euler form

exp(—ivS3) exp(—i3Ss) exp(—iaS3) . (5.236)

The matrix elements of this 2 x 2 operator can be labelled by the basis states x4+ and y_, however,
we like to draw in this respect also on a close analogy to angular momentum states which developes
if one considers the operators S? = S? + 52 + Sg and S3. Noticing the idempotence of the Sy’s

1
S2 = 1 (é (1)> (5.237)
one obtains 5% = 21 = (3 4+ 1)1 and, hence,

1
Fhxe 5 Sixa = Eoxs (5.238)



5.9: Constructing Spin States with S > % 129

This result implies that the states x4+ behave in relation to the generators of SU(2) like an angular
momentum state |3 + 1) in relation to the generators of SO(3). We may, therefore, use the label
|2 £ 3) for the states x4

We obtain with this notation for the transformations (5.236)
(%m | exp(—iy.S3) exp(—ifS2) exp(—iaS3) | %ml>
= e~ (3m |exp(—iBSy) | ym/) e~
. 1 S’
— o—irm disr)n/(ﬁ)e—zam (5.239)

where we made use of the notation (5.219).

In order to determine the Wigner matrix in (5.219,5.239 ) one expands the exponential operator
exp(—i(3Sy). For this purpose one needs to determine the powers of —i3Ss. The idempotence
property of Sy yields particularly simple expressions for these powers, namely,

(=BS8)* = (-1)" (§>2n 1 (5.240)
(=88 = (1" (%)QnH ( _01 é) . (5.241)

Taylor expansion of the exponential operator yields then

o] B 2n o] /8 2n+1 0 1
exp(—if3Sy) = ;(—1) <§> 1+ Z:O(—l) <§> ( 1o ) (5.242)
The expressions in brackets [...] can be identified with the Taylor expansion of the cos- and sin-

functions and one obtains for the rotation matrices
1 B _qnB
( d2) () ) = ( cosg S ) . (5.243)

Sln§ COS 3

sy

We note the property of this rotation matrix
1
( 0 (27) ) = -1 (5.244)

i.e. rotation by 360° changes the sign of the spin state.
The complete matrix elements (5.239) in the notation (5.220) are

B ,i(ngl B Z’(ﬂ,l
_ COS2 e 22 Sln2 etz 2
[D(e, By pm o1 ( sind l-3+3  cosd eil3+3 (5.245)

5.9 Constructing Spin States with Larger Quantum Numbers
Through Spinor Operators

In this section we like to demonstrate, following Jourdan and Schwinger, that states [¢m) for higher
quantum numbers £ = 0, %, 1, %, 2,...,m = —{,—f+1,...¢ can be constructed formally from spin
states x4 if one considers the two properties y+ to be carried by two kinds of bosons, i.e. identical
particles any number of which can exist in the same state x4+ and x_. One cannot consider the
entities carrying the spin—% to be particles in the ordinary sense for it can be shown that spin—%

particles have fermion character, i.e. no two such particles can exist in the same state.
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Definition of Spinor Creation and Annihilation Operators
We present the states y+ through creation operators bl which when applied to a formal vacuum
state |Uo) generate x4, i.e.

b |Wo) = x4 5 bL[Wo) = x— . (5.246)

The corresponding adjoint operators are denoted by b4 and b_. The boson character of the op-
erators bl = (bl,bT_)T and b = (b+,b_)T is expressed through the commutation relationships

(Cv(l =+, 7)

[be,ber) = [bL.0L] = (5.247)
(b, 01| = o (5.248)

For the vacuum state |¥g) holds
by |Wp) = 0 (5.249)

In the following will refer to bf = (bi, bT_)T and b = (by,b_)T as spinor creation and annihilation
operators. These operators are associated with a given spatial reference system. We consider,
therefore, also operators of the type

bl = $+bi + z_ bl 2'h = xhby + 2t b (5.250)

which for *r = z% 2, + 2" x_ = 1 represent spinor operators in an arbitrary reference system.
For example, using (5.243) the creation operators in a coordinate system rotated by an angle (3
around the y—axis are

B
2

g

Eapt 251
5 00 (5.251)

(b/Jr)T = cosg bi +sinz bl (v )T = —sing biﬂ_ + cos

f
One can show using this property and (5.247,5.248) that (b/C) and b’C obey the commutation
relationships
Weve] = [pEvl] =0 (5.252)

Vel =ac (5.253)

The States |V(j,m))

The operators bl allow one to construct a set of states which represent j + m—fold and j — m—fold
X+ and y_ states as follows

VG +m) /(G —m)!

We will show below that these states are orthonormal and form spin states with higher quantum
numbers, i.e. j = 0,%,1,%,... sm = —5,—73+1,...7.

SNFAm gy
W (j,m)) = (b+) (b_> W) - (5.254)
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5.10 Algebraic Properties of Spinor Operators

We want to establish first a few important and useful algebraic properties which result from the
commutation relationships (5.247, 5.248) and from (5.249).

The Spinor Derivative Operator

A most important operation is the action of the annihilation operators b, and b_ on operators
which can be expressed as polynomials, possibly infinite power series, in bi and b . An example

+ —
is the monomial bi ’ bT_>] " which generates the states (5.254). We will derive the result,

well-known for the quantum mechanical harmonic oscillator, that the annihilation operators play
a role similar to the differential operator in calculus.
For this purpose we consider the following polynomial of creation operators

N

el =S (b)) (5.255)

n=0

In order to determine how this operator is modified by multiplication from the left by b, we note
b f(b) |state) = [b+, f(bi)} state) + F(bl) by [state) . (5.256)

In the special case |state) = |U) this reads using (5.249)
bSO 1%0) = b, FOL) | W0} (5.257)

Equations (5.256) and (5.257) motivate us to determine the commutator |:b+, f (bl)] which for

(5.255) is
[b+, f (bTﬂ -S e, [b+, (bl)”] . (5.258)

n
Obviously, we need to evaluate [b+, (bi) ] We will show that for this commutator holds

[b+, (bL)”} - n(bL)”_l . (5.259)

The property is obviously true for n = 0. If it is true for n then using (5.248) we obtain

e ()] = [ ()]
= [or () ok ()" o]
- n(bl)nilbi—l—(lﬂ)n

- (n+1) (bi)n , (5.260)



132 Theory of Angular Momentum and Spin

i.e. the property holds also for n+ 1. By induction we can conclude that (5.259) holds for all n € N.
One can finally conclude for polynomials (5.255)

b FOL)] = 70 (5.261)
where f'(x) = %. Similarly, one can prove
[b,,f(bi)} = f(h) (5.262)

Because of the commutation relationships (5.247) the more general property for polynomials
SO, 01 ) in bl and o' holds (¢ = +, )

toty] = 9 et ot
b, Fl00)] = 8—b2f(b+,b)- (5.263)

According to (5.257) we can conclude in particular
topt O et bt
be F0 ) [B0) = O 50101 0) (5.264)
¢

This demonstrates the equivalence of the spinor operators b¢ and the derivative operation.
Equation (5.263) corresponds to the product rule of calculus O f(Z)g(¥) = (Opf(%))g(Z) +
f(£)(Okg (%)) which can be written (9 f(Z) — f(Z)0k)g(Z) = [0k, [(Z)] 9(Z) = (Onf(T))g(Z)

or
Ok, f(Z)] = Of(Z) . (5.265)
Generating Function of the States |U(j,m))

We want to prove now the property

00 J
exp (o) [90) = >0 D bju (2) W () (5.266)

j=0,3,1,... m==J

where b has been defined in (5.250) and where ¢, (x) represents the function of the two variables
x4+ and x_ closely related to |¥(j,m))
mi_—&-mxj_—m

VG +m) (G —m)

exp (xb') [Wo) is called a generating function of [¥(j,m)).
In order to derive (5.266) we compare the terms

- t Jj+m - T_ Jj—m
@m(@wj,m):((;ﬂ)! ((jb_?n)! W) (5.268)

Pjm () = (5.267)
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with the s—th term in the binomial expansion of (a + b)"

n!

Ry T 2
st (n—s)" (5.269)
Defining
j+m = N-—s
Jomo = s, (5.270)
one obtains
N—s s
, ($+bi) (iLLbi)
Gjm () W (j,m) = T %)
_ 1 N' _‘_ N-—s _‘_ S
N! [m] (x+b+) (l’—b_) [Wo). (5.271)

Summation over s from s = 0 to s = N yields

i Z | () (o) i

- ]\1” (x+bT +a bT) W)

1 2j
_ t t
= & (a:+b+ +x,b,) W) (5.272)
The summation over s can be written in terms of j and m using (5.270)
N 2j J
Y -y (5.273)
s=0 j—m=0 m=—j

Change of the summation indices allows one to conclude

J

Z bjm (€)W (j,m)

1
- —(;mﬁ Yo bT) W)
(27)
1 t
- & (m) |0y, (5.274)
Summing this expression over 2j = 0,1, 2, ..., i.e. chosing the summation index j = 0, o ,;’,2, e
leads to
(o) .
1 2j
S @i - Y 577 (1) o)
Jj= 0727 ’ Lm==] jZO,%,l,... '
o0
1
= Y (=) 1w0)
u!
u=0,1,

— eap (;bT ) o) (5.275)
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which concludes our derivation. The generating function allows one to derive various properties of
the states |¥ (4, m)) and will be used for this purpose below.

Orthonormality of the States |V (j,m))
We want to show now that the states (5.254) are orthonormal, i.e. that

<\II (.7; m) |\Il (j,v ml)> = 6jj’5mm’ (5276)
holds. For this purpose we consider the inner product

<€(mbT)‘I]0‘e(be)\Ijo>
= Y i (@) by (1) (W (Gm) [ W (5, m)) (5.277)

. .
2,110,775

To evaluate this expression we first notice
[e(wb*)r = @) (5.278)

which allows us to replace the Lh.s. of (5.277) by <\I/0\e($*b)e(ybf)\lfo>. In order to evaluate the
operator @) W) we notice that the derivative property (5.264) implies

bee W) W) = e |wg) . (5.279)

One can generalize this to
(be)* ) [wg) = yée(y”) |Wo) . (5.280)

The commutation properties [b4,b_] = 0, [bi, b'] =0 and [b_, bi] = 0 allow one to state that for
any polynomial f(b4,b_) holds

F(bs, b)) 1wo) = fyy,y- ) |wo) (5.281)
and, hence, one can write

(e(#)wole () wg)
= (Wole@ Velv)wy)
@) (o |e(#") @) (5.282)

where we defined z*y = 2% yy + 2" y_. According to (5.249) for any non-vanishing integer s holds
(Wo[b*Tg) = 0 (5.283)
and, therefore, we can conclude

(@)@l gg) = (v (5.284)
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and comparing (5.282) and (5.277)

D am ) b () (2 Gm) |8 (7)) = 7. (5.285)

Jym,j’m/

Following steps similar to those in Eqgs. (5.268-5.275) one can show

ey qu]m ) bim (¥) - (5.286)

from which follows immediately the orthonormality property (5.276).

New Representation of Spin 0, %, 1, g, ... States
We want to demonstrate now that the states | (j,m)) as given in (5.254) are eigenstates of oper-
ators J? and J3 with eigenvalues j(j 4+ 1) and m where J? and J3 are representations of the spin
operators S? = S? 4 52 + 53 and S3 defined in 5.223, 5.224). One defines corresponding operators
Jj, through
1
k=5 > bk < Clokl ¢ > ber (5.287)
66’

where oy, k = 1,2,3 denote the Pauli spin matrices (5.224). In our present notation the matrix
elements < ( |oy| (' > for ¢ = = correspond to the matrix elements < ¢ |oy| (' > for ¢ = 1. The
operators are explicitly, using < + |o1|+ >=< —|o1| = >= 0, < +|o1| — >=< —|o1| + >= 1,
etc.,

S = %(bib,me)
B = %(bib_—bim)
Jy = %(blm—bib_). (5.288)

The three operators obey the Lie algebra of SU(2)

[JZ', Jj] = ieiijk . (5.289)
This property is derived as follows
1
[Ji, J;] = 1 Z <nlolm ><n'|ojm > [b};bm,bjl,bm/}
n,n’ m,m’
1
= 1 X <nlalm><n'lom' > {8} [bm,bfl,} by
n,n’,m,m’
Tt
5% [Bh b | B}
1
= 1 Yo <nloilm><n|ojlm > {blbu s — bbb}

n,n’,m,m’
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1
= 3 Z < nlog|m >< m|o;|m' > bl by

n,m,m’

1
~1 Z <n'loj|m' ><m|o;|m > bq];,bm
n' m,m’
1
= ZZ < n|loi, 05]lm > bl by,
n,m

1
= Z Z < n]2ieijkak|m > b;rlbm

n,m,k

) 1
i€ijis Z < nlog|m > bl by,
n,m

|¥ (j,m)) as Eigenstates of J? and J;

We wish to show now that the states | (j,m)) are eigenstates of J2 and J3. To this end we note
2 2 2 2 1 1 2
JO=J7 + J5 + J3 = 3 JyJ_ + 3 J_Jp + J3 . (5.291)

Here we have defined

Jy =S+ idy = blbo

Jo = J —iJy = blb,. (5.292)
The commutation relationships (5.289) yield
[J_, J+] = [Jl — iJo, J1 + iJg] = — [JQ, Jl] + i[Jl, JQ} = —2J3 (5.293)
from which we can conclude the property
1 1
QJ_JJ,_ = §J+J_ - J3 . (5294)
Hence,
J2 = Jy .+ JE = T3 = J5(Js — 1) + JJ . (5.295)

The last result together with (5.292), (5.288) yields first the expression
1
J? = Z(bub+ — b b ) (bTyby — b b —2) + bbb by . (5.296)

which results in

JE = (bt bbby + bbbt b — 26T by — bT_b_ bl by
+of b bt b + 2bf b + 4bt bbby ) (5.297)
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The last term on the r.h.s. can be written

biyb bt by = biyby + bbbl bl
1 1

= b, + 5bubm_b_ + 5bT_b_bT+ by . (5.298)
One can then state

1

J? = 1 (T b))% + bbbt b 4+ bbbl by

+ (') 4+ 20T, by + 20T b | . (5.299)
Defining the operator

|

k= 5(bub+ + bf_b_) (5.300)
one can write finally o

J2=k(k+1) . (5.301)

Obviously, the states (5.254) are eigenstates of b ;b and bf _b_ with eigenvalues j +m and j —m,
respectively, and eigenstates of k with eigenvalues j. One can then conclude

TN (j,m) = j (5 + 1) (j,m)) (5.302)
3|V (j,m)) = m[¥(j,m)). (5.303)
One can furthermore derive readily
Tl ¥ (Gym)) = V(G +m+1) (G —m) ¥ (G m+1) (5.304)
T Gm)) = G Am) G —m+ D Gm— 1)) . (5.305)

Exercise 5.10.1: The system investigated in this section is formally identical to a 2-dimensional
isotropic harmonic oscillator governed by the Hamiltonian
H = hw(bfby + byby + 1); [bj,bf] = 0, j = 1,2.
(a) Show that the eigenstates are given by
1 1
e = i

where the vacuum states are defined through b;|0); = 0. State the corresponding eigenvalues and
the degree of degeneracy, i.e., the number of states to the possible energy eigenvalues.
(b) Show that the three operators

(61)™ 1001 (63" 10)2

1 1 1
I = Q(bfl)g + b;bl), I, = ?Z(bier — b;bl), I3 = §(bfb1 =+ b;bg)

satisfy the Lie algebra of SU(2), i.e. [I}, ;] = i€;reds. Construct, using operators I+ = Iy £ ily
and the subspace {|n1,n2), n = nj+ny fixed, ny = 0,1,2,...,n} eigenstates of I = I? +13 + 12
and of I3

I[N, m) = N[\, m); I3[\, m) = m||\,m)

where A = 0,12,...,m= —\ —A+1,...,A Show A\ = mM3n2(mfnz 4 1) and m = %(nl — ng).
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5.11 Evaluation of the Elements d‘znm,(ﬁ) of the Wigner Rotation
Matrix

The spinor algorithm allows one to derive expressions for the Wigner rotation matrix elements
& (). For this purpose we note that the states |¥(jm)) in a rotated coordinate system according

mg254) are |
b/T j+ml b/T_ jim/
) = 5(;1 5 5(]. % 710! (5.306)

where b’i and b1 are given by (5.251). On the other side the states [¥’ (j,m)) are related to the
states | (7, m)) in the original coordinate system by

W' (j,m

0 (j,m Z d9 ()% (j,m)) . (5.307)

m=—j

Comparision of (5.306) and (5.307) shows that the elements of the rotation matrix can be obtained
by binomial expansion of b’l and b7 in terms of bl and b' . For this purpose we expand

(m)j””’ (m)j"”' _
(cosng + smﬁbT> (—singbi + cos%bi)y_m =

/

jtm! ] +m < ﬁ>a ( . g>j+m’_g/
o'=0 o. 0 < o' ) COSQ sm2
i —m/ —-m/—o o'+o 2j—oc'—0o
(j am > (—sin§> (cosg) (bl) (bi) (5.308)

The latter sum involves terms (bl)”m(bi)j*m foro’+0 =j+mand2j—0 —0c = j—m
One may expect that these two conditions restrict both ¢’ and o. However, both conditions are
satisfied for ¢/ = j + m — 0. The combination of o,0’ values which yields (bi)Hm(bDj M s

then o/ = j 4+ m — 0. The prefactor of (bi)j+m(bt)j_m which according to (5.306,5.307) can be

identified with the elements dfi)m, (B) of the rotation matrix can then be written
() B (]—I—m‘ 4 Jj+m j—m
) (B) = \/(] ) 0 Z itm—o i X (5.309)

o, 2j—m—m'—20 m-~+m/+20
X (=177 <sin§> (cosg) .

In case j = 1 this expression yields, for example,

(1 + cosp) %sinﬁ

(1 — cosp)

N[

(1) _ _ L g 1
(dym) = 1 35inf c:s? 1 sing (5.310)
5(1 —cosp) ——5sinf 5(1 +cospB)

and in case j = % it reduces to (5.243).
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5.12 Mapping of SU(2) onto SO(3)

The representation (5.310) establishes a mapping of SU(2) onto SO(3). This can be shown by
applying to the matrix A = (d(l)

o7 m) i (5.310) the similarity transformation

A =U'AU (5.311)

where U is the 3 x 3 unitary matrix which establishes the transformation

%(—le - iajg) T —% —% 0
I3 =U ) 5 U = 0 0‘ 1 . (5.312)
%((El — i(L‘Q) I3 % —ﬁ

The choice of this transformation derives from a property shown further below, namely that
the component of the vector on the Lh.s. of (5.312) transforms like an angular momentum state
|1 m). Hence, the matrix A should represent a rotation around the zo—axis in the space of vectors
(z1,22,23) € R¥. Evaluation of A yields

. -1 0 1 1 + cosB 2sinB 1 — cosf3
A = % i 0 —V/2sinff  2cosf V2 sing X
V2 0 1 — cosf —v2sinf 1 + cosf
-1 —i 0 —2cosfi —2v/2sinf 2cosf
x| 0 0 v2 | =3 2i 0 2 X
1 —i 0 —2sinf 2v/2cosB  2sinf
-1 —i 0 cosG 0 —sing
X 0 0 V2 = 0 1 0 (5.313)
1 —i 0 sin@ 0 cosf

which, in fact, is the expected element of SO(3), i.e., the orthogonal 3 x 3 matrix which describes
a rotation around the zo—axis.

It is of interest to trace the mapping from SU(2) onto SO(3) as represented by (5.310) to the
SU(2) transformation assumed in deriving the general result (5.309) and the particular matrix
(5.310). The SU(2) transformation entered in (5.308) and had the form (5.251). Replacing the
latter transformation by its negative form, i.e.,

B
2

bl (b’_)Jr = Sing bl — cosé bl (5.314)

(bﬁr)T = —cosg bl — sin 5

leaves (5.308) unaltered except for a factor (—1)%/ which multiplies then also the final result (5.309).
This factor implies, however, that the the representation (5.309) does not distinguish between SU(2)
transformations (5.251) and (5.314) in case of integer j—values, e.g. in case of j = 1. One can,
therefore, conclude that the mapping from SU(2) onto SO(3) is a 2—-1 mapping.
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Chapter 6

Quantum Mechanical Addition of
Angular Momenta and Spin

In this section we consider composite systems made up of several particles, each carrying orbital
angular momentum decribed by spherical harmonics Yy, (6, ¢) as eigenfunctions and /or spin. Often
the socalled total angular momentum, classically speaking the sum of all angular momenta and spins
of the composite system, is the quantity of interest, since related operators, sums of orbital angular
momentum and of spin operators of the particles, commute with the Hamiltonian of the composite
system and, hence, give rise to good quantum numbers. We like to illustrate this for an example
involving particle motion. Further below we will consider composite systems involving spin states.

Example: Three Particle Scattering

Consider the scattering of three particles A, B, C governed by a Hamiltonian H which depends
only on the internal coordinates of the system, e.g., on the distances between the three particles,
but neither on the position of the center of mass of the particles nor on the overall orientation of
the three particle system with respect to a laboratory—fixed coordinate frame.

To specify the dependency of the Hamiltonian on the particle coordinates we start from the nine
numbers which specify the Cartesian components of the three position vectors 74, g, ¢ of the
particles. Since the Hamiltonian does not depend on the position of the center of mass R =
(mara + mprp + mete)/(ma+mp+me), six parameters must suffice to describe the interaction
of the system. The overall orientation of any three particle configuration can be specified by
three parameters!, e.g., by a rotational vector J. This eleminates three further parameters from
the dependency of the Hamiltonian on the three particle configuration and one is left with three
parameters. How should they be chosen?

Actually there is no unique choice. We like to consider a choice which is physically most reasonable
in a situation that the scattering proceeds such that particles A and B are bound, and particle C
impinges on the compound AB coming from a large distance. In this case a proper choice for a
description of interactions would be to consider the vectors 7ap = ¥4 — g and po = (maTs +
mpTp)/(ma + mp) — T¢, and to express the Hamiltonian in terms of |F4p|, |pc|, and <(¥an, pc)-
The rotational part of the scattering motion is described then in terms of the unit vectors 745 and

"We remind the reader that, for example, three Eulerian angles o, 3, are needed to specify a general rotational
transformation

141
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pc, each of which stands for two angles. One may consider then to describe the motion in terms
of products of spherical harmonics Yy, (F4B) Ye,m, (pc) describing rotation of the compound AB
and the orbital angular momentum of C around AB.

One can describe the rotational degrees of freedom of the three-particle scattering process through
the basis

B = {n1m1<fAB) }/ézmg(ﬁC)’gl = 0717-~-7£1,ma:c7_£1 <mp < Ela
by = 0,1,..., L2z, —l2 <my < Lo} (6.1)

where 01 e and o p,4,; denote the largest orbital and rotational angular momentum values, the
values of which are determined by the size of the interaction domain Ay, by the total energy F,
by the masses m4, mp, mc, and by the moment of inertia I4_p of the diatomic molecule A—B
approximately as follows

A 2mampme E L
Y4 = — y4 = —+/2I4,_BE. 6.2
1,max A mamg + mEmMe + mame ) 2,max A A-B ( )

The dimension d(B) of B is

£1,max 02 max
dB) = > 26 +1) DY 26+1) = (lima + 1 (loma + 1)° (6.3)
£1=0 l5=0

For rather moderate values ¢ ;402 = ¢2,mae = 10 one obtains d(B) = 14 641, a very large number.
Such large number of dynamically coupled states would constitute a serious problem in any detailed
description of the scattering process, in particular, since further important degrees of freedom, i.e.,
vibrations and rearrangement of the particles in reactions like AB + C — A + BC, have not
even be considered. The rotational symmetry of the interaction between the particles allows one,
however, to separate the 14 641 dimensional space of rotational states Yy m, (7aB) Ye,m,(pc) into
subspaces B, B1 ® By @ ... = B such, that only states within the subspaces By are coupled in the
scattering process. In fact, as we will demonstrate below, the dimensions d(By) of these subspaces
does not exceed 100. Such extremely useful transformation of the problem can be achieved through
the choice of a new basis set

B = {3 e Yo (Fa8) Yam, (pc), n = 1,2,...14 641} | (6.4)
£1,m
£2,mo
The basis set which provides a maximum degree of decoupling between rotational states is of great
principle interest since the new states behave in many respects like states with the attributes
of a single angular momentum state: to an observer the three particle system prepared in such
states my look like a two particle system governed by a single angular momentum state. Obviously,
composite systems behaving like elementary objects are common, albeit puzzling, and the following
mathematical description will shed light on their ubiquitous appearence in physics, in fact, will make
their appearence a natural consequence of the symmetry of the building blocks of matter.
There is yet another important reason why the following section is of fundamental importance for
the theory of the microscopic world governed by Quantum Mechanics, rather than by Classical
Mechanics. The latter often arrives at the physical properties of composite systems by adding the



6.0: Addition of Angular Momenta and Spin 143

corresponding physical properties of the elementary components; examples are the total momentum
or the total angular momentum of a composite object which are the sum of the (angular) momenta
of the elementary components. Describing quantum mechanically a property of a composite object
as a whole and relating this property to the properties of the elementary building blocks is then the
quantum mechanical equivalent of the important operation of addittion. In this sense, the reader
will learn in the following section how to add and subtract in the microscopic world of Quantum
Physics, presumably a facility the reader would like to acquire with great eagerness.

Rotational Symmetry of the Hamiltonian

As pointed out already, the existence of a basis (6.4) which decouples rotational states is connected
with the rotational symmetry of the Hamiltonian of the three particle system considered, i.e.,
connected with the fact that the Hamiltonian H does not depend on the overall orientation of the

—.

three interacting particles. Hence, rotations JR(1J) of the wave functions (745, pc) defined through

—. -, -

R() Y (Tas, pe) = P(RH(I) tas, RH(Y) fe) (6.5)

do not affect the Hamiltonian. To specify this property mathematically let us denote by H' the
Hamiltonian in the rotated frame, assuming presently that H’ might, in fact, be different from H.
It holds then H' R(J) ¢y = R(J)H1p. Since this is true for any (Fap, fo) it follows H' R(J) =
9%(5) H, from which follows in turn the well-known result that H’ is related to H through the

similarity transformation H = R(J) H®R*(J). The invariance of the Hamiltonian under overall
rotations of the three particle system implies then

=, =,

H = RE)HRJ) . (6.6)

For the following it is essential to note that H is not invariant under rotations of only 7ap or pc,
but solely under simultaneous and identical rotations of 745 or pc.

Following our description of rotations of single particle wave functions we express (6.5) according
to (5.48)

53) = o (1570 e (5379 -

where the generators J*) are differential operators acting on 745 (k= 1) and on p¢ (k = 2). For
example, according to (5.53, 5.55) holds

i) 9 9 i @) d d
- — —_— M _—— pu— —_— —_— T . 6.8

Obviously, the commutation relationships
[jp(l)v jq(z)} =0 forp,qg=1,23 (6.9)

hold since the components of J*®) are differential operators with respect to different variables. One
can equivalently express therefore (6.7)

R(W) = exp (-%6 -jf> (6.10)
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where

J=J0Y 4+ 750 . (6.11)

By means of (6.11) we can write the condition (6.6) for rotational invariance of the Hamiltonian in
the form

H = exp (—%5 j) H exp (—i—%ﬁ j) . (6.12)

We consider this equation for infinitesimal rotations, i.e. for |J] < 1. To order O(|d]) one obtains
1o = 1o = 1.2 = 1 - =

H ~ (]l—ﬁﬁ'J>H<Il+£19-J> ~H+ﬁH29‘,]]—ﬁ19-JH . (6.13)

Since this holds for any J it follows H] — JH = 0 or, componentwise,
H,J) =0 , k=123 . (6.14)

We will refer in the following to Ji, & = 1,2,3 as the three components of the total angular
momentum operator.

The property (6.14) implies that the total angular momentum is conserved during the scattering
process, i.e., that energy, and the eigenvalues of J?2andJ 3 are good quantum numbers. To describe
the scattering process of AB + C most concisely one seeks eigenstates ) jas of J2 and J3 which can
be expressed in terms of Yy, (FaB) Yeom, (Pc)-

Definition of Total Angular Momentum States

The commutation property (6.14) implies that the components of the total angular momentum
operator (6.12) each individually can have simultaneous eigenstates with the Hamiltonian. We
suspect, of course, that the components Ji, £ = 1,2, 3 cannot have simultaneous eigenstates among
each other, a supposition which can be tested through the commutation properties of these opera-
tors. One can show readily that the commutation relationships

[Tk, Je] = ihexemdm (6.15)
are satisfied, i.e., the operators Ji, & = 1,2,3 do not commute. For a proof one uses (6.9), the
properties [Jk(n),%(")] = ihEkgij%n) for n = 1,2 together with the property [A,B + C] =
(A, B] + [A,C].

We recognize, however, the important fact that the J; obey the Lie algebra of SO(3). According
to the theorem above this property implies that one can construct eigenstates ) sas of J3 and of

P=05I+1+10 (6.16)

following the procedure stated in the theorem above [c.f. Egs. (5.71-5.81)]. In fact, we will find
that the states yield the basis B’ with the desired property of a maximal uncoupling of rotational
states.

Before we apply the procedure (5.71-5.81) we want to consider the relationship between 9 ;s and
Yo,my (FaB) Yeam, (Pc). In the following we will use the notation

O = fag, Q= pc. (6.17)
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6.1 Clebsch-Gordan Coefficients

In order to determine ) y)s we notice that the states Yy, m, (21) Yo,m, (€22) are characterized by four
. . 2 2 .

quantum numbers corresponding to eigenvalues of [j(l)] , j3(1), [j(Q)] , and j352). Since Y smr

sofar specifies solely two quantum numbers, two further quantum numbers need to be specified

for a complete characterization of the total angular momentum states. The two missing quantum
. . 2 2
numbers are ¢1 and {5 corresponding to the eigenvalues of [J (1)] and [J (2)] . We, therefore,

assume the expansion

Vnr (b, 6[Q0, Q) = > (J My ma byma) Yo m, () Yigm, (Q2) (6.18)

miy,m2

where the states 9 (41, 42|21, pc) are normalized. The expansion coefficients (J M|€; my €ams2)
are called the Clebsch-Gordan coefficients which we seek to determine now. These coeflicients,
or the closely related Wigner 3j-coefficients introduced further below, play a cardinal role in the
mathematical description of microscopic physical systems. Equivalent coefficients exist for other
symmetry properties of multi-component systems, an important example being the symmetry
groups SU(N) governing elementary particles made up of two quarks, i.e., mesons, and three quarks,
i.e., baryons.

Exercise 6.1.1: Show that J2, Js, (j(l))2 , (J(Q))Q, and JW . 7@ commute. Why can states ) sy
then not be specified by 5 quantum numbers?

Properties of Clebsch-Gordan Coefficients

A few important properties of Clebsch-Gordan coefficients can be derived rather easily. We first
notice that ) sys in (6.18) is an eigenfunction of Js, the eigenvalue being specified by the quantum
number M, i.e.

J3Dim = BM Dy - (6.19)

Noting Js = jgfl) + ‘73(2) and applying this to the Lh.s. of (6.18) yields using the property
T3 Y my () = g Ve, (), b = 1,2
MYl 02|01, 82) =

D (my + ma) (J M|ty my by ma) Yeym, () Yy, (Q2) - (6.20)

mi,m2

This equation can be satisfied only if the Clebsch-Gordan coefficients satisfy
(J M\El mi £ mg) =0 formq + mo 75 M . (6.21)

One can, hence, restrict the sum in (6.18) to avoid summation of vanishing terms
Vnr (b, 62)00, Q) = > (I Mtymy € M — m1) Yoy, (1) Yoy, () (6.22)
mi

We will not adopt such explicit summation since it leads to cumbersum notation. However, the
reader should always keep in mind that conditions equivalent to (6.21) hold.
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The expansion (6.18) constitutes a change of an orthonormal basis

%(ﬁl,éz) = {n1m1 (Ql) n2m2 (QQ), mp = —61, -l + 1, A ,51 R
mo = —62,—62—1—1,...,62} , (623)

corresponding to the r.h.s., to a new basis B’(¢,,¢,) corresponding to the L.h.s. The orthonormality
property implies

/dﬁl/dﬁz Yoymy (1) Yoym (Q2) Yo, 1) Yoy (Q2) = 00,0, 6mym en, Omgm, - (6.24)

The basis B(¢,,£,) has (2¢1 + 1)(2¢3 + 1) elements. The basis B’(¢,,£,) is also orthonormal® and
must have the same number of elements. For each quantum number J there should be 2J + 1
elements ) jps with M = —J,—J +1,...,J. However, it is not immediately obvious what the J—
values are. Since ) jys represents the total angular momentum state and Yy, p,, (1) and Yz, m, (£22)
the individual angular momenta one may start from one’s classical notion that these states represent
angular momentum vectors J, J @) and J@), respectively. In this case the range of |J|—values would
be the interval [‘ |f(1)\ — ]j(2)|’ , |f(1)\ + ]j(2)|]. This obviously corresponds quantum mechanically
to a range of J—values J = |04 — lo|, [{1 — l2| +1,... 41 + l2. In fact, it holds

L1+42
do(27+1) = 26 +1)(26+1) (6.25)
J=|t1—Ls]

i.e., the basis B’ (¢,,¢,) should be

%2 = {@JM(£17£2|917Q2); J = |£1 _€2|7 |€1 _€2| + 1751 +£27
M= —J—J+1,...,J}. (6.26)

We will show below in an explicit construction of the Clebsch-Gordan coefficients that, in fact, the
range of values assumed for J is correct. Our derivation below will also yield real values for the
Clebsch-Gordan coefficients.

Exercise 6.1.2: Prove Eq. (6.25)

We want to state now two summation conditions which follow from the orthonormality of the two
basis sets B({y,¢,) and B’ (¢4, ¢,). The property

/dfh/dQQ D50 (01, 2|21, Q) D rar (€1, L2201, Q) = S5 000 (6.27)
together with (6.18) applied to 9%,, and to 9y and with (6.24) yields

Z (J M|ty mq by ma)*(J M|ty mi lama) = S150mmr - (6.28)

mi,m2

2This property follows from the fact that the basis elements are eigenstates of hermitian operators with different
eigenvalues, and that the states can be normalized.
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The second summation condition starts from the fact that the basis sets B(¢y,¢,) and B'({,,¢,)
span the same function space. Hence, it is possible to expand Yy, (21)Yrm,(€2) in terms of
D (1, 02|21, Q2), ie.,

l1+4o J

Y () Yemy () = D Y o Doawr (b, 6210, Q) (6.29)
J' =0y —Lo| M'=—J

where the expansion coefficients are given by the respective scalar products in function space

Cjrpr = /dQl/dQQ @3/1\4/(51,52’91,Qg)nlml(gl)ifme(QQ) . (630)

The latter property follows from multiplying (6.18) by 9%, (1, ¢2|Q1,€2) and integrating. The
orthogonality property (6.27) yields

Sy Oy = Z (JMwlmlfgmg)CJ/M/ . (6.31)

mi,ma2

Comparision with (6.28) allows one to conclude that the coefficients cjp; are identical to
(J/ M/wl mi 52 mg)*, i.e.,

Yflml (Ql)Y&mQ (QQ)
01+40o J
= Z Z (J/lel mq 22 mg)*@J/M/(€1,€2|Ql,Q2) 5 (632)

J'=|0—bo| M'=—J

which complements (6.18). One can show readily using the same reasoning as applied in the
derivation of (6.28) from (6.18) that the Clebsch-Gordan coefficients obey the second summation
condition
> (I Mty my by ma)*(J Mym) Lamb) = Spymt Smpms, (6.33)
JM

The latter summation has not been restricted explicitly to allowed J—values, rather the convention
(JM\Elmlﬁgmg) =0 ifJ < \@1—62],01“J>€1+€2 (6.34)

has been assumed.

6.2 Construction of Clebsch-Gordan Coefficients

We will now construct the Clebsch-Gordan coefficients. The result of this construction will include
all the properties previewed above. At this point we like to stress that the construction will be based
on the theorems (5.71-5.81) stated above, i.e., will be based solely on the commutation properties of
the operators Jand 7®). We can, therefore, also apply the results, and actually also the properties
of Clebsch-Gordan coefficients stated above, to composite systems involving spin—% states. A similar
construction will also be applied to composite systems governed by other symmetry groups, e.g.,
the group SU(3) in case of meson multiplets involving two quarks, or baryons multiplets involving
three quarks.
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For the construction of ) s3; we will need the operators
Je =01 + 2. (6.35)

The construction assumes a particular choice of J € {|¢4 — la|, |61 — 2] +1,... 41 + €2} and for
such J-value seeks an expansion (6.18) which satisfies

I+ D50l 62|04, Q22) =0 (6.36)
J3D 7701, 02|Q1,Q2) = RJYys(l1,02|Q21,Q0) . (6.37)

The solution needs to be normalized. Having determined such 9);; we then construct the whole
family of functions X; = {Qsn (41,021, Q), M = —J,—J +1,...J} by applying repeatedly

I D1 (01,021, Q2) = A/(J+ M+ 1)(J — M)Dyar(l, 6|01, Q) . (6.38)

for M =J-1,J—-2,...,—J.

We embark on the suggested construction for the choice J = ¢; 4+ f5. We first seek an unnormalized
solution Gy and later normalize. To find G we start from the observation that G;; represents the
state with the largest possible quantum number J = ¢; 4+ ¢ with the largest possible component
M = {1 + {5 along the z—axis. The corresponding classical total angular momentum vector jclass

would be obtained by aligning both .7_;(1?55 and Z(li)ss also along the z—axis and adding these two
vectors. Quantum mechanically this corresponds to a state

gfl+52,f1+52 (617 €2|Qlﬂ Q2) - Ykﬂl (Ql> Yézfz (92) (6'39)

which we will try for a solution of (6.37). For this purpose we insert (6.39) into (6.37) and replace
according to (6.11) J4 by jf) + JE). We obtain using (5.66,5.68)

(JS) + Jj(f)) Yoo, (1) Yopr, (Q22) (6.40)
= (JS)YMl(QQ) Yooe,(S22) + Your, (€21) (jf)ywz(fb)) =0
Similarly, we can demonstrate condition (6.25) using (6.11) and (5.64)
(7 + T Yo (1) Yiea (©2)

= (FYau () Yo () + Yau () (5o ()
= h(gl + 62) Yo,y (Ql) Yise, (92) . (6'41)

In fact, we can also demonstrate using (?7?) that Gy, 44, 0,40, (41, 2|1, Q2) is normalized

/dQ1 /dQQ Gy 49,01+05 (01, 02|21, )

— (/dgzlyglgl({zl)) </d9m2@2(92)) = 1. (6.42)

We, therefore, have shown

Dty t0,0+0, (01, 02|21, Q2) = Yo 0, (1) Yoor, (2) - (6.43)
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We now employ property (6.38) to construct the family of functions By, 14,
Doy 0. (b, b, i), M = — (b + be), ..., (be + )}. We demonstrate the procedure ex-
plicitly only for M = £; + £5 — 1. The r.hs. of (6.38) yields with J_ = J% + 7Y the ex-
pression hiv/201 Yy, 0, —1(1) Yer0, (Q2) + Av/203 Y0, —1(21)Yene,—1(22).  The Lh.s. of (6.38) yields
/201 4 02)D ey +050,+0,—1 (01, €221, 22). One obtains then

@€1+f2€1+£2—1(€13£2|917Q2) — (644)
gleTng nlel—l(Ql)HQEQ (QQ) + £1sz€2 }/21(1 (Ql)nzfz—l(QQ) .

This construction can be continued to obtain all 2(¢; + f2) + 1 elements of By, ;4. and, thereby,
all the Clebsch-Gordan coefficients (€1 + fo M |€1m1fams). We have provided in Table 1 the explicit
form of s ar(€102|21€Q9) for £1 = 2 and ¢5 = 1 to illustrate the construction. The reader should
familiarize himself with the entries of the Table, in particular, with the symmetry pattern and with
the terms Yy, m, Yz,m, contributing to each ) yar.

We like to construct now the family of total angular momentum functions By, 4w =
{@gudr@#,“zM(e“z,e%‘;{W, 5{}1‘); M = —(@4 + fp — H‘), AU (@4 + b — “4)} We seek for this pur-
pose first an unnormalized solution Gy, 4+s,—1¢,4¢,—1 Of (6.36, 6.37). According to the condition
(6.21) we set

Goyvty—1 01405101 02]21Q2) = Y0, 1(21) Y000, (22) + €Yoy, (21)Y000,-1(822) (6.45)

for some unknown constant c. One can readily show that (6.37) is satisfied. To demonstrate (6.36)
we proceed as above and obtain

<\7%(~1)va1f1fl(ﬂl)> 1/@2@2(92) + Cszlél (Ql) (‘7752)%2[271(92))

= ( 201 + C\/%) Yor0,($1) Yooe,(€22) = 0. (6.46)
To satisfy this equation one needs to choose ¢ = —\/m. We have thereby determined
Goy40,—10,+0,—1 10 (6.45). Normalization yields furthermore
Dy +02-10,+0,-1(£102[21822) (6.47)
&ETQEQYZMll(Ql)}/ZQZQ(QQ) - 61671523@131(91)1@2@21(92) :

This expression is orthogonal to (6.39) as required by (6.27).

Expression (6.47) can serve now to obtain recursively the elements of the family By, 14,y for
M = l1+0—2,01+03—3,...,—(¢1 + 2 —1). Having constructed this family we have determined
the Clebsch-Gordan coefficients (€1 + €2 — 1M|€1miloms). The result is illustrated for the case
51 = 2, EQ =1 in Table 1.

One can obviously continue the construction outlined to determine )¢, 4¢,—2¢,+¢,—2, €tc. and all
total angular momentum functions for a given choice of ¢; and /5.

Exercise 6.2.1: Construct following the procedure above the three functions Q) s (41, 2|21, Q22)
for M =41 +40y —2and J = £y + 40,01 + 0o — 1,01 + €5 — 2. Show that the resulting functions
are orthonormal.
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Yoo (€21)Y11(£22)
D33(2, 1|04, 02) 1
Yo1(€21)Y11(€22) Y52 (€21)Y10(£22)
D32(2, 1|21, Q2) 2 ~ 0.816497 L~ 057735
D92(2,1|Q1,Q2) —\/3 ~ —0.57735 2 ~ 0.816497
Yo0(£21)Y11(€22) Y51 (£21)Y10(€22) Yoo (21)Y1-1(£22)
V1(2,100,92) | (/2 ~ 0632456 | (/% ~ 0730207 | ([ ~ 0258199
D01(2, 1|0, Q2) _ﬁ ~ —0.707107 \ﬁ ~ 0.408248 L~ 057735
D11 (2, 1|01, 92) L~ 0316228 \/j ~ 0547723 | |/} ~ 0774507
Yo 1(Q1)Y11(22) Y20(21)Y10(22) Yo1(1)Y1-1(22)
V302, 101,92) | /b ~ 0447214 @ ~ 0.774597 L~ 0447214
Dao(2,1/21,02) || /1 ~ ~0.707107 0 L~ 0.707107
D02 10,92) | /3 ~ 0547723 | —\/2 ~ 0632456 | |/ ~ 054772
Yo_o(21)Y711(£22) Yo_1(£21)Y10(£22) YQO(Ql)Yl—l(QQ)
Ds_1(2,1|Q1,Q2) L~ 0.258199 £~ 0.730297 2 ~ 0.632456
Vo 1(2,1101,02) | —\/} ~ 057735 L~ —0408248 | \/ ~ 0707107
D11(2,1/01,02) 3~ 0.774597 3~ 0547723 \/7 ~ 0.316228
Yo_2(21)Y10(£22) 1(21)Y1-1(22)
Ds_2(2,101,02) Vi~ 057135 \/g ~ 0.816497
V2 2(2,1|04,02) 2~ —0.816497 L~ 0.57735
Y2—2(Q )Y1-1(€2)
D3-3(2,1[Q4,Q2) 1

Table 6.1: Some explicit analytical and numerical values of Clebsch-Gordan coefficients and their

relationship to the total angular momentum wave functions and single particle angular momentum
wave functions.
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Exercise 6.2.2: Use the construction for Clebsch-Gordan coefficients above to prove the following
formulas

JEM - for f = J— 1

2J 2

<‘]a]\4|£77n_l 3ty =
22202 J—M41 _ 1
— 2742 fOI’E = J+§

JIM fgr = g1
(Mmoo = 7 !

J+M+1 _ 1
\/ A ford = J4 3

The construction described provides a very cumbersome route to the analytical and numerical
values of the Clebsch-Gordan coefficients. It is actually possible to state explicit expressions for
any single coefficient (JM|¢1m1fams2). These expressions will be derived now.

6.3 Explicit Expression for the Clebsch—Gordan Coefficients

We want to establish in this Section an explicit expression for the Clebsch—Gordan coefficients
(JM|€ymilams). For this purpsose we will employ the spinor operators introduced in Sections 5.9,
5.10.

Definition of Spinor Operators for Two Particles

In contrast to Sections 5.9, 5.10 where we studied single particle angular momentum and spin, we
are dealing now with two particles carrying angular momentum or spin. Accordingly, we extent
definition (5.287) to two particles

W = 15 oal <Clokl ¢ > ag (6.48)

where (,(’ = + and the matrix elements < ( |ox| {’ > are as defined in Section 5.10. The creation
and annihilation operators are again of the boson type with commutation properties

[ac, CLC/] = [CLZ, CLZ/} =0 y [CLC, CLI,} = 5«/ (6.50)
[be, ber] = [bz b” —0 , [bc, bH S (6.51)

The operators ac, az and b, bz refer to different particles and, hence, commute with each other
lac, ber] = [az, b” = [ag, b” =0. (6.52)

According to Section 5.10 [cf. (5.254)] the angular momentum / spin eigenstates [¢1m1)1 and [fama)s
of the two particles are

[tima)1 = (aiyﬁm (“T—)Zrml |Wo) (6.53)
\/(€1+m1)! \/(zl—’ﬂh)! .
T fatmy + Lo —mo

|lama)e = <b+) (b—> ' W) . (6.54)

\/(fg-i-mz)! \/(Zz—mz).
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It holds, in analogy to Egs. (5.302, 5.303),
(1)J2|€1m1>1 = 51(61 + 1) \€1m1>1 s (I)Jg‘flmlh = m ]€1m1>1 (655)
(2)J2]€2m2>2 = Eg(gg + 1) \€2m2>2 s (Z)ngng)Q = My ]€2m2>2 . (656)
The states |¢1,m1)1|l2, m2)2, which describe a two particle system according to (6.53, 6.54), are

|01, m1)1 |l2,ma)s = (6.57)

(B G N G M G R
VO +m) = m) /( +ma)! /(l — ma)!

The operator of the total angular momentum/spin of the two particle system is

J=074+0@F (6.58)

with Cartesian components
Jo = WJ + gk =1,2.3. (6.59)

We seek to determine states |J, M ({1, ¥2)) which are simultaneous eigenstates of the operators

12, I3, (1)J2, (2)J2 which, as usual are denoted by their respective quantum numbers J, M, ¢1, {o,
i.e., for such states should hold

J2|J, M (01, £3)) J(J + 1) |J, M(£1,05)) (6.60)
J3|J, M(£1,02)) = M|J, M({1,465)) (6.61)
(6.62)
(6.63)

W 7217, M (01, 65)) = 01(61 + 1) |J, M(f1, 62))
@) 2T, M (1, 6)) = oo+ 1) |J, M(l1,05)) .

. . . 2 2 .
At this point, we like to recall for future reference that the operators (.J° () J” according to
(5.300), can be expressed in terms of the number operators

ki = %(@LCH + aT_a_) , kg = %(bilur + bT_b_) ) (6.64)
namely, o, o
DT =k (kj +1) ,j=1,2. (6.65)
For the operators l%j holds
kiltgmg); = 45165, my); (6.66)
and, hence,
kj|J, M(01,02)) = €;|J, M(£1,45)) (6.67)

We will also require below the raising and lowering operators associated with the total angular
momentum operator (6.59)
Jo =J1 £ ils. (6.68)
The states |J, M (¢1,¢2)) can be expressed in terms of Clebsch-Gordan coefficients (6.18) as follows
|, M (L1, 82)) = 32, [0, ma)1]la, ma)s (b1, ma, Lo, molJ, M (6, £2))
0 — b < J<li+40l ,—J<M<J. (6.69)

The aim of the present Section is to determine closed expressions for the Clebsch—Gordan coefficents
(b1, m1, bo, mal|J, M (41, £2)).
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The Operator K

The following operator
Kt =alol — al bl . (6.70)

will play a crucial role in the evaluation of the Clebsch-Gordan-Coefficients. This operator obeys the
following commutation relationships with the other pertinent angular momentum / spin operators

[/%j, KT} - %KT Li=1,2 (6.71)
(D2, KT = KTk + %KT L j=1,2 (6.72)
[J3, KT =0 (6.73)
[ij KT] - 0. (6.74)

We note that, due to J? = %JLFJL + %JLJLF + J2, the relationships (6.73, 6.74) imply
KT = 0. (6.75)

The relationships (6.71-6.73) can be readily proven. For example, using (6.64, 6.50, 6.51) one
obtains

[l%l, KT] = [aiaJr + aia,, aibi — aibl]

!

2

= ;ai [aJr, aH bl — %ai [a,, aq bi
- % (alpf - alsl) = %KT.

A similar calculation yields [k, KT] = $K'. Employing (6.65) and (6.71) one can show

(D02, K1 = 5 [k(h +1), K|

Using J3 = W Js + @ s, expressing (k) Jq through the creation and annihilation operators accord-
ing to (5.288), and applying the relationships (6.71-6.73) yields
35, K1 = 5 [abay — ala + olby — blo alel — albl
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Starting from (5.292) one can derive similarly
[J+,KT] = [ala_ + bib_, alb_ — aT_bi]

= —a:_ [a_, aT_} b:_ + blaﬂ_ {b_, bT_} =0.
The property [J_, K] = 0 is demonstrated in an analoguous way.

Action of KT on the states |.J, M({1,{s))

We want to demonstrate now that the action of KT on the states |J, M({1,£s)) produces again
total angular momentum eigenstates to the same J and M quantum numbers of J? and J3, but for
different ¢; and ¢ quantum numbers of the operators (V.J2? and (?).J2.

The commutation properties (6.73, 6.75) ascertain that under the action of K T the states
|J, M (¢1,¢3)) remain eigenstates of J? and J3 with the same quantum numbers. To demonstrate
that the resulting states are eigenstates of (1).J2? and ().J2 we exploit (6.72) and (6.62, 6.63, 6.67)

DKL M0, 6) = ([DF2 KT+ KOS 17 M0, 0))
- 3
= <KT/€]' + ZKT + KTEj(EjJrl)) |J, M (41, 02))
3
= KT (6] + Z + €j (€j+1)) ‘J,M(€1,€2)>
1 3 n
= |4 + B l + B K"|J, M(l1,42)) .

However, this result implies that KT|J, M ({1,£5)) is a state with quantum numbers ¢; + 1 and
>+ 1, ie., it holds

1 1
KV[J,M(ly,65)) = NIJ, M+ 5,6+ ) - (6.76)

Here N is an unknown normalization constant.
One can generalize property (6.76) and state

(KT) T, M (¢1,05)) = N'|J, M(¢: + g,fg + g)> (6.77)

where N’ is another normalization constant. We consider now the case that (KT)” acts on the
simplest total angular momentum / spin state, namely, on the state

g1+ J2. 51+ g2(d1,d2)) = [d1, 1)1 152, 52)2 (6.78)
a state which has been used already in the construction of Clebsch-Gordan coefficients in Section 6.2.

Application of (KT)" to this state yields, according to (6.77),

12+ g2 (it 502+ 5)) (6.79)

= N(n,]11+§d1+§) (K> |71 + j2, J1 + j2 (41, J2))
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where we denoted the associated normalization constant by N(n,ji1 + 5,j2 + 5).
It is now important to notice that any state of the type |J, J(¢1,¢2)) can be expressed through the
r.hs. of (6.79). For this purpose one needs to choose in (6.79) n, j1, j2 as follows

J:Jl+]2,€1:j1+§,€2232+§ (6.80)
which is equivalent to
n =40 + b —J
n 1
=0 — — = = 0 —
J1 1 5 5 (J+ 4 I2)
. n 1
Jjo = o — 5 = Q(J b —ly) . (6.81)
Accodingly, holds
b1+l —J
1, 0)) = N+ = J, 61, 6) (KT) x

1 1
X |§(J+f1 *62),§(J+€1 — l9))1 X
1 1
X |§(J+f2 — 51),§(J—|-€2 —41))2 . (6.82)

The normalization constant appearing here is actually

N

(2J + 1)!
(b + by — IV (b + L2 + J + 1)!

Ny + by — J b1, 0s) = (6.83)

The derivation of this expression will be provided further below (see page 158 ff).

Strategy for Generating the States |J, M ({1, (s))

Our construction of the states |J, M ({1, ¢2)) exploits the expression (6.82) for |J, J({1,¥2)). The
latter states, in analogy to the construction (5.104, 5.105) of the spherical harmonics, allow one to
obtain the states |J, M ({1,43)) for —J < M < J as follows

|, M (6, 6)) = AL M) (I-) M0, (6, 6)) (6.84)
J+ MY e
A(L,M) = [(2})!“_)]\4)!] (6.85)

Combining (6.84) with (6.82, 6.57) and exploiting the fact that J_ and KT commute [c.f. (6.74)]
yields

’J,M(£1’€2)> _ N(fl—l-fg—J,fl,Ez)A(J,M) « (6.86)
VT 0 — ) (T + by — )]

y (KT>€1+£2—J ()7 (ai)l}+f1—€2 (bL)JHTh )
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Our strategy for the evaluation of the Clebsch-Gordan-coefficients is to expand (6.86) in terms of

monomials . . o .
(“1) (“U (bw (bi) W), (6.87)

i.e., in terms of |1, m1)1|l2, m2)a [cf. (6.57)]. Comparision with (6.69) yields then the Clebsch-
Gordan-coefficients.

Expansion of an Intermediate State

We first consider the expansion of the following factor appearing in (6.86)

. - t s t t
Gr) = 1 (al) (b)) [w) (6.88)
in terms of monomials (6.87). For this purpose we introduce the generating function
I\ z,y) = exp(AJ-) exp (a: al) exp (:z: bi) W, . (6.89)
Taylor expansion of the two exponential operators yields immediately
Arxsyt
I\ z,y) = Zt Tell G (6.90)
r,S,

ie., I(\ z,y) is a generating function for the states |G%,) defined in (6.88).
The desired expansion of |G},) can be obtained from an alternate evaluation of I(\, z,y) which is
based on the properties

acF@D)100) = Lo p(al) ) bef B 1W0) = 2 f(b) W) (6.91)
8a< (%C

which, in analogy to (5.264), follows from the commutation properties (6.50-6.52). One obtains

then using
J_ =dalay + bb, (6.92)

and noting [ay, a' | = [by, bl ] = 0 [cf. (6.50)]
exp (A=) f(al) g])1Wo) = exp (alay ) flal)exp (b1bs ) g(bl)[w0)
= Z% (aicu)u f(ai) X
<SR (b)) g0l )
)\CLT_ ! 6 u
= Z< u!) (aaT) f(aj_) X
+

ML) 9\
x ;< U!> <@) g(b}) o)
= flak + xal) gl + XbD)|w,) . (6.93)
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We conclude
I\ z,y) = exp(ai + Aai) exp(bl + )\bT_) |Wo) . (6.94)

One can infer from this result the desired expressions for |G%,). Expanding the exponentials in
(6.94) yields

s ,,t
Inzy) =S 2% (af 4+ xal) (oL + el |w,)
Y %);s!t!(%r a)( )
x5yt s t
s ()

x (af) " ()" bL)Hﬂ () " wo) (6.95)

Comparision with (6.90) allows one to infer

@ -2 (),

q

s5—q q t—r+q r—q
x (af) ()" (o) () e (6.96)
and, using the definition (6.88), one can write the right factor in (6.86)
-~ J+01—4o J+lo—41
(3’ (aL) (e!) w,) (6.97)
_Z )(J-i—fl—fg)(J-i-fg—fl)
J—f—fl—fz—q)(J M — ¢ (M + ly — 41 + q)!

J+l ¢ MA-Lo—l1+ J—-M-—
T ) )

Final Result

Our last step is to apply the operator (KT)&”Q*J to expression (6.97), to obtain the desired
expansion of |.J, M ({1, ¢2)) in terms of states |¢1,m1)1|f2, m2)s. With KT given by (6.70) holds

(&h)ate Z < htt=d ) (—1)° (6.98)

(al)gﬁ_& <bT_>€1+Z2—J—s (aT_)s <b1>s

Operation of this operator on (6.97) yields, using the commutation property (6.50),

[T, M (01, 69)) = (—1)° (6.99)

5,9
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(b + Ly — )T — M)W + b1 — L2)/(J + by — £7)!
sl + by —J —=s)lgi(J+ b1 — by —q)/(J — M — q)(M + 4y — 41 + q)!

t 201—q—s t q+s t M+lo2—l1+q+s + l1+la—M—q—s
(o)™ ()" (1) (¢") v.)

The relationships (6.53,6.54) between creation operator monomials and angular momentum states
allow one to write this

Ny + by — J b1, 00) A(J, M
M, b)) = St m TG 6) AU M) S (-1 x (6.100)
\/(J—i-fl — 62)' (J—{—gz —fl)! 5q
" (0r + b — J)N(J — MOV (T + €1 — )V (J + o — £7)!
sl +la—J =)W (J+ b — by — ) (J — M — q){(M + by — 11 + q)!
x\/ (20 —q — 8)!(q + s)!
X/ (M + by — L1 +q+8)(ly +lo— M —q—s)!
x[l1, 01 —q— 8)1[l2, M — €1+ q + s)2
One can conclude that this expression reproduces (6.69) if one identifies
m, =4 —q—5s ,mg =M — {1 +q+ s. (6.101)
Note that m; + me = M holds. The summation over g corresponds then to the summation
over mq, my in (6.69) since, according to (6.101), ¢ = ¢; —m; — s and me = M — my. The
Clebsch-Gordan coefficents are then finally
(615m17£27m2|‘]7 M) =
1
01+ by — J)'(él — Uy + J)!(—gl + 0y + J)' 2
V2J+1
[ (br+ Lo+ J +1)!
X [(51 + ml)!(ﬁl — ml)!(€2 + mg)!(€2 — mg)'(J + M)'(J — M)']%
(=1’
. zs: sl(ly —mq — s)l(ly + ma — s)!
1
(6.102)

X
(fl +£2*J*S)!(J*f1*M2+S)!(J*£2+m1+8)!

The Normalization

We want to determine now the expression (6.83) of the normalization constant N (¢; + € — J, {1, {2)
defined through (6.82). For this purpose we introduce

1 1
=5+l =), =5 +b—b),n=>0+b-J. (6.103)

To determine N = N ({1+¥{2—J, {1, ¢3) we consider the scalar product (J, J(¢1,42)|J, J(¢1,¢2)) = 1.
Using (6.82) and (6.103) this can be written

1 = N*((j1, j2, n)[¢ (i, j2, n)) (6.104)
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where .
[ dzm) = (K1) lirlia,da)a (6.105)

The first step of our calculation is the expansion of 1(j1, j2,n) in terms of states |51, m1)1]j5, ma)a.
We employ the expression (6.57) for these states and the expression (6.70) for the operator K.
Accordingly, we obtain

(ai)% (bT )2j2 T,) =

V(251 +n — 8)!s!(242 + 5)!(n — s)!

V/ 2]1 (272)! Z sl(n — s)!

o 2j1—n—s o Sl 2a+s ot s
(\+/>(le+n§8)?s!(<2;>+3)!(75_2)! o) - (6.106)

The orthonormality of the states occurring in the last expression allows one to write (6.104)

1 = N2 n' Z (2j1 +n — s)1(2j2 + s)!
N (291)!(272)! sl(n —s)!

= @)y ( n ;j’f— i ) ( 27§jT:5 ) (6.107)

s

The latter sum can be evaluated using

LA ST ) ym (6.108)
1— A\ N n1 '
mi
oY 1 ni+1
v (123
and Taylor expansion of the left hand side of (6.108). One obtains then, applying (6.108) twice,

1 ni1+1 1 no+1
B N [

mi,ma2

a property which follows from

|
= (”171;'”) (6.109)
A=0 v

which can be written

() ()

T

A" (6.111)

Comparision with (6.108) yields the identity

Z ng+r—s ng+s _ ny+mng+r+1 (6.112)
n1 ng ny+n2+1 ' '

s
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Applying this to (6.107) yields

2]1—|—2]2—|—TL+1
1 = N2 (@n)? . .
(n!) ( 251 +2j2+1 >

o n!(21 + 2j2 +n +1)!
(271 + 2j2 + 1)!

(6.113)

Using the identities (6.103) one obtains the desired result (6.83).

6.4 Symmetries of the Clebsch-Gordan Coefficients

The Clebsch-Gordan coefficients obey symmetry properties which reflect geometrical aspects of the
operator relationship (6.11)

T=09 4 7 (6.114)
For example, interchanging the operators JD and J@ results in

J=J% 4+ 50 | (6.115)

This relationship is a trivial consequence of (6.114) as long as J , J @, and T are vectors in
R¥. For the quantum mechanical addition of angular momenta the Clebsch Gordan coefficients
(61, m1, 03, ma|J, M) corresponding to (6.114) show a simple relationship to the Clebsch Gordan
coefficients (¢, ma, 1, m1|J, M) corresponding to (6.115), namely,

0y, my, by, mo|J, M) = (=127 (05 my, 01, my|J, M) . (6.116)

If one takes the negatives of the operators in (6.114) one obtains

-

=50 - 7@ (6.117)

The respective Clebsch-Gordan coefficients (¢1, —myq, f2, —m12|J, — M) are again related in a simple
manner to the coefficients (¢1,mq, l2, mo|J, M)

0y, m1, by, mo|J, M) = (=127 (0, —my, by, —my|J, — M) . (6.118)

Finally, one can interchange also the operator J on the Lh.s. of (6.114) by, e.g., JW on the r.h.s.
of this equation

- =

JH =J» ] . (6.119)
The corresponding symmetry property of the Clebsch-Gordan coefficients is

2J+1

— (_1\l2+m2
(£17m17£27m2"]7M) - ( 1) 2€1+1

(62,—m2,J,M|€1,m1) . (6.120)

The symmetry properties (6.116), (6.118), and (6.120) can be readily derived from the expression
(6.102) of the Clebsch-Gordan coefficients. We will demonstrate this now.

To derive relationship (6.116) one expresses the Clebsch-Gordan coefficient on the r.h.s. of (6.116)
through formula (6.102) by replacing (¢1,m1) by (¢2,m2) and, vice versa, (f2,m2) by (¢1,m1), and
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seeks then to relate the resulting expression to the original expression (6.102) to prove identity with
the Lh.s. Inspecting (6.102) one recognizes that only the sum

(=1)°
sl —mq — s)!(la + mg — s)!
o 1
(@1 —i—ﬁg—J—s)!(J—&—m2+3)!(J—€2+m1+5)!

S(lr,ma, by, malJ, M) = >

(6.121)

is affected by the change of quantum numbers, the factor in front of S being symmetric in (¢1,m1)
and (3, mg). Correspondingly, (6.116) implies

S(ﬁl, mi, 52, TTLQ’J, M) = (—1)£1+é2_J S(ﬁg, ma, 61, mllJ, M) . (6.122)
To prove this we note that S on the r.h.s. reads, according to (6.121),

(=1’
sl(ly —mg — s)I(l1 +my — s)!
1

S(ly, ma, b, ma|J, M) =

Ul — T —SN(J —ls—my + )] —ly +mats) (6.123)

Introducing the new summation index
s =40+l —J—s (6.124)

and using the equivalent relationships
s =0+l —J —§, —s=J - b1 — by + ¢ (6.125)

to express s in terms of s’ in (6.123) one obtains
S(la,ma, b1, m1|J, M) =
GICELEEDY 0 S (—_1)—3' _ |
" 1+l —J—=s)(J—0—ma+s)(J —Lla+mq +5)!

. (6.126)

sy —my — )by +mg — s

Now it holds that ¢; + ¢o — J in (6.124) is an integer, irrespective of the individual quantum
numbers {1, f5, J being integer or half-integer. This fact can best be verified by showing that the
construction of the eigenstates of (j(l) + j(Q))Q and (j(l) + j(Q))g in Sect. 6.2 does, in fact,
imply this property. Since also s in (6.102) and, hence, in (6.122) is an integer, one can state that
', as defined in (6.124), is an integer and, accordingly, that

(=)™ = (=1)° (6.127)

holds in (6.126). Reordering the factorials in (6.126) to agree with the ordering in (6.121) leads
one to conclude the property (6.122) and, hence, one has proven (6.116).
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To prove (6.118) we note that in the expression (6.102) for the Clebsch-Gordan coefficients the pref-
actor of S, the latter defined in (6.121), is unaltered by the change m1, mg, M — —my, —mg, —M.
Hence, (6.118) implies

Sy, my, bo,ma|J, M) = (—1)0T277 S0y, —my, by, —m12|J, — M) . (6.128)

We note that according to (6.121) holds

_ (=1)°
Sy, —ma, by, —ma 2|, —M) = ZS: sl(ly +my — s)!(ly —mg — 3)!

1

. 12
Ul — T —)(J — i+ ma+ 9 —lo—m1 1 5)! (6.129)

Introducing the new summation index s’ as defined in (6.124) and using the relationships (6.125)
to replace, in (6.129), s by s’ one obtains

S(Elu_m17€2a_m2’J)_M) =
(_1)@14»(27] Z (_1)_5/
" (61—1—52—J—S’)!(J—Ez—i—ﬂh-ﬁ-S')!(J—&—mg—i—sl)!
o 1
8’!([2 + mg — Sl)!(fl —my — 8/)! '

(6.130)

For reasons stated already above, (6.127) holds and after reordering of the factorials in (6.130) to
agree with those in (6.121) one can conclude (6.128) and, hence, (6.118).

We want to prove finally the symmetry property (6.120). Following the strategy adopted in the
proof of relationships (6.116) and (6.118) we note that in the expression (6.102) for the Clebsch-
Gordan coefficients the prefactor of S, the latter defined in (6.121), is symmetric in the pairs of
quantum numbers (¢1,my), (2, m2) and (J, M), except for the factor v/2J + 1 which singles out
J. However, in the relationship (6.120) this latter factor is already properly ‘repaired’ such that
(6.120) implies

S(ﬁl,ml,ﬁg,mﬂJ, M) = (—1)£2+m2 S(ﬁg,—mg,J,M\ﬁl,ml) . (6.131)

According to (6.121) holds

(=1)°
S(la, —mg, J, M|l =
(b2, —=ma, J, M|, m1) zs: (2T ey g
1
. 6.132
o+ T — 01— )by — by — M+ 5)(lr — J —ma + 5! (6.132)
Introducing the new summation index

s =ty +my — s (6.133)

and, using the equivalent relationships

s =Ly +my — &, —s = —ly —mg + § (6.134)
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to replace s by s’ in (6.132), one obtains
S(ela _m1)£27 _m12“]7 _M) =

_1)—5/
-1 lo+mo (
(=1) ES: (b +mg — SNV (JT — by +my + §')!
» 1
(J — {01 —mo + S/)!(fl —mq — 8/)!(61 + by —J — S/)! '
Again for the reasons stated above, (6.127) holds and after reordering of the factorials in (6.135)
to agree with those in (6.121) one can conclude (6.131) and, hence, (6.120).

(6.135)

6.5 Example: Spin—Orbital Angular Momentum States

Relativistic quantum mechanics states that an electron moving in the Coulomb field of a nucleus
experiences a coupling ~ J - S between its angular momentum, described by the operator J and
wave functions Yy, (7), and its spin—%, described by the operator S and wave function y 11 As a
result, the eigenstates of the electron are given by the eigenstates of the total angular momentum-
spin states

yjm(ﬁ, %|72) = Z(Ev m/’ %7 U|j, m) ng/(f) X

m/,o

(6.136)

1
§O'

which have been defined in (6.18). The states are simultaneous eigenstates of (7 (°9)2, jg(t[)t) Ve
and S2 and, as we show below, also of the spin-orbit coupling term ~ 7 - S. Here J (! is defined

as . . .
Jt — 7 4+ 5. (6.137)

Here we assume for S the same units as for 7, namely, £, i.e., we define

S =

Do | St

& (6.138)

rather than (5.223).

Two-Dimensional Vector Representation

One can consider the functions x1,1 to be represented alternatively by the basis vectors of the
2772

1 0
X1l = (0) ) Xi-1 = (1> . (6.139)

The states Vjm (¢, 1|*), accordingly, can then also be expressed as two-dimensional vectors. Using

space C*

m =m — o; o= =+1 (6.140)

one obtains

=
3
—~
oSS
N
>
N—
Il
—
)
|
ol
N
o=

o) Vi3 @) ()

o) Yy ()

_l_
=
3
+
NI
|
[SIE
NI

; ) (6.141)
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or

— 1.1 1|4 2
(bl 1) -
In this expression the quantum numbers (¢, m’) of the angular momentum state are integers. Ac-
cording to (6.140), m is then half-integer and so must be j. The triangle inequalities (6.220) state

in the present case [¢ — 1| < j < ¢+ 1 and, therefore, we conclude j = ¢ £ 1 or, equivalently,
¢ = j £+ 1. The different Clebsch-Gordon coefficients in (6.141) have the values

(6.143)

—
<

\
N

\
N[
[NIES
N[
=
2

I

e

J
J

3

(6.144)

Yo
<

|
ol

_|_

[SIE
N

|
|
=
2

|

m
2j
. 1 . — j -
2j
) . j—m+1
G+3m—3535lhm) = —“W (6.145)
. . j+m+1
(J+3.m+55,—3ljm) = “W (6.146)

which will be derived below (see pp. 170). Accordingly, the spin-orbital angular momentum states
(6.141, 6.142) are

: R 2] Tjmames
Vim(j = 3:31F) = — ) (6.147)
2 Y11 (7)
— ALY (F)
. . 27 +2 ‘jtim-1
Vim(j + 35.3l7) = j+;++1 ak : (6.148)
\ o 25+2 Yj+%m+%(r)
Eigenvalues
For the states (6.147, 6.148) holds
(T + S Vim(G F 5 517) = B4 + ) Vjm(i F 5 517) (6.149)
(T + DaVimGF L) = hmYjm(i F 5 417) (6.150)
T Vim(i F 1. 317) = (6.151)
G FHGFL+ D YmliF 5307
. . 3 . .
S Vim(GF 3,307) = TP Vim(F 3, 517) (6.152)
Furthermore, using
(TN = (F + 8?2 =72+ 8> +27-5 (6.153)

or, equivalently,

27 -S = (JU9)? — g2 - §° (6.154)
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one can readily show that the states Vj,, (¢, 1|7*) are also eigenstates of J - 5. Employing (6.149,
6.151, 6.152) one derives

1
2
= P = 3 Vim(— 1 47 (6.155)
and

27 - 8 Vjm(j + L, 1|7)
= RLG+1) - G+DE+2) — 2 Vim(+ L L)
R (=5 —2) Vim(j + 1, 37) . (6.156)

Orthonormality Properties

The construction (6.141) in terms of Clebsch-Gordon coefficients produces normalized states. Since
eigenstates of hermitean operators, i.e., of (J + 5)2, (T + 93, T 2 with different eigenvalues are
orthogonal, one can conclude the orthonormality property

+m 2w
/ sin 9d9/ de [y]*/m/(f,’ %|07 ¢) ]T y]*m(f, %w, gf)) = 5jj/5mm/5w (6157)
- 0

where we have introduced the angular variables #, ¢ to represent # and used the notation [---]7
to denote the transpose of the two-dimensional vectors y;,m, (¢',1]0,¢) which defines the scalar

product
a \" [ ¢ c
(b*> <d>—(a* b*)<d>—a*c+b*d. (6.158)

Another important property of the spin-orbital angular momentum states (6.147, 6.148) concerns
the effect of the operator & - 7 on these states. In a representation defined by the states (6.139),
this operator can be represented by a 2 x 2 matrix.

We want to show that the operator & - 7 in the basis

j=1,3 . im=—j,—j+1, ... 45} (6.159)

The Operator o - 7

assumes the block-diagonal form

G o= 0 —1 (6.160)
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where the blocks operate on two-dimensional subspaces spanned by {YVjm(j — i, 3|7), Vim(j +
1, 17)}. We first demonstrate that & - 7 is block-diagonal. This property follows from the commu-
tation relationships

7 ¢ F =0, k=1,23 (6.161)

where J/°" is defined in (6.137) To prove this we consider the case k = 1. For the Lh.s. of (6.161)
holds, using (6.137),

[J1 + S1, o121 + o222 + 0323 ]
= oo[J1, x2] + [S1, 02]x2 + 03[0, x3] + [S1, 03] 3. (6.162)

The commutation properties [cf. (5.53) for J; and (5.228), (6.138) for & and 5]

[jl, J}Q] = —iﬁ[x283 — 1‘382, xg] = ih$3 (6.163)
[jl, $3] = —ih[l‘Qag — ZE382, .%'3] = —ihZL'Q (6.164)
Sy, 03] = g[al,@] — ihoy (6.165)
Sy, 03] = g[al, 03] = —iho (6.166)

allow one then to evaluate the commutator (6.161) for k& = 1
(7D, 67 = ih(oaws + o3we — o319 — Taw) = 0. (6.167)

One can carry out this algebra in a similar way for the £ = 2, 3 and, hence, prove (6.161).

Since the differential operators in jk(wt) do not contain derivatives with respect to r, the property
(6.161) applies also to & - 7, i.e., it holds

78 g7 =0, k=123, (6.168)

From this follows

117), (6.169)

ie., @7 Vjm(j £ 1,1|F) is an eigenstate of (J#))? with eigenvalue /2j(j + 1). One can prove

similarly that this state is also an eigenstate of jgftOt) with eigenvalue hm. Since in the space
spanned by the basis (6.159) only two states exist with such eigenvalues, namely, V;.,(j £ 3, 1|7),
one can conclude

G- Yim(J+ 5 51F) = ary(Gm) Yim (G + 5, 517) + ar(im) Vim(J — 3, 5(7) (6.170)
and, similarly,

G- Vim(J = 5,3|7) = a—s(Gm) Vim(j + 5, 317) + a——(Gm) Vim(j — 3, 517) - (6.171)
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We have denoted here that the expansion coefficients a4, in principle, depend on j and m.
We want to demonstrate now that the coefficients a1, actually, do not depend on m. This property
follows from

(T80 5. 7] = 0 (6.172)

which is a consequence of (6.168) and the definition of jf()t) [c.f. (6.35)]. We will, hence, use the
notation a4 (j)

Exercise 6.5.1: Show that (6.172) implies that the coefficients a1+ in (6.170, 6.171) are indepen-
dent of m.

We want to show now that the coeffients oy (j) and a—_(j) in (6.170, 6.171) vanish. For this
purpose we consider the parity of the operator ¢ - 7 and the parity of the states Y (j £ 3, 3|7),
i.e., their property to change only by a factor +1 under spatial inversion. For & - 7 holds

gt — od-(-1) = —=d-1, (6.173)
i.e., ¢ -7 has odd parity. Replacing the 7-dependence by the corresponding (6, ¢)-dependence and
noting the inversion symmetry of spherical harmonics [c.f. (5.166)]

i1
Y tpmes (r— 0.+ 6) = (~1PF3Y, 100 (0,0) (6.174)

one can conclude for V;,(j + 3, 1|7) as given by (6.142)

292
Vim(G+ 15, 40,6) = Vim(+ L ilr—0,m+¢) = (—1)7 2V +1,100,0) . (6.175)
Similarly follows for Vj,,(j — 1, L|F*)

. i1 .
Vim(J = 3,510,0) — (=1)72Vjm(j + 3,310,9) . (6.176)
We note that Vjn,(j + %, 1|7) and Yjm(j — 1, 1|7) have opposite parity. Since ¢ - 7 has odd parity,
i.e., when applied to the states V;y,(j £ &, 1|7) changes their parity, we can conclude a4 (j) =
a__(j) = 0. The operator &7 in the two-dimensional subspace spanned by V;n,(j+1, 1|7) assumes
then the form

G.F = (af(j) O‘+6(j) ) . (6.177)

Since & - 7 must be a hermitean operator it must hold a_(j) = o _(j).
According to (5.230) one obtains

(6-7)2 = 1. (6.178)
This implies |4 —(j)| = 1 and, therefore, one can write
Lo 0 eiB() .
Gi=( ww Cy ).  BU)ER. (6.179)

One can demonstrate that ¢ - 7 is, in fact, a real operator. For this purpose one considers the
operation of & - 7 for the special case ¢ = 0. According to the expressions (6.147, 6.148) for
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Vim(j £ 1,110,¢) and (5.174-5.177) one notes that for ¢ = 0 the spin-angular momentum states
are entirely real such that & - 7 must be real as well. One can conclude then

L 0 1
a-r—i(l 0> (6.180)

where the sign could depend on j.

We want to demonstrate finally that the “—”-sign holds in (6.180). For this purpose we consider
the application of & - 7 in the case of # = 0. According to (5.180) and (6.147, 6.148) the particular
states yj%(j — 1, 1]7) and y]%(j + 1, 17)at @ = 0 are

Vili—13l0=00) = ¥ (6.181)
. _ /it
yj%(‘]+%’%‘9207¢) = 047r : (6.182)
Since & - 7, given by
g-7 = o1sinf cos¢p + o9 sinf sing + o3 cosh , (6.183)
in case 8§ = 0 becomes in the standard representation with respect to the Spin—% states x1,1
2772
[c.f. (5.224)]
o . 10
=144 , for =0 (6.184)
space X141
22

one can conclude from (6.181, 6.182)
E-fyjl(j—%,%w:(],@ = —yj;(j+%,%|9:0,¢), for 6 = 0. (6.185)
2 2

We have, hence, identified the sign of (6.180) and, therefore, have proven (6.160). The result can
also be stated in the compact form

G- Vim(J £ 5, 517) = =Vim(J F 3, 317) (6.186)

The Operator 6’-]3’

The operator &' ﬁ’ plays an important role in relativistic quantum mechanics. We want to determine
its action on the wave functions f(r)Y;m(j £ L,1|7#). Noting that p' = —ihV is a first order
differential operator it holds

G0 () Vim(G £ 5, 41F) = (G- FF))Vjm(G £ 5, 41F) + f(r) G- DVjm(j £ 3, 47)  (6.187)

Here ((---)) denotes again confinement of the diffusion operator 0, to within the double bracket.
Since f(r) is independent of 6 and ¢ follows

(G- f(r) = —ih((Dpf(r))) G -7 . (6.188)



6.5: Spin—Orbital Angular Momentum States 169

Using (6.186) for both terms in (6.187) one obtains
G P Vim(J £ 5,417) = [h0f(r) = f(r)G 57 7| Vim(G F 3. 517)- (6.189)
The celebrated property of the Pauli matrices (5.230) allows one to express
G-pF-F =p-i +id-(FXP). (6.190)

For the test function h(7) holds

pih = —ihv-<5h> SR Y T L
T T T
3 1
= —ih—h — ihh7-V— — ih#-Vh. (6.191)
r T

Using V(1/r) = —7/r3 and # - Vh = 8,h one can conclude
- 2
§ih = —ih ( + 8r> h (6.192)
r

The operator ﬁ’ X 7 in (6.190) can be related to the angular momentum operator. To demonstrate
this we consider one of its cartision components, e.g.,

(Fxinh = —ih(az% - 33%)]1 (6.193)
1 1 1
= —ih — (82.%3 - 831’2) h — z’hh(ng)g— - 1:283—) .
r T T
Using 02(1/7) = —xo/73, 03(1/7) = —x3/r3 and Oox3 = 302, D322 = w203 we obtain

(Fx7)ih = —ih%(%(% — x203) h = —%ﬁh (6.194)

TR

where 7 is defined in (5.53). Corresponding results are obtained for the other components of 1%’ X T
and, hence, we conclude the intuitively expected identity

PxF = —-7J. (6.195)

G I Ym0 = il + 2 TS G En e (6196
Using (6.155, 6.156) this yields finally
F RO+ 14 = b |0+ T2 | 50 Vil - 100
) ' (6.197)
5500 Vil — 14D = i [0 + 2| 6(r) Vil + 1,19

(6.198)
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To demonstrate the validity of this key result we note that according to (5.230, 5.99) holds

G -p)? = —W’V? = —oa’ tE (6.199)

We want to show that egs. (6.197, 6.198), in fact, are consistent with this identity. We note

@ D)2 () Vim(j +

=

317

] F) Yim (5 + 3, 317) (6.200)
and, using (5.101), 52 +2j + 3 = (j + 3)(j + 2), as well as (6.151), i.e.,

o1, 3 . . . .
B2+ 50+ 5) Vim + 3. 317) = T Vjm (i + 4, 317) (6.201)

yields

which agrees with (6.199).

Evaluation of Relevant Clebsch-Gordan Coefficients

We want to determine now the Clebsch-Gordan coefficients (6.143-6.146). For this purpose we use
the construction method introduced in Sec. 6.2. We begin with the coefficients (6.143, 6.144) and,
adopting the method in Sec. 6.2, consider first the case of the largest m-value m = j. In this case
holds, according to (6.43),

ViiG = 3:317) = Yo, 1 (F) X1 - (6.202)

The Clebsch-Gordan coefficients are then
(]_%>j—%v%a%|jaj) = 1 (6203)
(6.205)

which agrees with the expressions (6.143, 6.144) for m = j.
For m = j — 1 one can state, according to (6.45),

_ ) 25 — 1 1
Vij—1(j — 3,317) = 5 Vi1 sx11 + oH Y1 X1 (6.206)
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The corresponding Clebsch-Gordan coefficients are then

: : . 2) -1

(] - %7] - %7 %7 %U?] - 1) = 2] (6207)
L e B 1
U=4i=hh-ilii-1 = /5 (6.208)

(6.209)

which again agrees with the expressions (6.143, 6.144) for m = j — 1.
Expression (6.206), as described in Sec. 6.2, is obtained by applying the operator [c.f. (6.137)]

g — g + 5 (6.210)

0 (6.202). The further Clebsch-Gordan coefficients (---|jj —2), (---|jj — 3), etc., are obtained
by iterating the application of (6.210). Let us verify then the expression (6.143, 6.144) for the
Clebsch-Gordan coefficients by induction. (6.143, 6.144) implies for j = m

) Jj+m ]—
F) = |5 o Y]% —ixi 5 Y]_% 1. (6.211)

Applying j ) to the Lh.s. and J- + S_ to the r.h.s. [c.f. (6.210)] yields

VG +m)(G—m+1) Yim—1(j — 3, 4F) =

Vim(j — 3, 5

il
m|»~
NIH
[N

Jt+m . .

2 VG+m=1)G-m+1)Y; 1, sx11
| +m

+ /20y X

or

2 lame3Xg
((] - m) 25(j —lm—l—l) 255 —1m+1)> Yj*%m*% X3-3
= ”Z_le—%m—gX%% - ”‘;f;“n_%m-m-%-
This implies
G—5m—353535lm-1) = 7tm =1 (6.212)
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| — 1
G-bm—bb-tlim-1) = [Tt (6:213)
J

which is in agreement with (6.143, 6.144) for j = m — 1. We have, hence, proven (6.143, 6.144)
by induction.

The Clebsch-Gordan coefficients (6.146) can be obtained from (6.143) by applying the symmetry
relationships (6.116, 6.120). The latter relationships applied together read

(Lr,ma, by, molls,mg) = (—1)f2H-fithrme (6.214)
203+ 1
251 +1

j+m+1
(Gym, 54+ Lm+1) = ‘/%T’ (6.215)

which follows from (6.143), the relationship (6.214) yields

(U3, m3, la, —ma|ly, mq)

For

2j + 2
2j + 1

(]’m7%7%’j+%7m+%) = (j—’_%vm—’_%v%v_%uam) (6216)

and, using (6.215), one obtains

. . j+m+1
Gt smt s s —slim) =[5 (6.217)

Similarly, one can obtain expression (6.145) from (6.144).

6.6 The 3j—Coefficients

The Clebsch-Gordan coefficients describe the quantum mechanical equivalent of the addition of two
classical angular momentum vectors j lass and j lass 1O obtain the total angular momentum vector

\70(1::; jdass + j dass In this context j lass and \Z:(li)ss play the same role, leading quantum

mechanically to a symmetry of the Clebsch-Gordan coefficients (JM |[¢ymilamg) with respect to
exchange of ¢1m; and foms. However, a higher degree of symmetry is obtamed if one rather

considers classically to obtam a vector J. 1astso Y with the property J lass + J 1ass Jc(lastso Y — 0,

Obviously, all three vectors J 1%5, jc(la)% and J 1a:: R play equivalent roles

The coefficients which are the quantum mechanical equivalent to j ass T .7 oss T T (lastso 6 — 0
are the 3j—coefficients introduced by Wigner. They are related in a simple manner to the Clebsch-

Gordan coefficients

Ji J2 J3 B ot o - 1, . .
= (=1 J1—J2 3(9 1 o 921
(m1 mo M3 ) (1) (2j3 + 1)72(js — ms|jima, j2m2) (6.218)

where we have replaced the quantum numbers J, M, {1, m1, {2, mo by the set ji,mq, jo, ma, j3, m3
to reflect in the notation the symmetry of these quantities.
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We first like to point out that conditions (6.21, 6.34) imply

( JuoJz2 g3 > = 0if not my + mg + mg = 0 (6.219)
mi1 Mo M3

< 7Jn11 Tjnz 73;33 > = 0ifnot [j1 — j2| < j3 < j1 + J2. (6.220)
The latter condition |j; — j2| < j3 < j1 + j2, the so-called triangle condition, states that ji, jo, j3
form the sides of a triangle and the condition is symmetric in the three quantum numbers.

According to the definition of the 3j—coefficients one would expect symmetry properties with respect
to exchange of ji,m1, ja,mo and j3,m3 and with respect to sign reversals of all three values
mi,ma, M3, i.e. with respect to alltogether 12 symmetry operations. These symmetries follow the

equations
JuoJ2 g3\ _ [ J2 J3 g\ _ (—1)rtiztis J2 Jv 3
mip mz M3 my  m3 My ma mi M3

= (—1)irtiatis ( a2 B ) (6.221)
—mip —m2 —Mmg

where the the results of a cyclic, anti-cyclic exchange and of a sign reversal are stated. In this way

the values of 12 3j-coefficients are related.

However, there exist even further symmetry properties, discovered by Regge, for which no known

classical analogue exists. To represent the full symmetry one expresses the 3j—coeflicients through

a 3 X 3—matrix, the Regge-symbol, as follows

I —J1t+J2+i3 nn—Jet+is Jjiti2—7Js3
< > = J1—m J2 —my jz —ms3 : (6.222)
mip m2 M3 . . .
71 t+my J2 +ma J3 +ms

The Regge symbol vanishes, except when all elements are non-negative integers and each row and
column has the same integer value ¥ = j; + jo + j3. The Regge symbol also vanishes in case that
two rows or columns are identical and ¥ is an odd integer. The Regge symbol reflects a remarkable
degree of symmetry of the related 3j—coefficients: One can exchange rows, one can exchange columns
and one can reflect at the diagonal (transposition). In case of a non-cyclic exchange of rows and
columns the 3j—coefficent assumes a prefactor (—1)*. These symmetry operations relate altogether
72 3j—coeflicients.

The reader may note that the entries of the Regge-symbol, e.g., —j1 + jo + j3, are identical to the
integer arguments which enter the analytical expression (6.102) of the Clebsch-Gordan coefficients,
safe for the prefactor /2j3 + 1 which is cancelled according to the definition (6.218) relating 3j-
coefficients and Clebsch-Gordan coefficients. The two integer entries J — £1 — mo and J — £ + my
in (6.102) are obtained each through the difference of two entries of the Regge-symbol.

Because of its high degree of symmetry the Regge symbol is very suited for numerical evaluations
of the 3j—coefficents. For this purpose one can use the symmetry transformations to place the
smallest element into the upper left corner of the Regge symbol. Assuming this placement the
Regge symbol can be determined as follows (ni; is the smallest element!)

ni1 M1z Ni13 nii

ni2!ni3!nggIng!
no1 Mo nos | = (—1)n2stne s 6.223
n31 M3z N33 ( ) (E—|—1)!n11!n22!n33!n23!n32!)) 7;) " ( )
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where

X = mni1 +ni2+ 3 =51+ Jo + J3
— nag! nga!
(n23 —n11)! (n32 —ni1)!
_ (n114+1—n)(n22+1—n)(n3z+1—n)
n(na2z—ni1+n)(nzz—nii+n)

S0

Sn = Sn—1

(6.224)
(6.225)

(6.226)

We like to state finally a few explicit analytical expressions for Clebsch-Gordan coefficients which
were actually obtained using (6.223-6.226) by means of a symbolic manipulation package (Mathe-

matica)

(=) §(m,my + ma)y/(2 — ma) /(2 + my)!
VI0y/(T —m)!y /(1 + m)ly/ (1 — ma)!\/(1 + my)!

12]m\/\12]m2]/\22\m1]

(1m|2m11m2) =

(=1)™™ (m + 2ma) §(m, my +ma)y/(2 — m1)! (2 +mq)!

(2m|2mq1msy)

VB2 = )/ - m)T— ma) /L my)!

12|m2|/\22|m|/\22|m1|

(B3m|2milmy) =

(—1)*™ 7227 §(m,my +ma)\/(3 )'\/(3+m
V1054/(2 — m1)ly/(2 +mq) \/1—m2)'\/(1+

1Z\m2])/\22]m1|/\32\m|

1—mg
(0m|1m1;m2) = Z( 1) 5(0\7//’;’) 6( m17m2)
5 > lml)
9 = 1
1 1 B (_1)2m172m2\/§ 5(m,m1+m2)\/(1_m)l\/(1+m)|
(1m]§m1§m2) —

V[ (3 = m)ty/ (3 +m) /(5 = ma)ty/ (3 -+ ma)!

1 1
5 2 Il A5 = mal A1

Here is an explicit value of a Clebsch-Gordan coefficient:

1 1 1 1
(701 —1511120 ~10601 —51) =

4793185293503147294940209340/127+/142
V/35834261990081573635135027068718971996984731222241334046198355

~ (.10752786393409395427444450130056540562826159542886

l

We also illustrate the numerical values of a sequence of 3j-coefficients in Figure 6.1.

(6.227)

(6.228)

(6.229)

(6.230)

(6.231)

(6.232)
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3j coefficient
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Figure 6.1: Oscillatory behavior of 3j-coefficients.

Irreducible Representation

We had stated above that the spherical harmonics Y7, (€2)), eigenfunctions of the single particle
angular momentum operators J2 and J3, provide the irreducible representation for D(4), i.e. the
rotations in single particle function space. Similarly, the 2—particle total angular momentum wave
functions Y sar (41, £2|21, Q2) provide the irreducible representation for the rotation SR (v) defined in
(6.5), i.e. rotations in 2-particle function space. If we define the matrix representation of R(¢) by
@(19), then for a basis {nlml (Ql)n2m2(gg),€1,£2 =1,2,...,m = —Lq,... 4+, mg=—4s,.. .+£2}
the matrix has the blockdiagonal form

L-1x1-1

1-3x1-3

D) = : (6.233)

(261 +1) (201+1)
(205 + 1) x (265 + 1)
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For the basis {@JM(gl,ﬁg‘Ql,Qg), Kl,fg = 1,2, ey J = |€1 — »62" N ,51 + EQ, M = —J, ce J}
each of the blocks in (6.233) is further block-diagonalized as follows

(261 + 1) (251 + 1)
(265 +1) x (26 +1) | =

(2|61 — lo| + 1)
><(2|fl — €2| + 1)

(2161 — L] + 3)
><(2|€1 —52‘ +3)

(6.234)

(261 + £3) + 1)
X(2(€1 + Eg) + 1)

Partitioning in smaller blocks is not possible.

Exercise 6.6.1: Prove Egs. (6.233,6.234)

Exercise 6.6.2: How many overall singlet states can be constructed from four spinf% states
|%ml)(l)|%m2>(2)|%m3>(3)|%m4>(4)? Construct these singlet states in terms of the product wave
functions above.

Exercise 6.6.3: Two triplet states [1m1)(1)|1m2) o) are coupled to an overall singlet state Qoo(1, 1).
Show that the probability of detecting a triplet substate ]1m1>(1) for arbitrary polarization (mo—

value) of the other triplet is 1.
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6.7 Tensor Operators and Wigner-Eckart Theorem

In this Section we want to discuss operators which have the property that they impart angular
momentum and spin properties onto a quantum state. Such operators T can be characterized
through their behaviour under rotational transformations.

Let T|¢) denote the state obtained after the operator T’ has been applied and let R(J) denote
a rotation in the representation of SO(3) or SU(2) which describes rotational transformations
of the quantum states under consideration, e.g. the operator (5.42) in case (i) of the position
representation of single particle wave functions or the operator (5.222) in case (ii) of single particle
spin operators. Note that in the examples mentioned the operator 7" would be defined within the

—.

same representation as R(¢). This implies, for example, that in

case (i) T is an operator Co () — Co () acting on single particle wave functions, e.g. a mul-
tiplicative operator T'¢(7) = f(7)(F) or a differential operator T ¢ (7) = (8_2 + 2 4

027 023
2
5z) Y();

case (ii) the operator T could be a spin operator Sy, defined in (5.223), e.g. S* = S7 + S3 + 532
or any other polynomial of Sk.

The operator T may also act on multi-particle states like Yy, (71)Yr,m, (72). In fact, some of the
examples considered below involve tensor operators 1" of this type.

Rotations transform [¢) as [¢/) = R(J)|[¢) and T|y) as R(I)T|). The latter can be written
T'|¢)") where T' denotes T in the rotated frame given by

=, =,

T = ROHTR ) . (6.235)

The property that 7" imparts onto states |i) angular momentum or spin corresponds to 7" behaving
as an angular momentum or spin state multiplying [¢). The latter implies that T transforms like
an angular momentum or spin state [¢m), i.e. that T" belongs to a family of operators {Tyq, ¢ =
—k,—k+1,...k} such that

k

k —

T, = > DY) Ty . (6.236)
q'=—k
In this equation Dfﬁg( 9) denotes the rotation matrix

k — -
Dy W) = (ka |R(F)|kq) - (6.237)
The operators T' € {T}q, ¢ = —k,—k + 1,...k} with the transformation property (6.236, 6.237)

are called tensor operators of rank k.

Examples of Tensor Operators

The multiplicative operators Coo () — Coo ()

Y3 Ty (6.238)
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are tensor operators of rank k. Examples are

1

Y = —

00 o=
Y = \/irsinHeiw = \/i(az + ixg)
1+1 = F S =+ Sn 1 2

/3 /3
Y = — — _
10 1 r cost g T3

T
1 /15 ; 1 /15
Yoio = 1 %72 sin?f e=21¢ = 1 %(3:1 + iz9)?
15 5 . ; 15 )
Your1 = F grz sinf e*® = F g(l’l + ix9) w3
5 3 1 5 (3 r?
Y — )22 [ Zeos20 — ) = /2 (22 -
20 e <2C°S 2> An (2:[;3 2

(6.239)

These operators can be expressed in terms of the coordinates x1, x9, z3. The fact that these opera-
tors form tensor operators of rank 1, 2, 3 follows from the transformation properties of the spherical
harmonics derived in Section 1.3.

Exercise 6.7.1: Show that the following set of spin operators
Tiyr = $i Sy
V2
Ty = S3
Tors = (Sjc)2
Toe1 = F(S35% + S*83)

2
Ty = \/;(353 - 5%

are tensor operators of rank 0, 1, 2.
Exercise 6.7.2: Express the transformed versions of the following operators (a) T = 23 — 23 and
(b) S253 in terms of Wigner rotation matrices and untransformed operators.

For the following it is important to note that the rotation matrix elements (6.237) do not require
that the rotation R1(J) is expressed in terms of Euler angles according to (5.203), but rather
any rotation and any parametrization can be assumed. In fact, we will assume presently that the
rotation is chosen as follows

R(J) = exp(94Ly + 9_L_ + U3L3) (6.240)

where we have defined 94 = %(191 F 1) and Ly = Ly £ iLy. This choice of parametrization
allows us to derive conditions which are equivalent to the property (6.235 - 6.237), but are far easier
to ascertain for any particular operator.
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The conditions can be derived if we consider the property (6.235 - 6.237) for transformations
characterized by infinitesimal values of ¥, 19_,93. We first consider a rotation with J = (¢9,0,0)%
in case of small ¥. The property (6.235 - 6.237) yields first

k

=, —, =,

RO Teg R0 = Y (kg |R(9)|kq) Tey - (6.241)
q=—kK

=,

Using R(J) = 1L + 94 Ly + O(¥2) this equation can be rewritten neglecting terms of order O(d92)

k
(I + Dy Ly) Tog (1 — D4 Ly) = Y (kq'[1l + 9y Ly[kq) Try - (6.242)
q¢=-k

from which follows by means of (k¢'|1L|kq) = d4¢ and by subtracting Ty, on both sides of the

equation
k

Oy Ly, Tog) = D 04 (k| Lylka) Try - (6.243)
q=—k

From (5.80) follows (kq'|L1|kq) = —i\/(k+ q+ 1)(k — q)d4 ¢+1 and, hence,

Lo Thg] = —iTkq1 VT g+ Dk —q) . (6.244)

Similar equations can be derived for infinitesimal rotations of the form J = (0,9_,0)T, (0,0,93)7.
Expressing the results in terms of the angular momentum operators J,, J_, J3 yields

[T, Tkgl = hTegr1V/(E+q+1)(k—q) (6.245)
[J_ Thg) = hTkg1V/(E+q)(k—q+1) (6.246)
[J3,Thg] = PqThy - (6.247)

These properties often can be readily demonstrated for operators and the transformation properties
(6.235 - 6.237) be assumed then.

Exercise 6.7.3: Derive Eqs. (6.246, 6.247).
Exercise 6.7.4: Is the 1-particle Hamiltonian

h2
H = —%W +V(I7) (6.248)

a tensor operator?

Exercise 6.7.5: Consider a system of two spin—% particles for which the first spin is described by
the operator SM and the second spin by the operator S®@ . Show that S -5® is a tensor operator
of rank 0 in the space of the products of the corresponding spin states |%m1>(1)\%m2>(2). For this
purpose state first the proper rotation operator R(ﬁ) and note then that & . $® commutes with
the generators of the rotation of |%m1>(1)]%m2>(2).

Exercise 6.7.6: Form tensor operators of rank 1 in terms of the three components of V acting on
the space of 1-particle wave functions.
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6.8 Wigner-Eckart Theorem

A second important property of tensor operators Ty, beside (6.235 - 6.237) is that their matrix ele-
ments (¢/1m171|Tq|l2may2) obey simple relationships expressed in terms of Clebsch-Gordan coeffi-
cients. [£1m71) denotes an angular momentum (spin) state, possibly the total angular momentum-—
spin state of a compositie system, which is characterized also by a set of other quantum numbers
which are not affected by the rotational transformation 72(75‘) The relationships among the matrix
elements (¢1m1y1|Tyq|l2ma7y2) are stated by the Wigner—Eckart theorem which we will derive now.
Starting point of the derivation is the fact that the states Tj,|¢2ma7y2) behave like angular momen-
tum states of a composite system of two particles each carrying angular momentum or spin, i.e.

behave like |kg)|¢1m1). To prove this we consider the transformation of T,|lama7y2)

=,

R() Tiq [l2mara) = R(T) Tig R™HD) R(J) |[famary)
= Y DyaTiq Dy, lamivi) (6.249)

7 o !
q My

which demonstrates, in fact, the stated property. One can, hence, construct states @, (k, €2|v2)
which correspond to total angular momentum states. These states according to (6.18) are defined
through

Opym, (K, L2]y2) = Y (Crma|kq lama) Teq [L2may2) - (6.250)
q,m2
We want to show now that these states are eigenstates of J? = J? + J2 + J3 and of J3 where

-,

J1, Ja, J3 are the generators of the rotation R(¢). Before we proceed we like to point out that the
states [/amoyo) are also eigenstates of J2, J3, i.e.

J? lomaya) = Ro(le + 1) [lamaya) 3 J3|lamaye) = hma|lamays) . (6.251)

The corresponding property for ®;,,,, (k,f2]72) can be shown readily as follows using (6.247),
J3|lamarys) = hmaoyalloms) and the property (6.21) of Clebsch-Gordan coefficients

J3Ppmy (K, l2|yv2) = § (Lrmylkqloma) (J3Thg — TrqJs + Tret3) [lamaye)
— ——
q,m2
:thk:q

= h Y (imalkqlamg) (q + ma) Thg [lama2)
A\

q,m2 5
~Omy g+mg

= hml Z (€1m1 ]kq egmg) qu ’€2m272> (6.252)

q,m2

Similarly, one can show that ®,,,, (k, £2|72) is an eigenstate of J? with eigenvalue A%¢(¢; +1). The
hermitian property of J3 and J? implies that states ®y,,, (k, f2]y2) are orthogonal to [¢{m}) in case
of different quantum numbers ¢1,m1, i.e.

</1m,1|q>€1m1(k7€2|72) = Cdélz’ldmlm/l (6253)

Exercise 6.8.1: Show that ®,,,, (k, {2|72) is an eigenstate of J? with eigenvalue h2¢1(¢1 + 1).
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In order to evaluate the matrix elements (¢1m171|Tjq|l2may2) We express using the equivalent of
(6.32)

qu |£2m272) = Z (€1m1|k‘q€2m2) (I)€1m1 (kf£2"72) (6.254)

l1mq

and orthogonality property (6.253)

(emay|Tigllomaryz) = (imami[@eym, (kla|v2)) (Gima|kglams) . (6.255)

At this point the important property can be proven that (£1m17v1|®p,m, (kf2|y2)) is independent
of my, i.e. the matrix elements (¢1m1y1|Tjq|l2may2) can be reduced to an m-independent factor,
its m;—dependence being expressed solely through a Clebsch-Gordan coefficient. To prove this
property we consider (€1m171|Pg,m, (kl2|7y2)) for a different m; value, say m; + 1. Using

1

V4 +1 = Jo |l 6.256
[6ymy + 171) NCEIE e +[maiy) ( )

and noting that the operator adjoint to J; is J_, one obtains

(Crmy + 171[@py g 41 (klaly2) =

\/(€1+m1i1)(€1 —mz) <£lm1ryl | - @€1m1+1 (kEQ |72)> -

<€1m171|q>€1m1 (k€2|72)> (6257)

which establishes the mj—independence of (/1m171|Pp,m, (kl2]y2)). In order to express the mi—
independence explicitly we adopt the following notation

1
(Limiyi| oy, (Kla|y2)) = (—1)k_€2+€1—1<51>71||Tk\|f2,72>- (6.258)

201 +

We can then finally express the matrix elements of the tensor operators T}, as follows

(Lrma, 11[Trgllama, y2) =
(erm|kqlama) (=1)F= =0 o (01, 11 || Th €2, 72) (6.259)

The socalled reduced matrix element (¢1,7v1||T%||¢2,v2) is determined by applying (6.259) to a
combination of magnetic quantum numbers m/,q¢,mb, eg. m)} = ¢ = m, = 0, for which
the Lh.s. can be evaluated as easily as possible. One can then evaluate also the corresponding

Clebsch-Gordan coefficient (¢1m/|kq'lam/,) and determine

<€1m,1771|T]€q/|€2m,2772>
14 Ty||¢ = 2/ 1 6.260
Tl 2 = VRO g o) (0:200)

Exercise 6.8.2: Determine the matrix elements of the gradient operator V of the type

/ d3rF(F)\VG(7) (6.261)
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when the functions F'(7) and G(7) are of the type f(r)Yy, (7). For this purpose relate V to a tensor
operator 114, evaluate the matrix for m; = ¢ = mo = 0 using

cost Yo (0, ¢) =

l+1—m)(f+14+m L—m)(l+m
\/( (2€+1;E2€+3) )Y”lm(e’qb) + \V ((24—1352“1)) Yioim(0, ¢)
Sin@Yzm(e, d))

0(6—1)

% YZ+1m<H7 ¢) - m Yfflm<H7 (b)

and express the remaining matrix elements using the Wigner—Eckart theorem. (The necessary
evaluations are cumbersome, but a very useful exercise!)




Chapter 7

Motion in Spherically Symmetric
Potentials

We describe in this section the stationary bound states of quantum mechanical particles in spher-
ically symmetric potentials V(r), i.e., in potentials which are solely a function of r and are inde-
pendent of the angles #, ¢. Four examples will be studied. The first potential

Vir) =

{0 0<r<R (71)

oo r >R

confines a freely moving particle to a spherical box of radius R. The second potential is of the
square well type

-V, 0<r <R
Vir) = { 0 v > R . (7.2)
The third potential
1
V(r) = imw2r2 (7.3)

describes an isotropic harmonic oscillator . The fourth potential

62
Vi) = -2 (7.4)

,
governs the motion of electrons in hydrogen-type atoms.

Potential (7.4) is by far the most relevant of the four choices. It leads to the stationary electronic
states of the hydrogen atom (Z = 1). The corresponding wave functions serve basis functions for
multi-electron systems in atoms, molecules, and crystals. The potential (7.3) describes the motion
of a charge in a uniformely charged sphere and can be employed to describe the motion of protons

and neutrons in atomic nucleil. The potentials (7.1, 7.2) serve as schematic descriptions of quantum
particles, for example, in case of the so-called bag model of hadronic matter.

!See, for example, Simple Models of Complex Nuclei / The Shell Model and the Interacting Boson Model by 1.
Talmi (Harwood Academic Publishers, Poststrasse 22, 7000 Chur, Switzerland, 1993)

183
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7.1 Radial Schrodinger Equation

A classical particle moving in a potential V' (r) is governed by the Newtonian equation of motion

mv = — & 8,V(r) . (7.5)
In the case of an angular independent potential angular momentum J = m7 X ¥ is a constant of
motion. In fact, the time variation of J can be written, using (7.5) and 7 = ¥,
d - L - N
EJ:vxmv—l—rxmv:0+7“><er(—8rV(r)):O. (7.6)

Since J, is also equal to the poisson bracket { H,.J,} where H is the Hamiltonian, one can conclude
Jp = {H,J,} =0, k=123 (7.7)

The correspondence principle dictates then for the quantum mechanical Hamiltonian operator H
and angular momentum operators J

H, J] =0, k=1,23. (7.8)

This property can also be proven readily employing the expression of the kinetic energy operator
[c.f. (5.99)]
h? R 1 J?
V2 = 29 -~ 7.9
2m om T + 2mr? (7.9)

the expressions (5.85- 5.87) for Jj, as well as the commutation property (5.61) of J2 and J;. Ac-
cordingly, stationary states ¢g ¢, () can be chosen as simultaneous eigenstates of the Hamiltonian
operator H as well as of J2 and J3, i.e.,

Hpom(® = Evgom(7) (7.10)
jsz,Z,m(F = hQE(E + 1) wE,é,m(F) (7'11)
«73¢E,£,m(77) = hm wE,E,m(F) . (7'12)

In classical mechanics one can exploit the conservation of angular momentum to reduce the equation
of motion to an equation governing solely the radial coordinate of the particle. For this purpose
one concludes first that the conservation of angular momentum J implies a motion of the particle
confined to a plane. Employing in this plane the coordinates r, 6 for the distance from the origin
and for the angular position, one can state

J = mr?0. (7.13)
The expression of the kinetic energy
) 2
p L .2 L 240 L 2 J
£ _ - - > = = 14
o 5T + M7 57 + 52 (7.14)
and conservation of energy yield
1 J?
—mi? + + V(r) = E. (7.15)

2 2mr2
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This is a differential equation which governs solely the radial coordinate. It can be solved by

integration of
1
2 J? 2
T =+ {E [E - V(r) ] } . (7.16)

2mr2

Once, r(t) is determined the angular motion follows from (7.13), i.e., by integration of

: J
0= ———. 7.17
mr2(t) (7.17)
In analogy to the classical description one can derivem, in the present case, for the wave function
of a quantum mechanical particle a differential equation which governs solely the r-dependence.
Employing the kinetic energy operator in the form (7.9) one can write the stationary Schrédinger
equation (7.10), using (7.11),
2, J? ;

__- = - F = 0. 1
G rar r o+ 52 + V(r) tm | VELm(T) = 0 (7.18)

Adopting for ¥ g ¢, (7) the functional form

YEm(T) = vELm(T) Yem(0,¢) (7.19)

where Yy, (0, ¢) are the angular momentum eigenstates defined in Section 5.4, equations (7.11, 7.12)
are obeyed and one obtains for (7.10)
[ R? 1 R20(¢+ 1)

r 83 rt 2mr?

2m r

+ V(r) — Eé,m:| vEem(r) = 0. (7.20)

Since this equation is independent of the quantum number m we drop the index m on the radial
wave function vg ¢, (1) and Ey,y,.
One can write (7.20) in the form of the one-dimensional Schrédinger equation

[—% 07 + Ve(r) — E] ¢E(r) = 0. (7.21)
where
2
Ve(r) = V(r) + % (7.22)
de(r) = 7TUELm(r). (7.23)

This demonstrates that the function r vg ¢, (r) describes the radial motion as a one-dimensional
motion in the interval [0, co[ governed by the effective potential (7.22) which is the original potential
V(r) with an added rotational barrier potential h?frfjg”. This barrier, together with the original
potential, can exclude particles from the space with small r values, but can also trap particles in
the latter space giving rise to strong scattering resonances (see Section ?77).

Multiplying (7.20) by —2msr/h? yields the so-called radial Schrédinger equation
L+1)

—U(r) — k2| roee(r) = 0. (7.24)
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where we defined

Ur) = V() (7.25)
K = —%Ez (7.26)

In case E < 0, k assumes real values. We replaced in (7.20) the index E by the equivalent index
K.

Boundary Conditions

In order to solve (7.20) one needs to specify proper boundary conditions?. For r — 0 one may

assume that the term £(¢ + 1)/r% becomes larger than the potential U(r). In this case the solution
is governed my

[af — W%l)] rvee(r) =0, r—0 (7.27)
and, accordingly, assumes the general form
ruee(r) ~ Arttt 4 Bt (7.28)
or
Vep(r) ~ Art 4 Brt1 (7.29)

Only the first term is admissable. This follows for ¢ > 0 from consideration of the integral which
measures the total particle density. The radial part of this integral is

/ drr®v2 ,(r) (7.30)
0
and, hence, the term Br~ 1) would contribute
|BI? / drr=?" (7.31)
0

which, for ¢ > 0 is not integrable. For ¢ = 0 the contribution of Br~(*1) to the complete wave
function is, using the expression (5.182) for Yy,

B
Viarl|i

The total kinetic energy resulting from this contribution is, according to a well-known result in
Classical Electromagnetism?,

VE,0m(T) (7.32)

R, ) —
% \% wE,Z,m(T) ~ 47TB(5(1'1)(5($2)(5(1’3) . (7.33)
2A detailed discussion of the proper boundary conditions, in particular, at » = 0 is found in the excellent
monographs Quantum Mechanics I, II by A. Galindo and P. Pascual (Springer, Berlin, 1990)
3We refer here to the fact that the function ®(7) = 1/r is the solution of the Poisson equation V? =
—4mé(x)d(y)d(z); see, for example, ”Classical Electrodynamics, 2nd Ed.” by J.D. Jackson (John Wiley, New York,
1975).
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Since there is no term in the stationary Schrodinger equation which could compensate this 6-
function contribution we need to postulate that the second term in (7.29) is not permissible. One
can conclude that the solution of the radial Schrédinger equation must obey

rUee(r) — 0 forr — 0. (7.34)

The boundary conditions for r — oo are governed by two terms in the radial Schrédinger equation,
namely,

[02 — k7] rvee(r) = 0 forr — oo . (7.35)

We have assumed here lim, _, o, V(r) = 0 which is the convention for potentials. The solution of
this equation is

rge(r) ~ Ae ™™ + Be™ forr — oco. (7.36)

For bound states x is real and, hence, the second contribution is not permissible. We conclude,
therefore, that the asymptotic boundary condition for the solution of the radial Schrédinger equa-
tion (7.20) is

—KRT

ruge(r) ~ e for r — oo (7.37)

Degeneracy of Energy Eigenvalues

We have noted above that the differential operator appearing on the lLh.s. of the in radial
Schrodinger equation (7.24) is independent of the angular momentum quantum number m. This
implies that the energy eigenvalues associated with stationary bound states of radially symmetric
potentials with identical ¢, but different m quantum number, assume the same values. This be-
haviour is associated with the fact that any rotational transformation of a stationary state leaves
the energy of a stationary state unaltered. This property holds since (7.8) implies

[H, exp(—%ﬁ )] =0. (7.38)

Applying the rotational transformation exp(—£9 - J) to (7.10) yields then
N 7 - 1 >
H exp(=29 - T)¥pem(r) = Eexp(=39-T)bpm(r) , (7.39)

i.e., any rotational transformation produces energetically degenerate stationary states. One might
also apply the operators J1 = J; £ iJ> to (7.10) and obtain for —¢ < m < ¢

HJI:Vpom(P) = EJeVpom(7), (7.40)
which, together with the identities (5.172, 5.173), yields
HYpome1(F) = EYpome (7) (7.41)

where E is the same eigenvalue as in (7.40). One expect, therefore, that the stationary states for
spherically symmetric potentials form groups of 2¢ + 1 energetically degenerate states, so-called
multiplets where ¢ = 0,1,2,.... Following a convention from atomic spectroscopy, one refers to
the multiplets with £ = 0,1,2,3 as the s, p, d, f-multipltes, respectively.

In the remainder of this section we will solve the radial Schrédinger equation (7.20) for the potentials
stated in (7.1-7.4). We seek to describe bound states for the particles, i.e., states with E < 0.
States with £ > 0, which play a key role in scattering processes, will be described in Section 77.
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7.2 Free Particle Described in Spherical Coordinates
We consider first the case of a particle moving in a force-free space described by the potential
Vir) = 0. (7.42)

The stationary Schrodinger equation for this potential reads

[_h—2 v? - E] YE(F) = 0. (7.43)

2m

Stationary States Expressed in Cartesian Coordinates The general solution of (7.43), as
expressed in (3.74-3.77), is

Y(k[F) = Ne*™ (7.44)

where -
hk
E=—2>0. 7.45
2m - ( )
The possible energies can assume continuous values. N in (7.44) is some suitably chosen normal-
ization constant; the reader should be aware that (7.44) does not represent a localized particle and

that the function is not square integrable. One chooses N such that the orthonormality property

/Q B o 7P ER = 5F — F) (7.46)

holds. The proper normalization constant is N = (27)~%/2,

In case of a force-free motion momentum is conserved. In fact, the Hamiltonian in the present case
o,
H, = —V 7.47
© 2m ( )
commutes with the momentum operator g’ = (//i)V and, accordingly, the eigenfunctions of (7.45)
can be chosen as simultaneous eigenfunction of the momentum operator. In fact, it holds

FN ™ = RE N et (7.48)

as one can derive using in (7.48) Cartesian coordinates, i.e.,

V = Oy , E-F = kix1 + koxo + ksxs. (7.49)

Stationary States Expressed in Spherical Coordinates Rather than specifying energy
through k = |k| and the direction of the momentum through k& = k/|k| one can exploit the
fact that the angular momentum operators J2 and J3 given in (5.97) and in (5.92), respectively,
commute with H, as defined in (7.47). This latter property follows from (5.100) and (5.61). Ac-
cordingly, one can choose stationary states of the free particle which are eigenfunctions of (7.47) as
well as eigenfunctions of J 2 and J3 described in Sect. 5.4.



7.2: Free Particle 189

The corresponding stationary states, i.e., solutions of (7.43) are given by wave functions of the form

1/)(]?7 Ev m|f") = ’Ukj(’l”) }/Zm(ea d)) (750)
where the radial wave functions obeys [c.f. (7.20)]
21, R20(0 + 1)

Ew— ————5 — F =0. 51

[ o r 87” r o+ 2mr2 K,m:| Uk,f(r) 0 (7 5 )

Using (7.45) and multiplying (7.20) by —2mr/h? yields the radial Schrodinger equation

[a,% - @ + kQ] ruge(r) = 0. (7.52)

We want to determine now the solutions vy, ¢(r) of this equation.

We first notice that the solution of (7.52) is actually only a function of kr, i.e., one can write
vge(r) = je(kr). In fact, one can readily show, introducing the new variable z = kr, that (7.52)
is equivalent to

dz? 22
According to the discussion in Sect. 7.1 the regular solution of this equation, at small r, behaves
like

[ LA ok VI 1] 2inz) = 0. (7.53)

l

je(z) ~ 2z for r — 0. (7.54)

There exists also a so-called irregular solution of (7.53), denoted by n/(z) which behaves like

ne(z) ~ 271 for r — 0. (7.55)

We will discuss further below also this solution, which near » = 0 is inadmissable in a quantum
mechanical wave function, but admissable for r # 0.
For large z values the solution of (7.53) is governed by

d2
[@ + 1] zje(z) = 0 for r — oo (7.56)

the general solution of which is

Je(z) ~ ! sin(z + o) for r — o0 (7.57)
2

for some phase «.
We note in passing that the functions g¢(z) = je(2), ne(z) obey the differential equation equivalent
to (7.53)
d? 2 d 00+ 1)
dz2 " zdz 22
Noting that sin(z + «) can be written as an infinite power series in z we attempt to express the
solution of (7.53) for arbitary z values in the form

+ 1] ge(z) = 0. (7.58)

de(z) = 2L F(EY, f(ZH = Zan P (7.59)
n=0
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The unknown expansion coefficients can be obtained by inserting this series into (7.53). We have
introduced here the assumption that the factor f in (7.59) depends on 22. This follows from

d? £+1 0+1 > e d -1
ek f(z) = 2 @f(z) + 2(4+ 1)z Ef + LL+1)0f (7.60)
from which we can conclude
d? 2 d
— 1) — — 1 =0. .61
(dz2+(€+)zdz+ )f(z) 0 (7.61)
Introducing the new variable v = z5 yields, using
1d d d? d? d
2 — 9~ — =4 + 2— (7.62)

zdz dv’  dz? Ya? dv’
the differential equation
d? L x+3d 1
dv? 20 dv 4v
which is consistent with the functional form in (7.59). The coefficients in the series expansion of
f(2%) can be obtained from inserting > o0 ; a, 22" into (7.63) (v = 2?)

> flv) =0 (7.63)

1 1
Z (ann(n— D" 2 + 3 (204 3) anv" 2 + 7 0n v"_l) =0 (7.64)

n

Changing the summation indices for the first two terms in the sum yields

1 1
Z <an+1n(n—1) + 5(2€+3)an + Zan> " = 0. (7.65)

n

! must vanish individually and, hence,

1 1

In this expression each term ~ v"~

il = —— n 7.66
fnt1 2 (n+1)(2n + 20 + 3)° (7.66)
One can readily derive
1 1 1 1
_ 1 - -2 . 7.67
“ 211(20+3) " T ga(20+3)(20+5 " (7.67)
The common factor ag is arbitrary. Choosing
a = ! (7.68)
O T 135 (2041)° '
the ensuing functions (¢/ = 0,1,2,...)
¢ 1.2 1._2\2
: 2° (37) — (7.69)

&) = TR @i | Rt T A 3@t )

are called regular spherical Bessel functions.
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One can derive similarly for the solution (7.55) the series expansion (¢ = 0,1,2,...)

n(z)__1.3.5-~(2£—1) - 1.2 (122)2
o(z) = s 1 -2 21 —20)(3—-20)

— 4| (770

These functions are called irregular spherical Bessel functions.

Exercise 7.2.1: Demonstrate that (7.70) is a solution of (7.52) obeying (7.55).

The Bessel functions (7.69, 7.70) can be expressed through an infinite sum which we want to specify
now. For this purpose we write (7.69)

. N\ Y 1
Je(z) = <§> I35+ 1)
(%) ()"
[1 ey T aer ey T (7.71)

The factorial-type products
1 3 1
Z. 2 /- .72
2 2 ( + 2) (7.72)

can be expressed through the so-called Gamma-function® defined through
oo
I'(z) = / dtt*"le . (7.73)
0

This function has the following properties®

N'z+1) = z2I'(2) (7.74)
'n+1) = n! forneN (7.75)
rG) = va (7.76)
T
F'z)T'(1—-2) = e (7.77)
from which one can deduce readily
1 3 1
1y LoD Z
rl+3) =V« 53 <€+2> : (7.78)
One can write then .
. VT 2\ (3)"
= — (= . 7.79
jez) = 5 () DD Py (7.79)

“For further details see Handbook of Mathematical Functions by M. Abramowitz and I.A. Stegun (Dover Publica-
tions, New York)

®The proof of (7.74-7.76) is elementary; a derivation of (7.77) can be found in Special Functions of Mathematical
Physics by A.F. Nikiforov and V.B. Uvarov, Birkh&user, Boston, 1988)
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Similarly, one can express ny(z) as given in (7.70)

ne(z) = —Q—ZF(€+—) 1+ (5)° + (5)° o (7.80)
N 2 nl-o "2 -03 -0
Using (7.77) for z = £+ 3, i.e.,
r(+1) = (-1)fr(f_ 5 (7.81)
2
yields
2 1 (i2)?
n(z) = (=) T [F(%—e) + e —26)(%—6)
+ (5)° o (7.82)
AT -0z -0 — 0) ' '
or B - 9 /+1 oo (K)2n
m(z) = (=) (Z) TLZ:%n!F(n +21—£— 1y (7.83)

Linear independence of the Regular and Irregular spherical Bessel Functions

We want to demonstrate now that the solutions (7.69) and (7.69) of (7.53) are linearly independent.
For this purpose we need to demonstrate that the Wronskian

d d

. _ a4 4 84
W(iene) = Je(z) 7-ne = - je(2) ne (7.84)
does not vanish. Let fi, fa be solutions of (7.53), or equivalently, of (7.58). Using
d? 2 d ((L+1)
@fl,z = - ;@fl,z + 7]‘1,2 — fi2 (7.85)
one can demonstrate the identity
LW ) = —2W(H f2) (7.86)
e LJ2) = =7 1, /2 .
This equation is equivalent to
d d 1
the solution of which is c
InW = ] (7.88)

for some constant c¢. For the case of fi = j, and fo = ny this constant can be determined using
the expansions (7.69, 7.70) keeping only the leading terms. One obtains ¢ = 1 and, hence,
‘ 1
W(ie,ne) = — - (7.89)

The Wronskian (7.89) doesn not vanish and, therefore, the regular and irregular Bessel functions
are linearly independent.
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Relationship to Bessel functions

The differential equation (7.58) for the spherical Bessel functions gy(z) can be simplified by seeking
the corresponding equation for G, 1(z) defined through
2

1
9e(z) = WG”%@' (7.90)
Using
d 1 d 1
594(2) = ﬁ@G”%(Z) - WGH%(Z) (7.91)
d? 1 & 1 d
@ge(z) = %@GH%(;;) - z_\/EEG”%(Z) 422\/>G£+ 1(2)
(7.92)
one is lead to Bessel’s equation
d? 1d v?
[@ + ;% ) + 1:| GV(Z) =0 (7.93)

where v = £ + % The regular solution of this equation is called the regular Bessel function. Its
power expansion, using the conventional normalization, is given by [c.f. (7.79)]

2\Y — iz/2)%"
J,(2) = (5) ;m (7.94)

One can show that J_,(z), defined through (7.94), is also a solution of (7.93). This follows from
the fact that v appears in (7.93) only in the form v2. In the present case we consider solely the
case v = £ + %. In this case J_,(2) is linearly independent of J,(z) since the Wronskian

¢ 2
w4

W1, J 1) = (-1) (7.95)

is non-vanishing. Omne can relate J, + and J_,_ 1 to the regular and irregular spherical Bessel
functions. Comparision with (7.79) and (7.83) shows

je(z) = \/; Jop1(2) (7.96)
ne(z) = (=1) \/gjeé(z). (7.97)

These relationships are employed in case that since numerical algorithms provide the Bessel func-
tions J,(z), but not directly the spherical Bessel functions jy(z) and ng(z).

Exercise 7.2.2: Demonstrate that expansion (7.94) is indeed a regular solution of (7.93). Adopt
the procedures employed for the function j,(2).
Exercise 7.2.3: Prove the identity (7.95).
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Generating Function of Spherical Bessel Functions

The stationary Schrodinger equation of free particles (7.43) has two solutions, namely, one given
by (7.44, 7.45) and one given by (7.50). One can expand the former solution in terms of solutions
(7.50). For example, in case of a free particle moving along the z3-axis one expands

e®7 = N " ap jo(kr) Yom (0, 9) - (7.98)

Lm

The L.h.s. can be written exp(ikr cosf), i.e., the wave function does not depend on ¢. In this case
the expansion on the r.h.s. of (7.98) does not involve any non-vanishing m-values since Y, (6, ¢)
for non-vanishing m has a non-trivial ¢-dependence as described by (5.106). Since the spherical
harmonics Yy (6, ¢), according to (5.178) are given in terms of Legendre polynomials P (cosf) one
can replace the expansion in (7.98) by

73 =N by jy(kr) Py(cos ) . (7.99)
/=0

We want to determine the expansion coefficients by.
The orthogonality properties (5.179) yield from (7.99)

+1 ) )
/ 1 dcos e*7°% Py(cos ) = by jo(kr) T (7.100)

Defining z = cosf, z = kr, and using the Rodrigues formula for Legendre polynomials (5.150)
one obtains

i izx i izx 1 aﬁ 2 ¢
/1 dx e Pg(ac):/1 dzr e WW(:J; —-1)". (7.101)

Integration by parts yields

R 1 [, d 1
/1 dx €** Py(z) = 501 {e’” o (z* — 1) }1 (7.102)
1 i d izT deil 2 V4
= 50 - — — 1) .
2011 /_1 da <da: ¢ ) @ b
One can show
! ¢ 2 -
dpt—1 (z® = 1)° ~ (2* — 1) x polynomial in (7.103)
and, hence, the surface term ~ [-- ]J_r% vanishes. This holds for ¢ consecutive integrations by part

and one can conclude

+1 . —1)¢ +1 [
/ dx %% Pg(l‘) — ( ) / dx (562 _ 1)€d_ezzm

1 25€| -1 dl‘é

e ,
- (212' / dz (1 — z?)lei® . (7.104)
S
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Comparision with (7.100) gives

2 < N\L +1 )
be je(kr) — (lf) do (1 — z%)tei™ . (7.105)
2% +1 2 |,

This expression allows one to determine the expansion coefficients by. The identity (7.105) must
hold for all powers of z, in particular, for the leading power z¢ [c.f. (7.69)]

£

z 2 (ZZ)Z +1 oINF
- dr (1 — 22)" . 1
TR @ity 21 20 /_1 (1 =) (7.106)

Employing (5.117) one can write the r.h.s.

.1 (20)! 2
0 L
el 7.107
YOI 3 5 (20— 1)) 20+ 1 (7.107)
o 1 2 (20)!
0 ¢ :
20+ 1 7.108
CR ) Ty s T ) w1123 4 (20— 1) (7.108)
where the last factor is equal to unity. Comparision with the Lh.s. of (7.106) yields finally
by = it (20+1) (7.109)
or, after insertion into (7.99),
ehreost — N it (204 1) jo(kr) Py(cos ) . (7.110)
=0
One refers to the 1.h.s. as the generating function of the spherical Bessel functions.
Integral Representation of Bessel Functions
Combining (7.105) and (7.109) results in the integral representation of jy(z)
. (Z)é i 2\¢ _izx
Je(z) = =il dr (1 — )" . (7.111)
Employing (7.96) one can express this, using v = £ + %,
1 z 14 +1 1 .
@) = = (3) / dv (1 — 22)""% " | 7.112
© = Zory G) ), @i-a) (7.112)
We want to consider the expression
Gy(z) = apzfu(2) (7.113)

where we define

fo(z) = /Cdt (1 — )"~z ¢t (7.114)
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Here C' is an integration path in the complex plane with endpoints t1, to. G,(2), for properly
chosen endpoints t1,ty of the integration paths C, obeys Bessel’s equation (7.93) for arbitrary v.
To prove this we note

F(2) = i/dt (1 — 2= st (7.115)
C
Integration by part yields
! - _ 1’ |: 1_t2 l/+l izt]t2 _ z /dt 1 _ t2 l/+l izt 11
) = g [yt |t o i [aa b e (7.116)

In case that the endpoints of the integration path C' satisfy

ot
[ =eyries]® — o (7.117)
t1
one can write (7.116)
/ . 2\w—2 izt 2\w—2% 42 izt
fi(z) = 21/+1/Cdt(1 t“)"ze +/Cdt(1 )72 tte (7.118)
or ;
'(2) = ——— | fu ! . 11
) = = 5o [ + £2)] (7.119)
From this we can conclude
2 1
1E) + T ) + hle) = 0. (7.120)

We note that equations (7.114, 7.120) imply also the property

Q2uv+1)fl(z) + zfo1(z) = 0. (7.121)

Exercise 7.2.4: Prove (7.121).

We can now demonstrate that G, (z) defined in (7.113) obeys the Bessel equation (7.93) as long as
the integration path in (7.113) satisfies (7.117). In fact, it holds for the derivatives of G, (2)

1%

G (2) = ;al,z”fy(z) + a2’ fl(2) (7.122)
o) = D ane) + L) + o

(7.123)

Insertion of these identities into Bessel’s equation leads to a differential equation for f,(z) which is
identical to (7.120) such that we can conclude that G, (z) for proper integration paths is a solution
of (7.93).

We consider now the functions

“(j)(z) = m (%)V /Cj dr (1 — x2)”_

SIS

e j =1,2,3,4. (7.124)
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for the four integration paths in the complex plane parametrized as follows through a real path
length s

Ci(t1 = -1 — to =+1): t =s -1 <s<1
(7.125)

Colt1r =1 = ta=1+4+1i00): t =1+ 1s 0 <s <o
(7.126)

Cis(ty=1+4i00 > ty=—14ioc0): t=1+is —-1<s<I1
(7.127)

Citi=—-14i00 - t1=—1): t=—-14+1is 0<s<
(7.128)

C = C1UCyUC5UCy is a closed path. Since the integrand in (7.124) is analytical in the part of
the complex plane surrounded by the path C' we conclude

> uP(z) = 0 (7.129)

The integrand in (7.124) vanishes along the whole path C3 and, therefore, u(® (z) = 0. Comparision
with (7.112) shows uM(2) = J,(2). Accordingly, one can state

Jo(z) = — [u@)(z) + @] (7.130)

We note that the endpoints of the integration paths Cy and Cy, for Rez > 0 and v € R obey
(7.117) and, hence, u(?(z) and u(?(z) are both solutions of Bessel’s equation (7.93).
Following convention, we introduce the so-called Hankel functions

HWY(z) = —2uP(z), HP(2) = —2uW(2) . (7.131)
According to (7.130) holds

Jy(z) = % [H,§1>(z) + H,§2>(z)} . (7.132)

For Hﬁl)(z) one derives, using t = 1 + s, dt = ids, and
(1 o t2)u—%eizt — [(1 _ t)(l + t)}'/—%eiZt

= [—is(2+ is)]”*%eizef‘zs

= /23 [5(1 4 is/2)]V "2 e, (7.133)
the integral expression
. 22Y o0 1
HV(z) = ¢llzmmv/2=m/4) \/_7 / ds[s(1+is/2)]""2e *°. 7.134
(2 gD J, w0 (7.131)
Similarly, one can derive
, 22" & 1
H?(z) = e ilz=mv/2-7/4) V2 / ds[s(1—is/2))" 2 e " . 7.135
@ v eyl KL COE (7.135)

(7.134) and (7.135) are known as the Poisson integrals of the Bessel functions.
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Asymptotic Behaviour of Bessel Functions

We want to obtain now expansions of the Hankel functions ij)(z) in terms of z~! such that
2

the expansions converge fast asymptotically, i.e., converge fast for |z| — oo. We employ for this
purpose the Poisson integrals (7.134) and (7.135) which read for v = ¢+ 3

D)y s [22 25 ()
Hefr%(z) = e 2 gl fZ ( ) (7.136)
where ) -
72 (2) :/ ds [s(s % is/2)] e~ . (7.137)
0

¢ i\" > l+r —zs
<r> <:|:§> /0 dss™ e 0. (7.138)

The formula for the Laplace transform of s™ leads to

fe(;)(z) = i: %{J?X: <i%)r G)“TH (7.139)

r=

N
[N
~
—~
I
~—
I
L[]~
o

r=

and, hence, we obtain
H(;) _ 2 :I:zz— (+1)7Z] Eé: €—|—T i ' 7.140
e+§(z) - ’ rl r)! 22 (7.140)

Bessel Functions with Negative Index

Since v enters the Bessel equation (7.93) only as v/2, Hﬁl)(z) as well as H (_13(2) are solutions of this
equation. As a second order differential equation the Bessel equation has two linearly independent
solutions. For such solutions g(z), h(z) to be linearly independent, the Wronskian W (g, h) must
be a non-vanishing function.

For the Wronskian connected with the Bessel equation (7.93) holds the identity

W = —%W (7.141)

the derivation of which follows the derivation on page 192 for the Wronskian of the radial
Schrodinger equation. The general solution of (7.141) is

W) = <. (7.142)
In case of g(z) = Héi)l(z) and h(z) = Héi)l(z) one can identify the constant ¢ by using the
2 2
leading terms in the expansions (7.140). One obtains
4
W(z) = ——, (7.143)

Tz
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ie., Hé}j)(z) are, in fact, linearly independent.
One can then expand
W

v

(2) = AHQ%(Z) + BHéi)%(z). (7.144)

The expansion coefficients A, B can be obtained from the asymptotic expansion (7.140). For
|z| — oo the leading terms yield

%el(”%) = ﬁAe’(zf%*f) + ﬁBe*Z(zf%*f) |z]| — oo. (7.145)
This equation can hold only for B = 0 and A = expl[i({ + 3)7]. We conclude
1 . 1
HY) () = i) H ). (7.146)
Simarly, one can show
HY | (2) = —i(-1)!H, (2) (7.147)
—(e+1) +3V ’

Spherical Hankel Functions
In analogy to equations (7.90, 7.97) one defines the spherical Hankel functions
(1,2) _ T g2
hy " (z) = 5, H€+§ (2) . (7.148)
Following the arguments provided above (see page 193) the functions h§1’2)(z) are solutions of the

radial Schrédinger equation of free particles (7.53). According to (7.96, 7.132, 7.148) holds for the
regular spherical Bessel function

hV(z) + B2 (2)] . (7.149)

N =

Je(z) =

We want to establish also the relationship between h§1’2)(z) and the irregular spherical Bessel

function ny(z) defined in (7.97). From (7.97, 7.132) follows

_ LT e | g (@)
ne(z) = 5 22( 1) [H(H;)(z) + H,(H%)(Z) . (7.150)
According to (7.146, 7.147) this can be written
1 1 2
n(z) = 5 [h§>(z) - hg)(z)} . (7.151)
i
Equations (7.149, 7.151) are equivalent to
hU(z) = ez) + in(z) (7.152)

() = guz) — inez). (7.153)
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Asymptotic Behaviour of Spherical Bessel Functions

We want to derive now the asymptotic behaviour of the spherical Bessel functions hEl’Q)(z), Je(2)
and ng(z). From (7.140) and (7.148) one obtains readily
L

W) = (i) e 3 L+t <ii>r (7.154)

z —~ rl(l —r)! 2z

The leading term in this expansion, at large |z|, is

1 41
WPy = ET i (7.155)

z

To determine jy(z) and ny(z) we note that for z € R the spherical Hankel functions hél)(z) and
th)(z), as given by (7.140, 7.148), are complex conjugates. Hence, it follows

2 e R jiz) = Re[bV(2)], neli(z) = Im[AM(2)] . (7.156)

Using

N W2 r
B (0 +r)! B (¢4 2r)! -1
pelz) = Re Z ri(f —r)! <22) B ; (2r)1(€ —2r)! <4—z2>

(7.157)
. J4 LN T
i (L+r)
qu(z) = fim ; (0 —r)! 7" <2z>
i [6—1/2] (04+2r+1)! —1\"
— 2z Zr:@ @2r+1)1(¢—2r—1)! (E) t>1 (7.158)
0 =0
one can derive then from (7.154) the identities
, cos[z — (L +1)%] sinfz — ((+1)%]
je(z) = . 2 pe(z) — 52 20 40(2) (7.159)
coslz — ({+1)% cos(z — I /2
ne(z) = [ 2(2 )3] @(z) + Mm(z). (7.160)
z z
Employing cos[z — (£ + 1)5]. = sin(z — n/2) and sin[z — ({ +1)T]. = —cos(z — n/2) results in
the alternative expressions
, sin(z — fm/2 cos(z — fm /2
iz = METID oy R (7.161)
sin(z — fm/2 cos(z — /2
m(z) = SEZI) o) e ) (7.162)
z z
The leading terms in these expansions, at large |z|, are
) sin(z — /2
je(z) = % (7.163)
— /2
ne(z) = - =/ (7.164)

z
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Expressions for the Spherical bessel Functions j,(z) and ny(z)

The identities (7.161, 7.162) allow one to provide explicit expressions for jy(z) and ng(z). One
obtains for £ = 0, 1, 2

sin z

go(z) = — (7.165)
no(z) = - COZSZ (7.166)
ji(z) = Siznf - Cojz (7.167)
m(z) = - CZSQZ - Si:'z (7.168)
Jo(z) = (% — %) sinz — %cosz (7.169)
nao(z) = (—% + %) cosz — %sinz (7.170)

Recursion Formulas of Spherical Bessel Functions

The spherical Bessel functions obey the recursion relationships

en(s) = o) — di(2) (Ta71)
an) = 206 - g (1.172)

where g¢(z) is either of the functions hél’m(z), je(z) and ny(z). One can combine (7.171, 7.172) to

obtain the recursion relationship

gea(2) N _ [ 9e?)
<g;+l<z>) _ Al >(g2 @) (r.173)
L ~1
A = | . (7.174)

We want to prove these relationships. For this purpose we need to demonstrate only that the
relationships hold for gy(z) = hém)(z). From the linearity of the relationships (7.171-7.174) and
from (7.149, 7.151) follows then that the relatiosnhips hold also for g;(z) = je(z) and gs(2) = ne(2).
To demonstrate that (7.171) holds for g,(z) = hELQ)(z) we employ (7.124, 7.131, 7.148) and express

_ (L2 _ T 1 Z\Y / 2\v—1 iz
=h =24/ ——— (= dz (1 — 2 : 7.175
9¢(2) ¢ 2z /rl(v+3) (2) Ca4 el ( )

Using I'(¢ 4+ 1) = ¢!, defining a = —1 and employing f,(z) as defined in (7.114) we can write

P

9(z) = a 2001 fH%(z). (7.176)
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The derivative of this expression is

z
g(z2) = —qi(z) + a 30 fé+%(z). (7.177)
Employing (7.121), i.e.,
, =
fg_i_%(z) 20+ 2 fz_t,_%(z) 5 (7178)
yields, together with (7.176)
1
9(2) = - 9e(2) = gea(2) (7.179)
from which follows (7.171).
In order to prove (7.172) we differentiate (7.179)
" _ ¢ { / R, 1
gr(2) = —;gg(z) T 90(2) — gp41(2) - (7.180)

Since g¢(#) is a solution of the radial Schrédinger equation (7.58) it holds

0+ 1)

9(2) = =~ gu(z) + == 9(2) — a(2) . (7.181)

Using this identity to replace the second derivative in (7.180) yields
0L+ 2)

22

alz) + 2. (7.152)

goi1(2) = go(z) —

Replacing all first derivatives employing (7.179) leads to (7.172).
To prove (7.173, 7.174) we start from (7.171). The first component of (7.173), in fact, is equivalent
to (7.171). The second component of (7.173) is equivalent to (7.182).

Exercise 7.2.5: Provide a detailed derivation of (7.172).
Exercise 7.2.6: Employ the recursion relationship (7.173, 7.174) to determine (a) ji(2), j2(2)
from jo(2), j)(2) using (7.165), and (b) n1(2), na(z) from ng(z), nj(z) using (7.166).




Chapter 8

Interaction of Charged Particles with
Electromagnetic Radiation

In this Section we want to describe how a quantum mechanical particle, e.g., an electron in a
hydrogen atom, is affected by electromagnetic fields. For this purpose we need to establish a suitable
description of this field, then state the Hamiltonian which describes the resulting interaction.

It turns out that the proper description of the electromagnetic field requires a little bit of effort.
We will describe the electromagnetic field classically. Such description should be sufficient for high
quantum numbers, i.e., for situations in which the photons absorbed or emitted by the quantum
system do not alter the energy content of the field. We will later introduce a simple rule which
allows one to account to some limited degree for the quantum nature of the electromagnetic field,
i.e., for the existence of discrete photons.

8.1 Description of the Classical Electromagnetic Field / Separa-
tion of Longitudinal and Transverse Components

The aim of the following derivation is to provide a description of the electromagnetic field which is
most suitable for deriving later a perturbation expansion which yields the effect of electromagnetic
radiation on a bound charged particle, e.g., on an electron in a hydrogen atom. The problem is that
the latter electron, or other charged particles, are affected by the Coulomb interaction V() which is
part of the forces which produce the bound state, and are affected by the external electromagnetic
field. However, both the Coulomb interaction due to charges contributing to binding the particle,
e.g., the attractive Coulomb force between proton and electron in case of the hydrogen atom,
and the external electromagnetic field are of electromagnetic origin and, hence, must be described
consistently. This is achieved in the following derivation.

The classical electromagnetic field is governed by the Maxwell equations stated already in (1.27—
1.29). We assume that the system considered is in vacuum in which charge and current sources

—

described by the densities p(7, t) and J (7, t) are present. These sources enter the two inhomogeneous

203



204 Interaction of Radiation with Matter

Maxwell equations®

V x E(7,t) + &B(Ft) =0 (8.3)
V - B(F,t) =0. (8.4)

Lorentz Force A classical particle with charge ¢ moving in the electromagnetic field experiences
the so-called Lorentz force q[E(7,t) + ¢ x B(7,t)] and, accordingly, obeys the equation of motion

S5 = q { B0 + v x Bl } (8:5)

where p'is the momentum of the particle and 7,(t) it’s position at time t. The particle, in turn,
contributes to the charge density p(7,¢) in (8.1) the term gd(" — 7,(t)) and to the current density

—

J(7,t) in (8.2) the term ¢7,8(7 — 7,(t)). In the non-relativistic limit holds 7 ~ ms and (8.5) above
agrees with the equation of motion as given in (1.25).

Scalar and Vector Potential Setting
B(r,t) = V x A(T,t) (8.6)

for some vector-valued function /_f(F, t), called the vector potential, solves implicitly (8.4). Equation
(8.3) reads then

V x (E(F,t) + atz(f,t)) ~ 0 (8.7)

which is solved by

—

E(Ft) + 0,A(Ft) = —VV(7,1) (8.8)

where V (7, t) is a scalar function, called the scalar potential. From this follows

—

E(Ft) = —VV(7.t) — QA 1T). (8.9)

Gauge Transformations We have expressed now the electric and magnetic fields E(F, t) and
B(7,t) through the scalar and vector potentials V(7,¢) and A(7,t). As is well known, the rela-
tionship between fields and potentials is not unique. The following substitutions, called gauge
transformations, alter the potentials, but leave the fields unaltered:

—

) — A t) + Vx(Ft) (8.10)
V(R t) — V(1) — (7). (8.11)

"We assume so-called Gaussian units. The reader is referred to the well-known textbook ”Classical Electrody-
namics”, 2nd Edition, by J. D. Jackson (John Wiley & Sons, New York, 1975) for a discussion of these and other
conventional units.
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This gauge freedom will be exploited now to introduce potentials which are most suitable for the
purpose of separating the electromagnetic field into a component arising from the Coulomb potential
connected with the charge distribution p(7,¢) and the current due to moving net charges, and a
component due to the remaining currents. In fact, the gauge freedom allows us to impose on the
vector potential /_f(F, t) the condition

V-AFt) = 0. (8.12)

The corresponding gauge is referred to as the Coulomb gauge, a name which is due to the form of
the resulting scalar potential V (7, ¢). In fact, this potential results from inserting (8.9) into (8.1)

V- (—VV(F,t) - 8t/T(F,t)) — 4 p(7t). (8.13)

Using V - 9, A(F,t) = 8,V - A(F,t) together with (8.12) yields then the Poisson equation

V2V (F,t) = —dmp(7t) . (8.14)
In case of the boundary condition

V(r,t) = 0 for 7 € 00u (8.15)

the solution is given by the Coulomb integral

V(1) = /Q g 2D (8.16)

=7
This is the potential commonly employed in quantum mechanical calculations for the description
of Coulomb interactions between charged particles.

The vector potential ff(f', t) can be obtained employing (8.2), the second inhomogeneous Maxwell
equation. Using the expressions (8.6) and (8.9) for the fields results in

-

V x (v X A’(f,t)) + 9, (vvm £) + A7, t) — 4 J(F 1) . (8.17)

The identity
V x (v x E(r,t)) — v (v-z(m)) ~ V2A(7 1) (8.18)

together with condition (8.12) leads us to

-

V2A(F 1) — B2A(Ft) — VV(Ft) = —dx J(7t). (8.19)

Unfortunately, equation (8.19) couples the vector potential /f(f’, t) and V (7, t). One would prefer
a description in which the Coulomb potential (8.16) and the vector potential are uncoupled, such
that the latter describes the electromagnetic radiation, and the former the Coulomb interactions
in the unperturbed bound particle system. Such description can, in fact, be achieved. For this
purpose we examine the offending term 0;VV (7, ¢) in (8.19) and define

- 1
JiFt) = - aVV(FL). (8.20)
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For the curl of jg holds
V x Jo(7,t) = 0. (8.21)

For the divergence of jg(f’, t) holds, using 9,V = V0, and the Poisson equation (8.14),

» 1
VeIl t) = 0NV = = 0p(7t) (8.22)

or
V- J(7t) + dip(Fit) = 0. (8.23)

This continuity equation identifies J}(F’, t) as the current due to the time-dependence of the charge

-

distribution p(7,t). Let J(7,t) be the total current of the system under investigation and let
Jy = J — Jy. For J also holds the continuity equation

V- J(7t) + Gp(Ft) = 0 (8.24)

and from this follows
V- Ji(7t) = 0. (8.25)

Because of properties (8.21) and (8.25) one refers to J; and J; as the longitudinal and the transverse
currents, respectively.
The definitions of J; and J; applied to (8.19) yield

V2A(F ) — O2A(F ) = —dn Jy(7,t) . (8.26)

This equation does not couple anymore scalar and vector potentials. The vector potential deter-
mined through (8.26) and (8.12) and the Coulomb potential (8.16) yield finally the electric and
magnetic fields. V (7, t) contributes solely an electric field component

E)(7t) = — VV(7 1) (8.27)

which is obviously curl-free (V x Ey(7,¢) = 0), hence, the name longitudinal electric field. A(F,t)
contributes an electrical field component as well as the total magnetic field

— —

Ey(Ft) = —0A(F t) (8.28)
Pty = Vx A(F ). (8.29)

These fields are obviously divergence -free (e.g., V- Ey(7,¢) = 0), hence, the name transverse fields.

8.2 Planar Electromagnetic Waves

The current density J; describes ring-type currents in the space under consideration; such current
densities exist, for example, in a ring-shaped antenna which exhibits no net charge, yet a current.
Presently, we want to assume that no ring-type currents, i.e., no divergence-free currents, exist in
the space considered. In this case (8.26) turns into the well-known wave equation

V2A(Ft) — 82A(Ft) = 0 (8.30)
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which describes electromagnetic fields in vacuum. A complete set of solutions is given by the
so-called plane waves

A7 t) = Agtiexp |i(k -7 F wt) (8.31)
where the dispersion relationship
k| = w (8.32)

holds. Note that in the units chosen the velocity of light is ¢ = 1. Here the “-” sign corresponds
to so-called incoming waves and the “+” sign to outgoing waves®, the constant k is referred to as
the wave vector. The Coulomb gauge condition (8.12) yields

a-k=0. (8.33)

@ is a unit vector (|| = 1) which, obviously, is orthogonal to k; accordingly, there exist two linearly
independent orientations for 4 corresponding to two independent planes of polarization.

We want to characterize now the radiation field connected with the plane wave solutions (8.31).
The corresponding electric and magnetic fields, according to (8.28, 8.29), are

Ey(Ft) = +iwA(F,¢t) (8.34)
By(Ft) = ik x A(Ft). (8.35)

The vector potential in (8.31) and the resulting fields (8.34, 8.35) are complex-valued quantities.
In applying the potential and fields to physical observables and processes we will only employ the
real parts.
Obviously, E(7,t) and B(7,t) in (8.34, 8.35), at each point 7 and moment ¢, are orthogonal to
each other and are both orthogonal to the wave vector k. The latter vector describes the direction
of propagation of the energy flux connected with the plane wave electromagnetic radiation. This
flux is given by
. 1 . .
S(r,t) = y= Re Ei(7,t) x Re B(7,t) . (8.36)
T
Using the identity @ x (bx &) = b(@-¢) — &(@-b) and (8.31, 8.32, 8.34, 8.35) one obtains
w2

S(Ft) = - | Ao k sin?(k - 7 — wt) (8.37)

where k is the unit vector k = k/|k|. Time average over one period 27 /w yields
o w? A
(S(r1) = +- |A)% k . (8.38)
™

In this expression for the energy flux one can interprete k as the propagation velocity (note ¢ = 1)
and, hence,

w2
(@) = = |4, (5.:39)

2The definition incoming waves and outgoing waves is rationalized below in the discussion following Eq. (8.158);
see also the comment below Eqgs. (8.38, 8.39).
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as the energy density. The sign in (8.38) implies that for incoming waves, defined below
Eqgs. (8.31,8.32), the energy of the plane wave is transported in the direction of —k, whereas in
the case of outgoing waves the energy is transported in the direction of k.

A correct description of the electromagnetic field requires that the field be quantized. A ‘poor
man’s’ quantization of the field is possible at this point by expressing the energy density (8.39)
through the density of photons connected with the planar waves (8.31). These photons each carry
the energy hw. If we consider a volume V with a number of photons N, the energy density is

obviously N
whw

= . 8.40

@ = 2 (8.40)

It should be pointed out that N, represents the number of photons for a specific frequency w, a

specific k and a specific 4. Comparision of (8.39) and (8.40) allows one to express then the field

amplitudes

STNLh
A, = . 41
wV (841)
Inserting this into (8.31) allows one finally to state for the planar wave vector potential
. R o . .
A7 1) = 872/]\(} dexp [z(k-F—wt)] E=w,a-k=0. (8.42)

8.3 Hamilton Operator

The classical Hamiltonian for a particle of charge ¢ in a scalar and vector potential V' (7) and ff(f', t),
respectively, is

(5 - 4d(r0)]

H = 7 + qV(7)
1 1

— dB3r' E? + — Br (1E]? + |B?) . 8.43

+87T O " £+167T Qoo T(‘t‘+‘t‘) ( )

Here the fields are defined through Egs. (8.27, 8.28, 8.29) together with the potentials (8.16, 8.31).
The integrals express the integration over the energy density of the fields. Note that Eg(ﬁ t) is real
and that Et(F, t), B}(F, t) are complex leading to the difference of a factor % in the energy densities
of the lontitudinal and transverse components of the fields.

We assume that the energy content of the fields is not altered significantly in the processes described
and, hence, we will neglect the respective terms in the Hamiltonian (8.43). We are left with a
classical Hamiltonian function which has an obvious quantum mechanical analogue

~ N 2
b2 [5_ 1471 v 8.44
= 5 + qV (7). (8.44)

replacing the classical momentum p by the differential operator 1%’ = ? V. The wave function W (7, t)
of the particle is then described by the Schrodinger equation

iho (7 t) = HU(Ft) . (8.45)
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Gauge Transformations It is interesting to note that in the quantum mechanical description
of a charged particle the potentials V (7, ¢) and A(,t) enter whereas in the classical equations of
motion

mi = qE(7,t) + q7 x B(F,1) (8.46)

the fields enter. This leads to the question in how far the gauge transformations (8.10, 8.11) affect
the quantum mechanical description. In the classical case such question is mute since the gauge
transformations do not alter the fields and, hence, have no effect on the motion of the particle
described by (8.46).

Applying the gauge transformations (8.10, 8.11) to (8.44, 8.45) leads to the Schrédinger equation

| 5~ ad — (v’
OV (7 1) = + qV — q((9x)) | ¥ (7,1) (8.47)

2m

where ((---)) denotes derivatives in ((Vx)) and ((9¢x)) which are confined to the function x(7,t)
inside the double brackets. One can show that (8.47) is equivalent to

2

iax(7,0)/h {ﬁ_qﬂ iax(7,t)/h
ih0y !X TO/M (7 1) = 5 + qV | T/ (7 ) (8.48)
m
For this purpose one notes
ihd, XTIy (7 ) = XD/ [ihg, — q((Dyx))] U(F,t) (8.49)
pen () = SO [ 4 g(VX) | W) (8.50)

The equivalence of (8.47, 8.48) implies that the gauge transformation (8.10, 8.11) of the potentials
is equivalent to multiplying the wave function ¥(7,t) by a local and time-dependent phase factor
ex(M/h - Obviously, such phase factor does not change the probability density |¥(7,t)|? and,
hence, does not change expectation values which contain the probability densities?.

An important conceptual step of modern physics has been to turn the derivation given around and
to state that introduction of a local phase factor ¢“X(™)/" ghould not affect a system and that,
accordingly, in the Schrédinger equation

2

the potentials A(7,¢) and V(7,t) are necessary to compensate terms which arise through the phase
factor. It should be noted, however, that this principle applies only to fundamental interactions,
not to phenomenological interactions like the molecular van der Waals interaction.

The idea just stated can be generalized by noting that multiplication by a phase factor ex(
constitutes a unitary transformation of a scalar quantity, i.e., an element of the group U(1). Ele-
mentary constituents of matter which are governed by other symmetry groups, e.g., by the group

7)/h

3The effect on other expectation values is not discussed here.
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SU(2), likewise can demand the existence of fields which compensate local transformations de-
scribed by €@ X(") where & is the vector of Pauli matrices, the generators of SU(2). The resulting
fields are called Yang-Mills fields.

The Hamiltonian (8.44) can be expanded

P ¢
_ P9 (x o ora a2
H=2 2m<p A+ A p>—|—2mA + qV (8.52)
For any function f(7) holds
N - hoo -
<p-A - A.p)f(r) = 2 <A-Vf v VoA - A-Vf) = SfV-AL (853)
This expression vanishes in the present case since since V- A = 0 [cf. (8.12)]. Accordingly, holds
prAf =Apf (8.54)
and, consequently,
2,2 2
H=2 95 3 L 4244, (8.55)
2m m 2m

8.4 Electron in a Stationary Homogeneous Magnetic Field

We consider now the motion of an electron with charge ¢ = —e and mass m = m, in a homogeneous
magnetic field as described by the Schrodinger equation (8.45) with Hamiltonian (8.55). In this
case holds V(7,t) = 0. The stationary homogeneous magnetic field

B(F,t) = B, , (8.56)

due to the gauge freedom, can be described by various vector potentials. The choice of a vector
potential affects the form of the wave functions describing the eigenstates and, thereby, affects the
complexity of the mathematical derivation of the wave functions.

Solution for Landau Gauge A particularly convenient form for the Hamiltonian results for
a choice of a so-called Landau gauge for the vector potential /T(f’, t). In case of a homogeneous
potential pointing in the x3-direction, e.g., for B, = B,é3 in (8.56), the so-called Landau gauge
associates the vector potential

AL(F) = B,z1é (8.57)

with a homogeneous magnetic field B,. The vector potential (8.57) satisfies V - A = 0 and,
therefore, one can employ the Hamiltonian (8.55). Using Cartesian coordinates this yields
B,h B2

(02 + 02 + 03) + 20y 0y + S0 42 (8.58)
e 1Me 2me
where 0; = (0/0z;), j =1,2,3.
We want to describe the stationary states corresponding to the Hamiltonian (8.58). For this purpose
we use the wave function in the form

2
[ R

\II(E, kg,kg;xl,xg,l’g) = eXp(’ikaQ + ikg:]:g) ¢E(x1) . (859)
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This results in a stationary Schrodinger equation

R, h2k3 h2k2 eB,hko e?B?
<_2me or + 2me + 2me + Me o 2me x1> d(z1)
= E¢p(xy). (8.60)
Completing the square
e2B2 ,  eB,liky 2 B2 N
0 N = v - 8.61
2Me Tt Me o 2Mme (ac + eBO> 2Mme ( )
leads to
P e L (o 4 a2+ B ) = Bom(a) (8.62)
ome 1 5 Me 1 1o 2m€E1— E(Z1) . .
where .
. 2
T1o = B, (8.63)
and where B
w = 20 (8.64)

Mme
is the classical Larmor frequency (¢ = 1). It is important to note that the completion of the square
absorbs the kinetic energy term of the motion in the za-direction described by the factor exp(ikox2)
of wave function (8.59).
The stationary Schrodinger equation (8.62) is that of a displaced (by z1,) harmonic oscillator with
shifted (by h%k2/2m.) energies. From this observation one can immediately conclude that the wave
function of the system, according to (8.59), is

V(n, ko, k3;x1,x2,23) = exp(ikoxs + iksxs) X
1 2
e (] exp | —melpmel | (/2 (a1 4 o) (8.65)

where we replaced the parameter E by the integer n, the familiar harmonic oscillator quantum
number. The energies corresponding to these states are
1 h2k2

FE = — .
(n, ko, k3) = hw(n + 2) + o,

(8.66)

Obviously, the states are degenerate in the quantum number ko describing displacement along the
x9 coordinate. Without affecting the energy one can form wave packets in terms of the solutions
(8.65) which localize the electrons. However, according to (8.63) this induces a spread of the wave
function in the z; direction.

Solution for Symmetric Gauge The solution obtained above has the advantage that the deriva-
tion is comparatively simple. Unfortunately, the wave function (8.65), like the corresponding gauge
(8.57), is not symmetric in the x1- and x3-coordinates. We want to employ , therefore, the so-called
symmetric gauge which expresses the homogeneous potential (8.56) through the vector potential

. 1 -
A = 5By x 7. (8.67)
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One can readily verify that this vector potential satisfies the condition (8.12) for the Coulomb

gauge.
For the vector potential (8.67) one can write

- o B .
ﬁ-A:?V-BoxF. (8.68)
i
Using V- (i x ¥) = —u-V XU + ¥V x4 yields, in the present case of constant B,, for any
function f(7) A R
p-Af = —B,-px7f. (8.69)

The latter can be rewritten, using V x (df) = - x Vf + fVxdand V x 7 = 0,

—

B, fx7f = B,- (Fxﬁ) 7. (8.70)

Identifying 7 x ]A? with the angular momentum operator E, the Hamiltonian (8.52) becomes

22
2, 2 9
p e - o e _ .
H = B, L (B x > . 8.71
2me + 2me ° * 8me oXT ( )
Of particular interest is the contribution
e - =
Vmag - 2meL : Bo (872)

to Hamiltonian (8.71). The theory of classical electromagnetism predicts an analogue energy con-
tribution , namely,

—

Vmag = */_jclass - B, (8'73)

where [i.ss 18 the magnetic moment connected with a current density 5
_ L
Hclass = 5 r X J(r) dr (874)

We consider a simple case to relate (8.72) and (8.73, 8.74), namely, an electron moving in the
x,y-plane with constant velocity v on a ring of radius r. In this case the current density measures
—e v oriented tangentially to the ring. Accordingly, the magnetic moment (8.74) is in the present

case )
felass = — gerv 3. (8.75)

The latter can be related to the angular momentum E_;lass = rmev é3 of the electron

(& —

ﬁclass = - 2—777@ gclass (876)
and, accordingly,
e — —
Vmag = 2_77% Lelass * Bo - (877)
Comparision with (8.72) allows one to interpret
i=--—°"T1 (8.78)

2me
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as the quantum mechanical magnetic moment operator for the electron (charge —e).

We will demonstrate in Sect. 10 that the spin of the electron, described by the operator S , likewise,
gives rise to an energy contribution (8.72) with an associated magnetic moment — g T S where
g ~ 2. A derivation of his property and the value of g, the so-called gyromagnetic ratio of the
electron, requires a Lorentz-invariant quantum mechanical description as provided in Sect. 10.
For a magnetic field (8.56) pointing in the z3-direction the symmetric gauge (8.67) yields a more
symmetric solution which decays to zero along both the +z- and the +xo-direction. In this case,

ie., for B, = B, és, the Hamiltonian (8.71) is

2.2 2 R2
- P e“B? 9 9 eB,
H = Ls . 8.79
2me 8me (xl + m2) + 2me 3 ( )
To obtain the stationary states, i.e, the solutions of
HVUp(z1,22,73) = EVg(z1,29,23) (8.80)
we separate the variable x1, xo from xg setting
\I/E(:L'l,.%'g,xg) = eXp(ikgl'g) 'lb(:(}l,.%'Q) . (8.81)
The functions 1 (x1, z2) obey then
Hotp(w1,02) = E'v(z1,22) (8.82)
where )
. h 1 1
H, = — (8% + 8%) + —mew? (x% + :r%) + hw= (2102 — 2201) (8.83)
2me 2 )
h2k2
E =E - 3. 8.84
2, (8.84)

We have used here the expression for the angular momentum operator
Ly = (h)i) (2182 — 2281) . (8.85)

The Hamiltonian (8.83) describes two identical oscillators along the xj-and zs-directions which
are coupled through the angular momentum operator L. Accordingly, we seek stationary states
which are simultaneous eigenstates of the Hamiltonian of the two-dimensional isotropic harmonic
oscillator )
H,s = — h (8% + 8%) + 1mew2 (:U% + x%) (8.86)

2me 2

as well as of the angular momentum operator Ls. To obtain these eigenstates we introduce the
customary dimensionless variables of the harmonic oscillator

Xj = Zj ,j = 1,2 . (887)

(8.83) can then be expressed

1 . 1/ 02 0? 1 1 0 0
—Hy= = [+ — (X2 4+ X)) 4 - (X — Xo— ). .
huw 2 <8X12 * axg) 5 (KT +X2) + z< e 28X1> (8:88)
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Employing the creation and annihilation operators

oL (x,-9) Lo (x 2 .
aj—\/§<X] an) ;aj = 2(XJ+an pj =12 (8.89)

and the identity

- 1
wls = = (aJ{ag - a£a1> , (8.90)
7
which can readily be proven, one obtains
1 - 1
%H = aJ{al + a;az + 1+ - (aJ{ag — agal) . (8.91)
i

We note that the operator aiaQ — agal leaves the total number of vibrational quanta invariant,

since one phonon is annihilated and one created. We, therefore, attempt to express eigenstates in
terms of vibrational wave functions

AR
¢(<j>+ ] \S(J>— o () o

where U(0,0;x1,x2) is the wave function for the state with zero vibrational quanta for the x;- as
well as for the xg-oscillator. (8.92) represents a state with j + m quanta in the zj-oscillator and
Jj —m quanta in the xo-oscillator, the total vibrational energy being hw(2j + 1). In order to cover
all posible vibrational quantum numbers one needs to choose j, m as follows:

V(j,m;x1,22) =

3

1, -, ...
7727 )

m= —j, —j+1,...,+7. (8.93)

N —

J =0,

The states (8.92) are not eigenstates of Ls. Such eigenstates can be expressed, however, through a
combination of states

J .
\Il/(j,m/; $17x2) - Z affl)m, \Il(jamv .’El,.’Eg) . (894)
m=—j

Since this state is a linear combination of states which all have vibrational energy (2j+1)Aw, (8.94)
is an eigenstate of the vibrational Hamiltonian, i.e., it holds

(a];al + agag + ]1) U (j,msz,20) = (25 + 1) (5,m';21,22) . (8.95)

()

mm/

We want to choose the coefficients o such that (8.94) is also an eigenstate of Ls, i.e., such that

1
- (a{ag — a£a1> U (j,m'szy,20) = 2m' W' (5, m'; 21, 12) (8.96)
i

holds. If this property is, in fact, obeyed, (8.94) is an eigenstate of H,

H, U (j,m';xy,20) = hw (2j + 2m’ + 1) V' (j,m's 21, 29) . (8.97)
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. : ) .
In order to obtain coefficients 7", we can profitably employ the construction of angular momentum

states in terms of spinf% states as presented in Sects. 5.9,5.10,5.11. If we identify

a]i, ai, ag,ag — bl, by, bT_, b_ (8.98)
—_—— | —
present notation notation in Sects. 5.9,5.10,5.11

then the states W(j, m;z1, z2) defined in (8.92) correspond to the eigenstates |¥(j,m)) in Sect. 5.9.
According to the derivation given there, the states are eigenstates of the operator [we use for the
operator the notation of Sect. 5.10, cf. Eq.(5.288)]

- 1
ho= (a;al - a;az) (8.99)
with eigenvalue m. The connection with the present problem arises due to the fact that the operator
Jo in Sect. 5.10, which corresponds there to the angular momentum in the xo—direction, is in the
notation of the present section

- 1

iy = = (dlay = afan) (8.100)
i.e., except for a factor %, is identical to the operator Ls introduced in (8.84) above. This implies that
we can obtain eigenstates of Ls by rotation of the states W(j, m; 1, z2). The required rotation must
transform the zs—axis into the xo—axis. According to Sect. 5.11 such transformation is provided
through

V' (j,m'se1,x0) = DY) (5, 20)W(j,m;a, w0) (8.101)

where fo;n,(%, 5,0) is a rotation matrix which describes the rotation around the xz-axis by §
and then around the new wo—axis by 7, i.e., a transformation moving the rz—axis into the wo—

axis. The first rotation contributes a factor exp(—im%), the second rotation a factor dgb)m,(%), the
latter representing the Wigner rotation matrix of Sect. 5.11. Using the explicit form of the Wigner
rotation matrix as given in (5.309) yields finally

) _ (1\% N j—m’ +m)!(j—m)!
V(G mam) = (3)7 She Y5 ot

( j+m ) < j—tm’ ) (=1t (=)™ W, ms 21, ) (8.102)

m+m' —t

We have identified, thus, the eigenstates of (8.83) and confirmed the eigenvalues stated in (8.97).

8.5 Time-Dependent Perturbation Theory

We want to consider now a quantum system involving a charged particle in a bound state perturbed
by an external radiation field described through the Hamiltonian (8.55). We assume that the
scalar potential V' in (8.55) confines the particle to stationary bound states; an example is the
Coulomb potential V' (#,¢t) = 1/47r confining an electron with energy £ < 0 to move in the well
known orbitals of the hydrogen atom. The external radiation field is accounted for by the vector
potential ff(f’,t) introduced above. In the simplest case the radiation field consists of a single
planar electromagnetic wave described through the potential (8.31). Other radiation fields can
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be expanded through Fourier analysis in terms of such plane waves. We will see below that the
perturbation resulting from a ‘pure’ plane wave radiation field will serve us to describe also the
perturbation resulting from a radiation field made up of a superposition of many planar waves.
The Hamiltonian of the particle in the radiation field is then described through the Hamiltonian

H = H,+ Vs (8.103)
7
H, = — .104
o +qV (8.104)
q ~ 25 q2 2/

where A(7,t) is given by (8.42). Here the so-called unperturbed system is governed by the Hamil-
tonian H, with stationary states defined through the eigenvalue problem

H,|ln) = €ex|n) ,n=0,1,2... (8.106)

where we adopted the Dirac notation for the states of the quantum system. The states |n) are
thought to form a complete, orthonormal basis, i.e., we assume

(njm) = dpm (8.107)

and for the identity

1= Z_;)|n><n . (8.108)

We assume for the sake of simplicity that the eigenstates of H, can be labeled through integers,
i.e., we discount the possibility of a continuum of eigenstates. However, this assumption can be
waved as our results below will not depend on it.

Estimate of the Magnitude of Vg

We want to demonstrate now that the interaction Vg(t), as given in (8.105) for the case of radiation-
induced transitions in atomic systems, can be considered a weak perturbation. In fact, one can
estimate that the perturbation, in this case, is much smaller than the eigenvalue differences near
typical atomic bound states, and that the first term in (8.105), i.e., the term ~ ﬁ A)(F, t), is much
larger than the second term, i.e., the term ~ A?(7,t). This result will allow us to neglect the
second term in (8.105) in further calculations and to expand the wave function in terms of powers
of Vg(t) in a perturbation calculation.

For an electron charge ¢ = —e and an electron mass m = m, one can provide the estimate for the
first term of (8.105) as follows*. We first note, using (8.41)

2
p
2me ——
© 2me.

> [SiNLK
wV

(&

~ —

Mme

(8.109)

4The reader should note that the estimates are very crude since we are establishing an order of magnitude estimate
only.
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The virial theorem for the Coulomb problem provides the estimate for the case of a hydrogen atom

1e2
~ = 8.110
S a. ( )

p
2me

‘ 2

where a, is the Bohr radius. Assuming a single photon, i.e., N, = 1, a volume V = A3 where X is
the wave length corresponding to a plane wave with frequency w, i.e., A\ = 2mw¢/\, one obtains for
(8.109) using V = \dn?c?/w?

2 2

(&

2 a, hw

5. A Yo
p T A mec?

(8.111)

e
Me 4ma,

For fiw = 3 eV and a corresponding A = 4000 A one obtains, with a, ~ 0.5 A, and m.c? ~
500 keV

2 a, hw _8
- = ~ 10 8.112
T A Mec? ( )
and with e%/a, ~ 27 eV, altogether,
iﬁﬂ‘ ~ 10eV - 107 = 1073¢eV . (8.113)

This magnitude is much less than the differences of the typical eigenvalues of the lowest states of
the hydrogen atom which are of the order of 1 eV. Hence, the first term in (8.105) for radiation
fields can be considered a small perturbation.

We want to estimate now the second term in (8.105). Using again (8.41) one can state

e, €2 1 8N hw (8.114)
2Me 2me w? y ’
For the same assumptions as above one obtains
e? e? ao 4hw
A?| ~ g . 8.115
2me 8ma, ( A mec2) ( )
Employing for the second factor the estimate as stated in (8.112) yields
2
A% ~ 10eV - 107% = 107"eV . (8.116)
2me

This term is obviously much smaller than the first term. Consequently, one can neglect this term as
long as the first term gives non-vanishing contributions, and as long as the photon densities A, /V
are small. We can, hence, replace the perturbation (8.105) due to a radiation field by

CA(F ) (8.117)

”Gy

Vs = —

S\Q

In case that such perturbation acts on an electron and is due to superpositions of planar waves
described through the vector potential (8.42) it holds

E /47r kh a(k, i) p- @ exp | i(k - 7 —wt)} . (8.118)
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where we have replaced w in (8.42) through k = |k| = w. The sum runs over all possible & vectors
and might actually be an integral, the sum over 4 involves the two possible polarizations of planar
electromagnetic waves. A factor a(E, @) has been added to describe eliptically or circularly polarized
waves. Equation (8.118) is the form of the perturbation which, under ordinary circumstances,
describes the effect of a radiation field on an electron system and which will be assumed below to
describe radiative transitions.

Perturbation Expansion

The generic situation we attempt to describe entails a particle at time t = ¢, in a state |0) and
a radiation field beginning to act at t = t, on the particle promoting it into some of the other
states [n), n = 1, 2,.... The states |0), |n) are defined in (8.106-8.108) as the eigenstates of the
unperturbed Hamiltonian H,. One seeks to predict the probability to observe the particle in one
of the states |n), n # 0 at some later time ¢ > ¢,. For this purpose one needs to determine the
state |Wg(t)) of the particle. This state obeys the Schrodinger equation

iho|Us(t)) = [Ho + Vs(t)]|¥s(t)) (8.119)
subject to the initial condition
|Us(ty)) = |0) . (8.120)
The probability to find the particle in the state |n) at time ¢ is then
Po—n(t) = [(n|¥s(t))*. (8.121)

In order to determine the wave function ¥g(¢)) we choose the so-called Dirac representation defined
through

(0] = exp | ot — )] [¥p(0) (5.122)
where
[Wp(to)) = 0). (8.123)
Using . .
ihdexp [—%Ho(t - to)] = H,exp [—%Ho(t - to)] (8.124)

and (8.119) one obtains
exp [—%Hg(t - to)] (H, + ihdy) |Up(t))
— [, + Vs(0)] exp | 3 Hlt — t)] 120(0) (5.125)
from which follows
exp | <3 Holt — t)] 0o = V(Oexp |~ Holt = t)] o). (120

Multiplying the latter equation by the operator exp [% H,(t — to)] yields finally
ih|¥p(t)) = Vp()[¥p(t) , [¥(t)) = [0) (8.127)
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where

Vo(t) = exp [% Hy(t — to)} V() exp [—%Ho(t - to)] . (8.128)

We note that the transition probability (8.121) expressed in terms of ¥p(¢)) is
]
Proanlt) = Inlesp |~ Hlt = t0)] [00(0}. (5.129)

Due to the Hermitean property of the Hamiltonian H, holds (n|H, = €,(n| and, consequently,

(n]exp [—%Ho(t - to)] = exp [—%en(t - to)] (n| (8.130)
from which we conclude, using [exp[—% ,(t — t,)]| = 1,
Po—n(t) = [(n[¥p(t)*. (8.131)

In order to determine |¥Up(t)) described through (8.127) we assume the expansion
() = 31w (1) (8.132)
n=0

where |\IJ(Dn) (t)) accounts for the contribution due to n-fold products of Vp(t) to |Up(t)). Accord-
ingly, we define |\IfgL) (t)) through the evolution equations

oWty = o0 (8.133)
o W@y = V) v @) (8.134)
o W2y = vp@) v @) (8.135)
maVB) = Vol [ O() (8.136)

together with the initial conditions

|0) form =0
1

oot = { §) o (8,137

2.

One can readily verify that (8.132-8.137) are consistent with (8.127, 8.128).
Equations (8.133-8.137) can be solved recursively. We will consider here only the two leading
contributions to |¥Up(t)). From (8.133, 8.137) follows

B 1) = 10) . (8.138)

Employing this result one obtains for (8.134, 8.137)

D)) = %/tdt’vl)(t’)|o>. (8.139)
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This result, in turn, yields for (8.135, 8.137)

2 t/
W) = () [t [ avowrvoeno. (8.140)

Altogether we have provided the formal expansion for the transition amplitude

1 [t
©° 2 ot "
+mZ::O <%> /todtl/to dt" (n|Vp () |m)(m|Vp (") [0) + ...

8.6 Perturbations due to Electromagnetic Radiation

We had identified in Eq. (8.118) above that the effect of a radiation field on an electronic system
is accounted for by perturbations with a so-called harmonic time dependence ~ exp(—iwt). We
want to apply now the perturbation expansion derived to such perturbations. For the sake of
including the effect of superpositions of plane waves we will assume, however, that two planar
waves simulataneously interact with an electronic system, such that the combined radiation field
is decribed by the vector potential

A(Ft) = Ajdiexp [’L (k17 — w t)} incoming wave (8.142)
+  Asdgexp [z (Eg - F wo t)} incoming or outgoing wave

combining an incoming and an incoming or outgoing wave. The coefficients A1, As are defined
through (8.41).
The resulting perturbation on an electron system, according to (8.118), is

Vs = [Vl exp(—iwit) + Vi exp(:Fiwgt)} eM N = 0F, t, — —00 (8.143)
where V; and V5 are time-independent operators defined as

. e [8TN;h - pr
Vi = EH w]-]i Py e (8.144)

I II II1

Here the factor I describes the strength of the radiation field (for the specified planar wave) as
determined through the photon density N;/V and the factor II describes the polarization of the
planar wave; note that @;, according to (8.34, 8.142), defines the direction of the E-field of the
radiation. The factor III in (8.144) describes the propagation of the planar wave, the direction of
the propagation being determined by k = k / \k |. We will demonstrate below that the the sign of
Fiwt determines if the energy of the planar wave is absorbed (“-” sign) or emitted (“+” sign) by
the quantum system. In (8.144) 7 is the position of the electron and § = (//i)V is the momentum
operator of the electron. A factor exp(At), A — 0+ has been introduced which describes that at
time t, — —oo the perturbation is turned on gradually. This factor will serve mainly the purpose of
keeping in the following derivation all mathematical quantities properly behaved, i.e., non-singular.
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1st Order Processes

We employ now the perturbation (8.143) to the expansion (8.141). For the 1st order contribution
to the transition amplitude

(D) = —/dt (n[Vp(t') |0) (8.145)

we obtain then, using (8.128), (8.130) and (for m = 0)

exp [—%Ho(t - to)} Im) = exp [—%em(t - to)] m) | (8.146)
for (8.145)
mEE)) = lim lim — /tdt’ex Den — eo — iV x
D /\_,0+t4,,ooz'h t p B n o

X (<n|f/1|o> e 1t 1 (n|T5)0) eﬂFiwzt’) . (8.147)

Carrying out the time integration and taking the limit lim;_, ., yields

Dy m M| mlin 0y SR LR = €0 = wn)t]
)= e A = e ¥ iR
L exp [F(en — € F hun)t]
+ nlValo) = (8.148)

2nd Order Processes

We consider now the 2nd order contribution to the transition amplitude. According to (8.140,
8.141) this is

@ (1)) = Z /t dr /t " V() Im) tm Vo () ]0) (8.149)
Using the definition of Vp stated in (8.128) one obtains
(VD) 16) = EVs016) x| 1 (e - ) (8.150)
and, employing the perturbation (8.143), yields
nwP @) = - ﬁ Alir(I)lthl}moo Z /t dt’ /ttl dt” (8.151)
{ (n[ V4 [m) (m| V4 |0) exp {ﬁ (en — € — Fir — ih/\)t’] exp {% (em — €0 — Feon — z’h)\)t”}

+ <nﬂ72 |m) <m|172 |0) exp [% (€n — €m F hwo — ih)\)t’} exp [% (6m — €0 F hwo — ih)\)t”]
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+ (n|V1 |m) (m|V3 |0) exp [% (€n — €m — hwy — ih)\)t’} exp [;_i (€m — €0 F hwo — ih/\)t”]
(Vs ) (¥4 10)exp 1 (e — e v~ V| x| 1 (e — 0~ hin — it |

Carrying out the integrations and the limit lim;_, o, provides the result

e (@) = — & lim i (8.152)

(n|Vi |m) (m|V1 [0) exp[f (en — €0 — 2wy — 2ih\)t]
€m — €0 — hwy — 1hA €n — €0 — 2hw1 — 2tAA

<n\f/2 |m) (m\Vg |0) exp[% (e, — €0 F 2hwo — Qih)\)t]

€m — €0 F hws — ThA €n — €0 F 2hwo — 2thA

(n|Vi [m) (m|V2]0) exp[i (en — €0 — hwi F hws — 2ihN)t]

€m — €0 F hws — ThA €n — €0 — hw1 F hwy — 2thA

(n|Va |m) (m|V1|0) exp [ (€n — €0 — fiwr F fiwa — 2ihN)t]

€m — €0 — w1 — ThA €n — €0 — hw1 F hwy — 20hA

+

1st Order Radiative Transitions

The 1st and 2nd order transition amplitudes (8.148) and (8.152), respectively, provide now the
transition probability pp_n,(t) according to Eq. (8.131). We assume first that the first order transi-

tion amplitude <n|\If%) (t)) is non-zero, in which case one can expect that it is larger than the 2nd

order contribution (n\lllg) (t)) which we will neglect. We also assume for the final state n # 0 such
that (n|0) = 0 and

Po—n(t) = | (TR @) (8.153)
holds. Using (8.148) and
‘Z1 + 22‘2 = ’21|2 + ‘2’2’2 + 2Re(2’12§) (8.154)
yields
. Vi[0)[?
po—n(t) Aoy © {(eo—i—hwl — o) + )2
(n|V5]0)
8.155
(6o £ hwi — €,)% + (AR)? ( )
- 9Re (n|V1]0)(0[Va|n) exp[4(+hwy — hwn)t]
(€0 + hwi — €, + iAR) (6o £ hwy — €, — iAR)

We are actually interested in the transition rate, i.e., the time derivative of pg_.,(¢). For this rate
holds
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d _ 2\ (n|V1]0)2
—pon(t) = 1 2At 8.156
a o (*) )\—1>r(r)1+e {(eo + hwy —€,)% + (AR)? ( )
2\ (n|V3)|0) 2 d
2N + —
+ (€0 = hwn — €,)? + (Ah)? * @)
x 2Re

(n|V1[0)(0|Van) exp[4(thws — fiwr)t]
(€0 + hwi — €y + iNR) (€p & sy — €, — iAD)

The period of electromagnetic radiation absorbed by electronic systems in atoms is of the order
10717 s, i.e., is much shorter than could be resolved in any observation; in fact, any attempt to do
so, due to the uncertainty relationship would introduce a considerable perturbation to the system.
The time average will be denoted by ( --- );. Hence, one should average the rate over many periods
of the radiation. The result of such average is, however, to cancel the third term in (8.156) such
that the 1st order contributions of the two planar waves of the perturbation simply add. For the
resulting expression the limit limy_,o+ can be taken. Using

€

M m e - e (8.157)
one can conclude for the average transition rate
d 2 ~
= (moa®h = o [[nIVi0)P 6(en — e — hun) (8.158)

+ |(n|V2[0)*6(en — € F fvn)

Obviously, the two terms apearing on the rhs. of this expression describe the individual effects of
the two planar wave contributions of the perturbation (8.142-8.144). The d-functions appearing in
this expression reflect energy conservation: the incoming plane wave contribution of (8.143, 8.144),
due to the vector potential

A1 @ exp [z (k1 -7 — wy t)} , (8.159)

leads to final states |n) with energy €, = €, + hwi. The second contribution to (8.158), describing
either an incoming or an outgoing plane wave due to the vector potential

AQ ﬁg exp [Z (El -7 F w2 t)} s (8.160)

leads to final states |n) with energy €, = €, £ hwy. The result supports our definition of incoming
and outgoing waves in (8.31) and (8.142)

The matrix elements (n|V;|0) and (n|V3|0) in (8.158) play an essential role for the transition rates
of radiative transitions. First, these matrix elements determine the so-called selection rules for the
transition: the matrix elements vanish for many states |n) and |0) on the ground of symmetry and
geometrical properties. In case the matrix elements are non-zero, the matrix elements can vary
strongly for different states |n) of the system, a property, which is observed through the so-called
spectral intensities of transitions [0) — |n).
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2nd Order Radiative Transitions

We now consider situations where the first order transition amplitude in (8.153) vanishes such that
the leading contribution to the transition probability pp_,(t) arises from the 2nd order amplitude
(8.152), i.e., it holds

po—n(t) = [ (n|¥D ()7 (8.161)

To determine the transition rate we proceed again, as we did in the the case of 1st order transitions,
i.e., in Egs. (8.153-8.158). We define

B >~ (n|V4 [m) (m|V; |0)
A= (Tnzoem—eg—hwl—iﬁ)\ %

exp[% (€n — €0 — 2wy — 2ih/\)t]
X

8.162
€n — €0 — 2hw1 — 20RA ( )
and, similarly,
= em — € F hwso — 1A
i (en — €, F 2hwo — 26BNt
. &P (en = €0 F 2hwp — 2} (8.163)

€n — €0 F 2hwo — 2iA\

— [ (n|[Va|m)(m|Vi |0) (n|Va |m) (m| V4 |0)
= .164
=3 [Z(em—eo—fwl—ih)\+em—eo$hw2—ih)\ % (8.164)

exp[}% (en — €0 — By F hwo — 2ih)\)t]
X

m=0

8.165
€n — €0 — hw1 F hwe — 20hA ( )
It holds
3
|Z1 + 29 + 2’3’2 = ’21‘2 + ‘Z2’2 + |Z3‘2 + Z ijz (8.166)
Jik=1
Jj#k

In this expression the terms |zj|2 exhibit only a time dependence through a factor e?* whereas the
terms z;2*k for j # k have also time-dependent phase factors, e.g., exp[%(:l:wg —w1)]. Time average
(- )¢ of expression (8.166) over many periods of the radiation yields (exp[f(+ws —wi)])r = 0
and, hence,

<|Zl + 29 + 23‘2>t = |Zl|2 + |22|2 + |23|2 (8167)

Taking now the limit limy_,o; and using (8.157) yields, in analogy to (8.158),

d
ko= (S poalt
(2 o))
A ~ 2
_ 21| o~ (nfVi|m) (m|V1]0)
b q;:oem—eo—hwl—z'm Olem = €o = 2hwn) (8.168)

absorption of 2 photons Aw;
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(n|Va [m) (m|V3 |0)
+ h Z €m — €0 F hws — thA

m=0

2
d(€m — € F 2hw2)

absorption/emission of 2 photons fiws

2 i (n|Vy [m) (m|V4 |0)
€m — €0 — w1 — AN

m=0

5(571 — €p — hwl + th)

. . 2
(n|V2 |m)(m|V1 |0)
€m — €0 F hwo — 1AA

absorption of a photon hw; and absorption/emission of a photon hws

This transition rate is to be interpreted as follows. The first term, according to its d-function factor,
describes processes which lead to final states |n) with energy €, = €, + 2hw; and, accordingly,
describe the absorption of two photons, each of energy Aw;. Similarly, the second term describes
the processes leading to final states |n) with energy €, = €, + 2hwy and, accordingly, describe
the absorption/emission of two photons, each of energy hws. Similarly, the third term describes
processes in which a photon of energy hw; is absorbed and a second photon of energy hws is
absorbed/emitted. The factors | --- |2 in (8.168) describe the time sequence of the two photon
absorption/ emission processes. In case of the first term in (8.168) the interpretation is

> 1

V; 1800 8.169
mz:o (n|Vy [m) PR Sy (m|V10) ( )

pert. [n) « |m) > pert. [m) < |0)

virtually occupied state |m

, 1.e., the system is perturbed through absorption of a photon with energy Aw; from the initial
state |0) into a state |m); this state is only virtually excited, i.e., there is no energy conservation
necessary (in general, €,, # €, + hwi) and the evolution of state |m) is described by a factor
1/(€m—€o—hw1 —ih\); a second perturbation, through absorption of a photon, promotes the system
then to the state |n), which is stationary and energy is conserved, i.e., it must hold €, = €, + 2hw;.
The expression sums over all possible virtually occupied states |m) and takes the absolute value of
this sum, i.e., interference between the contributions from all intermediate states |m) can arise. The
remaining two contributions in (8.168) describe similar histories of the excitation process. Most
remarkably, the third term in (8.168) describes two intermediate histories, namely absorption/
emission first of photon hws and then absorption of photon hw; and, vice versa, first absorption of
photon Aw; and then absorption/ emission of photon Aws.

8.7 One-Photon Absorption and Emission in Atoms

We finally can apply the results derived to describe transition processes which involve the absorption
or emission of a single photon. For this purpose we will employ the transition rate as given in
Eq. (8.158) which accounts for such transitions.
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Absorption of a Plane Polarized Wave

We consider first the case of absorption of a monochromatic, plane polarized wave described through
the complex vector potential

17 STNh
wV

We will employ only the real part of this potential, i.e., the vector potential actually assumed is

@ exp [%(/2 o wt)} . (8.170)

2Nk
wV

The perturbation on an atomic electron system is then according to (8.143, 8.144)

A7 t) = 2N @ exp [%(EF - wt)] +

U exp [%(—E T+ wt)} . (8.171)

Vs = [Vl exp(—iwt) + Vo exp(—l—z'wt)} M oXN = O, by — —0 (8.172)
where
. 27N -~ —_
Vie = — TN G ot (8.173)
my wV

Only the first term of (8.143) will contribute to the absorption process, the second term can be
discounted in case of absorption. The absorption rate, according to (8.158), is then

21 €2 27Nk

. s ik
e ) 0
h m2 wy i {nfp e |0)

Ien — €0 — Tw) (8.174)

2
kabs = ’

Dipole Approximation We seek to evaluate the matrix element

—

M = (n|5e*T0) . (8.175)

The matrix element involves a spatial integral over the electronic wave functions associated with
states |n) and |0). For example, in case of a radiative transition from the 1s state of hydrogen to
one of its three 2p states, the wave functions are (n, ¢, m denote the relevant quantum numbers)

1
Unetmom=0(r,0,8) = 24/ e/ Yoo(0,0) 1s (8.176)

Un=ap=1m(r,0,0) = =5 [— — Vi (0,6) 2p (8.177)
a3 a,
and the integral is
. A ) 1 2w
M = _\/46 r2dr/ dcosH/ dore 2 yE (0,¢) x
a, Jo -1 0
X Ve Te™/% Yy, (6, ¢) (8.178)

These wave functions make significant contributions to this integral only for r-values in the range
r < 10a,. However, in this range one can expand

SIS R (8.179)
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One can estimate that the absolute magnitude of the second term in (8.179) and other terms are
never larger than 20ma,/\. Using |k| = 2m/A, the value of the wave length for the 1s — 2p
transition

A= ——— = 1216 A (8.180)

and a, = 0.529 A one concludes that in the significant integration range in (8.178) holds R T
1 4+ O(45) such that one can approximate

SESE (8.181)

One refers to this approximation as the dipole approzimation.

Transition Dipole Moment A further simplification of the matrix element (8.175) can then be
achieved and the differential operator p’ = ?V replaced by by the simpler multiplicative operator
7. This simplification results from the identity

m

el

7, Ho | (8.182)

where H, is the Hamiltonian given by (8.104) and, in case of the hydrogen atom, is

H, = ? V@ L V) = < (8.183)

2me T

For the commutator in (8.182) one finds

22
7 H) = (7 5—] + [F V()
Me ~—
=0
1< 1<
= Dk |7, P P 8.184
T > b (7 i) + o S IF b (8.184)
k=1 k=1
Using ¥ = Z?’:l xjé; and the commutation property [z, p;] = ihdy; one obtains

3 ih 3 T
[7, — Z Pr Ok = > P P (8.185)
7,k=1

from which follows (8.182).
We are now in a position to obtain an alternative expression for the matrix element (8.175). Using
(8.181) and (8.182) one obtains

S:v
CB>

- m

M ~ — r H = r 1
2 ol [7, Ha10) =) (7o) (3.186)
Insertion into (8.174) yields
A2 e? - 2
Kabs = %N” 7 <n|mo>) 3(en — €0 — Tiw) (8.187)
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where we used the fact that due to the o-function factor in (8.174) one can replace €, — €, by fuw.
The J-function appearing in this expression, in practical situations, will actually be replaced by a
distribution function which reflects (1) the finite life time of the states |n), |0), and (2) the fact
that strictly monochromatic radiation cannot be prepared such that any radiation source provides
radiation with a frequency distribution.

Absorption of Thermal Radiation

We want to assume now that the hydrogen atom is placed in an evironment which is sufficiently hot,
i.e., a very hot oven, such that the thermal radiation present supplies a continuum of frequencies,
directions, and all polarizations of the radiation. We have demonstrated in our derivation of the
rate of one-photon processes (8.158) above that in first order the contributions of all components of
the radiation field add. We can, hence, obtain the transition rate in the present case by adding the
individual transition rates of all planar waves present in the oven. Instead of adding the components
of all possible k values we integrate over all k using the following rule

ZZ = V/+ K /dkz (8.188)

Here [ dk is the integral over all orientations of k. Integrating and summing accordingly over all
contributions as given by (8.187) and using k¢ = w results in the total absorption rate

plon _ CNow® [0 Z ‘ ‘ (8.189)

abs 2w c3h

where the factor 1/A arose from the integral over the J-function.

In order to carry out the integral [ dk we note that @ describes the possible polarizations of the
planar waves as defined in (8.31-8.35). k and 4, according to (8.33) are orthogonal to each other.
As a result, there are ony two linearly independent directions of @ possible, say @1 and @s. The unit
vectors 1, s and k can be chosen to point along the x1, x9, x3-axes of a right-handed cartesian
coordinate system. Let us assume that the wave functions describing states |n) and |0) have been
chosen real such that g = (n|7]0) is a real, three-dimensional vector. The direction of this vector
in the 41, @2, k frame is described by the angles 9, ¢, the direction of u; is described by the
angles 91 = 7/2,1 = 0 and of 1y by J9 = /2,02 = w/2. For the two angles a = Z(u1, p) and
B = Z(ug,p) holds then

cosa = cost); cost) + sindg sind cos(p1 — @) = sindcosp (8.190)

and
cosf = costy cost) + sindysind cos(pa — ¢) = sindsing . (8.191)

Accordingly, one can express

D i (nfF0) P = |pf* (cos’a + cos’B) = sin®6 . (8.192)

and obtain

/dl;: ; ‘ﬂ (n|7)0) )2 = [p1? /027r /_11 dcost) (1 — cos®9) = 8% (8.193)
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This geometrical average, finally, can be inserted into (8.189) to yield the total absorption rate

4e? w3
kg;t) - N, VT | (n]F0) [* , N, photons before absorption. (8.194)
c
For absorption processes involving the electronic degrees of freedom of atoms and molecules this
radiation rate is typicaly of the order of 109 s~!. For practical evaluations we provide an expression
which eliminates the physical constants and allows one to determine numerical values readily. For
this purpose we use w/c = 27/ and obtain

42 3 3273 €2 q 1 a
= =2 = 137x10"= x =2 8.195
360 3 a3 ARt (8.195)
and
2
(tot) __ 191 ao | (n|0) |
kabs = Nw 1.37 x 10 g X X T s (8196)
where
2mch
A= 21t (8.197)
€n — €o

The last two factors in (8.194) combined are typically somewhat smaller than (1 A/1000 A)3 =
1079, Accordingly, the absorption rate is of the order of 10°s~! or 1/nanosecond.

Transition Dipole Moment The expression (8.194) for the absorption rate shows that the
essential property of a molecule which determines the absorption rate is the so-called transition
dipole moment [(n|7|0)|. The transition dipole moment can vanish for many transitions between
stationary states of a quantum system, in particular, for atoms or symmetric molecules. The
value of |(n|7|0)| determines the strength of an optical transition. The most intensely absorbing
molecules are long, linear molecules.

Emission of Radiation

We now consider the rate of emission of a photon. The radiation field is described, as for the
absorption process, by planar waves with vector potential (8.171) and perturbation (8.172, 8.173).
In case of emission only the second term Vi exp(+iwt) in (8.173) contributes. Otherwise, the
calculation of the emission rate proceeds as in the case of absorption. However, the resulting total
rate of emission bears a different dependence on the number of photons present in the environment.
This difference between emission and absorption is due to the quantum nature of the radiation field.
The quantum nature of radiation manifests itself in that the number of photons A, msut be an
integer, i.e., M, = 0,1, 2,.... This poses, however, a problem in case of emission by quantum
systems in complete darkness, i.e., for M, = 0. In case of a classical radiation field one would
expect that emission cannot occur. However, a quantum mechanical treatment of the radiation field
leads to a total emission rate which is proportional to A, + 1 where N/, is the number of photons
before emission. This dependence predicts, in agreement with observations, that emission occurs
even if no photon is present in the environment. The corresponding process is termed spontaneous
emission. However, there is also a contribution to the emission rate which is proportional to N,
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which is termed induced emission since it can be induced through radiation provided, e.g., in lasers.
The total rate of emission, accordingly, is

ptot) 4%’ 70 2 " .
o = v | (n]7]0) | (spontaneous emission )
4 2 .3
+ N, 366—3;‘; | (n|70) |2 (induced emission)
4% w3
= (M, +1) ~ 5 | (nl710) K (8.198)
N., photons before emission. (8.199)

Planck’s Radiation Law

The postulate of the A, + 1 dependence of the rate of emission as given in (8.198) is consistent
with Planck’s radiation law which reflects the (boson) quantum nature of the radiation field. To
demonstrate this property we apply the transition rates (8.195) and (8.198) to determine the
stationary distribution of photons Aw in an oven of temperature T. Let N, and NV,, denote the
number of atoms in state |0) and |n), respectively. For these numbers holds

N, /N, = exp|—(€n, — €,)/kpT] (8.200)

where kp is the Boltzmann constant. We assume ¢, — ¢, = hw. Under stationary conditions
the number of hydrogen atoms undergoing an absorption process |0) — |n) must be the same as
the number of atoms undergoing an emission process |n) — |0). Defining the rate of spontaneous
emission o2

ksp = — g5 1{nlf10) ? (8.201)
the rates of absorption and emission are N, ks, and (N, +1)ksp, respectively. The number of atoms
undergoing absorption in unit time are ./\/'wkspNo and undergoing emission are (./\/w—i—l)kspNn. Hence,
it must hold

No kep No = (N + 1) kgp Ny (8.202)

It follows, using (8.200),

N
—hw/kgT] = ———— . 8.203
expl-ho/kuT] = 17 (5:203
This equation yields
1

No = (8.204)

exp[hw/kgT] — 1’

i.e., the well-known Planck radiation formula.

8.8 Two-Photon Processes

In many important processes induced by interactions between radiation and matter two or more
photons participate. Examples are radiative transitions in which two photons are absorbed or
emitted or scattering of radiation by matter in which a photon is aborbed and another re-emitted.
In the following we discuss several examples.
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Two-Photon Absorption

The interaction of electrons with radiation, under ordinary circumstances, induce single photon
absorption processes as described by the transition rate Eq. (8.187). The transition requires that the
transition dipole moment (n|7'|0) does not vanish for two states |0) and |n). However, a transition
between the states |0) and |n) may be possible, even if (n|7|0) vanishes, but then requires the
absorption of two photons. In this case one needs to choose the energy of the photons to obey

€n = € + 2hw . (8.205)

The respective radiative transition is of 2nd order as described by the transition rate (8.168) where
the first term describes the relevant contribution. The resulting rate of the transition depends on
NZ2. The intense radiation fields of lasers allow one to increase transition rates to levels which can
readily be observed in the laboratory.

The perturbation which accounts for the coupling of the electronic system and the radiation field is
the same as in case of 1st order absorption processes and given by (8.172, 8.173); however, in case
of absorption only Vi contributes. One obtains, dropping the index 1 characterizing the radiation,

2 e ik ik
p - 2 (e 27TN h Z n\u pe |m> (mléi - 7 e™*7)0) "
no\m2 — — hwy — ihA
X 5(6m — €, — 2hw) . (8.206)

Employing the dipole approximation (8.181) and using (8.182) yields, finally,
(en = m) - (n]F|m) (em = c0) @ - {mIF|0) ‘

P & 2 8m3et
- v ho| &= hw (€m — €0 — hw — ih\)

X 0(€m — €0 — 2hw) . (8.207)

Expression (8.207) for the rate of 2-photon transitions shows that the transition |0) — |n) becomes
possible through intermediate states |m) which become virtually excited through absorption of a
single photon. In applying (8.207) one is, however, faced with the dilemma of having to sum over
all intermediate states |m) of the system. If the sum in (8.207) does not converge rapidly, which is
not necessarily the case, then expression (8.207) does not provide a suitable avenue of computing
the rates of 2-photon transitions.

Scattering of Photons at Electrons — Kramers-Heisenberg Cross Section

We consider in the following the scattering of a photon at an electron governed by the Hamiltonian
H, as given in (8.104) with stationary states |n) defined through (8.106). We assume that a planar
wave with wave vector k; and polarization 4y, as described through the vector potential

A(Ft) = Agy iy cos(ky -7 — wit) (8.208)

has been prepared. The electron absorbs the radiation and emits immediately a second photon.
We wish to describe an observation in which a detector is placed at a solid angle element dQ2s =
sinfs dfy d¢s with respect to the origin of the coordinate system in which the electron is described.
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We assume that the experimental set-up also includes a polarizer which selects only radiation with
a certain polarization 4o. Let us assume for the present that the emitted photon has a wave vector
EQ with cartesian components
sinfy cosoo
kg = ]{32 Sin92 Sin(ﬁg (8209)
cosly

where the value of ks has been fixed; however, later we will allow the quantum system to select
appropriate values. The vector potential describing the emitted plane wave is then

/T(’l?, t) = A02 ’122 COS(EQ ST — WQt) . (8.210)

The vector potential which describes both incoming wave and outgoing wave is a superposition of
the potentials in (8.208, 8.210). We know already from our description in Section 8.6 above that
the absorption of the radiation in (8.208) and the emission of the radiation in (8.210) is accounted
for by the following contributions of (8.208, 8.210)

AP t) = Af dnexpli(ky -7 — wit)] + Aj,dgexpli(ka - 7 — wat)] . (8.211)

The first term describes the absorption of a photon and, hence, the amplitude A}; is given by

StN1h
wlv

Al = (8.212)
where N1 /V is the density of photons for the wave described by (8.208), i.e., the wave characterized
through ki, 41. The second term in (8.211) accounts for the emitted wave and, according to the
description of emission processes on page 229, the amplititude A_, defined in (8.211) is

- 8 (Na+1)h
Ay = oy (8.213)

where N5 /V is the density of photons characterized through Eg, Uo.

The perturbation which arises due to the vector potential (8.211) is stated in Eq. (8.105). In the
present case we consider only scattering processes which absorb radiation corresponding to the
vector potential (8.208) and emit radiation corresponding to the vector potential (8.210). The
relevant terms of the perturbation (8.105) using the vector potantial (8.211) are given by

e 5 N TS — s ST o
Vs(t) = 5 D {Ajlulexp[z(kl -7 —wit)] + Ayusexp[—i(ky - T — wgt)]}
contributes in 2nd order
2
€ . 7 7 .
+ i AL AL Gy - g exp{i(kn — k2) - T — (w1 — wa)t]} (8.214)

contributes in 1st order

The effect of the perturbation on the state of the electronic system is as stated in the perturbation
expansion (8.141). This expansion yields, in the present case, for the components of the wave
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function accounting for absorption and re-emission of a photon

(nWp(t) = (n|o) + (8.215)
1 e? /
L A+ A= din - 4 dt/ i(en—€o—hwi+hwa+ihA\)t
b A o) [

+
NE

1\* ¢ .
(E) 4mg A01A02 X

. { 1 - (n] Flm) dz - (m| F]0) x

m=0

’
/dt/t dt// i(en—€m— ml+ih}‘)t/ei(5m*€o+ﬁwz+ih)\)t”
to to
+ g - ”’P|m (I <m|p|0> X

t/
" / gt / dtuei(en—em+m2+z‘m)t’ei(sm—Eo—m1+im)t~}
to to

We have adopted the dipole approximation (8.181) in stating this result.

Only the second (1st order) and the third (2nd order) terms in (8.215) correspond to scattering
processes in which the radiation field ‘looses’ a photon Aw; and ‘gains’ a photon fAws. Hence, only
these two terms contribute to the scattering amplitude. Following closely the procedures adopted in
evaluating the rates of 1st order and 2nd order radiative transitions on page 222-225, i.e., evaluating
the time integrals in (8.215) and taking the limits lim; _,_ and limy_,q+ yields the transition rate

e2

2w
k = —5(en—eo—hw1+hw2)‘4 5

AN AL, Gy - G (n)0) (8.216)

. . - 2

_ Z 6_2A+ A= ((n|ﬁ1ﬁ\m><m|a2ﬁ]0) + <”W2ﬁ|m><m!ﬁ1ﬁ|0>> ‘
dm, 0102 €m — €0 + hws €m — €0 — hwy
We now note that the quantum system has the freedom to interact with any component of the
radiation field to produce the emitted photon Aws. Accordingly, one needs to integrate the rate as
given by (8.216) over all available modes of the field, i.e., one needs to carry out the integration
V(2r)~3 [ k3dks - - -. Inserting also the values (8.212, 8.213) for the amplitudes A, and A_, results
in the Kramers-Heisenberg formula for the scattering rate

P - /\gc 2“’2(N2+ 1) d2s

S Z<(n!m-mm><mlﬁz-ﬁ!0> n <n\ﬁ2-5!m><m!ﬂ1~5lo>>

Me “— €m — €o + hwo €m — €0 — hwi

’121 . ﬁz <n|0> (8.217)

2

Here r, denotes the classical electron radius

62

_ _ —15
To = 3 = 28107 m. (8.218)
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The factor Nic/V can be interpreted as the flux of incoming photons. Accordingly, one can relate
(8.217) to the scattering cross section defined through

d rate of photons arriving in the the solid angle element df2,
g =

8.219
flux of incoming photons ( )

It holds then
do = 1222 (Ny+1)dQ
w1

’le . ﬂg <n\0> (8.220)

2

1 Z((ﬂlﬂrﬁ\mﬂmlﬁz-ﬁ!w .\ <nmz-ﬁ|m><mrw|o>)

Me €m — €o + hwo €m — €0 — hwi

m

In the following we want to consider various applications of this formula.

Rayleigh Scattering

We turn first to an example of so-called elastic scattering, i.e., a process in which the electronic
state remains unaltered after the scattering. Rayleigh scattering is defined as the limit in which the
wave length of the scattered radiation is so long that none of the quantum states of the electronic
system can be excited; in fact, one assumes the even stronger condition

hwi << |ep — €m| , for all states |m) of the electronic system (8.221)
Using |n) = |0) and, consequently, w; = wy, it follows
do = 12Ny +1)dQy |y -Gz — S(hw) |? (8.222)
where
_ ! (Ol 7|m) ¢mlia-10) , ~ (Oliia-7|m) (] -70)
S(hw) = m;( et T o —e e . (8.223)
Condition (8.221) suggests to expand S(hw)
1
S(hw) = S(0) + S'(0) hw + ES”(O)(hw)2 + ... (8.224)
Using
1 1 w (hw)?
= . .22
€m — € + hw em—eo:F (6m — €0)? + (€m — €0)3 + (8.225)

one can readily determine

S(0) = Z<(0lﬂi’lzi<ﬂ_ﬂiz)-ﬁl0> n <0|@Zf|ZL<T’Zijﬁ|O>>
(8.226)
, 0|d2-p|m) (m|da 5|0 0|1 -p|m) (m|ds-p0
S'(0) = Z(( | fnf|(673<—’601)2p| ) _ (0 ;zf’(e,j<—’502)f| >>
(8.227)
s"(0) = 22< OIMMZH T_nlia)f\w N <0’ﬁ;flz<T’ZI)gﬁ‘o>>

(8.228)
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These three expressions can be simplified using the expression (8.182) for ]3’ and the expression
(8.108) for the identity operator. X
We want to simplify first (8.226). For this purpose we replace p’ using (8.182)

(0]a-|m) | (mli-p]0) 1,
Olepim) L Amiip ) 7|0 8.229
Me (em _ 60) ih < ’Ul 7q|m> ) Me (€m — 60) ih <m|u1 T" > ( )
This transforms (8.226) into
1 N Loy Loy N
5(0) = %Z( (Ot -7 |m)(m|ig-p'|0) — (Oldz-p|m){m|d.-7|0) ) (8.230)
According to (8.108) this is
1 .
S(0) = 7 (Ol -7 dg- P — @-p iy -7)0) . (8.231)
The commutator property [x;, pr] = ihdj; yields finally
13 3
S(0) = — 'kzl(al)j (t2) (Ol[z5, Pr]0) = 'kzl(al)j(ﬂZ)k Ojk = Uty (8.232)
Jik= Jik=

Obviously, this term cancels the ;-2 term in (8.222).
We want to prove now that expression (8.227) vanishes. For this purpose we apply (8.229) both to
Uy - p and to us - P which results in

S'(0) =

Me . o o o
T2 ((0|ag-7|m)(m]|ty-7|0) — (0|ay-7|m)(m]|tg-7|0) ) . (8.233)

m

Employing again (8.108) yields
— (0| [ag-7, 41-7]]0) = O (8.234)

where we used for the second identity the fact that 41 -7 and o-7 commute.
S”(0) given in (8.228) provides then the first non-vanishing contribution to the scattering cross
section (8.222). Using again (8.229) both for the @; - p'and the to us - p' terms in (8.228) we obtain

2m. (<0|ﬁ1'7|m><m|ﬂ2'7?|0> n <0|ﬂ2'77|m><m’111'77|0>)

S//(O) — hQ

(8.235)

€m — €o €m — €o

We can now combine eqs. (8.224, 8.232, 8.234, 8.235) and obtain the leading contribution to the
expression (8.222) of the cross section for Rayleigh scattering

do = r2m2wt(Ny+1)dQy x (8.236)
2
" Z( (Ofag-mm){mlaz - 7|0) - (Ofa3-7|m) (mds- T!0>> ‘
- €m — €o €m — €o

We have applied here a modification which arises in case of complex polarization vectors u which
describe circular and elliptical polarizaed light.

Expression (8.236) is of great practical importance. It explains, for example, the blue color of
the sky and the polarization pattern in the sky which serves many animals, i.e., honey bees, as a
compass.
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Thomson Scattering

We consider again elastic scattering., i.e., [n) = |0) and w; = wy = w in (8.220), however, assume
now that the scattered radiation has very short wave length such that

w >> |e, — €m| , for all states |m) of the electronic system . (8.237)

The resulting scattering is called Thomson scattering. We want to assume, though, that the dipole
approximation is still valid which restricts the applicability of the following derivation to

1
ki >> — , a, Bohr radius . (8.238)

o

One obtains immediately from (8.220)
do = 12 (N +1)dSy iy - daf* . (8.239)

We will show below that this expression decribes the non-relativistic limit of Compton scattering.
To evaluate |4 - ug|2 we assume that k:1 is oriented along the x3-axis and, hence, the emitted
radiation is decribed by the wave vector
sinfs cosgo
/6‘2 = k‘l Sineg singbg (8.240)
costs

We choose for the polarization of the incoming radiation the directions along the x1- and the zs-axes

1
aV = o | ,a® =11 (8.241)
0 0

(1)

Similarly, we choose for the polarization of the emitted radiation two perpendicular directions i,

and ag) which are also orthogonal to the direction of k2. The first choice is

Xk singo
ald = 22X | cosgy (8.242)
|]€2 X k1| 0
where the second identity follows readily from k; = é3 and from (8.240). Since 11;2) needs to be

orthogonal to ko as well as to 4 ( ) the sole choice is

= 0o coseo
i (1) COsb2 2

a? = _,inlfé) = cosfly sings (8.243)
ko X Gy’ —sinfy

The resulting scattering cross sections for the various choices of polarizations are

SiHQd)Q for ﬂl = ) e

do = r2(Ny +1)dQy x (8.244)

ol
Uy
cos?6 2 for 6y = ol =
gcos gy for iy = Uy, Up = Uy
cos?¢ for iy = o'
2 or u; = Uy
(2
1

cos26s Sin2qb2 for 41 = 4
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In case that the incident radiation is not polarized the cross section needs to be averaged over
the two polarization directions ﬁgl) and aﬁ”. One obtains then for the scattering cross section of

unpolarized radiation

for U9

|
N
)

do = r2(Na+1)dQy x (8.245)

cos?0y for 1y = Uy

N[—= N

The result implies that even though the incident radiation is unpolarized, the scattered radiation
is polarized to some degree. The radiation scattered at right angles is even completely polarized
along the agl)—direction.

In case that one measures the scattered radiation irrespective of its polarization, the resulting

scattering cross section is

2
doey = %0 (No+1) (1 + cos?0s) dSs . (8.246)

This expression is the non-relativistic limit of the cross section of Compton scattering. The Comp-
ton scattering cross section which is derived from a model which treats photons and electrons as
colliding relativistic particles is

2 2
——(rel) T, w2 w1 w2 .92
d = — 1 — — — — 0 dQ) 8.247
Tot 5 (NMa+1) <w1> (w2 + o sin 2) 2 ( )
where 5
—1 -1 _
Wy — wy = - (1 — cosby) (8.248)

One can readily show that in the non-relativistic limit, i.e., for ¢ — oo the Compton scattering
cross section (8.247, 8.247) becomes identical with the Thomson scattering cross section (8.246).

Raman Scattering and Brillouin Scattering

We now consider ineleastic scattering described by the Kramers-Heisenberg formula. In the case
of such scattering an electron system absorbs and re-emits radiation without ending up in the
initial state. The energy deficit is used to excite the system. The excitation can be electronic,
but most often involves other degrees of freedom. For electronic systems in molecules or crystals
the degrees of freedom excited are nuclear motions, i.e., molecular vibrations or crystal vibrational
modes. Such scattering is called Raman scattering. If energy is absorbed by the system, one speaks
of Stokes scattering, if energy is released, one speaks of anti-Stokes scattering. In case that the
nuclear degrees of freedom excited absorb very little energy, as in the case of excitations of accustical
modes of crystals, or in case of translational motion of molecules in liquids, the scattering is termed
Brillouin scattering.

In the case that the scattering excites other than electronic degrees of freedom, the states |n) etc.
defined in (8.220) represent actually electronic as well as nuclear motions, e.g., in case of a diatomic
molecule |n) = |¢p(elect.)y, ¢p(vibr.),). Since the scattering is inelastic, the first term in (8.220)
vanishes and one obtains in case of Raman scattering

do = 75 (Nz +1) z—j dQy |dg - R -y |? (8.249)
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where R represents a 3 X 3-matrix with elements

1 (n|pj [m)(m|pr [0) | (n|pk |m){m|pj|0)
. - 2
Rjk Me ;( €m — €0 + hwa + €m — €0 — hwi (8 50)
w2 = w1 — (En — 60)/h (8.251)

We define - R -§ = > 2 Rjk Yy

In case that the incoming photon energy Aw; is chosen to match one of the electronic excitations,
e.g., hwi =~ €, — €, for a particular state |m), the Raman scattering cross section will be much
enhanced, a case called resonant Raman scattering. Of course, no singlularity developes in such
case due to the finite life time of the state |m). Nevertheless, the cross section for resonant Raman
scattering can be several orders of magnitude larger than that of ordinary Raman scattering, a
property which can be exploited to selectively probe suitable molecules of low concentration in
bulk matter.



Chapter 9

Many—Particle Systems

In this chapter we develop the quantummechanical description of non-relativistic many—particle-
systems. Systems to which this chapter applies appear in many disguises, as electrons in crystals,
molecules and atoms, as photons in the electromagmetic field, as vibrations and combination of
electrons and phonons in crystals, as protons and neutrons in nuclei and, finally, as quarks in
mesons and baryons. The latter systems require, however, relativistic descriptions.

The interaction among many identical particles gives rise to a host of fascinating phenomena, e.g.,
collective excitations in nuclei, atoms and molecules, superconductivity, the quantum Hall effect.
A description of the mentioned phenomena requires a sufficient account of the interactions among
the particles and of the associated many—particle motions. In the following we will introduce the
rudimentary tools, mainly those tools which are connected with effective single—particle descrip-
tions.

9.1 Permutation Symmetry of Bosons and Fermions

We seek to determine the stationary states of systems of many identical particles as described
through the stationary Schrodinger equation

H|T) = E|U). (9.1)

Here |U) represents the state of the system which in the following will be considered in a repre-
sentation defined by space-spin—coordinates ¥; = (7;,0;). 7; and o; denote position and spin,
respectively, of the j-th particle. The spin variable for electrons, for example, is 0; = :I:%. We will
assume systems composed of N particles, i.e., the particle index j runs from 1 to N. The wave
function in the space—spin representation is then

(), T, ... EN) = (T1,T,... 2N |T). (9.2)

Permutations

The essential aspect of the systems described is that the particles are assumed to be identical. This
has the consequence that one cannot distinguish between states which differ only in a permutation
of particles. In fact, quantum theory dictates that all such states are identical, i.e., are not counted

239



240 Many—Particle Systems

repeatedly like degenerate states. However, not any state can be chosen as to represent the many—
particle system, rather only states which obey a certain transformation property under permutations
are acceptable. This property will be established now. In the following sections we will then
introduce the operators of second quantization which provide a means to ascertain that manipulation
of wave functions always leave the transformation property under permutations uncompromised.

The permutations we need to consider for a system of N particles are the elements of the group Sy,
the set of all permutations of N objects. The elements P € Sy can be represented conveniently
as 2 x N matrices, the top row representing the numbers 1 to N labelling the N particles under
consideration, and the second row showing the numbers 1 to N again, but in a different order,
number k under the entry j of the first row indicating that particle j is switched with particle k.
Examples for an eight particle system are

1 7 8 12 8
Pl:(1 87>’P2:<12 8>' (9:3)

P, which affects only two particles, i.e., particles 4 and 5, leaving all other particles unchanged, is
called a transposition. Transpositions denoted by T'(j, k) are characterized by the two indices (7, k)
of the two particles transposed, i.e., (j,k) = (4,5) in case of P,. We can then state P, = T'(4,5).

We will not discuss here at any depth the properties of the permutation groups Sy, even though
these properties, in particular, the representations in the space of N—particle wave functions are
extremely useful in dealing with N—particle systems. A reader interested in the quantum mechanical
description of N particle systems is strongly encouraged to study these representations. For the
following we will require only two properties of Sy, namely implicitly the group property, and
explicitly the fact that any P € Sy can be given as a product of transpositions T'(j, k). The latter
factorization has the essential property that the number of factors is either even or odd, i.e., a
given P can either only be presented by even numbers of transpositions or by odd numbers of
transpositions. One calls permutations of the first type even permutations and permutations of the
second type odd permutations. The group Sy is then composed of two disjunct classes of even and
of odd permutations. For the permutations P; and P» given above holds

3 45 6 34 5 6 7
4 5 6 3 3546 7

NI )

P = T(3,4)T(4,5)T(5,6)T(6,3)T(7,8) : P» = T(4,5) (9.4)

both permutations being obviously odd. The product P; P> of even and odd permutations P; and
P obey the following multiplication table:

Py, \ P, | even odd
even even odd

odd odd even

We finally determine the action of permutations P on the wave functions (9.2). Denoting by P(j)
the image of j, i.e., in notation (9.3) the j-th index in the second row, one can state

P\P(fl,l_"g,...,fj,...,l_"]\[) == \P(fp(l),fp(Q),...,...,fp(j),...,fp(]\/’)). (95)
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Permutation Symmetry

A second consequence of the identical character of the particles under consideration is that the
Hamiltonian must reflect the permutation symmetry. In fact, the Hamiltonian must be of the type

N N
Ly ] Lo
H = ;F(%) + §j;1G(x],xk) (9.6)

which describes one-particle interactions and two-particle interactions of the system. G(Z;,Z) is
symmetric in its two arguments. The terms of the Hamiltonian will be discussed further below.
Presently, it is essential that the functions F( ) and G( , ) are the same for all particles and for all
pairs of particles, all particles being governed by the same interactions. From this property follows
that H is independent of any specific assignment of indices to the particles (note that (9.5) implies
that a permutation effectively changes the indices of the particles) and, hence, the Hamiltonian for
permuted indices PHP~! is identical to H. From the latter results

[H,P] = 0. (9.7)

This property, in turn, implies that the permutation operators can be chosen in a diagonal repre-
sentation. In fact, it is a postulate of quantum mechanics that for any description of many—particle
systems the permutation operators must be diagonal. Since permutations do not necessarily com-
mute, a diagonal representation can only berealized in a simpler group. In fact, the representation
is either isomorphic to the group composed of only the ‘1’, i.e., 1 together with multiplication, or
the corresponding group of two elements 1, —1. The first case applies to bosons, i.e. particles with
integer spin values, the second group to fermions, i.e., particles with half—integer spin values. In
the latter case all even permutations are represented by ‘1’ and all odd permutations by -1’. Ob-
viously, both groups, i.e., {1} (trivial) and {1,-1}, provide a representation of the group structure
represented by the multiplication table of even and odd permutations given above.

The boson and fermion property stated implies that for a system of N bosons holds

P|U) = [¥) VPeSy. (9.8)

For fermions holds
P|U) = ep|¥) VP e Sy (9.9)
where

{ 1 for P even
ep =

—1 for P odd (9-10)

We will construct now wave functions which exhibit the appropriate properties.

Fock-Space

Our derivation will start by placing each particle in a set of S orthonormal single particle states
(Z|k) = ¢p(¥), k=1,2,...5 where S denotes the number of available single particle states, usually
a very large number. The single particle states are assumed to be orthonormal, i.e., for the scalar
product holds

(jlk) = 0jk . (9.11)
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The scalar product involves spin as well as space coordinates and is explicitly given by

Gilky = / &r 65(7) () - (o5lon) (9.12)

where the second factor represents the scalar product between spin states. We first consider or-
thonormal many—particle wave functions, the so-called Fock-states, which do not yet obey the
symmetries (9.8, 9.9). In a second step we form linear combinations of Fock states with the desired
symmetries.

The Fock states represent N particles which are placed into S states |A1),|X2),...,|An), Aj €
{1,2,...8} of the type (9.11, 9.12), each particle j into a specific state |\;), i.e.,

N
(@1, T, NN Aay L AN) = [ o, (F)) - (9.13)
j=1
These states form an orthonormal basis of N-particle states. It holds
N
(UFOKONL Xy M)A Agy - AN)) = [T oy, (9.14)
j=1

Obviously, the states [WFo(A\;; Aa, ..., Ax)) do not exhibit the symmetries dictated by (9.8, 9.9).

Wave Functions with Boson Symmetry in the Occupation Number Representation

Wave functions with the proper symmetries can be obtained as linear combinations of Fock states.
A wave function which obeys the boson symmetry (9.8) is

<f1,f2,...fN’\PB(n1,n2,...,ns)> = (915)
()]
IT5-, (ng!) | 2 . o
{%} ZPEA()\l,)\N) P <"E1, 35‘2, P f;U]\[|\I]F00k()\17 )\2, P .)\N)>
Here the states (A1, A2,... .Ay) on the rhs. is a particular choice of placing N particles consistent
with the occupation numbers (ny,na,...,ng). A(A,...,Any) C Sy is the set of all permutations

involving only particles j with different \;, e.g., T(j,k) € A(A1,...,An) only if A; # A,. The
integers n; are equal to the number of Ay in (9.15) with A\, = j, i.e. the n; specify how often
a single particle state |j) is occupied. The numbers n;, referred to as the occupation numbers,
characterize the wave function (9.15) completely and, therefore, are essential. The reader is well
advised to pause and grasp the definition of the n;.

An important detail of the definition (9.15) is that the sum over permutations does not involve
permutations among indices j, k,... with A\; = A = .... This detail is connected with the fact
that a two-particle state of the type WF°k(\, \) in which two particles occupy the same single—
particle state |[A) does not allow transposition of particles; the reason is that such transposition
duplicates the state which would, hence, appear severalfold in (9.15).
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The wave functions (9.15) describe, for example, the photons of the electromagnetic field or the
phonons in a crystal. These states form an orthonormal basis, i.e., for two sets of occupation
numbers N = (n1,ng,...,ng) and N/ = (n},nb, ..., n) holds

S
(WENPEW)) = H5njn;.- (9.16)

Exercise 9.1.1:
(a) Show that the states (9.15) obey the boson symmetry (9.8).
(b) Show that for the states (9.15) holds (9.16).

Wave Functions with Fermion Symmetry in the Occupation Number Representation

One can construct similarly a wave function which obeys the fermion symmetry property (9.9).
Such wave function is

(&1, Xa, . ..fN]\I’F(nl,ng, coo,mg)) =

ﬁ Yo pesy €p P {T1,Ta, . En|UTOR(AL, Ag, . AN)) (9.17)

Here the states (A1, A2,... .Ax) on the rhs. correspond to a particular choice of placing N par-
ticles consistent with the occupation numbers (nq,no,...,ng). Using the identity governing the
determinant of N x N-matrices A

N
det(A) = > ep [[45r0) (9.18)

PGSN jil

this wave function can also be expressed through the so-called Slater determinant

<.f1,[l_fg, .. .fN]\I/F(nl,ng, . ,n5)> =

¢)\1(fl) ¢>\2(fl) cee ¢>\N(fl)

1 (ﬁ)q (52) ¢/\2 (fQ) <. ¢)\N (fQ)
VM| : : :

oA (TN) P (TN) oo day(TN)

Here, the integers n; denote the occupancy of the single-particle state |j). The important property
holds that n; can only assume the two values n; = 0 or n; = 1. For any value n; > 1 two or more
of the columns of the Slater matrix are identical and the wave function vanishes.

The fermion states (9.17) describe, for example, electrons in an atom, a molecule or a crystal. These
states form an orthonormal basis, i.e., for two sets of occupation numbers N' = (ny,n2,...,ng)
and N = (n},n),...,nY) holds

(9.19)

(9.20)

,.
J

S
(IFN)EE W) = H%n :

Jj=1
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The representation of wave functions (9.15) and (9.17) is commonly referred to as the occupation
number representation since the wave functions are uniquely specified by the set of occupation
numbers N' = (n1,ng,...,ng).

Exercise 9.1.2:
(a) Show that the states (9.17) obey the fermion symmetry (9.9).
(b) Show that the states (9.17) obey the orthonormality property (9.20).

9.2 Operators of 2nd Quantization

An important tool to describe mathematically systems of many bosons or fermions, guaranteeing
the correct permutation properties of the many—particle states, are the so-called operators of 2nd
quantization. These operators allow one to construct and manipulate many—particle wave functions
while preserving permutation symmetry.

Creation and Annihilation Operators for Bosons

We consider the operator a; defined through

VB (g, .o n;—1,...,n n; > 1
aj\IfB(nl,...,nj,...,ns):{0 5 (m J s) nij . (9.21)

The factor ,/n; appears here on the rhs. since both the N-particle wave function
UB(ny, ... ,Mj,...,ng) and the N — 1-particle wave function UB(ny, ..., nj—1,...,ng) are normal-
ized according to (9.15). For the adjoint operator a;f. holds

a}\IlB(nl,...,nj,...,ns) = n;+1 ‘I/B(nl,...,nj +1,...,n9) . (9.22)
The operators a; and a;r- obey the commutation properties
laj.a] = 0, [al,af] =0 (9.23)

laj, af] = djx . (9.24)

The operators a;r. and a; are referred to as the creation and annihilation operators of bosons for the

orthonormal single-particle states |j).

To prove that (9.22) follows from (9.21) we consider the matrix A; corresponding to a; in the basis
of many-particle states (9.15). Employing the superindices N’ and N introduced above and using
the orthonormality property (9.16) one obtains

S
(A prpr = (WP ag [OBN)) = /7560 0,1 [ ] Ongns - (9.25)
k

=1
k#j
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Let A}L- be the matrix adjoint to A;. One obtains for its matrix elements

T _ B T yB — (A
(A1), = (PNl EBO) = (A))p
A/ TL; 5nj nf—1 Hi:l 5nkn;€ = N+ 16y n;+1 Hi:l 5n§gnk . (926)
k#j ! k#j

From this result one can immediately conclude that (9.22) follows from (9.21) and vice versa.

We will prove the commutation properties (9.24), the properties (9.23) follow in an analogous way.
It holds for j = k

(ajaf — ala)[ ¥WN)) = (nj+1 — ny)[¥(N)) = [T(N)) . (9.27)

J

Since this holds for any [¥(N)) it follows [a;, a}] = 1. For j # k follows similarly

(aja}, — aay)| W) = (9.28)
(vVnj(ng +1) — /(i + Dnj)[¥(ng,...nj —1...np+1...ng)) = 0.

Equations (9.27, 9.29) yield the commutation relationship (9.24).
The creation operators a;r» allow one to construct boson states WB(A)) from the vacuum state

0) = [#8(n1 = 0,n2 =0,...,n5 =0)) (9.29)

as follows

at)”
1UB(n1,na, ..., ng)) = ]Hl <\/J2_]l 10) . (9.30)

Of particular interest is the operator

A

N; = ala; . (9.31)

This operator is diagonal in the occupation number representation, i.e., for basis states
[UB(ni,na,...,ng)) = [¥B(N)). One can readily show using (9.21, 9.22)

N [TBN)) = ny [TBN) (9.32)

i.e., the eigenvalues of Nj are the occupation numbers n;. One refers to Nj as the occupation
number operator. The related operator

N =) N (9.33)

=1

is called the particle number operator since, obviously,

S
N|‘I]B(n17n2,"'7ns)> = ZTLj|‘IJB(’I’L1,TL2,...,TLS)>
j=1

= N|¥B(ny,ny,...,ng)) . (9.34)
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In using the boson creation and annihilation operators, in general, one needs to apply only the
commutation propertes (9.23, 9.24) and the property a;|0) = 0. As long as one starts from a wave
function with the proper boson symmetry, e.g., from the vacuum state |0) or states |[¥B(N)), one
does not need to worry ever about proper symmetries of wave functions, since they are induced
through the algebra of a} and a;.

Exercise 9.2.1: The commutation relationships (9.23, 9.24) and a;|0) = 0 imply that the the
properties (9.21, 9.22, 9.23) hold for the state defined through (9.29, 9.30). Prove this by induction,
showing that the property holds for n; = 0 and, in case it holds for n;, it also holds for n; + 1.
Exercise 9.2.2: Show that the boson operators a; and a; satisfy

0f(a})
. T _ J
[aja f(%)] = aa}
9f(a;)
T ) _ J
o} o) = =50
where the operator function is assumed to have a convergent Taylor expansion
- 1 n n
) = 3504 (9.3
and where the derivative operation is defined through
af(A) - 1 (n) 1
A el 0) A" .
o Z(n_l)!f (0) (9-36)

Creation and Annihilation Operators for Fermions

We want to consider now creation and annihilation operators for fermions, i.e., operators which can
alter the occupancy of the wave function (9.17, 9.19) without affecting the fermion symmetry (9.9).
Before proceeding in this respect we need to account for the following property of the fermion wave
function which applies in the case nj,nj41 = 1, i.e., in case that the single particle states |j) and
|7 + 1) are both occupied,

—

<f1,.%'2, .o .fN|‘IIF(n1, R ER L = I n5)> = (937)

- <f1,.fg, oo a_c'N\\IIF(nl, sy M1, My e ns)> . (938)

Obviously, the fermion wave function changes sign when one exchanges the order of the occupancy.
To prove this property we notice that the Lh.s. of (9.38) corresponds to

<fl,f2, .. .fN|\IfF(TL1,. . .nj,nj+1 .. 7’Ls)> ==

. (9.39)
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The r.h.s. of (9.38) reads

- ' , . (9.40)
¢j+1(Tn)  ¢i(ZN)
Because of the property of the determinant to change sign when two columns are interchanged, the
expressions (9.39) and (9.40) are identical.
Obuviously, it is necessary to specify for a fermion wave function the order in which the single—
particle states |\j) are occupied. For this purpose one must adhere to a strict convention: the
labelling of single—particle states by indices j = 1,2,... must be chosen once and for all at the

beginning of a calculation and these states must be occupied always in the order of increasing
indices. A proper example is the two particle fermion wave function

<f1,f2’\IfF(n1 :0,n2 = 1,n3:(),n4:0,n5 = 1,n6 =Ny = ...n5:O)>

= | 24 P | = bleal@es(@) - as(@)n()] (0.41)
Before we consider the definition of fermion creation and annihilation operators we need to take
notice of the fact that one also needs to define at which position in the wave function, i.e., at
which column of the Slater determinant (9.19), particles are being created or annihilated. One
adopts the convention that particles are created and annihilated by these operators always at the
first position of the wave function, i.e., at the first column of the Slater determinant (9.19). This
requires one, however, in order to be consistent with this convention, that occupancies are always
ordered according to a monotonous increase of the single—particle state index, to move the particle
to the first position (to be annihilated there) or to move it from the first position to its canonical
position (after it had been created at the first position). This change of position is connected with
a possible sign change (—1)% where ¢; is defined for a given N' = (n, ng,...ng) as follows:

7j—1
G = > m, (9.42)
k=1

i.e., g; is the number of states |k) with & < j which are occupied in a fermion wave function.
We will be adopting below the notational convention that qé» corresponds to occupancies N/ =
(n},nh,...nY).

We are now ready to define the annihilation operator ¢; for fermions in the single-particle state |j)
as follows

¢j |9 (ny,ne,...n;...ng)) =

nj (—1)qj |\IIF(n1,n2,n3 . .TL]',1 ,TLj — 0,nj+1 e ns)> (943)

g;j states occupied

In case that the single particle state |j) is not occupied, i.e., nj = 0, the rhs. vanishes.
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The operator c}L- adjoint to ¢; exhibits the following property

c;- |\IJF(n1,n2,...nj ...ng)) =

(—1)%(1 — nj) ]\I/F(nl,ng,ng .. .nj,1 ,’I’Lj - 1,7”Lj+1 . ’I’LS)> (944)

q;j states occupied
The operators thus defined obey the commutation properties

lci,cel+ = 0 [c;,c,th_ =0 (9.45)

ERATE (9.46)

where we have used the definition of the so-called anti-commutators [A, By = AB + BA.

We first show that (9.44) follows from the definition (9.43). Let C; be the matrix corresponding to
the operator ¢; in the basis of fermion states (9.17, 9.19). The elements of C; are then ( note that
n; only assumes values 0 or 1)

S

(Cj)j\[/,/\/’ = <‘I/F(Nl)’ G “I’FO\/» =ny (1% 5n; nj—1 H 6n;€nk . (9.47)
k=1
k#j

Let C}L- be the matrix adjoint to C;. One obtains for its matrix elements
(€]) = AW = Clpy

S

— q;

= ny (_1) J 5n]-n;.—1 H 5nkn;€
k

=1
k#j

S
= (D% 1) 8y 1] G - (9.48)
k=1
k#j
From this follows (9.44). We have used here the definition ¢; = 7, _;n along with ¢; = g;,
otherwise, the last factor on the rhs. of (9.48) vanishes.
We will prove now the anti-commutation property (9.46). The anti-commutation properties (9.45)
follow in an analogous way and will not be derived here. We consider (9.46) first for the case j = k.
It holds
clej[ TP N)) = eh(=1)9n; [9F(n1 .. .n; = 0...ng)) =
(=1 (1 —nj + 1)(=1)%n; [TFN)) = n; UT () (9.49)
The derivation involves realization of the fact that a non-zero result is obtained only in case n; = 1.
Similarly one obtains
et [ UFN)) = ¢i(—=1)% (1 —ny) [¥F (n1...nj — 1...ng)) =
(=1)% (n; + 1)) (=1)% (1 = ny) [FFN)) = (1 = ny) [TTN)) (9.50)



9.2: Operators of 2nd Quantization 249

(9.49) and (9.50) yield
(cje} + cjeg) [T W) = [TF)) . (0.51)

For 7 < k one obtains

cch\\I/F(N» = (=1)%T%n;(1 —ng)[¥¥(ny...nj=0...np = 1...ng))

and, hence,
(cjch + clej) [WFN) = 0. (9.52)

One can obtain similarly the same relationship in the case j > k. Since (9.51, 9.52) hold for any
|UF(N)) one can conclude (9.46).
Equation (9.49) shows that the operator

N; = cle; (9.53)

is diagonal in the occupation number representation, i.e., in the basis [U¥(N)), with eigenvalues
equal to the occupation numbers n;

N [TF ) = ny [9F(N)) (9.54)

Nj, hence, is referred to as the occupation number operator. Correspondingly,

N =) N (9.55)

Jj=1

is called the particle number operator.

It is an interesting exercise to demonstrate that Nj only has eigenvalues 0 or 1, for which purpose
one needs to envoke only the algebraic (anti-commutation) properties (9.46). The stated property
follows from the idempotence of Nj which can be derived as follows

Nf = c}cjc;f»cj = c;r- (1-— c}cj)cj = c;cj - c;f.c;[cjcj = c;-cj = N;. (9.56)

Here we have made use of cjc; = 0 and c;r-c;r- = 0 which follows from n; € {0, 1}.

We finally note that the creation operators c} allow one to construct any fermion state |¥¥ (N\))

from the vacuum state |0) defined as above (see (9.29))
OF(omyy oMy My e )) = CT)\ICL2 e C;N |0) . (9.57)

On the Lh.s. of this equation we meant to indicate only those N occupation numbers ny, which
are non-vanishing. On the r.h.s. the creation operators must operate in the proper order, i.e., an
operator c¢; must be on the left of an operator ¢;, for j < k.

In the following we will apply fermion operators c} and c¢; only to electrons which carry spin % We
will often separate the states |j), coordinates # and index j into a space part and a spin part, i.e.,

j=go (o==%3)5 (@) — ¢;(F)[i0) . (9.58)
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9.3 One— and Two—Particle Operators

Definition

Operators acting on N particle systems of the type

F- g

\m

(9.59)

are called single—particle opemtors The operators f (Z) which constitute F are called the associated
generic single-particle operators'. Operators of the type

1 T

G =3 > 9@ (9.60)

Jk=1

J#k
correspondingly are called two—particle operators. The operators §(Z,Z’) which constitute G are
called the assoctated generic two—particle operators. These operators had been introduced already
in Eq. (9.6) above. The essential aspect of definition (9.59, 9.60) is that the sum over particles in
(9.59) and over pairs of particles in (9.60) involves generic operators — acting on Z; and on Z;, Zj,
respectively — which are all identical. An operator

) N
~ 3 (@) (9.61)
j=1

is not a one particle operator as long as the IV operators 75(Z), 7 =1,2,..., N are not all identical.
We seek to determine now how one—particle operators F and two— particle operators G act on many—
boson and many-fermion states |¥B(N)) and |¥¥F(N)), respectively. The action of the operators
is obviously described through the many—particle state matrix elements

(UBEWDIEEBEN)) 5 (BTGB V) (9.62)

These matrix elements can be obtained by chosing the operators and many-particle states in the
position representation, i.e., (9.59, 9.59) and (9.15, 9.17) and integrating over all particle space-spin
coordinates ¥y, Ts,...Zn. This procedure is most tedious and becomes essentially impossible in
the general case that many-particle basis functions are linear combinations of wave functions of the
type (9.15, 9.17).

Since the many—particle states are built-up from a basis |r), r = 1,2,... 5 of single-particle spin-
orbital states (see page 241) and the operators are specified through the associated generic operators
f and g, one expects that the matrix elements can actually be expressed in terms of matrix elements
involving solely the generic operators and the single—particle states, namely,

rIfls) = / Br g7, o) F(7) (7, 0) (9.63)

!This expression has been specified for the purpose of these notes to distinguish F and f and is not common
terminology. We adopt a similar expression to distinguish two—particle operators G and g.
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(r, slglt,u) = / & / B (7 o W (7 00) §(F &), o) a(70w) . (9.64)

We like to note an important symmetry of the matrix element (r, s|g|t,u) which follows directly
from the definition (9.64)
(rys|glt,u) = (s,r|glu,t) . (9.65)

This symmetry will be exploited repeatedly below. Notice, that the symmetry implies that one can
switch simultaneously the pairs of indices 7, s and t,u, one cannot switch the indices of one pair
individually.

The aim of the present section is to express the matrix elements of single— and two—particle operators
in a basis of many—particle states (9.62) in terms of the matrix elements of single-particle states
(9.63, 9.64). We will show that the boson and fermion creation and annihilation operators serve
this purpose.

Examples of One— and Two—Particle Operators
An example for a single—particle operator is the kinetic energy operator
N
. 2\ 0?
T = - = . 9.66
Z ( 2m> or? (9.66)
7j=1 J
Here we adopt the notation for the Laplacian

0? 0? 0? 9?

In this case the generic single-particle operator, according to (9.59), is () = (—h?/2m)(8%/07?).
The matrix elements of this operator in a single—particle basis are

(rolflso’) = Gy / Br 65(7) <_ - ) %qﬁs(m. (9.68)

2m

Another single—particle operator is the one—particle density operator
., N
pF) = Y 8(F — 7). (9.69)
j=1

In this case the generic operator is f () =6 (7? — 7). The matrix elements of the generic operator
in the one—particle basis are

(rolflso’) = G5 / d*r (7 6(F — 7) §s(7) = 5ot 1 (F) $5(F) S50 (9.70)

Both operators, i.e., (9.66) and (9.69), are spin-independent as is evident from the factor d,,-.
An example for a two—particle operator is the Coulomb repulsion operator

1 N q
PN 7
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which is also spin-independent. In this case the generic operator is #(%, ") = ¢*/|71 — 72|. The
matrix elements of the generic operator in terms of single—particle states are

(r,o; 5,0'|E]t,0"; u,0") =
2
f@nffm@mwﬂ@hﬁ%gwmm%@@%w%w, (9.72)

As a final example of one— and two—particle operators we consider operators of total spin. The
operator

(9.73)

<.

N
§-Y3§

J=1

is a one-particle operator. Here, 5_'; is the spin operator for particle j with components (in the
spherical representation) Sy, S;—, Sj3. The generic operator is given through the Pauli matrices,
ie.,§ = %6’. The non-vanishing matrix elements of the spherical components of s are (o = +%, 6=

-9
<T7a“§+|3,ﬂ> = Ors
<7",ﬁ|§_|8,0é> = 6rs
<r,oz|§3\s,oz> = +%6rs
(r,Bl3s|s, B) = —10rs (9.74)
The operator
N 2 N
S =(YS]| => 85 (9.75)
Jj=1 j.k=1

is a two—particle operator, however, not in the strict sense of our definition above since the restriction
j # k does not apply in the summation. However, one can obviously extract the term i sz to be
left with a two—particle operator in the strict sense of our definition. The generic operator is

. - = 1 1
S12 = Sl 'SQ - 5517+5277 + 55177527+ + 31,33273 (976)
the single—particle state matrix elements of which are
<T7 o5 S, O'/‘ §12 ’ta OJ,; u, UW) = 67"t 55U <%5505—%0”5—%U’5%o”” +

0

J

1
0'20'

N[

+ //(5%0./(5_%0./// + ido‘g”églo-/// ((50-0-/ - (570-0-/ )) . (977)

1
2

The operators (9.74) and (9.77) are orbital-independent as evidenced by the factors 6,5 and 6,405,
in the respective formulas.
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Definition in Terms of Creation and Annihilation Operators

In order to express many—particle state matrix elements (9.62) through single—particle state matrix
elements (9.63, 9.64) one replaces the operators F' in (9.59) and G in (9.60) as follows

N R
S fte) — f S e o 079
= > ms=1 (Tl f18) ches  fermions ’
N A
1 Z i(F B — %Zf:s’t’u:l(r,s]g]t,u) alalasa, bosons 079
7,k=1 2 rs,tau=1\"> g|t,U) CrCsCyCt ermions
J#k

It is crucial to notice in the expression for the fermion two—particle operator that the order of the
annihilation operators in (9.79) is opposite to that in the matrix element (r, s|g|t, u), namely ¢, ¢y,
and not cicy.

Expressions (9.78) and (9.79) have the following implication: The operators (9.78, 9.79) in the
basis of many-particle states |5 (N)) have the same values as the respective matrix elements
(9.62). In order to determine these matrix elements one needs to evaluate first the matrix elements
of the generic operators (r|f|s) (r,s|g|t,u) as defined in (9.63) and (9.64), respectively, and then in
a second step the matrix elements

(BN alasTBN)Y,  (TBWN)|alalaa,|TB(N))  bosons (9.80)

(WE N cles [ TE W)Y, (B (W) el elepen| T (V) fermions (9.81)

For the latter matrix elements simple rules can be derived from the algebraic properties of the
boson and fermion operators (9.23, 9.24) and (9.45, 9.46), respectively. These rules will be provided
below only for the case of fermions. To show that the resulting values of the matrix elements (9.62)
are correct one needs to compare the result derived with conventional derivations of the matrix
elements?.

The Matrix Elements (UF(N7)|cles [ UF (A))

We consider first the case r = s. The matrix elements are then actually those of the number
operator c:[cr which is diagonal in the occupation number representation, i.e.,

(WE N ele, |[TF (V) = n, H St . - (9.82)

In case of r # s one obtains

(TF (N[ ches[OF () = (9.83)
<C7~ \PF(N,)‘CS IPF(N» = n;(_1)Q£ nS( )qs 571 lnrfsn ng—1 Htgérl 5n’ ne

t

2We refer the reader to Condon and Shortley’s ‘Theory of Atomic Spectra’, pp.171 and pp.176 where the matrix
elements of fermion states can be found.
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From (9.82, 9.84) we can conclude that for diagonal elements holds

(U (W) F[F (N an vl fIr) (9.84)

The off-diagonal elements with n,. = n, except for r = s,¢, in which case n, = ng + 1 and
ny; = ny — 1 holds, are

(UEN)EIEFN) = (1= ne)(=1)% ny(—1)% (s|f|t) (9.85)

All other matrix elements vanish, i.e., those for which N and A differ in more than two occupation
numbers. Comparision with the results in Condon&Shortley (pp. 171) shows that the operator
defined in (9.78) does yield the same results as the operator defined in (9.59) when the matrix
elements are determined between Slater determinant wave functions.

The Matrix Elements (UF(A)|clcleie,|OF (V)

Before we determine these matrix elements we will investigate which possible combination of indices

2
r,s,t,u need to be considered. Starting from the definition (9.79) and using (ci) =0,¢2 =0

we can write
S

Z (rs|gltu)clcle,cs (9.86)

7,8,t,u
r;ﬁs,t;éu

N =

For the combination of indices 7, s, ¢, u in this sum three possibilities exist
Case 0 two of the four indices are different;

Case 1 three of the four indices are different;

Case 2 all four indices are different.

Accordingly, we split the sum in (9.86) into three contributions, namely, G =Gy + G + @2,
where each contribution corresponds to one of the three cases mentioned.
The first contribution G is

S S

A 1 . 1

Gy = 5 g (rs|glrs)clclese, + 3 g (rs|glsrclelenes . (9.87)
r,s=1 r,s=1
a.i.d. a.i.d.

Here and in the following we denote by ‘a.i.d.” (all indices different) that only tuples
(r,s), (r,s,t), (r,s,t,u) are included in the summation for which all indices are different, i.e., for
which holds r # s, r # ¢ etc. The anti-commutation property (9.45) yields together with the
definition of the occupation number operator (9.53)

S

Go = =% (<m\g\m> _ (rs\g\sr>>NrNs. (9.88)
2 r,s=1
ai.d.
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Obviously, this contribution to the two—particle operator is diagonal in the occupation number
representation. As we will find, this part accounts for all diagonal contributions to G.
The second contribution G is

G1 = 3301 (rslglrtycclee,

a.i.d.

+ % nysvtzl (rs|g|t s)ciclcsct
a.i.d.

+ % Ef}s,tzl (rslg|s t)ciclctcs

a.i.d.

+ AT i (rslgltr)clelene . (9.89)

a.i.d.

Commutation of ¢;c, according to (9.45), employing the symmetry property (9.65), relabelling

summation indices and using c:[clctcr = clc;[crct = c];ctNr yields

S

Z ( (rs|glrt) — <rs]§]tr>)cict]§7r. (9.90)

d

Since N, is diagonal, this contribution obviously behaves similarly to the off-diagonal part (9.84)
of the one—particle operator F'.
A similar series of transformations allows one to express Go which can be written

Gy, = %ZST,S,M <rs|§|tu>c:[cj£cuct
r>s,t>u
+ 155 i (rslgltu)eicleae
r>s,t<u
+ 5 % (rslgltu)etcieac
r<s,t>u
158 P Tor
+ 5 X mstu (rslgltujercicucy (9.91)
r<s,t<u
as follows
S
G = 3 ((Gslattu — trslalun) ) el (9.92)
r,8,tau
r>s,t>u

This contribution to G has non-vanishing matrix elements only when N’ differs from N in four
occupation numbers n,, ng, 1, n,y,. A similar contribution does not arise for F.
We can state now the matrix elements (¥F(N)|G|®F(N)). For this purpose we consider three
cases which actually correspond to the three cases considered below Eq. (9.86).

Case 0 This case covers diagonal matrix elements, i.e., N/ = N or n. = n, for all r. Only Gy,
given in (9.88), contributes in this case. One obtains

(OF ()| GIET (W anns< r, slglr, s) — (r, s|g|s, r)) . (9.93)
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Case 1 This case covers off-diagonal elements with n). = n, except for r = s,¢ for which holds

n, = ns+1and n}, = n;—1. Only G4, given in (9.90), contributes in this case. One obtains

(TFWIGIEF V) =

=g £ g (Grslalr) - (rsllen) ) (9.94)

Case 2 This case covers off-diagonal elements with n!. = n,. except for r = s, ¢, u, v for which holds
n, =ns+1,n, =n+1,n, =n,—1,n, =n,—1. Only Ga, given in (9.92), contributes

in this case. One obtains
(UFN|GIIF (W) = (9.95)
i@mwmw%uﬂmuﬂmmm(mmmw—v@mwﬁ

In the latter formula the ‘4’-sign applies for s < r, u < v or s > r, u > v, the ‘—’-sign applies
fors<r,u>vors>r u<uv.

All matrix elements which are not covered by the three cases above vanish. In particular, for
non-vanishing matrix elements (VE(N”)|G|WY (N)) at most four occupation numbers n!. and n, can

differ. Furthermore, particle number is conserved, i.e., it holds Zle n, = Zle Ny

Exercise 9.3.1: Derive (9.90) from (9.89).

Exercise 9.3.2: Derive (9.92) from (9.91).

Exercise 9.3.3: Derive (9.95) from (9.92).

Exercise 9.3.4: Show that the matrix elements of ' and of G conserve particle number.
Exercise 9.3.5: Derive the non-vanishing matrix elements (9.62) for bosons.

Spin Operators

In this section we will briefly consider the spin operators S given in (9.73) and 52 given in (9.75)
which are, respectively, one—particle and two—particle operators. The matrix elements of the cor-
responding generic operators are (9.74) and (9.76). We like to express these operators through

fermion creation and annihilation operators. One obtains for the three components of S

S (Nva = Nog)

r—=

S
Sy = chacrg

S =

N —
_

S
S- = dsea (9.96)
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For 52 one obtains
1 1S >
52 = §N + Z Z (Nra - Nrﬂ)(Nsa - Nsﬂ) - Z CIaCZBCTﬁCSQ' (9'97)
r,s=1 r,s=1

The summation in (9.96, 9.97) is over the orbital states, the spin part of the single—particle states
is represented by o = % and 8 = —%.

Exercise 9.3.6: Derive (9.96) and (9.97).

9.4 Independent-Particle Models

In the remaining part of this chapter we will apply the technique of operators of 2nd quantization
to the description of many—fermion systems as they arise, e.g., in crystals, molecules, atoms and
nuclei. In all these systems the Hamiltonian is a sum of one— and two—particle operators

S S
. 1 R
H = Z(r!t!s>cics + 3 Z (r,s\v[u,v)ciclcuct. (9.98)

r=1 r,8,t,u

In many cases the Hamiltonian is spin-independent and the equivalent notation

S S
. 1 R
H = Z (rlt|s)el cso + 3 Z <r,s]v\t,u>cigcia,cu0/cw (9.99)
r,s=1 r,s,t,u=1
o o,0’

will be used. In the latter case the indices r, s, ¢, u refer only to the orbital part of the single—particle
basis.

If it were not for the two—particle contribution to the Hamiltonian, which represents the interactions
between particles, the description of many—particle systems, e.g., evaluation of their stationary
states and excitation energies, would be a simple exercise in linear algebra. Unfortunately, the
two—particle operator makes the description of many—particle systems a very hard problem. The
fortunate side of this is, however, that the two—particle operator representing interactions between
particles induces a variety of interesting phenomena.

Actually, the study of problems governed by Hamiltonians of the type (9.98, 9.99) has preoccupied
an important part of all intellectual efforts in Theoretical Physics during the past fifty years. In
fact, it is one of the main intellectual achievements of Physics among the Sciences to have addressed
systematically the study of systems composed of many strongly interacting components. The out-
come of these studies is that even when interactions between components (particles) are simple,
the concerted behaviour of interacting systems can deviate qualitatively from that of systems made
up of independent components. Examples is the laser action, superconductivity, but also ordinary
phenomena like freezing and evaporation. Often, the systems investigated involve a macroscopic
number of components such that statistical mechanical approaches are envoked. The great general-
ity of the concepts developed in the context of many—particle systems can be judged from the fact
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that today these concepts are providing insight into the functioning of biological brains, another
prototypical systems of many strongly interacting components, namely of neurons®.

Before continuing one may finally point out that the material world as we know it and as it
establishes the varieties of natural substances, ranging from nuclei to the molecules of living systems
, ultimately depend in a crucial way on the fermion character of its constituent building blocks,
electrons and nucleons. If it were'nt for the fermion nature, all material systems would condensate
into states which would depend little on particle number. The Aufbau principle, according to which
nuclei and atoms change their qualitative properties when they grow larger, would not exist. The
electronic properties of atoms with different numbers of electrons would differ little, Chemistry
essentially would know only one element and Life would not exist.

Exercise 9.4.1: Imagine that in a closed, water-filled jar all electrons of water turn their fermion
nature into a boson nature. What might happen?

Independent-Particle Hamiltonian

A many—fermion system governed by an independent-particle Hamiltonian, i.e., a Hamiltonian
without a two—particle operator contribution accounting for interactions among the particles, can
be described in a rather straightforward way. We will restrict our description in the following to
systems composed of an even number (2N ) of particles and to spin-independent interactions. The
Hamiltonian of such system is

S
H, = Z <r‘ﬂ5>cj~acso (9.100)
=1

8
o

We will denote the matrix elements of £ as (r[t|s) = t,s.

Transformation to a New Set of Creation and Annihilation Operators

Our aim is to represent the Hamiltonian (9.100) in a form in which the factors cigcsg become
occupation number operators. In such a representation H, is diagonal and the stationary states
can be stated readily. To alter the representation of H, we apply a unitary transformation U to
the single—particle states |r) to obtain a new basis of states |m), i.e., {|m),m = 1,2,...5}, where

S
Im) = Y Upmlr) . (9.101)
r=1
The unitary property of Uy,
U'U=UU =1 (9.102)
or
S S
ZU*rm Umn = dmn Z UrmUsksm = Ors (9103)
r=1 m=1

3 An account of some of these efforts can be found in Modelling Brain Function — The World of Attractor Neural
Networks by D.J. Amit (Cambridge University Press, New York, 1989)
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allows one to express conversely |r) in terms of |m)

S
= > Uhm). (9.104)
One can, hence, expand
S
where
e = (m|f|n) Z tsU" Usy = (UWU) (9.106)
r,s=1 mn
which together with (9.100) yields
Ho = Emndlngdno (9107)
where
S S
=) Umcly, dng = > Uhcro (9.108)
r=1 r=1

These operators describe the creation and annihilation operators of fermions in states |n) which
are linear combinations (9.101) of states |r). The unitary property (9.103) allows one to express
[c.f. (9.104)]

S
= Z U:mdjr-no y Cso = Z Usndno - (9109)

The operators (9.108) obey the same anti-commutation properties (9.45, 9.46) as cfo and Cros
namely,

[dinosdnor]+ = 05 [dh,,d ]. =0 (9.110)
[deadILU/]+ = 5mn50'o’ (9111)

and, accordingly, they are Fermion creation and annihilation operators. In a basis of states

H df, .. 10 (9.112)

, i.e., of N-Fermion states in which single particle states |n;) as defined in (9.101) are occupied, the
operators di,s and dn,, behave exactly like the operators ¢l and ¢y, behave for states | (A)); for
example, the expressions drived above for the matrix elements of one- and two-particle operators
hold in an analogous way for diw and dy,.

We demonstrate here the anti-commutation property (9.111), the anti-commutation properties
(9.110) can be demonstrated similarly. The lLh.s. of (9.111) can be written, using (9.108) and

(9.46),
[dmo, no' Z Usn Craa so’ + = Ogo’ Z . (9113)

The unitarity property >, U}, Upn = Oy yields immediately identity (?7).



260 Many—Particle Systems

Diagonal Representation

The transformation (9.101) gives us the freedom to choose the matrix (9.106) diagonal, i.e.,

tn = €n0mn - (9114)
In this case H, has the desired form
S
Hy = ) endlpdns (9.115)
n=1

and involves solely occupation number operators N noe = diwdm. It is, hence, a simple matter to
state many—particle states in the new representation.

Before proceeding we like to address the issue how the new representation, i.e., transformation
matrices Uy, and energy values €,, is obtained. The condition (9.114) together with (9.106) is
equivalent to

Y trlUm = €U Vror=1,2,...8 (9.116)

which follows from (9.106) and the unitary property of U,,. This equation poses the eigenvalue
problem for the hermitian matrix (¢,5). The corresponding eigenvalues €,,n = 1,2,...5 are
real, the associated ( properly normalized) eigenvectors V,, are the columns of (U,.,), i.e., VI =

(Ulm Usap, . .. Ugn).

Eigenstates of (9.115) can be stated immediately since any many—particle wave function in the
occupation number representation is suitable. We apply for this purpose (9.57) to the case of 2N
particles. The 2N fermion state

H d 10;10)  where (nj,05) # (ng,ox) for j #k (9.117)
are eigenstates of (9.115) with eigenvalues

E(n1,01; n2,09; ... n2n, 0985 ) = Y €, - (9.118)

Ground State

In case of an ordering ¢, < €, for m < n the state of lowest energy, the so-called ground state, is

H d! df 510) . (9.119)

In this state the N lowest orbital eigenstates of t,s are occupied each by an electron with spin
la) = |3,3) and |B) = |1, —3). A non-degenerate orbital state which is occupied by two fermions,
i.e., a fermion in a spin state \%, %> as well as a fermion in a spin state \— —%) is called a closed
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shell. The ground state has only closed shells. We will demonstrate now that this property endows
the ground state with total spin zero.

In order to investigate the total spin of |®,) we apply to this state the total spin operator 52 as
given by (9.97). The spin operator in the present representation of single-particle states is

~ ~ ~

(Nma _Nmﬂ)(Nna - Z dma ng mﬁdna (9.120)

m,n=1 m,n=1

where the occupation number operators refer to the single-particle states |m). The action of the
operator (9.120) is particularly simple for closed shells. One can conclude immediately that the

second term in (9.97), namely, 1 Zm n:l(N mo — N mB) Nna — N n3) does not give any contribution
if either |m) or |n) are closed shells. Similarly, the third term — Z%n:l cinacjwcmgcna does not
give a contribution if m # n and either |m) or |n) are closed shells. In case of m = n it gives a
contribution ‘1’ for each closed shell which cancels the contribution of the first term. Alltogether,
one can conclude that |®,) is an eigenstate of S? with eigenvalue zero, i.e., is a singlet state.

Excited States

We want to construct now excited states for the system governed by the independent-particle
Hamiltonian (9.100). Obviously, the states with energy closest to the ground state are those in
which a particle is promoted from the highest occupied state |N) to the lowest unoccupied state
|N + 1). There are four such states, namely,

la,a)) = dN+loadN0<‘cI)0>
0, 8)) = diyy1adnl®o)
B.a)) = di15dNalPo)
18.8)) = dly,15dn500) (9.121)

All four states have the same excitation energy, i.e., energy above the ground state, of AEF =
en+1 — e€n. However, the states differ in their spin character. The two states |, 3)) and |3, a))
are eigenstates of S? given in (9.120), both with eigenvalues 2

2o, B)) = 2|a,B)); S%|B,a)) = 2]8,a)) . (9.122)

This property can be derived as follows: The two states are obviously diagonal with respect to the
following contribution to S?

N-1
- 1. 1 . .

1= Ny > (N = Nong)(Noa Z dfad] n30mBlna (9.123)

m,n=1 m,n=1

which acts only on the N — 1 closed shells (except for N ) of the two states and has an eigenvalue
N +0— (N —1) =1 in both cases. The remaining contributions to S? which act on partially
occupied orbitals |[N) and |N + 1) are

N+1
N 1 N N ~ N
£ = o Z (Nima — Ning)(Noa — Nig) (9.124)

mn=N
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and
N+1

Z dma nB mﬁdna . (9125)

mn=N

Contributions to S? acting on states [N 4 2),|N + 3),... do not need to be considered since they
give vanishing contributions. The two states |«, 3)), |3, «)) are, of course, also eigenstates of Y,
both with eigenvalues 1. The action of X3 on the two states produces , for example, for |a, 3))

N+1
Ssla ) == D dhadh gdmpdnadly 1 ,dns|®o) = 0 (9.126)

mn=N

which follows from the occurence of squares of fermion operators which, of course, vanish. The
same result holds for |3, a)). One can, hence, conclude that (9.122) is correct.

An eigenvalue ‘2 of the spin operator S? identifies the states |a, ) and |8, )) as triplet states.
The remaining states |, a)) and |3, 3)) are not eigenstates of $2, however, the linear combinations
V1/2(|la, @) £ |8,6)) qualify as eigenstates, one with elgenvalue zero (singlet) and one with
eigenvalue ‘2’ (triplet).

Exercise 9.4.2: Construct four operators Ogm

Oum = Z e dly g Ao (9.127)

such that Ogm|q)o> are triplet and singlet states, i.e., apropriate eigenstates of the operators 52 and
Ss.

Example: 2N Independent Electrons on a Ring

In order to illustrate the procedure to obtain eigenstates of one-particle Hamiltonians (9.100)
outlined above we consider a system of 2N electrons which move in a set of atomic orbitals
|ry, r = 1,2,...2N which are located on a ring. The system is assumed to posses a 2N—fold
symmetry axis and interactions connect only orbital states |r) — |r +1). We identify the states
|2N + 1) = |1) to avoid cumbersome summation limits, etc. The system is described by the
Hamiltonian

A= _y Z( ¢ iotno + cjwcnﬂg) . (9.128)

The cyclic property of the system is expressed through

CON+lo = Clo CEN_HJ = CJ{U (9.129)

The symmetry of the Hamiltonian suggests to choose a new representation defined through the
operators (r = 1,2,...2N)

2N '
—— > N, (9.130)
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lo \/— Z "N ¢ (9.131)

9.130, 9.131) constitute a unitary transformation U defined through U,, = —2=e”"™/N_ The
V2N

unitarity property follows from

2N
> N =0 for0<s<2N ., (9.132)

r=1

an identity which can be derived employing the well-known expression for a finite geometric series

Za = 1_“ . (9.133)

Application to the Lh.s. of (9.132) gives for r # 0, 2N, 4N, ...

1 — e?Nisw/N
TN~
e’ [ ien/N (9.134)
which, indeed, vanishes for integer s. One can then express[,f. (9.109)]
2N
= —— Y "N, (9.135)
r=1
T —irnm /N d’[ 9.136
c — e .
no m ; ro ( )
and, thereby, one obtains the new representation of H,
2N
Hy = —t Y fsdf,dsy (9.137)
r,s=1
where
) ' RELNE ' A
£ = efzrﬂ/NﬁZ ez(sfr)nﬂ/N + ezs#/NﬁZ e1(7“7s)n7r/N ) (9138)
n=1 n=1
Using (9.132) one can conclude
B = (e”’”/N 4 emmIN ) 5o (9.139)
from which follows
- 2N T
a, =3 <—2t cosﬁ) d dyy . (9.140)
r=1

o

The Hamiltonian is now diagonal and the construction outlined above can be applied.
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Exercise 9.4.3: Construct the ground state and the lowest energy excited state(s) for a sys-
tem of 2N electrons moving in a linear chain of single-electron orbitals |n), n = 1,2,...2N with
interactions between neighbouring (n,n + 1) orbitals and Hamiltonian

2N-1
H, = —t Z <CL+1Ucng + cimcnﬂc,) . (9.141)
n=1

g

State the excitation energy AFE.

9.5 Self-Consistent Field Theory

Observations of many-fermion systems show that properties of such systems often can be explained
to a surprisingly good degree on the basis of the assumption that the fermions move like independent
particles. The most famous example is the periodic table of the elements. The regularities of the
elements can be rationalized in terms of electrons moving in hydrogen atom-type orbitals, i.e.,
in states which are constructed according to the ‘Aufbauprinzip’ in a manner which neglects the
mutual repulsion between electrons. A similar principle accounts approximately for properties of
nuclei as described by the nuclear shell model. The properties of molecules can be understood
largely in terms of models which place electrons into so-called molecular orbitals in which the
electrons move as if they were not interacting with other electrons. Many electronic properties
of solids can be understood in a similar way, i.e., assuming that electrons move independently
from each other in so-called bands, e.g., valence bands or conduction bands. Of course, properties
of many-fermion properties deviant from such simple description is then of as much interest as
independent fermion descriptions are useful.

Since independent-particle behaviour is so universal one may wonder why the presence of particle-
particle interactions, i.e., the everpresent Coulomb repulsion between electrons, does not spoil it.
The reason is mainly connected with the fact that most many-fermion systems are found in their
ground state or removed from it through low energy excitations, and that independent-particle
behaviour surfaces mainly because it applies well to the ground state. There are two reasons
why this is so: first, if one places fermions into an independent-particle ground state of the type
(9.119) then perturbations due to pair interactions according to the Pauli exclusion principle can
only involve independent particle states not occupied in the ground state, i.e., those with energy
above that of the (energetically) highest occupied single-particle state. Hence, the fermion nature
restricts the possibility for perturbations on the system, in particular, if one can choose the single-
particle states such that the residual perturbations are small. We will present in this and the
following section a method which constructs such optimal single-fermion states. These states do
not altogether neglect the pair interactions, rather they assume that each particle experiences the
average interaction due to the fermions frozen into the ground state.

A second reason why independent-particle models can be successful is that the pair interaction for
electrons is the slowly decaying Coulomb interaction. The slow decay of the interaction makes the
motion of any one electron rather independent of the exact position of most other electrons, i.e.,
one expects that mean-field descriptions should be rather sufficient.
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In this section we will consider systems of 2NV fermions described by the spin-independent Hamil-
tonian

S S
1 A~
H = Z < |t| >Cro-CSO' + 5 Z <7n, S|'U|IJ;7 u>clocig/cu0’cta (9142)
r,s=1 r,s,t,u=1
g o,0’

and derive a single-particle operator which approximates this Hamiltonian.

In our formulas below we will adopt strictly the convention that indices r, s, t, u refer to the initial
basis of single-particle states |r),r = 1,2,...,5 on which (9.142) is based. We will adopt a second
set of single-particle states {|m), m = 1,2,...5} the elements of which will be labelled by indices
m,n,p,q. The states |m) are connected with the states |r) through (m =1,2,...5)

S S
= Umlr); |r) = ) Ukl (9.143)
r=1 m=1

These S states are associated with the creation and annihilation operators
S
d;rno = Z UT'mC;to'

S
dmoe = Y Uhntro (9.144)

defined as in (9.108). The states |m) serve to define a reference state of the system

H d! ot 510) . (9.145)

which will play a pivotal role: it is this the state in which the fermions are assumed to be moving
and relative to which the mean interactions acting on individual fermions is determined.

U = (Upp) as defined in (9.143) with r,m = 1,2,...5 is a unitary matrix. If one restricts
m = 1,2,...N, as in in (9.145), the corresponding U = (U,,,) forms an S x N matrix and,
naturally, is not unitary.

Mean-Field Potential

The mean field for the reference state |®,(U)) is defined in a straightforward way by averaging
the two-particle contribution to (9.142) over this reference state to turn the contribution into an
effective one-particle operator. This is done as follows:

Ving (125(U))) =
1
2

S
> trstoltc) (Uekochp Dewmretn + el lfeumean)

Tstu 1
o,0’

+cl (el cwoNew + el ((cocto))cuor

_CI‘O'<<C,13-J/CtJ>>CuUI - Cig/<<cj~acuo’>>ctcr ) (9.146)
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Here (( --- )) denotes the average

((0)) = (2,(U)[O]2,(U)) . (9.147)
Since the reference state |®,(U)) is defined in terms of the single-particle states |m) it is preferable
to switch the representation of (9.146) accordingly. Since the averages affect only two creation-
annihilation operators actually a mixed representation is most suitable
A 1 &
Viar (12(0)) = 5 D (ot u)(dhugdh) uorcis

m,n,t,u=1
o0’

S

Z <T7 3‘@|ﬁ7’7 Tl>CjnO.CZJ, <<dm(7’dna>>
r,s,m,n=1
S
+ 5 Z <T’ ﬁl’f)|t, ﬁ>cia<<djng/dna’>>cta

rim,n,t=1
o,0’

+ +
N | = DN | = |

=L

@

=

il

=

QL

=

o

<

q\

DN | =

N7 (s slolt, el (dhy dno)) cto (9.148)

where, for example,

(rom|dt,n) = > (r,s|it,u) Ul Unn - (9.149)

S,u

The remaining matrix elements appearing in (9.148) are obtained in a similar way by transforming
only two of the four single-particle states into the new representation.
For the averages (( ) in (9.148) one obtains, by means of the rules (9.84),

)
(dhodl ) = (@o(U)|d],,dl |®(U)) = 0
(dmodne)) = (@ ( ) dmo o' |®6(U)) = 0 (9.150)
(d}pdnor)) (D6(U)|d},ydnor | 26(U))
{ 5mn5(m m < N

0 m > N

and, hence,

S
N 1 o
me (’(I)O(U») = 5 Z<T‘,m|’0‘t, n>cloct0 50”0’
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3
IA
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“
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Carrying out the sum ) _d,, = 2 leads to a factor 2 for the first two terms. Exploiting the sym-
metry (r,s|0|t,u) = (s,r|v]|u,t) and renaming dummy summation indices one can demonstrate
that term one and term two as well as term three and four are identical and one obtains

S
me (|(I>0(U)>) = 2 Z <’l“, m|@|t7ﬁ>cj~gct0 50”0'/

rom,t=1
o,0’

S
- Z (r, | 0|7, u)el, cuor (9.152)

r,m,u=1
o,0’

By means of expression (9.149) for the matrix elements in the mixed representation one can state
the right hand side explicitly in terms of U,,,,. The one-particle operator (9.152) can then be written
in the form

Vg (120(U))) = > (r| Oy (12(0))) |s) el s (9.153)
where
(rl oy (1Bo(U)) [s) = Y (2(r,t[d]s,u) — (rt|0|u,8)) | D Uplum (9-154)
tou m<N

The mean field approximation replaces then the Hamiltonian (9.142) by H,, #(U) defined through
S
Hyp(U) = > ((rltls) + (r[ms (12o(0))) [5)) clocso (9.155)

r,s=1
o

which is a function of the S x N—matrix

U = (Um)re12. 5:m=12..N (9.156)

which defines the reference state |®,(U)). The mean field approximation, as introduced here, leaves
open the question how the reference state should be chosen. At this point this state is completely
arbitrary. We will address now a proper choice of the reference state.
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9.6 Self-Consistent Field Algorithm

The Self-Consistent Field (SCF) approximation, often also referred to as the Hartree-Fock approx-
imation, is based on the mean field approach and provides an algorithm to construct a reference
state |P,(U)) for a 2N fermion system described by a spin-independent Hamiltonian (9.142). The
procedure determines the reference state as the ground state of the independent-particle Hamilto-
nian (9.155) following the method outlined in Section 9.4. This procedure, however, can achieve
this goal only iteratively, assuming in an intial step (1) a properly chosen reference state, deter-
mining in a step (2) the corresponding mean field Hamiltonian (9.155), and obtaining in a step (3)
the ground state of this one-particle Hamiltonian according to the construction in Section 9.4 and
defining this as the new reference state; steps (2) and (3) are being repeated M times until the
procedure converges, i.e., the reference state resulting from step 2M + 1 (within numerical error)
is equal to the reference state resulting from step 2M — 1. The state thus determined is referred to
as the self-consistent independent-particle ground state, the independent-particle nature stemming
from the fact that the functional form of the ground state, i.e., (9.119, 9.145), is exact only for an
independent-particle Hamiltonian. We will argue below that the self-consistent field ground state,
under conditions which often are realized, is the lowest energy independent-particle ground state
one can construct.

Let us state now the construction of the self-consistent field ground state in more detail.

SCF-Algorithm, Step 1: Choosing an Initial Reference State

One defines the Hamiltonian

S
A 1 ~
Al = N (rffls)el s (9.157)
r,s=1

g

and determines the associated diagonal representation defined through

S
S iU = DUty r=12,...8, m=12,...5. (9.158)

rm o
s=1

where the labels m are ordered to obey the condition

e < e form < n. (9.159)
One defines the reference state |®,(U1)) using the definition (9.145), i.e. UM is the S x N-matrix
of the first N column vectors of Ur(,%,g, r=12,...8, m=12,...5.
SCF-Algorithm, Step 2M, M =1,2,...: Determine Mean Field Hamiltonian
In this step the mean field Hamiltonian

A -y ((rils) + (loms (12UA) 15} ) elyees

r,s=1

(r|Ain P Is) €l Can (9.160)

I
WER

r,s=1
o
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is evaluated, i.e., the S x S—matrix

S

(rlhng1s) = (rlfls) + 37 (2rtlé]s,u) — (ryt]0]u, s) (ZU,: SO ) (9.161)

t,u=1

is calculated.

SCF-Algorithm, Step 2M + 1, M =1,2,...: Diagonalize Mean Field Hamiltonian

In this step the eigenvalue problem

S
S QP s UQHD = MV YMED 212,08, m=1,2,...8 (9.162)

sm rm
s=1

is solved adopting an ordering of the labels m which obeys the condition

6%\/Hrl)

<MD form < n. (9.163)

The result yields the reference state |®,(UM*1)) using the definition (9.145), i.e. UM+ is the
S x N-matrix of the first N column vectors of U(M+1), r=12,...8, m=12,...5.

SCF-Algorithm: Continuation and Convergence Condition

When step 2M +1 is completed, step 2M +2 is carried out, etc. The procedure is continued until it
is detected that the one-particle density differences |ZN U, (MH)UQS%H) — Zﬁzl U:T(HM)UQS%)]
for r,s = 1,2...5 do not exceed a preset threshold, 1ndlcat1ng that the state converged.

Exercise 9.6.1: Let P, be the one-particle operator with the generic operator p,s = |r)(s|, i.e.,
<t70’ﬁ7"8’u7 UI> = 6t7’5$u500’ . (9164)

(a) Determine the expectation value of P, for the state as defined in (9.145).
(b) How can the expectation values of the operator P, be interpreted.
(c) Show that any spin-independent one-particle operator

S
= > (rf]s) clycso (9.165)

r,s=1
o
can be written 5
> (rlfls) Prs (9.166)
r,s=1

(d) Define a similar two-particle operator Potu.
(e) Consider the creation operators

N

gqﬂ Z mq ma (9167)

m=
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which are connected with d,, through a unitary N x N-matrix (Vgm)- Note that this is not an
S x S—matrix! Show that the reference state defined through

N
1T 99t 510) (9.168)
q=1

has the same expectation values for Prs and Prsm as the reference state (9.145).

(f) Can one distinguish the states (9.145) and (9.168) through a physical observation?

Exercise 9.6.2: Determine the SCF ground state and its energy expectation value for a system
of two particles described through the Hamiltonian (S = 2)

H = Z (e(c{aclg + cgac%) — t(cJ{O,cQU + c§0c10)>

g

+ 20(010601@0];5615 + cgacmc;ﬁczg) +v Z(cioclgcga,c%/

o,0’

+ C;UCQUCJ{U,ClU/ ) - (9.169)

9.7 Properties of the SCF Ground State

We want to investigate now the properties of the SCF ground state. We begin by summarizing the
result of the SCF algorithm.
We denote the representation which results from the SCF algorithm after its convergence as follows:

i) = Y UG |r) (9.170)

r=1

Here |r), r = 1,2,...S denotes the initial single-particle states and (U,gfnCF)) is the unitary S x S—

transformation matrix obtained in (9.162,9.163). For this representation holds

N
(mlElR) + Y (20mm/| 0 am’) — (mid|6|m'n)) = €5 G (9.171)

where the convention (9.163), i.e.,

(SCF)

m

(SCF)

€ <€, form < n (9.172)

is obeyed. Equation (9.171) implies that for the mean field Hamiltonian holds

S
H,,p(USCR)) = 3~ 30 df drg (9.173)
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i.e., the mean-field Hamiltonian is diagonal in the SCF representation. Finally, the SCF ground
state is

|SCF) Hd ol 510) - (9.174)

The first property we consider is the total spin character of ||[SCF'). Since this state is composed
only of closed shells one can conclude following Section 9.4 that ||[SCF') is a total singlet state.
We like to determine next the energy expectation value of |[SCF). Within the mean field approxi-
mation as described by (9.173) holds

N
(SCF|[Hpp(USD)|SCF) = 2 ) 5O (9.175)
r=1

However, one can also determine the expectation value of ||SCF) for the Hamiltonian (9.142), i.e
(SCF|H||SCF). Employing expressions (9.84) and (9.93) for the expectation values (diagonal
elements) of the one-particle and two-particle part of the Hamiltonian (9.142), exploiting the spin-
independence of (9.142), one obtains

(SCF|H||SCF) = (9.176)
N N

2> (mfilm)y + > (20| 0w’y — (|6 |m'm))
m=1 m,m’=1

Comparision with (9.171) yields

(SCF||H|SCF) = (9.177)
N N

23 eSO — N (20w |0 i) — (| © /) )
m=1 m,m’=1

The second term originates from the fact that in the mean field approximation one assumes that each
of the fermions is subject to an average pair interaction involving a 2N-particle reference state.
Since the system under consideration has only 2NN particles altogether, the mean field potential
me (|®,(U))) defined in (9.146) counts a particle twice, once as a member of the ground state,
and once as a probe particle being subject to the mean pair interaction. This over-counting leads
to the correction term in (9.177).

Exercise 9.7.1: Reformulate (9.171) in terms of matrix elements (r|f|s), (r, s|9|t,u) and A

Show that the resulting eigenvalue problem of the type (9.162) is non-linear in Uqg;,q@CF
Exercise 9.7.2: Derive (9.177).
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9.8 Mean Field Theory for Macroscopic Systems

The SCF algorithm has been developed in Sections 9.4-9.7 for finite systems. In the present Section
we want to adapt the algorithm to systems containing a macroscopically large number of fermions.
We consider as an example the Hubbard model of an infinite linear lattice and apply the model to
describe magnetic instabilities in metals.

The Hubbard Model

The Hubbard model serves today the important role as the simplest manifestation of strongly
correlated electron systems which arise in many instances in molecular and solid state physics, for
example, in the two-dimensional copper oxide lattices of high temperature superconductors. The
one-dimensional Hubbard model is described by the Hamiltonian

. v
H=—t g (ciﬂﬁcm- + c;ﬂchLU) + 3 E clgcia,crg/crg ) (9.178)
ro T

Here the index r, r € Z, describes the sites of a linear lattice. We assume that there are altogether
S = 2Ny lattice sites, labeled r = —Np+1, ..., Ny which are populated by 2N electrons (we choose
an even number of electrons for convenience). Both Ny and N are macroscopically large numbers.
The operator cjo (cro) creates (destroys) an electron with spin o (0 = «, 8 for ‘up’ and ‘down’
spins, respectively) in state |r) at lattice site r. t describes the coupling of state |r) to states
|r+1) at the two neighboring lattice sites; ¢ is assumed to be a positive, real number. According to
(9.178) v contributes only in case that two electrons occupy the same lattice site, i.e., v represents
the ‘on-site’ Coulomb repulsion.

The first term on the r.h.s. of (9.178), is identical to that of the independent—particle Hamiltonian
Hy (9.128), i.e.,

E’To = _tz <ci+l7ac7"0 + CIO'CT-I—LU) : (9179)
ro

The potential energy term, i.e., the second term on ther.h.s. of (9.178), in the usual two—particle
operator form, reads

N 1 )
V=3 > (rsloft,u) ChoClprCus ta - (9.180)
r,8,t,u
where
<T7 8’@|u, t> =V 0py0st0rs - (9.181)

The Hubbard model, as stated through Hamiltonian (9.178), is characterized through the parame-
ters t, v of the Hubbard Hamiltonian (9.178) and through the so-called filling factor n

2N N
=5 =N
n can assume values 0 < n < 2. The case n = 1 is termed the half filled band case, referring to the
fact that in this case the band of single particle energies (9.192) derived below is filled half.

In spite of the simplicity of its Hamiltonian the Hubbard model, except in case of one-dimensional
systems, cannot be solved exactly. Due to the lack of an exact solution in dimensions higher than
one, approximation schemes like the self-consistent field approximation play an important role.

n (9.182)
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Since we are dealing presently with a macroscopic system, boundary effects are assumed to be
negligible, a freedom which we employ to adopt so-called periodic boundary conditions like those
for the example “2N independent electrons on a ring” on page 262. Accordingly, we identify
|r + No) = |r) and later let Ny go to infinity.

SCF Ground State for the Hubbard Model

We seek to determine the ground state of the Hubbard model stated by (9.178) within the framework
of the self-consistent field theory. For this purpose we apply the SCF theory presented in Section 9.6.
Accordingly, we assume that the SCF ground state is given by (9.174), i.e., by

|SCF) = Hd wdl 50) (9.183)

where the operators d;rng are related to the original creation operators c:r«g through the unitary
transformation U defined in (9.144). The self-consistent field Hamiltonian H,, ¢ which corresponds
to the Hubbard Hamiltonian (9.178) can be determined by applying (9.155, 9.154). Using (9.181,
9.179), one obtains for the mean field Hamiltonian

Hyp(U)=Hy+v)» (Z ) oo . (9.184)

We are now ready to apply step 1 of the SCF algorithm and diagonalize term Hy. This task has
been solved already on page 262. The unitary transformation which diagonalizes Hy, in fact, is

1
Urm = o exp (irmm/Ny) . (9.185)

According to (9.140), the operator Hy can be re-written in the diagonal form

No
Hy= > endh,dmo (9.186)
m=—Ng+1
g
where
€m = —2t cos WJ;L]—: . (9.187)

The energy levels are labeled such that ep < €11 < ... < ex(n,—1) < €n, holds as can be readily
verified.

We can now embark on step 2 of the SCF algorithm. Inserting (9.185) into (9.184) and using
(9.186) one obtains for the mean field Hamiltonian

No

f[g} = Z €m d olmo + v— chcm . (9.188)
m=—No+1
g
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Expressing cig, ¢ro through di,w, dpne according to (9.109) and using (9.185) one can prove

No
Y dotro= D dlylmo (9.189)
TO m=—Ng+1
ag
and, hence,
No vn
3 (2
Hop =B = Y (em n 7) d o (9.190)
m=—No+1
ag

We have used in the latter expression the definition (9.182) of the filling factor n [c.f. (9.182)].
The Hamiltonian H,, £, as given in (9.190), is already diagonal, i.e., the self-consistency condition
is exactly met and the SCF algorithm converged after two steps. In other words, the ground state
of the Hubbard model in the self-consistent field approximation can be determined exactly. The
energy E,,; of this state can be calculated readily by using (9.177) and

i it~ v
(mm/ |o|mm’) = (mm/|o|m'm) = 3N,
which holds in the present case. E,,s is then
= un un = un
Emf—2%<em+7> -NZ = 2%(em+z) (9.191)

where €, is given in (9.187). Apparently, the electrons in the present description behave like
independent particles with energies €, = e, + 7.

So far we have not exploited the fact that Ny and N are macroscopically large quantities. When
Ny becomes macroscopically large the single particle discrete energy levels (9.187) form a quasi-

continuous energy band. Indeed, for k,, = mm/Ny holds k,, € {—7‘(‘ + N%w -+ Nlo . ,w} and, in

the limit Ny — oo, holds k = k,, €] — m,7]. The energy €, can be expressed as a function of a
continuous variable k €] — 7, 7|, namely, through the so-called dispersion law

e(k) = —2tcosk , —nm<k<m. (9.192)

This dispersion law is presented in Fig. 9.1. One can see that —2¢ < e(k) < 2t holds. The bottom
of the energy band corresponds to €(0) = —2¢ and the width of the energy band is 4¢. The ground
state of the system, i.e., the state with the lowest possible energy, can be obtained, according to the
Pauli principle, by filling up this energy band with electrons from the bottom of the band (which
corresponds to k = 0) to a maximum energy, called the Fermi energy, denoted by er (see Fig. 9.1).

Alternative Description of the Mean Field Approximation

The state (9.183) is not the only candidate for the mean field ground state of the Hubbard model.
To demonstrate this we consider an alternative formulation of the mean field approximation for
Hamiltonian (9.178). Indeed, there exist several ways of formulating mean field approximations,
even for one and the same Hamiltonian. Usually, the results of different formulations agree quali-
tatively, but may differ quantitatively.
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Figure 9.1: The dispersion law €(k) for independent electrons on an infinite one dimensional lattice.
er = €(tkp) denotes the Fermi energy.

First, let us express the interaction term in (9.178) in terms of the occupation number opera-
tors N, = c:[gcm. The anti-commutation properties (9.45, 9.46) of the fermionic creation and
annihilation operators yield

T _ T _
thgcrg/cra’cra = *Cigcrglcracra’ =
i P -
ciacmcm,cm/ — cigcmdmr = NyoNyor — N boor (9.193)

where, in the last term on the right hand side, we have employed (9.56). Inserting (9.193) into
(9.178) and performing the summation over the spin indices results in

H=Hy+wv Z NyaNygs . (9.194)
T

For a given reference state, say the one given in (9.183), the operator N,, can be written
Nyy = (Nro) +6 (Nro) (9.195)
where (N,) is the mean occupation number of the one particle state |ro), i.e.,
(Nrg) = (SCF||Nyo||SCF) , (9.196)

and where § (N,,) = N,o— (N,) describes the fluctuations of Nw, i.e., the deviation of N, from its
mean value (N, ) for the corresponding reference state. The mean field approximation neglects the
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fluctuations to second order and the mean field Hamiltonian is obtained from (9.194) by dropping
all the terms which contain the fluctuations to second order. In this approximation one can express

NealNig = ({Nya) + 6 (Nra)) ((Nog) +8 (Nyg))
~  (Nra)(Nrg) + (Nra)d (Nrg) + (Nr)d (Nra)
= (Nya)Neg + (Neg)Nroy — (Npa) (Nyg) (9.197)
and the corresponding mean field Hamiltonian becomes
Hyp=Ho+ 0y (<Nm>Nrﬁ + <NTﬂ>NTQ) — 0> (Vo) (Nyg) - (9.198)

Let us assume that the ground state of the Hubbard model, in the mean field approximation, is
given by (9.183). Because of

(Nyo) = (el cro) ZUrmU* (d} o o)

= Z_UrmU:m:i:ﬁv

2Ny 2
holds
2
~ ~ muv wn
Hmf = H0+ T;CIUCTU QNOT
S o Bt 2 019

mao

which is identical to expression (9.191) for the ground state energy. Note that the procedure em-
ployed in (9.195), i.e., separating the occupation number operator into a mean value plus fluctuation
and neglecting the fluctuations in 2nd order, yields essentially the same mean field Hamiltonian
(9.198) as the one obtained by using the mean field potential (9.146).

Spin-Polarized Mean Field Ground State

We want to consider now a ground state for H,, ¢ defined through
(Nyo) = ny = const (9.200)

allowing, however, that n, and ng assume different values. For such state the mean occupation
number n,, is uniform at all lattice sites, but the mean number of particles with spin a can be
different from the mean number of particles with spin 5. Therefore, the ground state of the system
can have a non-zero local spin and, consequently, non-vanishing magnetization. In case n, = ng
the following construction will lead to a ground state which coincides with the non-magnetic ground
state (9.183) .

To determine a magnetic ground state we note

ZNTU = Z (Z UrmU:m/> dingdm’a = Z 6mm’Nm0' = ZNmO' )

mm/
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from which we obtain

1
mo = 5nr ;wm(,) : (9.201)
The mean field Hamiltonian is then
=Y [(em +vng) Nma + (ém + v12a) Nmﬁ} — 2Ngvnang - (9.202)

m

This Hamiltonian describes a system of non-interacting electrons with a spin-dependent dispersion
law

€Emo = €Em + VN _g . (9.203)

The actual values of n, (0 = «, 3) are determined by minimizing the energy density of the ground

state (o) )
= U = T E mo Nmo - [e7 204

m,o

with respect to n, and ng, subject to the constraint
n=mng+ng. (9.205)

Such minimization is realized through the method of Lagrangian multipliers. According to this
method one minimizes

Smf = Emf +u (n — Ng — ng) R (9.206)
where p is the Lagrangian multiplier considered an independent variable, i.e., gmf is minimized
with respect to nq, ng and p. The additional term in (9.206) ascertains that condition (9.205) is
met.
At this point we exploit the fact that our system is macroscopically large, i.e., Ng ~ 10?3, In this
limit the discrete energy spectrum (9.203) is provided by the continuous function

eo(k) =e€(k) +vn_s, (9.207)

where €(k) is given by (9.192). This last equation tells us that the electrons with spin a (3) are
accommodated by an energy sub-band €, (k) (eg(k)) which is obtained from the dispersion law of
the non-interactive electrons €(k) by an overall shift of vng (vng,). The ground state (corresponding
to the lowest possible energy) of the many electron system is obtained by filling these two energy
sub—bands with electrons up to the same maximum energy value, the so-called Fermi energy er = p
(see below), as is shown schematically in Figure 9.2a. Since eg(k) — e (k) = v(no — ng), one can
see that an uneven occupation by electrons of the two energy bands yields a relative shift of the
energy bands with respect to each other, e.g., if no > ng then eg(k) > e (k), such that the larger
Ny, the smaller is €, (k) for a given k. Therefore, one can expect the system to lower its energy by
assuming n, # ng and, hence, a spin-polarized ground state.

The values of n, and ng are determined by minimizing the energy density (9.206). For this purpose
the sum in (9.206) needs to be evaluated. In the limit Ny — oo this sum can be expressed as an

integral. In fact, for any function f (%—g) holds (compare with the definition of a definite integral

as the limit of the corresponding Riemann sum)

lim — %O: f<m> —/7r iy (9.208)
No—o0 2N0 m=—Not1 NQ N —x 2 ' '
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eg(k) [ A
L=€Ep €+viyg [

-2t €p€q R

e+vn,

-2t

(b)

Figure 9.2: (a) Relative position of the two energy sub-bands e, (k) and eg(k) for A = ny —ng > 0.
The shaded areas represent the filled portions of these bands by electrons. (b) Graphical definition
of the limiting energies €, and eg.

If the function f depends explicitly only on €(k) one can state

/ oot (et = | " p(e)def(e) (9.200)

— 0
where

ple) = / TR e eh)) (9.210)

< 2T

Here 6(x) is the Dirac—delta function and p(€), which is usually called the density of states, gives
the the number of available one particle states per site, unit energy and a given spin orientation of
the particle.

For a given dispersion law €(k) the density of states p(e) can be calculated by employing equation
(9.210). In our case €(k) is given by (9.192) and, therefore, holds

p(e) = /7r %5(6 + 2tcosk) . (9.211)

_x 2m

In order to calculate the integral we recall the following property of the Dirac—delta function

L@l = ¥ 25 (9.212)

where z; are the simple roots of the function f(z). Since the equation f(k) = 2t cosk + € = 0 has
two simple roots, namely ki o = £(m — arccos(e/2t)), and noting

|f' (k)] = |2tsink| = 2t\/1 — cos? k = \/(2t)2 — €2,

i

one obtains
d(k + m — arccos(e/2t)) 4+ d(k — 7 + arccos(e/2t))

(2t)% — €2

d(e —e(k)) =
Inserting this last result into (9.211) and using

/7r dké(k £ (m — arccos(e/2t))) = 6(2t — |¢|) ,

—T
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where 0(z) is the step function, i.e., 0(z) = 1if z > 0 and 6(z) = 0 if x < 0, one arrives at the
following expression of the density of states

0(2t — |e|)

A= e

(9.213)

The presence of the 6 function in the above formula guaranties that the density of states vanishes
for |e| > 2t, i.e., outside the energy band e(k); if we assume that e is restricted to the interval
| — 2t,2t[ then the 6 function in (9.213) can simply be replaced by 1.

We can employ the results obtained to express the ground state energy density (9.204) through an
integral expression. One obtains

5 €a €
Emyp = / ep(€)de + / ep(e)de + vngng + p(n —ng —ng) , (9.214)
—2t —2¢

where €, denotes the value of €(k) which corresponds to the top of the filled portion of the energy
sub-band ¢, (k) [c.f. Fig. 9.2], i.e.,

€F = €q +UNg = €g + VNq (9.215)

nq and ng in (9.214) are given by the sum (9.201). Replacing again the sum by an integral over
energy one can write

Ne = /60 p(e)de (9.216)

—2t
Using (9.213) and carrying out the resulting integral yields

1
ne = — arcsin(e, /2t) . (9.217)
s

Since &, ¢ [c.f. (9.206)] depends only on continuous quantities, namely, on €., €3 and 1, the necessary
conditions for a ground state of minimum energy are

0mg _ o Oms _ oy Fms _

= = 0. 9.218
O€q, ’ Oeg ’ ou ( )
The derivatives can be readily determined and the conditions (9.218) read
O
Beaf =€y tong—pu=0, (9.219)
O,
L —es+vng—p=0, (9.220)
Oeg
and .
&
Tufzn—na—nﬁzo. (9.221)

Equations (9.219-9.221) and (9.216) allow one, in principle, to determine the unknown quantities
€as €8, [, No and ng as a function of the parameters of the Hubbard model, namely, of ¢, v and n.
From (9.219, 9.220) p can be readily obtained

n

1
p=3 (€a +€3) + > (9.222)
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Comparision of (9.222) and (9.215) reveals that u is indeed equal to the Fermi energy ep (see also
Figure 9.2b).
One still needs to determine €, and eg. For this purpose we consider the magnetization of the mean
field ground state

A=n,—ng. (9.223)

A = 0 corresponds to the ground state (9.183) without magnetization. One can express A as a
function of €, and €g in two different ways. First, from (9.219-9.220) and (9.223 one obtains
A=a "B (9.224)

[

and second, from (9.217) and (9.223) follows

€a VA
A= / p(e)de = /0 p(eg +€)de. (9.225)

€3
Defining the function

vA
f(A) = /0 p (e +€)de, (9.226)

one can obtain A by solving (cf. (9.226)
A= f(A). (9.227)

Since f(0) = 0 one can infer that A = 0 is always a solution (the so called paramagnetic solution)
of condition (9.227).
Equation (9.227) can be solved graphically. For this purpose one plots f(A) versus A as is shown
schematically in Figure 9.3. We assume in the following discussion that the implicit A dependence
of €5 in f(A) can be neglected.
From the definition (9.226) follows that f(A) is a monotonically increasing function of A. Indeed,
the slope of f(A) is positive for all A > 0, as reflected by the expression

dlf(A)] v

N vpleg + A) = (AT >0. (9.228)

Since the total number of states per site is finite, f(A) converges to a maximum value as A —
Apaz = n. Accordingly, condition (9.227) will have a second, non trivial, so called ferromagnetic
solution, if, and only if, the slope of f(A) at the origin is larger than 1 [c.f. Figure 9.3]. If the slope
of f(A) at the origin is less than 1, condition (9.227) has only the trivial solution A = 0.
The slope of f(A) at the origin depends on the Hubbard model parameter v. For v above a critical
value v, the Hubbard model has a ground state with A # 0, i.e., a magnetic ground state. One
can determine v, by equating the slope of f(A) at the origin to 1, i.e., through the condition
[c.f. (9.228)]

vep (eg) =1, (9.229)

This cindition is known as the Stoner criterion and gives the critical value of v which determines
the onset of the ferromagnetic long range order. The Stoner criterion (9.229) has a wider range of
validity than one can infer from the present analysis of the Hubbard model.
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£(A) )

, v<V,

A#0

Figure 9.3: Graphical solution of the mean field equation A = f(A).

By parameterizing €, and eg

€ = 2tsinz €g = 2tsiny , (9.230)
one obtains from (9.219, 9.220, 9.205) the following set of equations determining x, y and, hence,
€as €83

r+y = wn-—1) (9.231)
r—y = W%(sinx —siny) = 1A . (9.232)

For a given % the values of z and y can be obtained numerically and other relevant quantities
mentioned above can be calculated.
We like to determine finally the dependence of 55 on the filling factor n. The corresponding
analytical expression provides the phase diagram of the ground state: when v approaches v, from
above, the magnetization A of the ground state vanishes and remains zero for values v < ..
Equation (9.232) states that x — y is proportional to A. Since A vanishes near v, we set © =y + 9
where ¢ is a small quantity. From (9.231) follows

y:g(n—l)—g%g(n—l). (9.233)
Employing the approximation sin(y + 0) — siny ~ d cosy for small ¢, (9.232) together with (9.233)
yield the desired expression

% = 7 cos [g(n — 1)] ) (9.234)

The resulting phase diagram of the ground state, i.e., the plot of 5 vs. n, is presented in Figure 9.4.
As already mentioned, the ground state is characterized by the quantities (v,t,n). Accordingly, any
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mean field ground state is represented by a point in the phase diagram. The magnetic nature of the
ground state of the system depends on whether the representative point lies inside the ferromagnetic
or inside the paramagnetic domain of the phase diagram.

ve/2mt ferromagnetic
1 ,,,,,,,,,,,,,,,,
n
0 1 2

Figure 9.4: Ground state phase diagram of the mean field Hamiltonian (9.202).

Concluding Remarks

At the end of our analysis of the mean field ground state of the one-dimensional Hubbard model,
it is natural to ask oneself if the results obtained reflect, at least qualitatively, the properties of
the real ground state of the Hubbard model. Well, the answer is no. The real ground state of
the one-dimensional Hubbard model is quite different in nature from the mean field ground state
discussed here. The reason is that the effect of quantum fluctuations, which are neglected in the
mean field theory, in one spatial dimension is very strong.

Nevertheless, the analysis presented above is not quite useless. First, once we specify a class of
possible states to which the real ground state might belong to, the method described above gives
a systematic way of singling out the state with the lowest possible energy which might be a good
candidate for the real ground state of the system. Second, since in one spatial dimension there are
many exact results available, the application of the mean field theory for these systems provides an
excellent testing opportunity of these theories by comparing their predicted results with the exact
ones. Third, the mean field theory of the one-dimensional Hubbard model can be extended in a
straightforward way to higher spatial dimensions. In general, the effect of quantum fluctuations is
getting less important as the dimensionality of the system is increased. For example, in three spatial
dimensions the theory presented above works fine in the case of the transitional-metal oxides such
as NiO and CoO. However, strong electron correlation effects , even in these materials, can lead to
serious modifications of the mean field ground state.
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In case of two spatial dimensions things are more complicated. On the one hand, the lack of exact
solutions, and on the other hand, the strong effect of quantum fluctuations of the strongly correlated
electron system described by the Hubbard Hamiltonian makes all the presently existing solutions
questionable. In fact, in the case of the copper oxide high temperature superconductors, which
involve strongly correlated quasi two-dimensional electron systems, a reliable microscopic theory is
still lacking. The available mean field theories cannot account for all the striking, unusual physical
properties of these materials.
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Chapter 10

Relativistic Quantum Mechanics

In this Chapter we will address the issue that the laws of physics must be formulated in a form
which is Lorentz—invariant, i.e., the description should not allow one to differentiate between frames
of reference which are moving relative to each other with a constant uniform velocity ¥. The
transformations beween such frames according to the Theory of Special Relativity are described
by Lorentz transformations. In case that ¢ is oriented along the zi—axis, i.e., ¥ = wv1Z1, these
transformations are

1 — vt t— Sz

Yt S 12,t':—212,x’2:x2;mg:x3 (10.1)

Lo () L (@)
which connect space time coordinates (z1,w2,23,t) in one frame with space time coordinates
(2}, 25, 2%, ') in another frame. Here ¢ denotes the velocity of light. We will introduce below
Lorentz-invariant differential equations which take the place of the Schrodinger equation of a par-
ticle of mass m and charge ¢ in an electromagnetic field [c.f. (refeq:ham2, 8.45)] described by an
electrical potential V (7, ¢) and a vector potential A(7, 1)

2
() = [% Gv - %A(F,t)) " qV(F,t)} () (10.2)
The replacement of (10.2) by Lorentz—invariant equations will have two surprising and extremely
important consequences: some of the equations need to be formulated in a representation for which
the wave functions (7, t) are vectors of dimension larger one, the components representing the
spin attribute of particles and also representing together with a particle its anti-particle. We will
find that actually several Lorentz—invariant equations which replace (10.2) will result, any of these
equations being specific for certain classes of particles, e.g., spin—0 particles, spinf% particles, etc.
As mentioned, some of the equations describe a particle together with its anti-particle. It is not
possible to uncouple the equations to describe only a single type particle without affecting nega-
tively the Lorentz invariance of the equations. Furthermore, the equations need to be interpreted
as actually describing many—particle-systems: the equivalence of mass and energy in relativistic
formulations of physics allows that energy converts into particles such that any particle described
will have ‘companions’ which assume at least a virtual existence.

Obviously, it will be necessary to begin this Chapter with an investigation of the group of Lorentz
transformations and their representation in the space of position 7 and time ¢. The representation

285
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in Sect. 10.1 will be extended in Sect. 10.4 to cover fields, i.e., wave functions (7, t) and vectors
with functions ¢ (7,t) as components. This will provide us with a general set of Lorentz—invariant
equations which for various particles take the place of the Schrodinger equation. Before introduc-
ing these general Lorentz—invariant field equations we will provide in Sects. 10.5, 10.7 a heuristic
derivation of the two most widely used and best known Lorentz—invariant field equations, namely
the Klein—-Gordon (Sect. 10.5) and the Dirac (Sect. 10.7) equation.

10.1 Natural Representation of the Lorentz Group

In this Section we consider the natural representation of the Lorentz group L, i.e. the group of
Lorentz transformations (10.1). Rather than starting from (10.1), however, we will provide a more
basic definition of the transformations. We will find that this definition will lead us back to the
transformation law (10.1), but in a setting of representation theory methods as applied in Secti. 5
to the groups SO(3) and SU(2) of rotation transformations of space coordinates and of spin.

The elements L. € L act on 4-dimensional vectors of position— and time—-coordinates. We will
denote these vectors as follows

ot (2%, zt, 22, 2®) (10.3)

0 1,2

where 2 = ct describes the time coordinate and (z!, 2%, 23) =  describes the space coordinates.
Note that the components of x# all have the same dimension, namely that of length. We will,
henceforth, assume new units for time such that the velocity of light ¢ becomes ¢ = 1. This choice
implies dim(time) = dim(length).

Minkowski Space

Historically, the Lorentz transformations were formulated in a space in which the time component
of x# was chosen as a purely imaginary number and the space components real. This space is
called the Minkowski space. The reason for this choice is that the transformations (10.1) leave the

quantity
s? = (2 = (1) — (@%)* - (%) (10.4)
invariant, i.e., for the transformed space-time-cordinates z/* = (2’ 0 2t a2 o 3) holds
(@) = (@' = (") = (@) = @) - (@) - @) - (") (10.5)

One can interprete the quantity v/—s2 as a distance in a 4-dimensional Euclidean space if one
chooses the time component purely imaginary. In such a space Lorentz transformations corre-
spond to 4-dimensional rotations. Rather than following this avenue we will introduce Lorentz
transformations within a setting which does not require real and imaginary coordinates.

The Group of Lorentz Transformations £ = O(3,1)

The Lorentz transformations L describe the relationship between space-time coordinates z* of two
reference frames which move relative to each other with uniform fixed velocity ¢ and which might
be reoriented relative to each other by a rotation around a common origin. Denoting by x* the
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coordinates in one reference frame and by z/* the coordinates in the other reference frame, the
Lorentz transformations constitute a linear transformation which we denote by

3
= ZL“VQJ,,. (10.6)
v=0

Here L*, are the elements of a 4 x 4—matrix representing the Lorentz transformation. The upper
index closer to ‘L’ denotes the first index of the matrix and the lower index v further away from
‘L’ denotes the second index. [ A more conventional notation would be L,,,, however, the latter
notation will be used for different quantities further below.] The following possibilities exist for the
positioning of the indices u,v = 0,1,2,3:

4-vector: x#, x,; 4 x4 tensor: A¥,, A, AMY A, . (10.7)

The reason for the notation is two-fold. First, the notation in (10.6) allows us to introduce the
so-called summation conventon: any time the same index appears in an upper and a lower position,
summation over that index is assumed without explicitly noting it, i.e.,

3 3 3
Yyt = Zyuaf;“; Ab ¥ = ZAMZ,Z'V; A',BY, = ZA“,,B”[, . (10.8)
e p=0 Tow . v=0 e v=0
—— S—— —
old old old

The summation convention allows us to write (10.6) 2/ = LF,z". The second reason is that upper
and lower positions allow us to accomodate the expression (10.5) into scalar products. This will be
explained further below.

The Lorentz transformations are non-singular 4 x 4—matrices with real coefficients, i.e., L € GL(4,
R), the latter set constituting a group. The Lorentz transformations form the subgroup of all
matrices which leave the expression (10.5) invariant. This condition can be written

xug,uu:vy = xmgule‘w (10.9)
where
1 0 0
0 -1 0 0
0 O 0 -1

Combining condition (10.9) and (10.6) yields
LY pgu LY 5 227 = gpe 2’27 . (10.11)
Since this holds for any z* it must be true
LY gL’ s = Gpo - (10.12)

This condition specifies the key property of Lorentz transformations. We will exploit this property
below to determine the general form of the Lorentz transformations. The subset of GL(4, R), the
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elements of which satisfy this condition, is called O(3,1). This set is identical with the set of all
Lorentz transformations £. We want to show now £ = O(3,1) C GL(4, R) is a group.
To simplify the following proof of the key group properties we like to adopt the conventional matrix
notation for L*,

L% LY L% LY

1 1 1 1
L= (L") = ﬁzg ﬁi éi égz : (10.13)
L3 L3 L35 L33

Using the definition (10.10) of g one can rewrite the invariance property (10.12)
LTgL = g. (10.14)

From this one can obtain using
g2 =1 (10.15)

(gLTg)L = 1 and, hence, the inverse of L

LY —L'v —L? —L3

L' =gLlg = _10% LYy L% L3 (10.16)
L% L's L% L%
The corresponding expression for (LT)~! is obviously
@wH™t = @ HT = gLg. (10.17)
To demonstrate the group property of O(3,1), i.e., of
0(3,1) = {L,L € GL(4,R), LTgL = g}, (10.18)

we note first that the identity matrix 1 is an element of O(3,1) since it satisfies (10.14). We consider
then Li,Lsy € 0(3,1) For L3 = LiLs holds

LigL; = LILT gL, = LT (LTgLi)Ly = LIgLy, = g, (10.19)

i.e., Ly € O(3,1). One can also show that if L € O(3,1), the associated inverse obeys (10.14), i.e.,
L= € O(3,1). In fact, employing expressions (10.16, 10.17) one obtains

(L7")"gL™" = gLgeggL’g = gLgL’g. (10.20)

Multiplying (10.14) from the right by gL” and using (10.15) one can derive LY gLgL” = L’ and
multiplying this from the left by by g(L”)™! yields

LgL’ = ¢ (10.21)
Using this result to simplify the r.h.s. of (10.20) results in the desired property
L HTgL™ = g, (10.22)

i.e., property (10.14) holds for the inverse of L. This stipulates that O(3,1) is, in fact, a group.
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Classification of Lorentz Transformations

We like to classify now the elements of £ = O(3,1). For this purpose we consider first the value
of det L. A statement on this value can be made on account of property (10.14). Using det AB =
det Adet B and det AT = det A yields (det L)? = 1 or

det L = +1. (10.23)

One can classify Lorentz transformations according to the value of the determinant into two distinct
classes.

A second class property follows from (10.14) which we employ in the formulation (10.12). Consid-
ering in (10.12) the case p = 0, 0 = 0 yields

(L%)% — (LY)? = (L%)° = (I%)* = 1. (10.24)
or since (L'9)? + (L%))? + (L%p)? > 0 it holds (L%)? > 1. From this we can conclude
L% >1 or L% < -1, (10.25)

i.e., there exist two other distinct classes. Properties (10.23) and (10.25) can be stated as follows:
The set of all Lorentz transformations £ is given as the union

c=rcluctuch uch (10.26)

where El, L'ﬁ_, ,CT_, Ll are disjunct sets defined as follows

£l = {L,Le0@31),detL =1, L% > 1}; (10.27)
£ = {L,Le0@3,1),detL =1, L% < —1}; (10.28)
£l = {L,Le0@31),dtL =—1, L% > 1}; (10.29)
£t = {L,L €0@3,1),detL = —1, L% < —1}. (10.30)

It holds g € £ and —1 € L as one can readily verify testing for property (10.14). One can also
verify that one can write

cl =gl =rlg; (10.31)
cto= gl (10.32)
£t = —grl = —rlg (10.33)

where we used the definition aM = {M;,3IMy, My € M,M; = aMs}. The above shows that
the set of proper Lorentz transformations ﬁl allows one to generate all Lorentz transformations,
except for the trivial factors g and —1l. It is, hence, entirely suitable to investigate first only
Lorentz transformations in El-

We start our investigation by demonstrating that ﬁl forms a group. Obviously, EL contains 1I.
We can also demonstrate that for A, B € EL holds C = AB € EL. For this purpose we consider
the value of C% = AO#B“O = Z§:1 AOijo + A% BY%. Schwartz’s inequality yields

2

3
SA%B, | < ST (A%) S (B)” . (10.34)
j=1

1 j=1

3 3
J:
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From (10.12) follows (B%)? — Z;’: (B’g)? = 1or Z 1(BY0)? = (B%)? — 1. Similarly, one can
conclude from (10.21) Z 1(A%)% = (A%)? 1. (10.34) provides then the estimate

2
3
d A%BIG | < [(A%) — 1] [(B%)? — 1] < (4%)? (B%)?. (10.35)

One can conclude, therefore, |Z§-’:1 A% BIy| < A%BY%. Since A% > 1 and BY% > 1, obviously
A% BY% > 1. Using the above expression for C%, one can state C% > 0. In fact, since the group
property of O(3,1) ascertains CT'gC = g it must hold C% > 1.

The next group property of EL to be demonstrated is the existence of the inverse. For the inverse of
any L € LL holds (10.16). This relationship shows (L7!)% = L%, from which one can conclude
L' e [,1. We also note that the identity operator 1 has elements

1+, = o, (10.36)
where we defined?
1 forpu=v
woo_
oM, = { 0 forp £ v (10.37)

It holds, 1% => 1 and, hence, 1 € [,1. Since the associative property holds for matrix multipli-
cation we have verified that EL is indeed a subgroup of SO(3,1).

LL is called the subgroup of proper, orthochronous Lorentz transformations. In the following we
will consider solely this subgroup of SO(3,1).

Infinitesimal Lorentz transformations

The transformations in El have the property that they are continously connected to the identity 1L,
i.e., these transformations can be parametrized such that a continuous variation of the parameters
connects any element of EL with 1l. This property will be exploited now in that we consider first
transformations in a small neighborhood of 1I which we parametrize by infinitesimal parameters.
We will then employ the Lie group properties to generate all transformations in L .

Accordingly, we consider transformations

L*, = 6", + ', ; €', small. (10.38)

For these transformations, obviously, holds L% > 0 and the value of the determinant is close to
unity, i.e., if we enforce (10.14) actually L% > 1 and detL = 1 must hold. Property (10.14)
implies

(L +)g(l+¢)=g (10.39)

where we have employed the matrix form e defined as in (10.13). To order O(e?) holds

g+ ge=0. (10.40)

Tt should be noted that according to our present definition holds 6,, = g,,0”, and, accordingly, oo = 1 and
011 = d22 = b33 = —1.
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Using (10.15) one can conclude
el = —geg (10.41)
which reads explicitly
600 610 620 630 —600 601 60 603
0 1 2. .3 1 1 1 1
1 €1 €1 €7 _ €09 —€1 —€ —€3
Dy €ly €2y &3 = 20 —€2; —€2y —e . (10.42)
3 €lz €23 €3 ey —€e31 —e3y —€33
This relationship implies
ey, =20
;= o, j=1,2,3
= —€, j k=123 (10.43)
Inspection shows that the matrix € has 6 independent elements and can be written
0 —w; —w2 —ws
—w1 0 —’ﬁg 192
= 44
(1, V2, 93, w1, w2, w3) Cwy s 0 —v (10.44)
—Wws3 —192 191 0
This result allows us now to define six generators for the Lorentz transformations(k = 1,2,3)
Jr = €(¥p = 1,other five parameters zero) (10.45)
Ki = e(wg = 1,other five parameters zero) . (10.46)
The generators are explicitly
000 O 0O 0 0O 00 00
000 O 0 0 01 00 -1 0
T=loo00 1 ]"25[0o 000" |01 00 (1047)
001 O 0 -1 0 0 00 00
0 -1 00 00 -1 0 00 0 -1
-1 0 0 0 00 00 000 O
Ki=l o o000 ["® [ 10 00" 000 o (1048)
0 000 00 00 -1 0 0 O
These commutators obey the following commutation relationships
[Ji, Je] = ekem Im (10.49)
[Ki, K¢l = —€romIm
[Je, Ke] = epom Km

The operators also obey

jK = JiJ1 + Jodo +J3dJ3 = 0

(10.50)
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as can be readily verified.

Exercise 7.1:
Demonstrate the commutation relationships (10.49, 10.50).

The commutation relationships (10.49) define the Lie algebra associated with the Lie group El.
The commutation relationships imply that the algebra of the generators J, Ki, k = 1,2, 3 is closed.
Following the treatment of the rotation group SO(3) one can express the elements of £1 through
the exponential operators

- =

L(J, @) = exp(ﬁ-J + w-K) . U@ € R® (10.51)

where we have defined J - J = 22:1 Vpdy and @ - K = Zi:l wiKg. One can readily show,
following the algebra in Chapter 5, and using the relationship

3, = (8 %k ) (10.52)

where the 3 x 3—matrices Ly are the generators of SO(3) defined in Chapter 5, that the transfor-
mations (10.51) for @ = 0 correspond to rotations of the spatial coordinates, i.e.,

L(J, % = 0) = (8 0R(19) ) . (10.53)

Here R() are the 3 x 3-rotation matrices constructed in Chapter 5. For the parameters 9, of the
Lorentz transformations holds obviously

Up € [0,27] , k=1,2,3 (10.54)

which, however, constitutes an overcomplete parametrization of the rotations (see Chapter 5).
We consider now the Lorentz transformations for J = 0 which are referred to as ‘boosts’. A boost
in the z1—direction is L = exp(w1Kj). To determine the explicit form of this transformation we
evaluate the exponential operator by Taylor expansion. In analogy to equation (5.35) it issufficient
to consider in the present case the 2 x 2—matrix

;L 0 -1 w0 —1\"
L—exp<w1<_1 0>>_Zon!<_1 0) (10.55)

since
L 00
0 0
exp (w1 K1) = exp 00 10 (10.56)
0 0 0 1

Using the idempotence property

<_01 _01>2=<é(1)>:]1 (10.57)
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one can carry out the Taylor expansion above:

oo wQTL o0 w2n+1 0 -1
L/ — 1 ]1 1 _ 1 .
2 & LT X @t < 1 0 ) (10.58)

. 0 -1 cosh w —sinh w
=coshw; 11 + smhw1< 1 0 ) = ( —sinhutl coshw11 >

The conventional form (10.1) of the Lorentz transformations is obtained through the parameter
change
sinh w1

v = coshw; tanh w; (10.59)

Using cosh?w; — sinh?w; = 1 one can identify sinhw; = +/ cosh?w; — 1 and coshw; =
V/sinh?w; + 1. Correspondingly, one obtains from (10.59)

Veosh?wy — 1 sinh wq

v = = (10.60)

coshw, V/sinh?w; + 1 .

These two equations yield
coshwy = 1/4/1—v?; sinhw; = vy/4/1—0?, (10.61)

and (10.56, 10.59) can be written

1 —v1
Vid im0 °
4 — 0 0
exp (lel) = \/l—v% \/l—v% (1062)
0 0 10
0 0 0 1

According to (10.3, 10.6, 10.51) the explicit transformation for space-time—coordinates is then

xr1 — vt t — nx
—— ! ’:711,3:'2:@,1:%:‘%3 (10.63)

ry = )
\/1—1)% 1—11%

which agrees with (10.1).

The range of the parameters wy can now be specified. vy defined in (10.59) for the case k = 1
corresponds to the relative velocity of two frames of reference. We expect that vy can only assume
values less than the velocity of light ¢ which in the present units is ¢ = 1. Accordingly, we can
state vy, €]—1,1[. This property is, in fact, consistent with (10.59). From (10.59) follows, however,
for wy,

wg €] — 00, 00] . (10.64)

We note that the range of wy-values is not a compact set even though the range of vg-values is
compact. This property of the wg-values contrasts with the property of the parameters 9 specifying
rotational angles which assume only values in a compact range.
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10.2 Scalars, 4-Vectors and Tensors

In this Section we define quantities according to their behaviour under Lorentz transformations.
Such quantities appear in the description of physical systems and statements about transformation
properties are often extremely helpful and usually provide important physical insight. We have
encountered examples in connection with rotational transformations, namely, scalars like r =
\/:z:% + LL’% + a;%, vectors like 7 = (21,2, 23)T, spherical harmonics Yy, (#), total angular momentum
states of composite systems like Vp,,, (€1, ¢2|71,72) and, finally, tensor operators Ty,,. Some of these
quantities were actually defined with respect to representations of the rotation group in function
spaces, not in the so-called natural representation associated with the 3-dimensional FKuclidean
space E3.

Presently, we have not yet defined representations of Lorentz transformations beyond the ‘natural’
representation acting in the 4-dimensional space of position— and time—coordinates. Hence, our
definition of quantities with special properties under Lorentz transformations presently is confined
to the natural representation. Nevertheless, we will encounter an impressive example of physical
properties.

Scalars The quantities with the simplest transformation behaviour are so-called scalars f € R
which are invariant under transformations, i.e.,

f=7. (10.65)

An example is s? defined in (10.4), another example is the rest mass m of a particle. However, not
any physical property f € R is a scalar. Counterexamples are the energy, the charge density, the
z—component x3 of a particle, the square of the electric field |E(f', t)|? or the scalar product 7 - 7
of two particle positions. We will see below how true scalars under Lorentz transformations can be
constructed.

4-Vectors The quantities with the transformation behaviour like that of the position—time vector

x# defined in (10.3) are the so-called 4-vectors a*. These quantites always come as four components

(a®,a',a?,a®)T and transform according to

" = LFa” . (10.66)
Examples of 4-vectors beside z# are the momentum 4-vector
m muv
E7 p), E = — 5 ﬁ = =
) V1 — 2 1 — 02

the transformation behaviour of which we will demonstrate further below. A third 4-vector is the
so-called current vector

Po=( (10.67)

JE = (p, J) (10.68)
where p(7,t) and J (7, t) are the charge density and the current density, respectively, of a system of
charges. Another example is the potential 4-vector

—,

Ar = (v, A) (10.69)

where V (7,t) and A(7, t) are the electrical and the vector potential of an electromagnetic field. The
4-vector character of J# and of A* will be demonstrated further below.
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Scalar Product 4-vectors allow one to construct scalar quantities. If a* and b* are 4-vectors
then
at g, b” (10.70)

is a scalar. This property follows from (10.66) together with (10.12)

a,uguubw = L“pg;wLyaapbo = apgpab(7 (10.71)

Contravariant and Covariant 4-Vectors It is convenient to define a second class of 4-vectors.
The respective vectors a,, are associated with the 4-vectors a#, the relationship being

a, = gua’ = (ao,—al,—a2,—a3) (10.72)

where a” is a vector with transformation behaviour as stated in (10.66). One calls 4-vectors a,
covariant and 4-vectors at contravariant. Covariant 4-vectors transform like

dy = guwl’ 9 a, (10.73)

where we defined
" = guv (10.74)

We like to point out that from definition (10.72) of the covariant 4-vector follows a* = ¢g"a,. In
fact, one can employ the tensors g and g, to raise and lower indices of L*, as well. We do not
establish here the consistency of the ensuing notation. In any case one can express (10.73)

a, = L,%a, . (10.75)

Note that according to (10.17) L, is the transformation inverse to L?,. In fact, one can express
(L=HYTH, = (L_l)”u and, accordingly, (10.17) can be written

(LY, = L,,". (10.76)

The 4-Vector 9, An important example of a covariant 4-vector is the differential operator

0 0
— - (= 10.
O Dk ( iR V) (10.77)
The transformed differential operator will be denoted by
) def 0
9, = TR (10.78)

To prove the 4-vector property of 9, we will show that ¢g"”0, transforms like a contravariant 4-
vector, i.e., g"d], = L*,g"?d,. We start from /¥ = L#,2z”. Multiplication (and summation) of
't = LF,z¥ by LP,g,, yields, using (10.12), gopa” = LPygpua’” and g"9 gy, = 0+,

v

¥ = ¢"LPogpur’ . (10.79)

This is the inverse Lorentz transformation consistent with (10.16). We have duplicated the expres-
sion for the inverse of L*, to obtain the correct notation in terms of covariant, i.e., lower, and
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contravariant, i.e., upper, indices. (10.79) allows us to determine the connection between 0, and
8;1. Using the chain rule of differential calculus we obtain

N,
8,& == ww == g”ngggp,ua,, == LHV&, (1080)
=0

Multiplication by g™ (and summation over p) together with g’\“gw = p yields
"o, = L5970, (10.81)

i.e., 0, does indeed transform like a covariant vector.

d’Alembert Operator We want to construct now a scalar differential operator. For this purpose
we define first the contravariant differential operator

0
H g Hv g _— —
0 g’ o, (875’ V) . (10.82)
Then the operator

90" = 02 — V2 (10.83)

is a scalar under Lorentz transformations. In fact, this operator is equal to the d’Alembert operator
which is known to be Lorentz-invariant.

Proof that p” is a 4-vector We will demonstrate now that the momentum 4-vector p* defined
in (10.67) transforms like (10.66). For this purpose we consider the scalar differential

(dr)?* = datdx, = (dt)* — (dF)? (10.84)

It holds

<%>2 =1 — (9)? (10.85)

from which follows

d 1 d
— = ——. 10.86
dr 1 — g2dt ( )
One can write o
0 m m
P V=32 V- ozdt (10.87)
The remaining components of p* can be written, e.g.,
1 1
1 muv m dr
= = - 10.88
P V1 — 2 V1 — §2 dt ( )
One can express then the momentum vector
daxt d
UL - (10.89)

(g R
P V1 — 2 dt
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The operator m% transforms like a scalar. Since z* transforms like a contravariant 4-vector, the
r.h.s. of (10.89) alltogether transforms like a contravariant 4-vector, and, hence, p* on the L.h.s. of
(10.89) must be a 4-vector.

The momentum 4-vector allows us to construct a scalar quantity, namely

pup,u = pug/.wpy = E? - ﬁ2 (1090)
Evaluation of the r.h.s. yields according to (10.67)

2 22

B2 _ 52 Mmoo 2 10.91
b=y 15" (10-91)

or
oy = m? (10.92)

which, in fact, is a scalar. We like to rewrite the last result

E? = 5% + m? (10.93)

or
E = +v/p? + m?. (10.94)

In the non-relativistic limit the rest energy m is the dominant contribution to E. Expansion in %

should then be rapidly convergent. One obtains

—-‘2

(ﬁ) (7?)°

This obviously describes the energy of a free particle with rest energy 4+m, kinetic energy :l: and
relativistic corrections.

10.3 Relativistic Electrodynamics

In the following we summarize the Lorentz-invariant formulation of electrodynamics and demon-
strate its connection to the conventional formulation as provided in Sect. 8.

Lorentz Gauge In our previous description of the electrodynamic field we had introduced the
scalar and vector potential V' (7,t) and /Y(F, t), respectively, and had chosen the so-called Coulomb
gauge (8.12), i.e., V- A = 0, for these potentials. This gauge is not Lorentz-invariant and we will
adopt here another gauge, namely,

QV(Ft) + V- A t) = 0. (10.96)

The Lorentz-invariance of this gauge, the so-called Lorentz gauge, can be demonstrated readily
using the 4-vector notation (10.69) for the electrodynamic potential and the 4-vector derivative
(10.77) which allow one to express (10.96) in the form

A" = 0. (10.97)

We have proven already that d, is a contravariant 4-vector. If we can show that A* defined in
(10.69) is, in fact, a contravariant 4-vector then the Lh.s. in (10.97) and, equivalently, in (10.96) is
a scalar and, hence, Lorentz-invariant. We will demonstrate now the 4-vector property of A*.
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Transformation Properties of J# and A*

—

The charge density p(7,t) and current density J(7,t) are known to obey the continuity property

—

Qip(Ft) + V- J(Ft) = 0 (10.98)

which reflects the principle of charge conservation. This principle should hold in any frame of
reference. Equation (10.98) can be written, using (10.77) and (10.68),

BT Mz = 0. (10.99)

Since this equation must be true in any frame of reference the right hand side must vanish in all
frames, i.e., must be a scalar. Consequently, also the Lh.s. of (10.99) must be a scalar. Since d,
transforms like a covariant 4-vector, it follows that J#, in fact, has to transform like a contravariant
4-vector.

We want to derive now the differential equations which determine the 4-potential A* in the Lorentz
gauge (10.97) and, thereby, prove that A* is, in fact, a 4-vector. The respective equation for A = V
can be obtained from Eq. (8.13). Using V - 8;A(7,t) = 8,V - A(F,t) together with (10.96), i.e.,
V- A(7,t) = —8,V(F,t), one obtains

PV (Ft) — VAV (7, t) = 4mp(7,t) . (10.100)

Similarly, one obtains for A(7,¢) from (8.17) using the identity (8.18) and, according to (10.96),
V- A(T,t) = =0,V (7,t) B B B
DPA(Ft) — V2A(Ft) = 4nJ(7t) . (10.101)

Combining equations (10.100, 10.101), using (10.83) and (10.69), yields
9,0 A (%) = dw JV(2°) . (10.102)

In this equation the r.h.s. transforms like a 4-vector. The lLh.s. must transform likewise. Since
0,0" transforms like a scalar one can conclude that A”(z?) must transform like a 4-vector.

The Field Tensor
The electric and magnetic fields can be collected into an anti-symmetric 4x4 tensor

0 —-E, —E, —E.
E. 0 -B., B,

o _
F E, B. 0 _B, (10.103)
E. -B, B, 0
Alternatively, this can be stated
FFO — _pOk — gk prn o — et k0 omon = 1,2,3 (10.104)

where €™ = ¢, is the totally anti-symmetric three-dimensional tensor defined in (5.32).

One can readily verify, using (8.6) and (8.9), that F*¥ can be expressed through the potential A
in (10.69) and 9" in (10.82) as follows

FH = grAY — 9V AP . (10.105)
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The relationships (10.103, 10.104) establishe the transformation behaviour of E(7,t) and B(7,t).
In a new frame of reference holds

F'mv — LM, L[V FP (10.106)

In case that the Lorentz transformation L*, is given by (10.62) or, equivalently, by (10.63), one
obtains

0 —Em _Ey—lez _Ez—‘rUlBy
Vid i
B,—un1 FE By+v1 E,
E, 0 — =2 Yr—
o _ ViR i
= BB,  B.-wB, 0 5 (10.107)
Vied :
EZ+’U13y _ By+v1Ez
VA e A !
Comparision with
0 -—FE, —E; —E,
E! -B, B!
FW = z U o Y (10.108)

E, B, 0 -B.
/ /

E, —-B, B, 0

yields then the expressions for the transformed fields E’ and B’. The results can be put into the

more general form

=, El—l—’l?Xg

— — — EL - 17 X _E_j

where E\\’ B | and E 1, B, are, respectively, the components of the fields parallel and perpendicular
to the velocity ¥ which determines the Lorentz transformation. These equations show that under
Lorentz transformations electric and magnetic fields convert into one another.

Maxwell Equations in Lorentz-Invariant Form

One can express the Maxwell equations in terms of the tensor F'** in Lorentz-invariant form. Noting
o, F*" = 0,0'A” — 9,0"A" = 9,0'A” — 0”0, A" = 0,0"AY, (10.111)

where we used (10.105) and (10.97), one can conclude from (10.102)
O F" = dm JV . (10.112)

One can readily prove that this equation is equivalent to the two inhomogeneous Maxwell equations
(8.1, 8.2). From the definition (10.105) of the tensor F'** one can conclude the property

aaFuV + 8MFVU + aVFUM =0 (10113)

which can be shown to be equivalent to the two homogeneous Maxwell equations (8.3, 8.4).
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Lorentz Force

One important property of the electromagnetic field is the Lorentz force acting on charged particles
moving through the field. We want to express this force through the tensor F*”. It holds for a
particle with 4-momentum p# as given by (10.67) and charge ¢

dp”

= = Ly, 1w (10.114)
T m

where d/dr is given by (10.86). We want to demonstrate now that this equation is equivalent to
the equation of motion (8.5) where p' = mo/v1 — v2.

To avoid confusion we will employ in the following for the energy of the particle the notation
& = m/vV1—12 [see (10.87)] and retain the definition E for the electric field. The g = 0
component of (10.114) reads then, using (10.104),

d& -
= = %ﬁ-E (10.115)
or with (10.86)
& —»
= = %ﬁ-E. (10.116)
From this one can conclude, employing (10.93),
1d&? 1 dp? L o=
S = g E (10.117)

This equation follows, however, also from the equation of motion (8.5) taking the scalar product
with p

= = qp-E 10.118
Py = ap ( )
where we exploited the fact that according to p = mv/v/1 —v? holds p' || ¥.
For the spatial components, e.g., for 4 = 1, (10.114) reads using (10.103)
e 9 ep 4 pB. - p.B,). (10.119)
dr m Y Y
Employing again (10.86) and (10.67), i.e., € = m/v1 —v?, yields
dpz — =
o= =g [Ex + (Fx B), (10.120)

which is the z-component of the equation of motion (8.5). We have, hence, demonstrated that
(10.114) is, in fact, equivalent to (8.5). The term on the r.h.s. of (10.120) is referred to as the
Lorentz force. Equation (10.114), hence, provides an alternative description of the action of the
Lorentz force.
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10.4 Function Space Representation of Lorentz Group

In the following it will be required to decribe the transformation of wave functions under Lorentz
transformations. In this section we will investigate the transformation properties of scalar functions
Y(xt), b € Cy(4). For such functions holds in the transformed frame

(L") = (ah) (10.121)

which states that the function values ¢/(2'*) at each point 2# in the new frame are identical to the
function values ¢ (z#) in the old frame taken at the same space—time point x*, i.e., taken at the pairs
of points (z'* = L*,z", z#). We need to emphasize that (10.121) covers solely the transformation
behaviour of scalar functions. Functions which represent 4-vectorsor other non-scalar entities, e.g.,
the charge-current density in case of Sect. 10.3 or the bi-spinor wave function of electron-positron
pairs in Sect. 10.7, obey a different transformation law.

We like to express now /(") in terms of the old coordinates x#. For this purpose one replaces
z# in (10.121) by (L!)* z¥ and obtains

Wz = w((L7H,a"). (10.122)

This result gives rise to the definition of the function space representation p(L*,) of the Lorentz
group
(L)) (a*) < w(L7),a") . (10.123)

This definition corresponds closely to the function space representation (5.42) of SO(3). In analogy
to the situation for SO(3) we seek an expression for p(L*,) in terms of an exponential operator and
transformation parameters 5, W, i.e., we seek an expression which corresponds to (10.51) for the
natural representation of the Lorentz group. The resulting expression should be a generalization of
the function space representation (5.48) of SO(3), in as far as SO(3,1) is a generalization (rotation
+ boosts) of the group SO(3). We will denote the intended representation by

def

£, @) < prr,(d, @) = p(e”W'K ) (10.124)

which we present in the form

LT, @) = exp(ﬁ.j + wzﬁ) . (10.125)
In this expression J = (71,7, J3) and K = (K1, K2, K3) are the generators of £(J, ) which
correspond to the generators Ji and K in (10.47), and which can be constructed following the

procedure adopted for the function space representation of SO(3). However, in the present case we
exclude the factor ‘—i’ [cf. (5.48) and (10.125)]. Accordingly, one can evaluate Jj, as follows

— lim & Idk) _
i = Jim o [p(e ‘ k) 11} (10.126)
and Ky,
K = lim — [p(e™s5k) — 1] . (10.127)

wi—0 W1
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One obtains
Ji = 230y — 2205 ; Ky = 20, + 2%,

Jo = x183 — 563(91; Co xoaz + 1’280
T3 = 1‘231 — 33182; Ks = 5130(93 + .%'380 (10.128)

which we like to demonstrate for [7; and ;.
In order to evaluate (10.126) for [J; we consider first

10 0 0
-1 0 1 0 0
Y11 — o1
(6 ) - ° - 0 0 costyy sinty (10.129)
0 0 —sint¥y cost
which yields for small 9,
p(eh17)p(xt) = p(a°, 2, costy 2® + sindy ®, —sindy 2 + cost 2°)
= p(z”) + 9 (230 — 2203) (x") + O(I3) . (10.130)
This result, obviously, reproduces the expression for J; in (10.128).
One can determine similarly K; starting from
coshw; sinhw; 0 O
wiKN-L | —w Ky sinhw; coshw; 0 0
(emf1) 7 = e = 0 0 1 0 (10.131)
0 0 0 1
This yields for small w;
p (e B (at) = 1p(coshwy 2% + sinhwy 2!, sinhwy 2° + coshw; 2!, 22, 23)
= P(ah) + wy (2109 + 2%01) Y(z") + O(w?) (10.132)

and, obviously, the expression for Ky in (10.126).
The generators J, KC obey the same Lie algebra (10.49) as the generators of the natural represen-
tation, i.e.

(T Te] = €ktm Im

(K, Ke] = — €kom TIm
[Tk Ke] = €em Kom - (10.133)
We demonstrate this for three cases, namely [J1, J2] = Js, [K1,K2] = =3, and [J1,Ke] = Ks:
(T, o] = [2%02 — 2°03, 2205 — 230
= [2%0y, '0s] — [2703, 2°01]

= —2'0y + 220, = T3, (10.134)
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(K1, Ko] = [2°9 + 20, 2°02 + 2%00)

= [.%081, .7}280] - [1‘180, .1‘062]

= —2%0) + 210y = — T3, (10.135)
[jl, ]CQ] = [a:382 — 58203, 37082 + I280]

= [333(92, :(:280] — [1’283, xoag]

= 230y + 2°0; = K3. (10.136)

One-Dimensional Function Space Representation
The exponential operator (10.125) in the case of a one-dimensional transformation of the type
Lw?) = exp (w’Ks) , (10.137)

where /3 is given in (10.128), can be simplified considerably. For this purpose one expresses K3 in
terms of hyperbolic coordinates R, ) which are connected with z°, 23 as follows

2% = Rcosh®), 2® = RsinhQ (10.138)

a relationship which can also be stated

[+ /@92 — (@) ifa >0
r= { —/(29)2 — (3)2 ifa® <0 (10.139)

x 0
tanh() = 0 cothQ) = el (10.140)

and
3

The transformation to hyperbolic coordinates closely resembles the transformation to radial coordi-
nates for the generators of SO(3) in the function space representation [cf. Egs. (5.85-5.87)]. In both
cases the radial coordinate is the quantity conserved under the transformations, i.e., /2% + 23 + m%
in the case of SO(3) and 4/(z%)? — (23)? in case of transformation (10.137).

In the following we consider solely the case 20 > 0. The relationships (10.139, 10.140) allow one to
express the derivatives dy, J3 in terms of %, a%. We note

OR z0 OR 20
o 2 0 - 2 10.141
OxY R’ 023 R (10.141)
and
o0 01 OtanhQ 9 1
823  OtanhQ 923 cosh QF
oY) 02 Ocoth{) 1
9 = —sinh®Q — . 10.142
0x9 OcothQ 920 - x3 (10.142)
The chain rule yields then
DR O 909 L9 ., 10
D = 5oar T aden - mar S50
OR 0 o 9 3 0 1 0
_ o g Bl S h20 — — . 10.14
% = 900r a0 - Ror M9 an (10.143)
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Inserting these results into the definition of K3 in (10.128) yields

3}

0 3

= = 10.144
Ks x'03 + x°0g 90 ( 0 )
The action of the exponential operator (10.137) on a function f(€2) € Cx (1) is then that of a shift

operator
L(w?) f(Q) = exp(w?’a%) f(Q) = £(Q + w?). (10.145)

10.5 Klein—Gordon Equation

In the following Sections we will provide a heuristic derivation of the two most widely used quan-
tum mechanical descriptions in the relativistic regime, namely the Klein—-Gordon and the Dirac
equations. We will provide a ‘derivation’ of these two equations which stem from the historical de-
velopment of relativistic quantum mechanics. The historic route to these two equations, however,
is not very insightful, but certainly is short and, therefore, extremely useful. Further below we will
provide a more systematic, representation theoretic treatment.

Free Particle Case

A quantum mechanical description of a relativistic free particle results from applying the correspon-
dence principle, which allows one to replace classical observables by quantum mechanical operators
acting on wave functions. In the position representation the correspondence principle states

. h
. 5, D
which, in 4-vector notation reads
Pp = Py = (0, V) = ihd,; pt' = p' = (0, —V) = iho". (10.147)

Applying the correspondence principle to (10.92) one obtains the wave equation
— h20"0, (x¥) = mPah(z") (10.148)

or

(R?0"9, + m?*) () = 0. (10.149)

where ¥ (z#) is a scalar, complex-valued function. The latter property implies that upon change of
reference frame v (z#) transforms according to (10.121, 10.122). The partial differential equation
(10.151) is called the Klein-Gordon equation.

In the following we will employ so-called natural units h = ¢ = 1. In these units the quantities
energy, momentum, mass, (length)~™!, and (time)~! all have the same dimension. In natural units
the Klein—Gordon equation (10.151) reads

(0,0" + m?) Y(a*) = 0 (10.150)
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or
(0 — V2 + m?) (=) = 0. (10.151)

One can notice immeadiately that (10.150) is invariant under Lorentz transformations. This follows
from the fact that 9,0* and m? are scalars, and that (as postulated) 1 (z") is a scalar. Under
Lorentz transformations the free particle Klein—-Gordon equation (10.150) becomes

(9,0 + m*) (™) = 0 (10.152)

which has the same form as the Klein—-Gordon equation in the original frame.

Current 4-Vector Associated with the Klein-Gordon Equation

As is well-known the Schrodinger equation of a free particle

1
0 (7 t) = —=——V2 (7t 10.153
1 H/J(Ta ) 2mv 1/}(7'7 ) ( )
is associated with a conservation law for particle probability
ps(Fyt) + V- js(Ft) = 0 (10.154)
where
ps(t) = ¢*(r 1) ¢(rt) (10.155)
describes the positive definite probability to detect a particle at position 7 at time ¢t and where
7 = 1 %[ = — — * /=
]S<T7t) = % [w (rat)vw(rut) - w(rvt)vw (T’,t)] (10156)

describes the current density connected with motion of the particle probability distribution. To
derive this conservation law one rewrites the Schrodinger equation in the form (i0; — ﬁVQ)@Z) =0
and considers

Im [1/1* <z’8t — %W) w} =0 (10.157)

which is equivalent to (10.154).
In order to obtain the conservation law connected with the Klein-Gordon equation (10.150) one
considers

Im [¢* (9,0" + m*)¢] = 0 (10.158)
which yields

VROP) — OPYT — PV 4 PV =

00 ("0 — YAW") + V- (VE" — V) = 0 (10.159)
which corresponds to
dipra(Fit) + V- jra(Ft) = 0 (10.160)
where
pra(mt) = % (" (7, )0 (7, t) — (7, 1)0pp™ (7 1))
ika(Ft) = . (VT O)VY(7t) — (T ) VY™ (Fit)) . (10.161)

2ma
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This conservation law differs in one important aspect from that of the Schrédinger equation (10.154),
namely, in that the expression for pg g is not positive definite. When the Klein-Gordon equation
had been initially suggested this lack of positive definiteness worried physicists to a degree that the
Klein—Gordon equation was rejected and the search for a Lorentz—invariant quantum mechanical
wave equation continued. Today, the Klein-Gordon equation is considered as a suitable equation
to describe spin—0 particles, for example pions. The proper interpretation of px (7, t), it had been
realized later, is actually that of a charge density, not of particle probability.

Solution of the Free Particle Klein—-Gordon Equation

Solutions of the free particle Klein—-Gordon equation are
Ylah) = Ne Put" = NlBor—Eol) (10.162)
Inserting this into the Klein—Gordon equation (10.151) yields
(E2 — 55 — m*) %(7Fit) = 0 (10.163)
which results in the expected [see (10.93] dispersion relationship connecting Ey, po, m
E2 = m? + p2. (10.164)
The corresponding energy is
Eo(fp, £) = £+/m2 + p2 (10.165)

This result together with (10.162) shows that the solutions of the free particle Klein-Gordon equa-
tion (10.150) are actually determined by p, and by the choice of sign +. We denote this by
summarizing the solutions as follows

(0,0" + m?) ho(p, A|zH) =0 (10.166)
Po(P, A|h) = Ny, PT=2Ee@D B (5) = /m? + p2 A ==+

The spectrum of the Klein—-Gordon equation (10.150) is a continuum of positive energies £ > m,
corresponding to A = 4+, and of negative energies ' < —m, corresponding to A = —. The density
prc (P, A) associated with the corresponding wave functions 1, (p, A\|x*) according to (10.161) and
(10.166) is

EO * [ = -
prc5 ) = A ZUP 5 Aoy (7 ) (10.167)

which is positive for A = + and negative for A = —. The proper interpretation of the two cases is
that the Klein—-Gordon equation describes particles as well as anti-particles; the anti-particles carry
a charge opposite to that of the associated particles, and the density pxa(p, A) actually describes
charge density rather than probability.

Generating a Solution Through Lorentz Transformation

A particle at rest, i.e., with p = 0, according to (?7?) is decribed by the 7™independent wave
function

Yo(F=0,A[a#) = Ne ™™ X\ ==, (10.168)
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We want to demonstrate now that the wave functions for p" # 0 in (?7?) can be obtained through
appropriate Lorentz transformation of (10.168). For this purpose we consider the wave function for
a particle moving with momentum velocity v in the direction of the z3-axis. Such wave function
should be generated by applying the Lorentz transformation in the function space representation
(10.145) choosing £ = sinhw?®. This yields, in fact, for the wave function (10.168), using (10.138)
to replace t = ¥ by hyperbolic coordinates R, €2,

ﬁ(w3)¢o(ﬁ: O, )\\x“) = exp <w3a%> Ne—i)\choshQ
_ Nefi)\chosh(Qers) . (10169)

The addition theorem of hyperbolic functions cosh(Q+w?) = cosh{) coshw? + sinhQ) sinhw? allows
us to rewrite the exponent on the r.h.s. of (10.169)

—iX\ (mcoshw®) (RcoshQ) — i\ (msinhw?) ( RsinhQ)) . (10.170)

The coordinate transformation (10.138) and the relationships (10.61) yield for this expression
‘ m 0 . mu 3
—IAN———1" — IN——=1".
V1= 0? V1 — 02
One can interpret then for A = +, i.e., for positive energy solutions,

p = —mv/V/1 - v? (10.172)

as the momentum of the particle relative to the moving frame and

(10.171)

m m2 m2u2
T NI S\ T = V= B (10.173)

as the energy [c.f. (10.166)] of the particle. In case of A = + one obtains finally

LW o(F=0,\ = +]z") = N ®**~Folp)a® (10.174)
which agrees with the expression given in (10.166). In case of A = —, i.e., for negative energy
solutions, one has to interprete

p = mv/v1 —v? (10.175)

as the momentum of the particle and one obtains

L) o(F=0,A=—|z#') = N @+ L (10.176)

10.6 Klein—Gordon Equation for Particles in an Electromagnetic
Field

We consider now the quantum mechanical wave equation for a spin—0 particle moving in an elec-
tromagnetic field described by the 4-vector potential

AR(@H) = (V(71), A7) 5 Au(ah) = (V(71), —A(7 1)) (10.177)
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free classical free quantum
classical | particle in | quantum particle in
particle | field (V,; A) | particle field (V, A)
energy E E — qV 10y 0y — qV
momentum I o — q/f ﬁ' = —iV 1%' — q/_f =7
4-vector pH pt — qAH 10, 0, — qA, = m,
Table 10.1:

Coupling of a particle of charge ¢ to an electromagnetic field described by the 4-vector potential
At = (V,A)or A, = (V,—A). According to the so-called minimum coupling principle the presence
of the field is accounted for by altering energy, momenta for classical particles and the respective

operators for quantum mechanical particles in the manner shown. See also Eq. (10.147).

To obtain the appropriate wave equation we follow the derivation of the free particle Klein—Gordon
equation above and apply again the correspondence principle to (10.93), albeit in a form, which
couples a particle of charge ¢ to an electromagnetic field described through the potential A,(z").
According to the principle of minimal coupling [see (10.69)] one replaces the quantum mechanical
operators, i.e., i0; and —iV in (10.150), according to the rules shown in Table 10.1. For this purpose
one writes the Klein-Gordon equation (10.150)

(—g"(i0,)(i0,) + m*) (") = 0. (10.178)
According to the replacements in Table 10.1 this becomes
9" (10, — qAu)(i0, — A)p(ah) = m® ¢(at) (10.179)

which can also be written
g mum, —sm?)Y(at) =0. (10.180)

In terms of space-time derivatives this reads
. 2
(i0y — qV (T, t))2¢(f’, t) = [(—iv - qA(F,t)) + m2] W(T,t) . (10.181)

Non-Relativistic Limit of Free Particle Klein—Gordon Equation

In order to consider further the interpretation of the positive and negative energy solutions of the
Klein—Gordon equation one can consider the non-relativistic limit. For this purpose we split-off a
factor exp(—imt) which describes the oscillations of the wave function due to the rest energy, and
focus on the remaining part of the wave function, i.e., we define

V(7 t) = e ™MU(Ft) (10.182)

and seek an equation for W(7,¢). We will also assume, in keeping withnthe non-relativistic limit,
that the mass m of the particle, i.e., it’s rest energy, is much larger than all other energy terms, in
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particular, larger than [i0;¥/¥| and alrger than ¢V, i.e.,

|z'8t\1!
v

| << m, |qV] << m. (10.183)

The term on the Lh.s. of (10.181) can then be approximated as follows:

(i0y — qV)?e™™W = (i0y — qV) (me™ "™V + e "™, ¥ — qVe ")
= m2e " 4+ me M9, 0 — qVe ™
+me” MU — e P — qVe ™o, U
—me” MgV — eT™i9,qV T 4 ¢?VZe
~  mie ™ — 2mgVe ™MW — 2me ™0, T (10.184)

where we neglected all terms which did not contain factors m. The approximation is justified on
the ground of the inequalities (10.183). The Klein-Gordon equation (10.181) reads then

—

Gk

i0, (7 t) = ‘;m + V(b | (L) (10.185)

This is, however, identical to the Schrodinger equation (10.2) of a non-relativistic spin-0 particle
moving in an electromagnetic field.

Pionic Atoms

To apply the Klein—Gordon equation (10.181) to a physical system we consider pionic atoms, i.e.,
atoms in which one or more electrons are replaced by 7~ mesons. This application demonstrates
that the Klein—Gordon equation describes spin zero particles, e.g., spin-0 mesons.

To ‘manufacture’ pionic atoms, 7~ mesons are generated through inelastic proton—proton scattering

p+p—p+p+a + 7", (10.186)

then are slowed down, filtered out of the beam and finally fall as slow pions onto elements for which
a pionic variant is to be studied. The process of 7~ meson capture involves the so-called Auger
effect, the binding of a negative charge (typically an electron) while at the same time a lower shell
electron is being emitted

7~ + atom — (atom — e  + 7 ) + € . (10.187)

We want to investigate in the following a description of a stationary state of a pionic atom involving
a nucleus with charge +Ze and a 7~ meson. A stationary state of the Klein—Gordon equation is
described by a wave function

Y(zh) = p(F)e . (10.188)
Inserting this into (10.181) yields (we assume now that the Klein-Gordon equation describes a
particle with mass m, and charge —e) for ¢V (7,t) = —ZTGQ and A(7,t) = 0

Ze2\?
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Because of the radial symmetry of the Coulomb potential we express this equation in terms of
spherical coordinates 7,6, ¢. The Laplacian is

v o=tz 4 1 gine, + —— 2 = Lo2 L (10.190)
= —Or in = -0ir — — . .
r" r25in20 " O 2sin?e ¢ r" 72
With this expression and after expanding (e + 2762)2 one obtains
?  L? - 7% 2eze® ) .

(W _ r2 e | o) = 0. (10.191)

The operator L? in this equation suggests to choose a solution of the type
L R(r
o) = T( )Yem(&qb) (10.192)

where the functions Yy, (6, ¢) are spherical harmonics, i.e., the eigenfunctions of the operator L2
in (10.191)
L2Yin(0,6) = £(£ + 1) Yo(60,9) - (10.193)

(10.192) leads then to the ordinary differential equation

( ol 2 + . + ¢ — ms | Ry(r) = 0. (10.194)

Bound state solutions can be obtained readily noticing that this equation is essentially identical to
2

that posed by the Coulomb problem (potential —ZTe) for the Schrodinger equation

d? (0+1) 2mgZe?
(W — 2 + " + 2m7TE> Ry(r) = 0 (10.195)
The latter problem leads to the well-known spectrum

- VA 2\2
En:—wm:m,...;£:0,1,...n—1. (10.196)
2n

In this expression the number n’ defined through
n=n-40-1 (10.197)

counts the number of nodes of the wave function, i.e., this quantity definitely must be an integer.
The similarity of (10.194) and (10.195) can be made complete if one determines A such that

MO +1) = 00+ 1) — Z%*. (10.198)

The suitable choice is

A(0) = —% + \/(6 + 1)2 — Z2%et (10.199)
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and one can write (10.194)

( P MO +1) | 2z, mi) Re(r) = 0. (10.200)

dr? r2 r

The bound state solutions of this equation should correspond to € values which can be obtained
from (10.196) if one makes the replacement

2 _ .2
B &7 g ), &S (10.201)
2mﬂ— mz
One obtains
2 _ 2 my Z2e* <5
€ - mr _ D S (10.202)
2m, 2(n + A¢) + 1)2

Solving this for € (choosing the root which renders € < mg, i.e., which corresponds to a bound

state) yields
Mg /

€ ;n' =0,1,...;£=0,1,.... (10.203)
1 + Z2e4
\/ (" +X(0)+1)2
Using (10.197, 10.199) and defining FExg = € results in the spectrum
Exg(n,l,m) = n=12...
My £:0,17...,n_1
1+ 7204 m=—{,—0+1, ,+£
(n_[_%+\/([+%)2_2264)2 (10.204)

In order to compare this result with the spectrum of the non-relativistic hydrogen-like atom we
expand in terms of the fine structure constant e to order O(e®). Introducing o = Z%e* and
B = £+ 3 (10.204) reads

1

1 o«
\/ LI Ry /oy

and one obtains the series of approximations

1
1 o«
\/ + (n—ﬂ+¢m

\/1 J+o<a2>>
V1t m=mmrom

(10.205)

Q

Q

B 1
- V1+ %+ g + 0?)

N 1

1t g g - g+ O)
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(07 052 a2 042

~ - — 4+ — 4+ — 4 0(a?). 10.206
2n2  203n? + 8nt + 4nt + 0(a") ( )
From this results for (10.204)
mZ2et mZ4ed 1 3
E ¢ ~mo— — — = +0(Z%"?). 10.207
KG(n7 7m) m 22 213 g_’_% An ( € ) ( )

Here the first term represents the rest energy, the second term the non-relativistic energy, and the
third term gives the leading relativistic correction. The latter term agrees with observations of
pionic atoms, however, it does not agree with observations of the hydrogen spectrum. The latter
spectrum shows, for example, a splitting of the six n = 2,¢ = 1 states into groups of two and four
degenerate states. In order to describe electron spectra one must employ the Lorentz-invariant
wave equation for spin—% particles, i.e., the Dirac equation introduced below.

It must be pointed out here that ¢ does not denote energy, but in the present case rather the negative
of the energy. Also, the 7~ meson is a pseudoscalar particle, i.e., the wave function changes sign
under reflection.

10.7 The Dirac Equation

Historically, the Klein—Gordon equation had been rejected since it did not yield a positive-definite
probability density, a feature which is connected with the 2nd order time derivative in this equation.
This derivative, in turn, arises because the Klein—-Gordon equation, through the correspondence
principle, is related to the equation E? = m? + p? of the classical theory which involves a term
E?. A more satisfactory Lorentz-invariant wave equation, i.e., one with a positive-definite density,
would have only a first order time derivative. However, because of the equivalence of space and
time coordinates in the Minkowski space such equation necessarily can only have then first order
derivatives with respect to spatial coordinates. It should feature then a differential operator of the
type D = iy 0.

Heuristic Derivation Starting from the Klein-Gordon Equation

An obvious starting point for a Lorentz-invariant wave equation with only a first order time deriva-
tive is E = +v/m? + p2. Application of the correspondence principle (10.146) leads to the wave
equation

0, U(F,t) = £/ m2 — V2U(7t). (10.208)

These two equation can be combined

(@'at +vVm? = v2) (i@t — Vm? = v2) U(7, 1) (10.209)

which, in fact, is identical to the two equations (10.208). Equations (10.208, 10.209), however,
are unsatisfactory since expansion of the square root operator involves all powers of the Laplace
operator, but not an operator iy - V as suggested by the principle of relativity (equivalence of
space and time). Many attempts were made by theoretical physicists to ‘linearize’ the square root
operator in (10.208, 10.209), but for a long time to no avail. Finally, Dirac succeeded. His solution
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to the problem involved an ingenious step, namely, the realization that the linearization can be
carried out only if one assumes a 4-dimensional representation of the coefficients *.

Initially, it was assumed that the 4-dimensional space introduced by Dirac could be linked to 4-
vectors, i.e., quantities with the transformation law (10.66). However, this was not so. Instead,
the 4-dimensionsional representation discovered by Dirac involved new physical properties, spin-%
and anti-particles. The discovery by Dirac, achieved through a beautiful mathematical theory,
strengthens the believe of many theoretical physicists today that the properties of physical matter
ultimately derive from a, yet to be discovered, beautiful mathematical theory and that, therefore,
one route to important discoveries in physics is the creation of new mathematical descriptions of
nature, these descriptions ultimately merging with the true theory of matter.

Properties of the Dirac Matrices

Let us now trace Dirac’s steps in achieving the linearization of the ‘square root operator’ in (10.208).
Starting point is to boldly factorize, according to (10.209), the operator of the Klein—-Gordon
equation

00" + m* = —(P + m)(P — m) (10.210)

where
P = in"o, . (10.211)

Obviously, this would lead to the two wave equations (P — m)¥ = 0 and (P + m)¥ = 0 which
have a first order time derivative and, therefore, are associated with a positive-definite particle
density. We seek to identify the coefficients v#. Inserting (10.211) into (10.210) yields

—g" 9,0, — m* = (iv*0, + m)(iy"9, — m)

1
= _,y,u,yuauay - m2 = _5 (V”fyuauau + ’Vyfyuauau) - m2
1
= -3 (V4" + A*4*) 9,0, — m? (10.212)

where we have changed ‘dummy’ summation indices, exploited 9,0, = 0,0,,, but did not commute
the, so far, unspecified algebraic objects v* and «”. Comparing the left-most and the right-most
side of the equations above one can conclude the following property of v,

Y+ A = YL = 29" (10.213)

We want to determine now the simplest algebraic realization of v*. It turns out that no 4-vector of
real or complex coefficients can satisfy these conditions. In fact, the quantities 1%, 4!, 42, 4 can
only be realized by d x d-matrices requiring that the wave function ¥ (z*) is actually a d-dimensional
vector of functions ¥y (), o(xt), ... Pa(xH).

For 1 = v condition (10.213) reads

1 =0
a2 K
(") = { 1oy 1.2.3 (10.214)

From this follows that 7" has real eigenvalues =1 and 7/, j = 1,2, 3 has imaginary eigenvalues =i.
Accordingly, one can impose the condition

A% is hermitian 47, j=1,2,3 are anti-hermitian . (10.215)
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For pu # v (10.213) reads

VY = =yt (10.216)
i.e., the y* are anti-commuting. From this one can conclude for the determinants of *
det(v#") = det(—"7") = (=1)%det(y"4") = (=1)%det(v"~") . (10.217)

Obviously, as long as det(y*) # 0 the dimension d of the square matrices v* must be even so that
(-1 = 1.

For d = 2 there exist only three anti-commuting matrices, namely the Pauli matrices o
which, in fact, holds

L o2, 03 for

(Uj)2 =1; oo = —cFe/ forj # k. (10.218)
The Pauli matrices allow one, however, to construct four matrices v* for the next possible dimension
d = 4. A proper choice is

1 0 , 0 o’
O = M J pr .
o < 0 —1 ) ;o < 0 ) , (10.219)

Using property (10.218) of the Pauli matrices one can readily prove that condition (10.213) is
satisfied. We will argue further below that the choice f v*, except for similarity trasnformations, is
unique.
The Dirac Equation
Altogether we have shown that the Klein-Gordon equation can be factorized formally

("0 + m) ("0, — m) ¥(z") =0 (10.220)

where W(z#) represents a 4-dimensional wave function, rather than a scalar wave function. From
this equation one can conclude that also the following should hold

("0, — m) ¥(z") =0 (10.221)

which is the celebrated Dirac equation.

The Adjoint Dirac Equation

The adjoint equation is

Ot (zh) (i(’y“)Té_u —i—m) =0 (10.222)

where we have defined ¥f = (3, v3,15,1%) and where 0, denotes the differential operator 0"
operating to the left side, rather than to the right side. One can readily show using the hermitian
property of the Pauli matrices (4°)f = 4% and (77)t = —47 for j = 1,2, 3 which, in fact, is implied
by (10.215). This property can also be written

(v = %49 (10.223)

Inserting this into (10.222) and multiplication from the right by 4° yields the adjoint Dirac equation

Wl (zH) O (mﬂ 8: + m) =0. (10.224)
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Similarity Transformations of the Dirac Equation - Chiral Representation

The Dirac equation can be subject to any similarity transformation defined through a non-singular
4 x 4-matrix S. Defining a new representation of the wave function ¥(z*)

U(zh) = SW(zH) (10.225)
leads to the ‘new’ Dirac equation
(i7"0, — m) W(z") =0 (10.226)
where
At = SyrsT1 (10.227)

A representation often adopted beside the one given by (10.222, 10.219) is the socalled chiral
representation defined through

U(zh) = SU(zh); S = % ( ﬁ _]1]1 ) (10.228)

0 1 , 0 —o
~0 . ~j ] .
50 = (11 0) - <UJ 0 ),]_—1,2,3. (10.229)

The similarity transformation (10.227) leaves the algebra of the Dirac matrices unaffected and
commutation property (10.213) still holds, i.e.,

and

5, 3 = 29" (10.230)

Exercise 10.7.1: Derive (refeq:Dirac-intro20a) from (10.213), (10.227).

Schrodinger Form of the Dirac Equation

Another form in which the Dirac equation is used often results from multiplying (10.221) from the
left by ~°

(i@t +id-V - Bm) (Rt = 0 (10.231)

whered has the three components «;, j = 1,2,3 and

5 ]]. O R . 0 0"7 .

This form of the Dirac equation is called the Schrédinger form since it can be written in analogy
to the time-dependent Schrodinger equation

0 (zh) = HeW(z"); Ho = &-§ + Bm. (10.233)

The eigenstates and eigenvalues of H correspond to the stationary states and energies of the particles
described by the Dirac equation.
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Clifford Algebra and Dirac Matrices
The matrices defined through

dj =iy ,j =1,23; dy =17° (10.234)
satisfy the anti-commutation property

2 forj =k

0 forj £ k (10.235)

didy, + dpd; = {
as can be readily verified from (10.213). The associative algebra generated by d; ...dy is called a
Clifford algebra Cy. The three Pauli matrices also obey the property (10.235) and, hence, form a
Clifford algebra C5. The representations of Clifford algebras C,, are well established. For example,
in case of U4, a representation of the d;’s is

= (Vo )e(ov)ie=(o 5)e(i )
o= (0 3)e(3t)ea= (4 )e(ly) e

where ‘®’ denotes the Kronecker product between matrices, i.e., the matrix elements of C' = AQ B
are Ojk,ém = AjZBkm-
The Clifford algebra Cy entails a subgroup G4 of elements

:I:djlde‘--djs , 1 <je<--<jgss<4 (10.237)

which are the ordered products of the operators +11 and dy, do, ds, dg. Obviously, any product
of the d;’s can be brought to the form (10.237) by means of the property (10.235). There are
(including the different signs) 32 elements in G4 which we define as follows

'y, = 4+1

I'yo = +dy, I'g = £do, I'1y = £ds, I'45 = *dy

Iy = £dida, I'y7 = *did3, I'1g = Edidy, T'rg = £dads

Fi10 = +dady, T'1y1 = +dszdy

Fi12 = +didads, T'113 = *didady, U114 = +didsdy, U115 = +dadsdy

116 = +didadsdy (10.238)

These elements form a group since obviously any product of two I',’s can be expressed in terms
of a third I',. The representations of this group are given by a set of 32 4 x 4—matrices which
are equivalent with respect to similarity transformations. Since the I'; are hermitian the similarity
transformations are actually given in terms of unitary transformations. One can conclude then that
also any set of 4 x 4—matrices obeying (10.235) can differ only with respect to unitary similarity
transformations. This property extends then to 4 x 4-matrices which obey (10.213), i.e., to Dirac
matrices.

To complete the proof in this section the reader may consult Miller ‘Symmetry Groups and their
Application’ Chapter 9.6 and R.H.Good, Rev.Mod.Phys. 27, (1955), page 187. The reader may
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also want to establish the unitary transformation which connects the Dirac matrices in the form
(10.236) with the Dirac representation (10.219).

Exercise 7.2:

Demonstrate the anti-commutation relationships (10.218) of the Pauli matrices o”.

Exercise 7.3:

Demonstrate the anti-commutation relationships (10.218) of the Dirac matrices ~v*.

Exercise 7.4:

Show that from (10.214) follows that 7" has real eigenvalues 1 and can be represented by a
hermitian matrix, and 47, j = 1,2,3 has imaginary eigenvalues 4i and can be represented by an
anti-hermitian matrix.

10.8 Lorentz Invariance of the Dirac Equation

We want to show now that the Dirac equation is invariant under Lorentz transformations, i.e., the
form of the Dirac equation is identical in equivalent frames of reference, i.e., in frames connected by
Lorentz transformations. The latter transformations imply that coordinates transform according
to (10.6), i.e., ' = L*,z", and derivatives according to (10.80). Multiplication and summation
of (10.80) by L*, and using (10.76) yields 9, = L",0',, a result one could have also obtained by
applying the chain rule to (10.6). We can, therefore, transform coordinates and derivatives of the
Dirac equation. However, we do not know yet how to transform the 4-dimensional wave function
¥ and the Dirac matrices y*.

Lorentz Transformation of the Bispinor State

Actually, we will approach the proof of the Lorentz invariance of the Dirac equation by testing
if there exists a transformation of the bispinor wave function ¥ and of the Dirac matrices v*
which together with the transformations of coordinates and derivatives leaves the form of the Dirac
equation invariant, i.e., in a moving frame should hold

("0, — m) ¥'@™) =0. (10.239)

Form invariance implies that the matrices v* should have the same properties as *, namely,
(10.213, 10.215). Except for a similarity transformation, these properties determine the matrices
~'" uniquely, i.e., it must hold v# = ~+#. Hence, in a moving frame holds

(iv"0, — m) ¥'(a™) =0. (10.240)

Infinitesimal Bispinor State Transformation

We want to show now that a suitable transformation of ¥(x*) does, in fact, exist. The transfor-
mation is assumed to be linear and of the form

V(™) = S(LM) Y (z*) ;2" = LF,a” (10.241)
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where S(L*,) is a non-singular 4 X 4-matrix, the coefficients of which depend on the matrix L,
defining the Lorentz transformation in such a way that S(L*,) = 1 for L*, = ¢6*, holds. Ob-
viously, the transformation (10.241) implies a similarity transformation Sy*S~!. One can, hence,
state that the Dirac equation (10.221) upon Lorentz transformation yields

(iS(L" )" ST (L) LY, 0, — m) V(™) = 0. (10.242)
The form invariance of the Dirac equation under this transformation implies then the condition
S(L")WSTHL) LY, = A . (10.243)

We want to determine now the 4 x 4-matrix S(L"¢) which satisfies this condition.
The proper starting point for a constructiuon of S(L"¢) is actually (10.243) in a form in which the
Lorentz transformation in the form L*" is on the r.h.s. of the equation. For this purpose we exploit
(10.12) in the form L”,,9,6L°, = gup = gpu- Multiplication of (10.243) from the left by L7,gs,
yields

S(LI)VSTHL ) gou = L pgowVor - (10.244)

from which, using g,,7* = 7,, follows

S(L'%)pS™HL%) = L7 pYo - (10.245)
One can finally conclude multiplying both sides by g”*

S(L")YSTHL) = LMy, . (10.246)

The construction of S(L"¢) will proceed using the avenue of infinitesimal transformations. We had
introduced in (10.38) the infinitesimal Lorentz transformations in the form L*, = 6, + €/, where
the infinitesimal operator e*, obeyed €/ = — geg. Multiplication of this property by g from the
right yields (eg)? = —eg, i.e., eg is an anti-symmetric matrix. The elements of eg are, however,
et ,gP” = " and, hence, in the expression of the infinitesimal transformation

LFY = g 4 ¥ (10.247)

the infinitesimal matrix e*” is anti-symmetric.
The infinitesimal transformation S(L”,) which corresponds to (10.247) can be expanded
S(e™) = 1 — iawel‘” (10.248)

Here 0, denote 4 x 4-matrices operating in the 4-dimensional space of the wave functions W.
S(e") should not change its value if one replaces in its argument e by —e”#. It holds then

1

S(e') = ]l—la,we‘“j = S§(—€eH) = ]l+4

1 et (10.249)

from which we can conclude o, " = —o0,,* = —o,,e", ie., it must hold

Opw = —Oyy - (10250)



10.8: Lorentz Invariance of the Dirac Equation 319

One can readily show expanding SS~! = 1l to first order in e*” that for the inverse infinitesimal
transformation holds

Sy = 1+ %a,we’“/ (10.251)
Inserting (10.248, 10.251) into (10.246) results then in a condition for the generators o,

i

~1 (Gap? — Y'ous) €P = ey, . (10.252)

Since six of the coefficients €*? can be chosen independently, this condition can actually be expressed
through six independent conditions. For this purpose one needs to express formally the r.h.s. of
(10.252) also as a sum over both indices of €*?. Furthermore, the expression on the r.h.s., like the
expression on the L.h.s., must be symmetric with respect to interchange of the indices o and 3. For

this purpose we express
1 1 1 1
¢l = 560‘“%4 + 56[3#76 — 56015 M5V + §eocﬁ 5 avs

1
= 56045 (0"57a — 0"avp) - (10.253)
Comparing this with the Lh.s. of (10.252) results in the condition for each «, (3

[0ap, Y] = 20 (70 — M arp) - (10.254)

The proper 0,3 must be anti-symmetric in the indices a, 3 and operate in the same space as the
Dirac matrices. In fact, a solution of condition (10.254) is

i
2
which can be demonstrated using the properties (10.213, 10.216) of the Dirac matrices.

0ap = 5 [V 18] (10.255)

Exercise 7.5:
Show that the 0,3 defined through (10.255) satisfy condition (10.254).

Algebra of Generators of Bispinor Transformation

We want to construct the bispinor Lorentz transformation by exponentiating the generators o, .
For this purpose we need to verify that the algebra of the generators involving addition and mul-
tiplication is closed. For this purpose we inspect the properties of the generators in a particular
representation, namely, the chiral representation introduced above in Egs. (10.228, 10.229). In this
representation the Dirac matrices 7, = (7°, —’?) are

~ 0 1 . 0 o’ )
70_(]1 o) ’ W—<_0j 0>,]_1,2,3. (10.256)

One can readily verify that the non-vanishing generators ¢, are given by (note G, = —d,,, i.e.
only six generators need to be determined)

N i —iod 0 . - ot 0

g0 = 5[70,%'] = < 0 ol ) s ok = [V, ] = €jk€< 0 e) : (10.257)

10" g
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Obviously, the algebra of these generators is closed under addition and multiplication, since both
operations convert block-diagonal operators

< ‘g g > (10.258)

again into block-diagonal operators, and since the algebra of the Pauli matrices is closed.

We can finally note that the closedness of the algebra of the generators o,, is not affected by
similarity transformations and that, therefore, any representation of the generators, in particular,
the representation (10.255) yields a closed algebra.

Finite Bispinor Transformation

The closedness of the algebra of the generators o, defined through (10.248) allows us to write the
transformation S for any, i.e., not necessarily infinitesimal, e*” in the exponential form

S = exp (—ﬁa,we“”> . (10.259)

We had stated before that the transformation S is actually determined through the Lorentz trans-
formation L*,. One should, therefore, be able to state S in terms of the same parameters w and
i as the Lorentz transformation in (10.51). In fact, one can express the tensor e¢*” through @ and
J using e = e*,g”” and the expression (10.44)

0 —w1; —wW2 —Ws3
M = I“’U; _?93 7903 _191?2 (10.260)

ws Y2 —v¥1 0

Inserting this into (10.259) yields the desired connection between the Lorentz transformation (10.51)
and S.

In order to construct an explicit expression of S in terms of @ and J we employ again the chiral
representation. In this representation holds

o 7 _ 5 . _ B B
—%J“VG‘LW = —5 (001601 + 002602 + (703605 + 012612 + 013613 + 023623)
1 [ (@ —id)-¢& 0
= — - . 10.261
2 ( 0 —(@ + i) - & ) ( )

We note that this operator is block-diagonal. Since such operator does not change its block-diagonal
form upon exponentiation the bispinor transformation (10.259) becomes in the chiral representation

L. o3 (@ —i0)-& 0
S(w, ¥) = 0 i+ id) (10.262)

This expression allows one to transform according to (10.241) bispinor wave functions from one
frame of reference into another frame of reference.
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Current 4-Vector Associated with Dirac Equation

We like to derive now an expression for the current 4-vector j* associated with the Dirac equation

which satisfies the conservation law
Oug" = 0. (10.263)

Starting point are the Dirac equation in the form (10.221) and the adjoint Dirac equation (10.224).
Multiplying (10.221) from the left by ¥f(2#)7°, (10.224) from the right by W(z*), and addition
yields

T (zH)0 (i’y“@u + iyt au> T(zh) = 0. (10.264)
The last result can be written
0, VT ()" W (2¥) = 0, (10.265)

i.e., the conservation law (10.263) does hold, in fact, for

-,

) = (o, J) = Wiy u(at) . (10.266)

The time-like component p of j#

4
plat) = Wi W(a) = Y [¢s(a")]? (10.267)
s=1

has the desired property of being positive definite.

The conservation law (10.263) allows one to conclude that j* must transform like a contravariant
4-vector as the notation implies. The reason is that the r.h.s. of (10.263) obviously is a scalar
under Lorentz transformations and that the left hand side must then also transform like a scalar.
Since 0, transforms like a covariant 4-vector, j# must transform like a contravariant 4-vector. This
transformation behaviour can also be deduced from the transformation properties of the bispinor
wave function W(xz,). For this purpose we prove first the relationship

STt = 40870, (10.268)

We will prove this property in the chiral representation. Obviously, the property applies then in
any representation of S.
For our proof we note first

N . N . —5 (@ —i0)3
§V@,9) = S(—i, ) = ( e U ) (10.269)
One can readily show that the same operator is obtained evaluating

17— -\ =
< > 0 1 ez (W+)G 0 0 1
03t N0 _ B
A ST (W, ¥)7° = ( 1 0 ) ( 0 o3 (@ —i0)F ( 1 0 ) . (10.270)

We conclude that (10.268) holds for the bispinor Lorentz transformation.
We will now determine the relationship between the flux

"= \I’/T(:I:/M)’YO”YM\I’/(x/) (10.271)
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in a moving frame of reference and the flux j# in a frame at rest. Note that we have assumed
in (10.271) that the Dirac matrices are independent of the frame of reference. One obtains using
(10.268)

"= (@SOS T(aH) = T (1) 'S IS T (aH) . (10.272)

With S7'(L7) = S((L™')") one can restate (10.246)
STHLM WS L) = (LYY, = (L7Yy = L'y (10.273)

where we have employed (10.76). Combining this with (10.272) results in the expected transfor-
mation behaviour

§* = LM,5" . (10.274)

10.9 Solutions of the Free Particle Dirac Equation

We want to determine now the wave functions of free particles described by the Dirac equation.
Like in non-relativistic quantum mechanics the free particle wave function plays a central role, not
only as the most simple demonstration of the theory, but also as providing a basis in which the wave
functions of interacting particle systems can be expanded and characterized. The solutions provide
also a complete, orthonormal basis and allows one to quantize the Dirac field W(z#) much like the
classical electromagnetic field is quantized through creation and annihilation operators representing
free electromagnetic waves of fixed momentum and frequency.

In case of non-relativistic quantum mechanics the free particle wave function has a single component
(7, t) and is determined through the momentum p € R3. In relativistic quantum mechanics a
Dirac particle can also be characterized through a momentum, however, the wave function has four
components which invite further characterization of the free particle state. In the following we
want to provide this characterization, specific for the Dirac free particle.

We will start from the Dirac equation in the Schrédinger form (10.231, 10.232, 10.233)

00 (z) = HoW(a") . (10.275)

The free particle wave function is an eigenfunction of H,, a property which leads to the energy—
momentum (dispersion) relationship of the Dirac particle. The additional degrees of freedom de-
scribed by the four components of the bispinor wave function require, as just mentioned, additional
characterizations, i.e., the identification of observables and their quantum mechanical operators, of
which the wave functions are eigenfunctions as well. As it turns out, only two degrees of freedom
of the bispinor four degrees of freedom are independent [c.f. (10.282, 10.283)]. The independent
degrees of freedom allow one to choose the states of the free Dirac particle as eigenstates of the
4-momentum operator p,, and of the helicity operator I' ~ & - ]%’/ |ﬁ introduced below. These opera-
tors, as is required for the mentioned property, commute with each other. The operators commute
also with H, in (10.233).

Like for the free particle wave functions of the non-relativistic Schrodinger and the Klein—Gordon
equations one expects that the space—time dependence is governed by a factor expli(p'- 7 — et)].
As pointed out, the Dirac particles are described by 4-dimensional, bispinor wave functions and we
need to determine corresponding components of the wave function. For this purpose we consider
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the following form of the free Dirac particle wave function
i P
e = ( o > - < v ) T (10.276)

where p’ and € together represent four real constants, later to be identified with momentum and
energy, and ¢,, Y, each represent a constant, two-dimensional spinor state. Inserting (10.276) into
(10.231, 10.232) leads to the 4-dimensional eigenvalue problem

(f”a 5'17)(%) :e<¢°). (10.277)
og-p —m Xo Xo

To solve this problem we write (10.277) explicitly

(e=m)l¢go —F-Pxo =0
— 0 Pdo + (e+m)Lx, = 0. (10.278)

Multiplication of the 1st equation by (e +m)1l and of the second equation by —&' - and subtraction
of the results yields the 2-dimensional equation

(& —mH)1L — (F-9)*] ¢o = 0. (10.279)
According to the property (5.234) of Pauli matrices holds (7-p)? = p21. One can, hence, conclude
from (10.279) the well-known relativistic dispersion relationship

e = m? 4+ p? (10.280)

which has a positive and a negative solution

e = +E(@), E@) = /m2 + p2. (10.281)

Obviously, the Dirac equation, like the Klein—-Gordon equation, reproduce the classical relativistic
energy—momentum relationships (10.93, 10.94)

Equation (10.278) provides us with information about the components of the bispinor wave function
(10.276), namely ¢, and x, are related as follows

—

o-p

oo = X0 (10.282)
€E—MmM
G-y

- 10.283

Xo c +m ¢0 ) ( )

where € is defined in (10.281). These two relationships are consistent with each other. In fact, one
finds using (5.234) and (10.280)

- - — 2 9
J-p (¢-p) P

_ _ b 10.284
e+m¢0 (e—l—m)(e—i—m)xo 2 — 2 X0 T X0 ( )

The relationships (10.282, 10.283) imply that the bispinor part of the wave function allows only
two degrees of freedom to be chosen independently. We want to show now that these degrees of
freedom correspond to a spin-like property, the socalled helicity of the particle.
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For our further characterization we will deal with the positive and negative energy solutions [cf.
(10.281)] separately. For the positive energy solution, i.e., the solution for e = +F(p), we present
¢, through the normalized vector

o = ( Zl ) —ueC,uu=|u]?+uw?>=1. (10.285)
2
The corresponding free Dirac particle is then described through the wave function
, u (57— et)
U(p, +|z*) = N (p) &5 e , €= +E{). (10.286)
E@) +m Y

Here N, (p) is a constant which will be chosen to satisfy the normalization condition
UH(p,+) P i(p +) = 1, (10.287)

the form of which will be justified further below. Similarly, we present the negative energy solution,
i.e., the solution for ¢ = —FE(p), through x, given by

Yo = <Zl ) —u e C ulu=fuf’ + |l =1, (10.288)
2

corresponding to the wave function
_=9P 4 o
U(p,—|zt) = N_(p) | E@+m PT=D) e — _E(p) . (10.289)
u

Here N_(p) is a constant which will be chosen to satisfy the normalization condition
Ui+ v +) = -1, (10.290)

which differs from the normalization condition (10.287) in the minus sign on the r.h.s. The form
of this condition and of (10.287) will be justified now.

First, we demonstrate that the product WT(p, £)7°W(p, +), i.e., the Lh.s. of (10.287, 10.290), is
invariant under Lorentz transformations. One can see this as follows: Let W(p,+) denote the
solution of a free particle moving with momentum p’ in the laboratory frame, and let (0, +)
denote the corresponding solution of a particle in its rest frame. The connection between the
solutions, according to (10.241), is ¥(p,+) = S ¥(0,=£) , where S is given by (10.259). Hence,

Ui @) = (who.2)s7) 1 s w(,4)
= UH0,+) (4°S714%) 12 S ¥(0,+)
= UT(0,+)7°w(0, ). (10.291)
Note that we have used that, according to (10.268), S~ = 7°S14% and, hence, St = 7957140,
We want to demonstrate now that the signs on the r.h.s. of (10.287, 10.290) should differ. For this

purpose we consider first the positive energy solution. Employing (10.286) for 7 = 0 yields, using
7Y as given in (10.219) and ufu = 1 [c.f. (10.285)],

u

W0, 4,0 00.4) = WLOR W 027 ()

) = INL(0) . (10.292)
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The same calculation for the negative energy wave function as given in (10.289) yields
2 (10.293)

¥(0,4)770(0,-) = W-OF 0. u)? () ) = - W)

Obviously, this requires the choice of a negative side on the r.h.s. of (10.290) to assign a positive
We can also conclude from our derivation
(10.294)

value to |[NV_(0)]?.
NiL(0) = 1.

We want to determine now N (p) for arbitrary p. We consider first the positive energy solution

Condition (10.287) written explicitly using (10.286)
N2 | ()T [75'1? *r 0 5 1 (10.295)
p) | ()", ul )y & = :
- E(p) +m 2 Fm U
Evaluating the Lh.s. using 7° as given in (10.219) yields
2 22
(7 P) } — 1. (10.296)

M) [ut B
Replacing (7 - 5)? by p? [c.f. (5.234)] and using the normalization of u in (10.285) results in
> p?
N2(p) {1 - W] — 1 (10.297)

from which follows
m + E(p))
N (i) — ( _ 10.298
+(m \/(m—i—E(ﬁ))Q—Z?Z ( )
Noting
(m + E(®))* — p% = m? — 5% + 2mE®p) + E*(p) = 2(m + E(p)) (10.299)
the normalization coefficient (10.298) becomes
m + E(p)
=\ —. 10.300
aG o (10.300)
This result completes the expression for the wave function (10.286)
Exercise 7.6: Show that the normalization condition
2 T o-p g u
NED) | (w7, [— u*] 5.5 =1 10.301
200 (0 | 5 . (10.301)
(10.302)

yields the normalization coefficient
m + E(p)

N =
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We consider now the negative energy solution. Condition (10.290) written explicitly using (10.289)

is o . s
N2 (p) ([E(;;;rp U*} 7 (u*)T> 7’ ( E(ﬁ)ltmu ) = -1 (10.303)

Evaluating the L.h.s. yields

= A2
N2 (p [uT&u - uTu] - 1. 10.304
This condition is, however, identical to the condition (10.296) for the normalization constant N (p)
of the positive energy solution. We can, hence, conclude

m + E(p)
2m

N_(p) = (10.305)

and, thereby, have completed the determination for the wave function (10.289).
The wave functions (10.286, 10.289, 10.300) have been constructed to satisfy the free particle Dirac
equation (10.275). Inserting (10.286) into (10.275) yields

Ho W(p, A|z") = ANE(D) ¥(p, Alz") (10.306)

i.e., the wave functions constructed represent eigenstates of H,. The wave functions are also
eigenstates of the momentum operator 9, i.e.,

10 U(P, Alz") = pu ¥(p, Alz") (10.307)

where p, = (¢, —p). This can be verified expressing the space-time factor of W(p, Alz*) in 4-vector
notation, i.e., exp[i(p’- 7 — et)] = exp(ipazt).

Helicity

The free Dirac particle wave functions (10.286, 10.289) are not completely specified, the two com-
ponents of u indicate another degree of freedom which needs to be defined. This degree of freedom
describes a spinf% attribute. This attribute is the so-called helicity, defined as the component of
the particle spin along the direction of motion. The corresponding operator which measures this
observable is

(10.308)

Note that ﬁ represents here an operator, not a constant vector. Rather than considering the
observable (10.307) we investigate first the observable due to the simpler operator & - ]_5 We
want to show that this operator commutes with H, and ﬁ to ascertain that the free particle wave
function can be simultaneously an eigenvector of all three operators. The commutation property
[F - ., pil = 0,5 =1,2,3 is fairly obvious. The property [ - . H,] = 0 follows from (10.233) and

from the two identities
g 0 (11 0 _
—<0 6>-p<0 _]1>—0 (10.309)

(b 5) (0 7)

'U>1
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and

0
_ 0 (@p?) 0 @97\
- < @-p?* 0 > ( G-5? 0 > = 0. (10.310)

We have shown altogether that the operators 5, ‘H, and 5’-5 commute with each other and, hence, can
be simultaneously diagonal. States which are simultaneously eigenvectors of these three operators
are also simulteneously eigenvectors of the three operators 5, H, and A defined in (10.308) above.
The condition that the wave functions (10.286) are eigenfunctions of A as well will specify now the
vectors u.

Since helicity is defined relative to the direction of motion of a particle the characterization of u
as an eigenvector of the helicity operator, in principle, is independent of the direction of motion
of the particle. We consider first the simplest case that particles move along the zsz—direction, i.e.,
P = (0,0,p3). In this case A = %03.

We assume first particles with positive energy, i.e., ¢ = +E(p). According to the definition (5.224)
of o3 the two u vectors (1,0)T and (0,1)7 are eigenstates of 303 with eigenvalues +1. Therefore,
the wave functions which are eigenstates of the helicity operator, are

1
o (o)) o
U(pes, + +3l71) = A L] et
p
m+ E)p ( 0 )
(1)
U(pés, +, —3|Ft) = N, (1) e!(pe® = Ept) (10.311)
m—l—pEp < 1 >

where é3 denotes the unit vector in the xs-direction and where

E
E, = Vm? +p2; N, = \/%. (10.312)

We assume now particles with negative energy, i.e., ¢ = —FE(p). The wave functions which are
eigenfunctions of the helicity operator are in this case

% ()
\I/(Pé?,,—,-i-%’ﬁt) =N, e g) ¢ (pe® + Ept)
(o)
= (1)
U(pes, — —1|7t) = Np m+Ep<(1)> el P’ + Ept) (10.313)
1

where E, and N, are defined in (10.312).
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To obtain free particle wave functions for arbitrary directions of ' one can employ the wave functions
(10.311, 10.313) except that the states (1, 0)7 and (0, 1)7 have to be replaced by eigenstates u(p)
of the spin operator along the direction of p. These eigenstates are obtained through a rotational
transformation (5.222, 5.223) as follows

u(;ﬁ,Jr%) — exp (-%5@*) «?) < : > , (10.314)
u(ﬁ,—%) = exp (—%J(ﬁ) -6) ( (1) ) (10.315)
e I = BXP sy ) (10.316)

describes a rotation which aligns the zg—axis with the direction of 7. [One can also express the
rotation through Euler angles «, (3, 7 , in which case the transformation is given by (5.220).] The
corresponding free particle wave functions are then

u(@+3) \ ..
(P, +, +5|7,1) :Np< b : >eZ(W’—Ept> (10.317)
m+ Ep ( 7+§)
u(_’a_l) SRR
V(P +, —35l7 1) :Np< o )el(P"”EP” (10.318)
m+Epu( 7_5)
P _u(p,+3 -
(g, -, +ilFit) =N [ T (ﬁ f) !PT+ Ept) (10.319)
1 me u(_”_%) (D7 + Bt
U(p,—, —3|Ft) =N, pu(ﬂ 3y ot (P + Ept) (10.320)
1T

where E, and N are again given by (10.312).

Generating Solutions Through Lorentz Transformation

The solutions (10.311, 10.312) can be obtained also by means of the Lorentz transformation (10.262)
for the bispinor wave function and the transformation (10.123). For this purpose one starts from
the solutions of the Dirac equation in the chiral representation (10.226, 10.229), denoted by ~, for
an 7—independent wave function, i.e., a wave function which represents free particles at rest. The
corresponding wave functions are determined through

(i7°0; — m) ¥(t) = 0. (10.321)

and are

—imt
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0
- 1 i
p=0,+ —3lt) = 5|, |e™,
1
1
\j,( —0. — l|t) — 1 0 +imt
p ) [ V2 1 (& s
0
0
Up=0, —, —it) = L 1 Himt (10.322)
p » T T2 V2 0 € . .
-1

The reader can readily verify that transformation of these solutions to the Dirac representationsas
defined in (10.228) yields the corresponding solutions (10.311, 10.313) in the p — 0 limit. This
correspondence justifies the characterization =+, i% of the wave functions stated in (10.322).

The solutions (10.322) can be written in spinor form

() () () e

Transformation (10.262) for a boost in the xsz—direction, i.e., for @ = (0,0,ws), yields for the
exponential space-time dependence according to (10.174, 10.176)

Fimt — i(psz F Et) (10.324)

and for the bispinor part according to (10.262)

l11)30'3 l’l,U30'3
P\ [ € 0 T R (10.325)
Xo 0 e 239 Xo e 2"3% v,

One should note that ¢,, X, are eigenstates of o> with eigenvalues 1. Applying (10.324, 10.325)
to (10.323) should yield the solutions for non-vanishing momentum p in the zg—direction. For the
resulting wave functions in the chiral representation one can use then a notation corresponding to

that adopted in (10.311)
()
0 ez'(pm3 — Ept)

\il(p(w3)é37 =+, +%’F7t) =

Sl
|
I
&

(Ij(p(w?))é& =+, _%’777 t) =

Sl
-

; ei(;{)ac3 — Ept)
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1 e ( (1) )
U(p(ws)és, —, +1|Ft) = — (p® + Ept)
2 V2 o—tus (1
0
1 e 2t < (1) >
U (p(ws)és, — —L1Ft) = —= ei(pe” + Ept) (10.326)
2 V2 | (0
1
where according to (10.61) p(ws) = msinhws. Transformation to the Dirac representation by

means of (10.228) yields

coshw23
U(p(ws)és, +, +3l7t) = i(pe® = Ept)
sinh >
coshg < (1) >
\I/(p(wg)ég,, -+, —%‘ﬁ t) = 0 i(pz3 — Ept)
—sinh
(1))
sinh %2 < (1) >
\I’(p(wg)ég, -, —l—%‘ﬁ t) = ) i(pz3 + Ept)
cosh
(o))
—sinh ( (1)
U(p(ws)és, —, —5|7t) = 0 ipe® + Ept) (10.327)
cosh ( 1>

Employing the hyperbolic function properties

T [coshz + 1 .. [coshz — 1
COSh§ = f’ Sll’lhi = f’ (10328)

the relationship (10.61) between the parameter ws and boost velocity v3, and the expression (10.311)
for E), one obtains

w3
cosh 5 =

+ m
1—vj [E, +m
= -+ 10.32
2m 2m (039)
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and similarly
sinh™3 =[BT D
2 2m 2m (E, + m)

(10.330)

Inserting expressions (10.329, 10.330) into (10.327), indeed, reproduces the positive energy wave
functions (10.311) as well as the negative energy solutions (10.313) for —p. The change of sign for
the latter solutions had to be expected as it was already noted for the negative energy solutions of
the Klein—Gordon equation (10.168-10.176).

Invariance of Dirac Equation Revisited

At this point we like to provide a variation of the derivation of (10.243), the essential property
stating the Lorentz—invariance of the Dirac equation. Actually, we will derive this equation only
for infinitesimal transformations, which however, is sufficient since (1) it must hold then for any
finite transformation, and since (2) the calculations following (10.243) considered solely the limit
of infinitesimal transformations anyway.

The reason why we provide another derivation of (10.243) is to familiarize ourselves with a formu-
lation of Lorentz transformations of the bispinor wave finction ¥(x*) which treats the spinor and
the space-time part of the wave function on the same footing. Such description will be essential for
the formal description of Lorentz invariant wave equations for arbitray spin further below.

In the new derivation we consider the particle described by the wave function transformed, but not
the observer. This transformation, refered to as the active transformation, expresses the system in
the old coordinates. The transformation is

W (at) = S(L7) p(L) W(a) (10.331)

where S(L"¢) denotes again the transformation acting on the bispinor character of the wave function
U(z#) and where p(L"¢) denotes the transformation acting on the space-time character of the
wave function W(z#). p(L"¢) has been defined in (10.123) above and characterized there. Such
transformation had been applied by us, of course, when we generated the solutions W(g7, A, A|z#)
from the solutions describing particles at rest W(p'= 0, A, A|t). We expect, in general, that if U(z#)
is a solution of the Dirac equation that ¥/ (x*) as given in (10.331) is a solution as well. Making
this expectation a postulate allows one to derive the condition (10.243) and, thereby, the proper
transformation S(L"¢).

To show this we rewrite the Dirac equation (10.221) using (10.331)

(i S(L"e)y"S™H (L") p(L7)Dup™ (L") — m) W' () = 0 (10.332)

Here we have made use of the fact that S(L"¢) commutes with d,, and p(L"¢) commutes with ~*.
The fact that any such ¥/(z#) is a solution of the Dirac equation allows us to conclude

S(L7e)y*S™H (L") p(L"¢)0up™ (L") = 770, (10.333)
which is satisfied in case that the following conditions are met

p(L7)Dup (L) = LY, 0,;
S(LI WS (L) LV = 7. (10.334)
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We will demonstrate now that the first condition is satisfied by p(L"¢). The second condition is
identical to (10.243) and, of course, it is met by S(L"¢) as given in the chiral representation by
(10.262).

As mentioned already we will show condition (10.334) for infinitesimal Lorentz transformations
L. We will proceed by employing the generators (10.128) to express p(L"¢) in its infinitesimal
form and evaluate the expression

(]l + 66'j+ G”LU~I€) Oy (]l - eﬁ'j— eu7~l€)
= Oy + eM”,0, + 0(62) (10.335)

The result will show that the matrix M" , is identical to the generators of L”, for the six choices J =
(1,0,0), W = (0,0,0), J = (0,1,0), @ = (0,0,0), ..., ¥ = (0,0,0), W = (0,0,1) . Inspection of
(10.335) shows that we need to demonstrate

Te. 0 = (T 00 s K0 = (K2)" 0, - (10.336)

We will proceed with this task considering all six cases:

[J1,0,] = [2°0, — 2°03,0,] = (10.337)

(T2, 0,) = [¢'05 — 2°01,0,] = (10.338)

(J3,04) = [2°01 — 2'0,,0,] = (10.339)

[lCl,(‘?M] = [56061 + .Tlao,a#] = (10.340)

[KQ,@M] = [56062 + $280,8#] = (10.341)

[ng,@M] = [56063 + $380,8#] =

0
1
2
3
0
1
2
3
0
1
2
=3
0
1
2
3
0
1
2
3
0
1 (10.342)
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One can readily convince oneself that these results are consistent with (10.336). We have demon-
strated, therefore, that any solution W(z#) transformed according to (10.331) is again a solution of
the Dirac equation, i.e., the Dirac equation is invariant under active Lorentz transformations.
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10.10 Dirac Particles in Electromagnetic Field

We like to provide now a description for particles governed by the Dirac equation which includes
the coupling to an electromagnetic field in the minimum coupling description. Following the re-
spective procedure developed for the Klein-Gordon equation in Sect. 10.6 we assume that the field
is described through the 4-vector potential A* and, accordingly, we replace in the Dirac equation
the momentum operator p, = 9, by i0, — qA, where g is the charge of the respective particles
(see Table 10.1 in Sect 10.6 above). Equivalently, we replace the operator 9, by 0, + igA,. The
Dirac equation (10.221) reads then

[iv"(y + igA,) — m] U(z") = 0 (10.343)

One may also include the electromagnetic field in the Dirac equation given in the Schrodinger form
(10.233) by replacing i9; by (see Table 10.1) i0; — ¢V and p by

T =p —qA. (10.344)
The Dirac equation in the Schrodinger form reads then
i, (2h) = (&7? + gV + Bm) U(zH) (10.345)
where @ and (3 are defined in (10.232).

Non-Relativistic Limit

We want to consider now the Dirac equation (10.345) in the so-called non-relativistic limit in which
all energies are much smaller than m, e.g., for the scalar field V' in (10.345) holds

V] << m . (10.346)

For this purpose we choose the decomposition
p(at) )
U(xt) = . 10.347
(=) ( x(@*) ( )

Using the notation & = (071, 02,03)7 one obtains then

ip = G-Tx A+ gV + mo (10.348)
iox = &-Td+ qVx — my. (10.349)

We want to focus on the stationary positive energy solution. This solution exhibits a time-
dependence exp[—i(m + €)t] where for € holds in the non-relativistic limit |¢] << m. Accordingly,
we define

p(zh) = e M B(xH) (10.350)
x(zh) = e "™t x(zH) (10.351)
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and assume that for the time-derivative of ® and X holds

0, ® X
Using (10.350, 10.351) in (10.348, 10.349) yields
P = &F-TX + qVO (10.353)
X = G-TD + qVX — 2mX . (10.354)

The properties (10.346, 10.352) allow one to approximate (10.354)
0~ G-7P — 2m X . (10.355)

and, accordingly, one can replace X’ in (10.353) by

g7
X =~ —& 10.356
ST ( )

to obtain a closed equation for ®
AN 2
(7-)
1P ~ ~—— & + ¢V . (10.357)
2m

Equation (10.356), due to the m~! factor, identifies X as the small component of the bi-spinor
wave function which, henceforth, does not need to be considered anymore.

Equation (10.357) for ® can be reformulated by expansion of (& - 727’)2 For this purpose we employ
the identity (5.230), derived in Sect. 5.7, which in the present case states

- ~2
G 72 =7 +id(

). (10.358)

SR

X

[0

For the components of 7 x 7 holds
(7%" X %)é = ejkg(ﬂ'jﬂ'k — 7Tk7'('j) = €5k [ﬂ'j, ﬂg] . (10359)
We want to evaluate the latter commutator. One obtains

1 1
[mj, ) = [;8]‘ +qA;, Zak + qAg]

1 1 1 1
= [0, 0] +ql4), ZO] + 205, Al + ¢ [Aj, Ay

~—_—— v
=0 =0

- %[Aj, O + %[aj, Ayl . (10.360)
For an arbitrary function f(7) holds

([Aj, O] + [8j, A f = (0;Ar — AR0; + A0k — OAj) f. (10.361)
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Using

0j Ak f = ((0;Ak)) f + Ax0; f
nAj [ = ((OkAy)) f + Ajok f

where ((0; - --)) denotes confinement of the differential operator to within the brackets ((---)), one
obtains

([A45, Okl + (05, A]) f = [((0;Ar)) — ((OxAj))] [ (10.362)
or, using (10.360) and A, = (V, —A),

[, ] = %((ajAk — OA)) = —% (VXJaY)KejM - —%Bgeju (10.363)

where we employed B(7,t) = V x A(7,t) [see (8.6)]. Equations (10.344, 10.358, 10.359, 10.363)
allow us to write (10.357) in the final form

o - 2 .
i) ~ | P ACOE 9 5 g 4 gy

2m 2m

O(7, 1) (10.364)

which is referred to as the Pauli equation.

Comparision of (10.364) governing a two-dimensional wave function ® € C? with the corresponding
non-relativistic Schrédinger equation (10.2) governing a one-dimensional wave function ¢ € C,
reveals a stunning feature: the Pauli equation does justice to its two-dimensional character; while
agreeing in all other respects with the non-relativistic Schrédinger equation (10.2) it introduces the
extra term ¢& - B ® which describes the well-known interaction of a spin—— particle with a magnetic
field B. In other words, the spin—% which emerged in the Lorentz-invariant theory as an algebraic
necessity, does not leave the theory again when one takes the non-relativistic limit, but rather
remains as a steady “guest” of non-relativistic physics with the proper interaction term.

Let us consider briefly the consequences of the interaction of a spin—% with the magnetic field. For
this purpose we disregard the spatial degrees of freedom and assume the Schrodinger equation

i0,®(t) = q&- Bo(t). (10.365)
The formal solution of this equation is
O(t) = e BT @(0) . (10.366)

Comparision of this expression with (5.222, 5.223) shows that the propagator in (10.366) can be
interpreted as a rotatlon around the field B by an angle ¢tB, i.e., the interaction ¢& - B induces a
precession of the sp1n—§ around the magnetic field.

Dirac Particle in Coulomb Field - Spectrum

We want to describe now the spectrum of a relativistic electron (¢ = —e) in the Coulomb field of
a nucleus with charge Ze. The respective bispinor wave function W(z#) € C* is described as the
stationary solution of the Dirac equation (10.343) for the vector potential

VA 2
A, = (—Te, 0,0, 0) . (10.367)
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For the purpose of the solution we assume the chiral representation, i.e, we solve
[i3"(8, + iqA,) — m] ¥(z") =0 (10.368)

where W(z*) and 4* are defined in (10.228) and in (10.229), respectively. Employing 7, as defined
in Table 10.1 one can write (10.368)

(A7, — m) ¥(zh) =0, (10.369)
For our solution we will adopt presently a strategy which follows closely that for the spectrum of
pionic atoms in Sect. 10.6. For this purpose we ‘square’ the Dirac equation, multiplying (10.369)
from the left by vm, + m. This yields

(i3 (O + igAu) + m] [i7"(9u + igA,) — m] U(ah)
= (Wi 37, — mA)T(zt) = 0. (10.370)

Any solution of (10.368) is also a solution of (10.370), but the converse is not necessarily true.
However, once a solution ¥(z*) of (10.370) is obtained then

[i3"(8, + igA,) + m] W(z) (10.371)
is a solution of (10.369). This follows from

(3O + iqAu) + m] [0y + iqAu) — m]
= [i5"(0y + iqA,) — m] [0, + iqA,) + m] (10.372)

according to which follows from (10.370)
[i5"(8, + igA,) — m] [#3"(0, + igA,) + m] ¥(zt) = 0 (10.373)

such that we can conclude that (10.371), indeed, is a solution of (10.369).
Equation (10.370) resembles closely the Klein-Gordon equation (10.180), but differs from it in an
essential way. The difference arises from the term 4#7, 4”7, in (10.370) for which holds

N
=
>
=
2
X
>
]
I
(]
)
=
o
>
TN
+
2

FHTY Ry (10.374)

The first term on the r.h.s. can be rewritten using, according to (10.230), (7°)2 = 1 and (3/)? =
_]17 j = 17 27 37

SRR = a2 - 7 (10.375)

Following the algebra that connected Egs. (5.231), (5.232) in Sect. 5.7 one can write the second
term in (10.374), noting from (10.230) 4#4” = —A4"4*, u # v and altering ‘dummy’ summation
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indices,
FHA Fofty = % > (3 iy + A )
sl e
— i Y (A iy — AR+ T A R — A )
p,rv=1
n Fv
K=
B Fv

This expression can be simplified due to the special form (10.367) of A, i.e., due to A = 0. Since
[Ty, ] = 0 for p,v = 1,2,3 (10.377)

which follows readily from the definition (10.344), it holds
1 U ~pTTA A
7 0 B 3, )

pr=1
w #Fv

77, 3°] &, #ol

|

Z Y v~j [ﬁo’ TArj] +

o |

3 3

—_

Jj= J
3

[7°, 4]
> /0, A [0, #5] - (10.378)
7j=1

DN | =

According to the definition (10.229), the commutators [7°, 77] are

3 = (v o) (e 0 ) - (o 705 5)

ol 0
— 9 < C > (10.379)
The commutators [7g, 7;] in (10.378) can be evaluated using (10.367) and the definition (10.344)
[ﬁ'(), ﬁ'j] = (—i&g + qu, —iaj] = — [(875 + iqu) 8]' - 8j (8t + Zqu)]f
— (9940 f (10.380)

where f = f(7,t) is a suitable test function and where ((---)) denotes the range to which the
derivative is limited. Altogether, one can summarize (10.376-10.380)

A (F 0
E WA T, = i ( 0 —& > - ((VqAop)) (10.381)
wv=1
P
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where # = 7/|F] is a unit vector. Combining this result with (10.381), (10.374), (10.375) the
‘squared’ Dirac equation (10.368) reads

2 N
(o =% sz (070 Ze e
’ r 0 —o-7 ) r2

We seek stationary solutions of this equation. Such solutions are of the form

U(z") = 0 (10.383)

U(zH) = O(F) e, (10.384)

€ can be interpreted as the energy of the stationary state and, hence, it is this quantity that we
want to determine. Insertion of (10.384) into (10.383) yields the purely spatial four-dimensional
differential equation

Ze2\? s (G F 0 Ze? N
(e—i—T) + V —i—z( 0 —5’~f')r—2_m () = 0. (10.385)
We split the wave function into two spin—% components
U(r) = < g*@ ) (10.386)

and obtain for the separate components ¢ ()

Ze?\? Ze?
(6 n _€> + Vi - m2] pu(F) = 0. (10.387)
T T

The expression (10.189) for the Laplacian and expansion of the term (---)? result in the two-
dimensional equation

72 2.4 L2 a2 2

[83 L -7 eTQq:w-rZe +2Z: € L2 m2] réu (@) = 0. (10.388)
Except for the term i& - # this equation is identical to that posed by the one-dimensional Klein-
Gordon equation for pionic atoms (10.191) solved in Sect. 10.6. In the latter case, a solution of
the form ~ Yy, () can be obtained. The term i - 7, however, is genuinely two-dimensional and, in
fact, couples the orbital angular momentum of the electron to its spin-1. Accordingly, we express
the solution of (10.388) in terms of states introduced in Sect. 6.5 which describe the coupling of
orbital angular momentum and spin

{(Vjm(G = 5, 517), Vim (G + 3, 517) ),
j=18 . im=—j—j+1, ...+j} (10.389)

According to the results in Sect. 6.5 the operator id - # is block-diagonal in this basis such that only
the states for identical j, m values are coupled, i.e., only the two states {Vjm(j — %, 3|7), Vim(J +
L 17)} as given in (6.147, 6.148). We note that these states are also eigenstates of the angular

272
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momentum operator L2 [cf. (6.151]. We select, therefore, a specific pair of total spin-orbital angular
momentum quantum numbers j, m and expand

ha(r . N g£\r . A
b (F) = r( ) im(G — L, 47) + ( )yjm(JJr%,%!T‘) (10.390)
Using
G Vim(j £ 5 317) = = Vjm (i F 3, 317) (10.391)
derived in Sect. 6.5 [c.f. (6.186)], property (6.151), which states that the states V;n,(j &+ 3, 3|7) are

eigenfunctions of 12, together with the orthonormality of these two states leads to the coupled
differential equation

2 10
[(a,? P m) ( ) (10.392)
T 01

(GG -2 wiZe (hw) ) ~ 0o
r? +iZe?  (j4+1)(j+3) — Z22%* gx(r) )

We seek to bring (10.392) into diagonal form. Any similarity transformation leaves the first term in
(10.392), involving the 2 x 2 unit matrix, unaltered. However, such transformation can be chosen
as to diagonalize the second term. Since, in the present treatment, we want to determine solely the
spectrum, not the wave functions, we require only the eigenvalues of the matrices

=G +1) — 2% +iZe?
B, — G-20+3) ’ (10.393)
+i Ze? G+ +3) — 2%

but do not explicitly consider further the wavefunctions. Obviously, the eigenvalues are independent
of m. The two eigenvalues of both matrices are identical and can be written in the form

MO MG +1] and  Xa(f) [Ma(h) + 1] (10.394)

where
MG = U+ - 2 (10.395)
Ao(j) = \/(J'+ )2 — 2% =1 (10.396)

Equation (10.392) reads then in the diagonal representation

<83 A2 () + 1) N 2eZe? N

r2

e — m2> fia(r) = 0 (10.397)

This equation is identical to the Klein-Gordon equation for pionic atoms written in the form
(10.200), except for the slight difference in the expression of Aj2(j) as given by (10.395, 10.396)
and (10.199), namely, the missing additive term —1, the values of the argument of A\ 2(j) being
j = 4,2, ... rather than £/ = 0, 1, ... as in the case of pionic atoms, and except for the fact that
we have two sets of values for A; 2(j), namely, Ai(j) and A2(j).. We can, hence, conclude that the
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spectrum of (10.397) is again given by eq. (10.203), albeit with some modifications. Using (10.395,
10.396) we obtain, accordingly,

e = m ; (10.398)
1 + Z2e4
(' +1+/(j+3)2 — 22¢4)?
e = i ; (10.399)
1+ Z2et
(0 4+ \J(+3)2—22%e1)?

n/:0a1a27"'7 ]: ) L :_j>_j+17"'>j

N[=
Njw

i

where €1 corresponds to A (j) as given in (10.395) and ez corresponds to A2(j) as given in (10.396).
For a given value of n’ the energies €1 and e for identical j-values correspond to mixtures of states
with orbital angular momentum ¢ = j — 1 and ¢ = j + 1. The magnitude of the relativistic effect
is determined by Z2e*. Expanding the energies in terms of this parameter allows one to identify
the relationship between the energies €; and e; and the non-relativistic spectrum. One obtains in

case of (10.398, 10.399)

mZ2%et
~ om — , + O(Z%8 10.400
“ 2(n' + j + 2)2 (Z7€") ( )
mZ2et
€6 ~ m — : + O(Z%8 10.401
n=0,1,2..., j=L43 ..., m=—j—j+1,...,5.

These expressions can be equated with the non-relativistic spectrum. Obviously, the second term on
the r.h.s. of these equations describe the binding energy. In case of non-relativistic hydrogen-type
atoms, including spin-1, the stationary states have binding energies

mZ%t n=12,... ¢ =0,1,...,n—1

E = —
mZ 0 omo=—l—(+1,....0 my = +]

(10.402)

In this expression n is the so-called main quantum number. It is given by n = n’ + ¢ + 1 where £
is the orbital angular momentum quantum number and n’ = 0,1, ... counts the nodes of the wave
function. One can equate (10.402) with (10.400) and (10.401) if one attributes to the respective
states the angular momentum quantum numbers ¢/ = j + 1 and ¢ = j — 1. One may also state
this in the following way: (10.400) corresponds to a non-relativistic state with quantum numbers
n, ¢ and spin-orbital angular momentum j = ¢—1; (10.401) corresponds to a non-relativistic state
with quantum numbers n, ¢ and spin-orbital angular momentum j = ¢+ 1. These considerations
are summarized in the following equations

Ep(n,t,j=0-1m) = = : (10.403)

7204
\/1 * (n—LC++/((+1)2 — Z2e4)2
Ep(n,6,j=0+1m) = mn : (10.404)

Z2%e4
\/1 T (n—L—14+02—Z2e%)2

n=12..; £=01..n—1;: m=—j,—j+1,...,j
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main orbital spin- non-rel. rel.
spectr. | quantum | angular orbital binding binding
notation | number | mom. | ang. mom. | energy / eV | energy / eV
n 14 j Eq. (10.402) | Eq. (10.405 )
Ls1 1 0 3 -13.60583 -13.60601
251 2 0 : -3.40146 -3.40151
%, 2 1 ! f f
2p§ 2 1 3 1 - 3.40147
351 3 0 3 -1.51176 -1.551178
3p1 3 1 3 i 0
3p3 3 1 3 i - 1.551177
3ds 3 2 3 1 f
3ds 3 2 5 f 1551176
Table 10.2:

Binding energies for the hydrogen (Z = 1) atom. Degeneracies are denoted by 1. The energies
were evaluated with m = 511.0041 keV and e? = 1/137.036 by means of Eqgs. (10.402, 10.405).

One can combine the expressions (10.403, 10.404) finally into the single formula

ED(n>€7jvm) = (}
m % for f =0
1 Z2e4 I otherw1se
+
—5 4/ (+1)2 - 22612 m=—j,—j+1,.

(10.405)
In order to demonstrate relativistic effects in the spectrum of the hydrogen atom we compare
in Table 10.2 the non-relativistic [cf. (10.402)] and the relativistic [cf. (10.405)] spectrum of the
hydrogen atom. The table entries demonstrate that the energies as given by the expression (10.405)
in terms of the non-relativistic quantum numbers n, ¢ relate closely to the corresponding non-
relativistic states, in fact, the non-relativistic and relativistic energies are hardly discernible. The
reason is that the mean kinetic energy of the electron in the hydrogen atom, is in the range of
10 eV, i.e., much less than the rest mass of the electron (511 keV). However, in case of heavier
nuclei the kinetic energy of bound electrons in the ground state scales with the nuclear charge Z
like Z2 such that in case Z = 100 the kinetic energy is of the order of the rest mass and relativistic
effects become important. This is clearly demonstrated by the comparision of non-relativistic and
relativistic spectra of a hydrogen-type atom with Z = 100 in Table 10.3.

Of particular interest is the effect of spin-orbit coupling which removes, for example, the non-

relativistic degeneracy for the six 2p states of the hydrogen atom: in the present, i.e., relativistic,

case these six states are split into energetically different 2p; and 2ps states. The 2p1 states with
2 2 2

j =

j =

involve two degenerate states corresponding to V1, (1, %| 7) for m = £1, the 2ps states with
2 2

[Nl

involve four degenerate states corresponding to y3 (1, 3]7) for m = +£1, £3.

[SI[oY
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main orbital spin- non-rel. rel.
spectr. | quantum | angular orbital binding binding
notation | number | mom. | ang. mom. | energy / keV | energy / keV
n L J Eq. (10.402) | Eq. (10.405 )
Lsy 1 0 3 -136.1 -161.6
251 2 0 : -34.0 -42.1
2, 2 1 ! f f
2p§ 2 1 3 1 - 35.2
351 3 0 3 -15.1 -17.9
3p1 3 1 3 i i
3p3 3 1 3 i -15.8
3ds 3 2 3 o 1
3ds 3 2 5 f 153
Table 10.3:

Binding energies for the hydrogen-type (Z = 100) atom. Degeneracies are denoted by f}. The
energies were evaluated with m = 511.0041 keV and e? = 1/137.036 by means of Egs. (10.402,
10.405).

In order to investigate further the deviation between relativistic and non-relativistic spectra of
hydrogen-type atoms we expand the expression (10.405) to order O(Z*e®). Introducing a = Z2e*
and 8 = j+ 3 (10.405) reads

1
- _ (10.406)
\/ * (n—B++/B?~a)?
The expansion (10.206) provides in the present case
mZ2et mZ4ed 1 3
Ep(n,¢,j,m) ~ m — — — | 4+ O(Z5"). 10.407
D<n7 7.77m) m 2,n2 2n3 ]+% 4n + ( € ) ( )

This expression allows one, for example, to estimate the difference between the energies of the
states 2ps and 2p1 (cf. Tables 10.2,10.3). It holds for n = 2 and j = 2,1
2 2

272
mZ4e® [ 1 mZ*ed

Radial Dirac Equation

We want to determine now the wave functions for the stationary states of a Dirac particle in a
4-vector potential

A, = (V(r),0,0,0) (10.409)

where V(r) is spherically symmetric. An example for such potential is the Coulomb potential
V(r) = —Ze?/r considered further below. We assume for the wave function the stationary state
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form
U(zh) = e ( i((?) ) : (10.410)

where ®(7), X(¥) € C? describe the spatial and spin-1 degrees of freedom, but are time-
independent. The Dirac equation reads then, according to (10.232, 10.345),

G X +md 4+ V(r)d = b (10.411)
GO —mX + V()X = eX (10.412)

In this equation a coupling between the wave functions ®(7) and X'(7) arises due to the term & - 7
This term has been discussed in detail in Sect. 6.5 [see, in particular, pp. 168]: the term is a scalar
(rank zero tensor) in the space of the spin-angular momentum states V;n,(j £ 1, 3|7) introduced in
Sect. 6.5, i.e., the term is block-diagonal in the space spanned by the states Vj,(j £ 1, 1|7) and does
not couple states with different j, m-values; 7 - 7 has odd parity and it holds [c.f. (6.197, 6.198)]

. 3 ]
S0 . R . J+s5 . “
Gpf) Vim(i+5:3F) = i |0+ 2| ) Vim( = 5, 517)
(10.413)
_ . -
oo R 5 —J . .
G-p ) Vym(i = 3,317) = i |0+ 2| 9() Vim(i + 5, 3]7) -
(10.414)
These equations can be brought into a more symmetric form using
1 1
O + — = =01
r r
which allows one to write (10.413, 10.414)
~ [ 7+ 1]
G prf) Vim(+4:307) = i |0+ =2 | 7 f(r) Vjm(i — 5, 317)
(10.415)
~ [ 7+ 1]
G prg(r) Vim(j = 3,317) = i |0 = == | rg(r) Vim(j + 4, 317) -
(10.416)

The differential equations (10.411, 10.412) are four-dimensional with 7-dependent wave functions.
The arguments above allow one to eliminate the angular dependence by expanding ®(7) and X(7)
in terms of YV, (j + 3, 1|7) and YV (j — 3, L|7), ie.,

b
() @yjm(j-ké,;f) + gyjm(j—évé‘f)
_ _ 10.417
X () ) G + 1,217 + 2 3y = 1417 o
= Vim (i 481D+ = Vim(i — 5 417)
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In general, such expansion must include states with all possible j, m values. Presently, we consider
the case that only states for one specific j,m pair contribute. Inserting (10.417) into (10.411,
10.412), using (10.415, 10.416), the orthonormality property (6.157), and multiplying by r results
in the following two independent pairs of coupled differential equations

i[&«—j:% dir)y + [ m+V(r) —e€la(r) = 0

i |0 + Jj:% a(r) + [-m + V(r) —€]d(r) = 0 (10.418)
and

i ar+jt% cr) + [ mAVE) —elbr) = 0

i [8,» - jt% b(r) + [-m + V(r) —€]c(r) = 0. (10.419)

Obviously, only a(r),d(r) are coupled and b(r),c(r) are coupled. Accordingly, there exist two
independent solutions (10.417) of the form

®(7) I 3+ 14
_ (10.420)

x -2y - 1 41)

2Dy 4410

( 2(7) > = ' (10.421)
X () Cg2(r) .

where the factors ¢ and —1 have been introduced for convenience. According to (10.418) holds for

fi(r), 91(r)

1

9, — '74;2 G + [e—m—V@E]AF) = 0

- .

o, + ‘74;2 A = [e+m—VE)]al) = 0 (10.422)
and for fa(r), ga(r)

] -

0+ 12 o) + (e = m — VI folr) = 0

- .

0 =12 () — et m - V) () = 0 (10.423)
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Equations (10.422) and (10.423) are identical, except for the opposite sign of the term (j + 1); the
equations determine, together with the appropriate boundary conditions at » = 0 and r — oo,
the radial wave functions for Dirac particles in the potential (10.409).

Dirac Particle in Coulomb Field - Wave Functions

We want to determine now the wave functions of the stationary states of hydrogen-type atoms
which correspond to the energy levels (10.405). We assume the 4-vector potential of pure Coulomb
type (10.367) which is spherically symmetric such that equations (10.422, 10.423) apply for V(r) =
—Ze?/r. Equation (10.422) determines solutions of the form (10.420). In the non-relativistic limit,
® in (10.420) is the large component and X is the small component. Hence, (10.422) corresponds
to states
r
U(zh) ~ iflﬁ )J’jm(j+%7%f) (10.424)
0

i.e., to states with angular momentum ¢ = j + % According to the discussion of the spectrum
(10.405) of the relativistic hydrogen atom the corresponding states have quantum numbers n =
1,2,...,¢ = 0,1,...,n — 1. Hence, (10.422) describes the states 2p%, Sp%, 3d%, etc. Similarly,
(10.423), determining wave functions of the type (10.421), i.e., in the non-relativistic limit wave
functions
,
U(ah) ~ ifzﬁ )yjm(j — 3317 (10.425)
0

and, correspodingly the states

D=

covers states with angular momentum ¢ = j —
18%, 28%, 2p%, 38%, 3pg, 3dg, etc.

We consider first the solution of (10.422). The solution of (10.422) follows in this case from the same
procedure as that adopted for the radial wave function of the non-relativistic hydrogen-type atom.
According to this procedure, one demonstrates first that the wave function at » — 0 behaves as 17
for some suitable v, one demonstrates then that the wave functions for r — oo behaves as exp(—pur)
for some suitable u, and obtains finally a polynomial function p(r) such that rYexp(—ur)p(r) solves
(10.422); enforcing the polynomial to be of finite order leads to discrete eigenvalues €, namely, the
ones given in (10.405).

Behaviour at » — 0

We consider first the behaviour of the solutions fi(r) and g;(r) of (10.422) near » = 0. We note
that (10.422), for small 7, can be written

'_|_l A 2
o, — 12 g1(r) + —efl(r) = 0
T r
[ _|_l_ 72
o+ * —= | hilr) - 7691(7”) = 0. (10.426)
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Setting
hlr) ~art, ()~ b (10.427)
yields
ybr?Tt — (j+%)br7_1 + Zetar™t = 0
yar’™h + G+ art = ZePbrh = 0. (10.428)
or

( o +Z(£2+ 3) ) _—(Zjei . > ( : > — 0. (10.429)

This equation poses an eigenvalue problem (eigenvalue —<) for proper = values. One obtains

v = i\/ (j+ 3)2 — Z2e%. The assumed r-dependence in (10.427) makes only the positive solution

possible. We have, hence, determined that the solutions f;(r) and gi(r), for small r, assume the
r-dependence in (10.427) with

1
v = \/(j+ 5)? — 2% (10.430)

Note that the exponent in (10.427), in case j + %)2 < Ze?, becomes imaginary. Such r-dependence
would make the expectation value of the potential

/err p(7) E (10.431)

<

infinite since, according to (10.266, 10.267, 10.420), for the particle density holds then

1
pr) ~ IR = (10.432)

Behaviour at r — oo
For very large r values (10.422) becomes

argl(r) = _(6 - ma)fl(r)

o filr) = (e +m)gi(r) (10.433)
Iterating this equation once yields

0 or) = (m*—é)glr)

o flr) = (m® =€) fir) (10.434)

The solutions of these equations are f1,91 ~ exp(£vm? — €2 r). Only the exponentially decaying
solution is admissable and, hence, we conclude

filr) o~ e gi(r) o~ e, = Vm? — € (10.435)

— OO — OO
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For bound states holds e < m and, hence, y is real. Let us consider then for the solution of (10.434)
filr) = vm+4eae™", gi(r) = —vVm—cae M. (10.436)
Insertion into (10.434) results in

(m—e)vm+ea — (m—e)ym+ea =
(m+e)vm—ea — (m+e)vym—ea = 0 (10.437)

which is obviously correct.

Solution of the Radial Dirac Equation for a Coulomb Potential

To solve (10.422) for the Coulomb potential V(r) = —Ze?/r We assume a form for the solution
which is adopted to the asymptotic solution (10.436). Accordingly, we set

Al = Vmtee ™ fi(r) (10.438)
qi(r) = —vm-—ee " gi(r) (10.439)

where p is given in (10.435 ). Equation (10.422 ) leads to

j-i—%N Ze2 .
—\/m—e[r ]gl+\/m+67f1+

(m —6)\/ +eqr— (m —e)\/ Tefi =0 (10.440)
Vm+6[r ]fl“‘\/ —E—gl
(m—l—e)\/——efl (m+e)\/——egl =0 (10.441)

The last two terms on the Lh.s. of both (10.440) and (10.441) correspond to (10.437) where they
cancelled in case f1 = §1 = a. In the present case the functions f1 and g; cannot be chosen
identical due to the terms in the differential equations contributing for finite ». However, without

loss of generality we can choose

h(r) = ¢1(r) + é2(r) . 51(r) = ¢1(r) — é2(r) (10.442)

which leads to a partial cancellation of the asymptotically dominant terms. We also introduce the
new variable
p = 2ur. (10.443)

From this results after a little algebra

1
[0, — 2](¢>1 — ¢2) — \/m“ o (1 +¢2) + ¢2 = 0 (10.444)

p —€
1
2

](¢1+¢2)+\/Z+EZ (p1 — ¢2) — ¢2 = 0. (10.445)
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Addition and subtraction of these equations leads finally to the following two coupled differential
equations for ¢1 and ¢9

Jj+ % eZe? mZe? B
Opp1 + P P2 — — _€2p¢1 - mp@ =0 (10.446)
j+a mZe? eZe?
O + —2 01 + ——01 + ———=¢2 — ¢2 = 0 10.447
p¢2 P) ¢1 m2 — 62 P (bl mp ¢2 ¢2 ( )
We seek solutions of (10.446 , 10.447) of the form
n/
Sip) = 1Y asp’ (10.448)
s=0

dalp) = 7D Bsp’ (10.449)
s=0

for v given in (10.430) which conform to the proper r — 0 behaviour determined above [c.f
(10.426-10.430)]. Inserting (10.448, 10.449) into (10.446, 10.447) leads to

s

€ 62
3 [(sﬂ)as L Gehs - L

m2 — 2 s
7 2
- %m] it — 0 (10.450)
m? —e
. mZe?
> [(s+7)ﬁ2 + (g as + S—=as
. m? —e
eZe?
s o - gs_l] —0 (10.451)
From (10.450) follows
2
Qs 7:::5662 - (]"1'%) 4
5 - ; s Zak (10.452)
Vm2—e2
From (10.451) follows
2724
eZe? mZe — (j+%)2
Bs—1 = <s+fy+7>ﬂs+m‘e Bs
2 _ 2 __eZe?
vm € s+ vy T
_ Bt . 2(3 2)" 5 (10.453)
sS4y — eZe
Vm2—e2
Using (10.430) one can write this

eZe?
s+ - V2 —e2
-

s(s + 2v) P+

(10.454)
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Defining
7 2
So = L v (10.455)
m2 — 2
one obtains
s — S,
Bs = mﬁsq
_ (8_1_30)(8_30) 3
(s—Ds(s—1+2y)(s+2y)
1—5,)(2—55)...(8— s,
_ _U=%)@2s). . (575) g (10.456)

st(2y+1)(2y+2)--- (27 + )
From (10.452) follows

5~ 7 (=)= 5o)(2 = 50)... (5 — 5)
s = 5 sSL(2y+1)(2y+2) - (27 + ) Bo (10.457)

One can relate the polynomials ¢;(p) and ¢2(p) defined through (10.448, 10.449) and (10.456,
10.457) with the confluent hypergeometric functions

a a(a+1) 22
F ; =14+ - —_ — 10.4
(a, ;) tert cle+1) 2! + (10-458)

or, equivalently, with the associated Laguerre polynomials

LY = F(—n,a+1,z). (10.459)
It holds
]"‘% __mZe?
/2 _e2
o1(p) = Do P E(=s0 27 + 1ip) (10.460)
o
$2(p) = Bop  F(1=s0,2v+15p) . (10.461)

In order that the wave functions remain normalizable the power series (10.448, 10.449) must be of
finite order. This requires that all coefficients o and 3, must vanish for s > n’ for some n’ € N.
The expressions (10.456) and (10.457) for 35 and a, imply that s, must then be an integer, i.e.,
s, = n’. According to the definitions (10.430, 10.455) this confinement of s, implies discrete values

for €, namely,
m

1 + Z2%et
\/ (n/+\/(j+%)2 — Z2e4)2

This expression agrees with the spectrum of relativistic hydrogen-type atoms derived above and

given by (10.405). Comparision with (10.405) allows one to identify n’ = n — j + 1 which, in fact,

is an integer. For example, for the states 2p1, 3p1, 3ds holds n’ = 1,2,1. We can, hence, conclude
2 2 2

e(n') = , n'=0,1,2,... (10.462)

that the polynomials in (10.461 for € values given by (10.405) and the ensuing s, values ( 10.455)
are finite.
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Altogether we have determined the stationary states of the type (10.421) with radial wave functions
fi(r), g1(r) determined by (10.438, 10.439), (10.442), and (10.460, 10.461). The coefficients Fy in
(10.460, 10.461) are to be chosen to satisfy a normalization condition and to assign an overall
phase. Due to the form (10.410) of the stationary state wave function the density p(z*) of the
states under consideration, given by expression (10.267), is time-independent. The normalization
integral is then

o] ™ 2
5 . 2 2y _
/0 . dr/o 31n9d0/0 do (|2 + X)) = 1 (10.463)

where ® and X, as in (10.421), are two-dimensional vectors determined through the explicit form
of the spin-orbital angular momentum states Yjn, (j & %, 2|7) in (6.147, 6.148). The orthonormality
properties (6.157, 6.158) of the latter states absorb the angular integral in (10.463) and yield [note
the 1/r factor in (10.421)]

/0 Car (AR + ln )P =1 (10.464)

The evaluation of the integrals, which involve the confluent hypergeometric functions in (10.460,
10.461), can follow the procedure adopted for the wave functions of the non-relativistic hydrogen
atom and will not be carried out here.

The wave functions (10.421) correspond to non-relativistic states with orbital angular momentum
L =75+ % They are described through quantum numbers n, j,¢ = j + %, m. The complete wave
function is given by the following set of formulas

o L) Vi (G + 3, 517)
U(n,j, L =j+5,mlzt) = e ( ’ ' 12 12 A (10.465)
Gi(r) Vim(J — 3, 2I7)
Fy(r) = F_(slr), Gi(r) = Fy(slr), r=j+3 (10.466)
where?
/
Fy(klr) = FN (2ur)te r { [w — /1] F(—n' 2y + 1;2ur)
€
+n'F(1—n',2y+ 1;2W)} (10.467)
3
211)2 I'(2 T+1
gL mF (2 +w + 1) (10.468)
F(Q’y + 1) 4m(n’+7)m ((n'+’Y)m o K;) '
and
po= Vm—e(m+e
v = \/(j+%)2*2264
n = n-—j— 3
P —— (10.469)
1+ Z2e4
(n" +7)?

2This formula has been adapted from ” Relativistic Quantum Mechanics” by W. Greiner, (Springer, Berlin, 1990),
Sect. 9.6.
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We want to consider now the stationary states of the type (10.421) which, in the non-relativistic
limit, become
fz( )

Vim(J = 3:317) ) (10.470)
0

U(zh) =~ e et

Obviously, this wavefunction has an orbital angular momentum quantum number ¢ = j — l and,
accordingly, describes the complementary set of states 131, 251, 2p3, 381, 3p3 3d5, etc. not not
covered by the wave functions given by (10.465-10.469). The radial wave functions fg( ) and ga(r)
in (10.421) are governed by the radial Dirac equation (10.423) which differs from the radial Dirac
equation for fi(r) and g1(r) solely by the sign of the terms (j + ) /7. One can verify, tracing all
steps which lead from (10.422) to (10.469) that the following wave functions result

: iFo(r) Vim(J — %7 %W) >
n,j,l=j—%mlz") = e 10.471
Yo ==l ( Ga(r) Vil + 1, 117) o4
By(r) = F_(slr), Gao(r) = Fy(slr), r=—j—3 (10.472)

where Fy(k|r) are as given in (10.467-10.469). We have, hence, obtained closed expressions for the
wave functions of all the stationary bound states of relativistic hydrogen-type atoms.
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Chapter 11

Spinor Formulation of Relativistic
Quantum Mechanics

11.1 The Lorentz Transformation of the Dirac Bispinor

We will provide in the following a new formulation of the Dirac equation in the chiral representation
defined through (10.225-10.229). Starting point is the Lorentz transformation S(i, J) for the
bispinor wave function W in the chiral representation as given by (10.262). This transformation
can be written

S(z) = <a(2 b(o ) (11.1)

0 Z
. 1,
a(Z) = exp ( 57 0’) (11.2)
. 1.,
b(Z) = exp < 57 > (11.3)
7 = i (11.4)
We have altered here slightly our notation of S (0, _') expressing its dependence on w0, J through

a complex variable 7,7 € C3.

Because of its block-diagonal form each of the diagonal components of S(Z), i.e., a(Z) and b(%),
must be two-dimensional irreducible representations of the Lorentz group. This fact is remarkable
since it implies that the representations provided through a(Z) and b(Z) are of lower dimension then
the four-dimensional natural representation! L (17, 19) . The lower dimensionality of a(Z) and b(%)
implies, in a sense, that the corresponding representatlon of the Lorentz group is more basic than
the natural representation and may serve as a building block for all representations, in particular,
may be exploited to express the Lorentz-invariant equations of relativistic quantum mechanics.
This is, indeed, what will be achieved in the following.

We will proceed by building as much as possible on the results obtained sofar in the chiral repre-
sentation of the Dirac equation. We will characterize the space on which the transformations a(?)

1We will see below that the representations a(Z) and b(Z) are, in fact, isomorphic to the natural representation,

— —

i.e., different L(w,J)"  correspond to different a(Z) and b(Z).

v
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and b(2) act, the so-called spinor space, will establish the map between L (1, 5)“1, and a(2), b(2),
express 4-vectors A¥, A,, the operator d,, and the Pauli matrices ¢ in the new representation and,
finally, formulate the Dirac equation, neutrino equation, and the Klein—-Gordon equation in the
spinor representation.

A First Characterization of the Bispinor States

—

We note that in case @/ = 0 the Dirac transformations are pure rotations. In this case a(Z) and
b(Z) are identical and read

N —

a(id) = b(id) = exp<——ﬁ-5> . 0 e R, (11.5)

The transformations in this case, i.e., for Z = i, J € R3, are elements of SU(Z) and correspond, in

(5) ), usually expressed

fact, to the rotational transformations of spln—— states as described by D 2 (
as product of rotations and of functions of Euler angles «, 3,7 (see Chapter 5). For J = (0,3,0)"

the transformations are

1 B _ginB
(igen) = wisen) = (i) = (GoF ). (11.6)
2 2

as given by (5.243). This characterization allows one to draw conclusions regarding the state space

in which a(Z) and b(Z) operate, namely, a space of vectors (ZEZEZ;) for which holds

state 2 ~

( state 1 ~ |3,
25

wl»—‘wl»—l
l\DIHwh—-

i > Z =i, JeR (11.7)
where “~” stands for “transforms like’. Here |5, l) represents the familiar spinfl states.

Since a(Z) acts on the first two components of the solution W of the Dirac equation, and since b(Z)
acts on the third and fourth component of U one can characterize U

Uy () ~ I%Hr?
‘1’2(35“) ~ \5,—§> - .70 3

Z =, 9 € R°. 11.8
iy(a#) ~ |5, +5) (118)
y(ah) ~ 15, —3)

We like to stress that there exists, however, a distinct difference in the transformation behaviour of
Wy (zt), Ua(xH) and Wy(zt), Uy(z#) in case 2 = @ + i for @ # 0. In this case holds a(2) # b(2)
and Uy (z#), Wo(x#) transform according to a(Z) whereas WUs(z#), Uy(zH) transform according to
b(2).

Relationship Between (%) and b(%)

—\

The transformation b(Z) can be related to the conjugate complex of the transformation a(2), i.e.,
to

1
a*(Z) = exp <§5*-5‘*> (11.9)
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where 6* = (o}, 03,0%). One can readily verify [c.f. (5.224)]
oy = o7, o9 = —05, o3 = 03 . (11.10)

From this one can derive
b(2) = ea*(F) et (11.11)

e:<_(1)(1]), 6—1:<?_é>. (11.12)

To prove (11.11) one first demonstrates that for € and €1 as given in (11.12) does, in fact, hold

ee~! = 1. One notices then, using ef(a)e™! = f(eae™!),

where

-1

1
ea*(2)e”" = exp |:§Z_'*(65"*61):| . (11.13)

Explicit matrix multiplication using (5.224, 11.10, 11.12) yields

coret = —0y = —of
coget =0y = —0} (11.14)
cose !l = —g3 = —03 ,
or in short
gt = —*. (11.15)
Similarly, one can show
e lde = —5*, (11.16)

a result to be used further below. Hence, one can express
wrny —1 | -
ea*(Z)e " = exp 570 = b(Z) . (11.17)

We conclude, therefore, that the transformation (11.1) can be written in the form
s [ a(?) 0
S(2) = < 0 ea*(Z)e ! > (11.18)

with a(Z) given by (11.2, 11.4) and €, ¢! given by (11.12). This demonstrates that a(Z) is the

transformation which characterizes both components of S(Z2)

Spatial Inversion

One may question from the form of S () why the Dirac equation needs to be four-dimensional,
featuring the components ¥ (z*), Uy(zH) as well as W3(z#), Wy(z*) even though these pairs of
components transform independently of each other. The answer lies in the necessity that application
of spatial inversion should transform a solution of the Dirac equation into another possible solution
of the Dirac equation. The effect of inversion on Lorentz transformations is, however, that they
alter w into —w, but leave rotation angles J unaltered.
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Let P denote the representation of spatial inversion in the space of the wave functions 0. Obviously,
P2 = 1, ie., Pt = P. The transformation S(Z) in the transformed space is then

PS(@ + i) P = S(—w + id) = ( b(og) a(og) > , (11.19)

i.e., the transformations a(Z) and b(2) become interchanged. This implies

vy Ty

Ty 7,

- — - . 11.2
P ¥, ¥, ( 0)

Uy Uy

Obviously, the space spanned by only two of the components of ¥ is not invariant under spatial
inversion and, hence, does not suffice for particles like the electron which obey inversion symmetry.
However, for particles like the neutrinos which do not obey inversion symmetry two components
of the wave function are sufficient. In fact, the Lorentz invariant equation for neutrinos is only
2—dimensional.

11.2 Relationship Between the Lie Groups SL(2,C) and SO(3,1)

We have pointed out that a(i),J € R3, which describes pure rotations, is an element of SU(2).

=,

However, a(w + ) for & # 0 is an element of
SL(2,C) = { M, M is a complex 2 x 2-matrix,det(M) = 1} . (11.21)

One can verify this by evaluating the determinant of a(Z2)

det(a(2)) = det (5;3) = 79 = (11.22)
which follows from the fact that for any complex, non-singular matrix M holds?
det (eM) = (M) (11.23)
and from [c.f. (5.224)]
tr(o;) =0, j =123, (11.24)

Exercise 11.2.1: Show that SL(2,C) defined in (11.21) together with matrix multiplication as
the binary operation forms a group.

2The proof of this important property is straightforward in case of hermitian M (see Chapter 5). For the general
case the proof, based on the Jordan—Chevalley theorem, can be found in G.G.A. Béauerle and E.A. de Kerf Lie
Algebras, Part (Elsevier, Amsterdam, 1990), Exercise 1.10.3.
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Mapping A" onto matrices M (A*)

We want to establish now the relationship between SL(2,C) and the group L’L of proper, or-
thochronous Lorentz transformations. Starting point is a bijective map between R* and the set of
two-dimensional hermitian matrices defined through

M(A") = o, A" (11.25)

AN EDCDG ] e

/
-~ -~

(1) 01 g9 g3

where

The quantity o, thus defined does not transform like a covariant 4—vector. In fact, one wishes
that the definition (11.25) of the matrix M (A*) is independent of the frame of reference, i.e., in a

transformed frame should hold e

o, A"
K —

o A (11.27)

Straightforward transformation into another frame of reference would replace o, by O'L. Using
AP = (L71)#, A" one would expect in a transformed frame to hold

Le, _ y
o A" oy, (L Dy, A (11.28)
Consistency of (11.28) and (11.27) requires then
Lto, = o, (11.29)
where we used (10.76). Noting that for covariant vectors according to (10.75) holds a], = L,*a,

one realizes that o, transforms inversely to covariant 4-vectors. We will prove below [cf. (11.135)]
this transformation behaviour.
M (A") according to (11.25) can also be written

A0 A3 Al A2
M(AM) = <A1 + iAZ A0 — A3> : (11'30)

Since the components of A" are real, the matrix M (A#) is hermitian as can be seen from inspection
of (11.26) or from the fact that the matrices oy, 01, 09,03 are hermitian. The function M (A*) is
bijective, in fact, one can provide a simple expression for the inverse of M (A*)

M = M(A") - A+t = %tr(M'au) : (11.31)

Exercise 11.2.2: Show that o, 01,092,053 provide a linear-independent basis for the space of
hermitian 2 x 2-matrices. Argue why M (A*) = o, A" provides a bijective map. Demonstrate that
(11.31) holds.

The following important property holds for M (A*)
det (M (A")) = A*A, (11.32)
which follows directly from (11.30).
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Transforming the matrices M (A*)

We define now a transformation of the matrix M (A*) in the space of hermitian 2 x 2—matrices
M -4 M =aMa, aeSLEC). (11.33)
This transformation conserves the hermitian property of M since
(M) = (aMa") = (@) Ma! = aMat = M (11.34)

where we used the properties M = M and (af)' = a. Due to det(a) = 1 the transformation
(11.33) conserves the determinant of M. In fact, it holds for the matrix M’ defined through (11.33)

det(M') = det(aMa') = det(a)det(a’)det(M)
= [det(a)]*det(M) = det(M) . (11.35)

We now apply the transformation (11.33) to M (A#) describing the action of the transformation in
terms of transformations of A*. In fact, for any a € SL(2,C) and for any A* there exists an A’*
such that

M(A™) = aM(A*)al . (11.36)

The suitable A" can readily be constructed using (11.31). Accordingly, any a € SL(2,C) defines
the transformation [c.f. (11.31)]

1
A L qm 3 tr (aM(A“) aTcr“) . (11.37)
Because of (11.32, 11.35) holds for this transformation
ArA, = AFA, (11.38)

which implies that (11.37) defines actually a Lorentz transformation. The linear character of the
transformation becomes apparent expressing A’ as given in (11.37) using (11.25)

1
A= (aa,,aTUu) AV (11.39)
which allows us to express finally

A" = L(a)*, AY;  L(a)*, = %tr(aaycﬁa,,) : (11.40)

Exercise 11.2.3: Show that L(a)", defined in (11.40) is an element of El.
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L(a)*, provides a homomorphism

359

We want to demonstrate now that the map between SL(2, C) and SO(3,1) defined through L(a)*,

[cf. (11.40)] respects the group property of SL(2, C) and of SO(3,1), i.e.,

L, = L(a)", L(a2), = L( a1ag ),

product ‘ product
in SO(3,1) in SL(2,C)

For this purpose one writes using tr(AB) = tr(BA)

1
L(al)uy L((J/Q)'u’p = Z §t1“ (algy(ZiJ“)

14

1 f
= Z §tr (U,,alaual )
14

tr ( agapagol, )

N = N

tr (agapaga,, ) .

Defining

— af A 1
I' = ayo,aq, I = agopa,

and using the definition of L#, in (11.41) results in

_ 1 1 Z

L/‘p = Z E (UV)a,BF/BOé P“/é(g’/)é'y = Z Aaﬂfy(srﬂa F’y&
v,a, 3 a,B
V58 7,8

where

Aaﬁ'yé = Z(UV)aﬂ(o-V)é'y :

v

One can demonstrate through direct evaluation

@ I
I S O
TR
Il [N
L )

I
=22 ®
I
N =22

Aaﬁ'yé =

e Lo Q

O NN NN

else

which yields

1
(F11F/11 + FQQFIQQ + Flgrgl + I‘21F’12) = §tr(IT’)

tr CLTU a ! = lt Tal
10 1a20pa2 5 r aualagapaQal

N =N =N =

tr (alagap(alag)Tau) = L(ara2)", .

This completes the proof of the homomorphic property of L(a)*,.

(11.41)

(11.42)

(11.43)

(11.44)

(11.45)

(11.46)

(11.47)
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Generators for SL(2, C) which correspond to K, J

The transformations a € SL(2,C) as complex 2 x 2-matrices are defined through four complex
or, correspondingly, eight real numbers. Because of the condition det(a) = 1 only six independent
real numbers actually suffice for the definition of a. One expects then that six generators G; and
six real coordinates f; can be defined which allow one to represent a in the form

6
a=exp| > fG|. (11.48)
j=1

We want to determine now the generators of the transformation a(Z) as defined in (11.2) which
correspond to the generators K1, Ko, K3, J1, J2, J3 of the Lorentz transformations L*,, in the natural
representations, i.e., correspond to the generators given by (10.47, 10.48). To this end we consider
infinitesimal transformations and keep only terms of zero order and first order in the small variables.
To obtain the generator of a(Z) corresponding to the generator K7, denoted below as k1, we write
(11.36)

M(L*,AY) = a M(A*)al (11.49)

assuming (note that g, is just the familiar Kronecker 6,,,)
L, = g* + e (K", (11.50)
a = 1 + ery. (11.51)

Insertion of (K1)*, as given in (10.48) yields for the Lh.s. of (11.49), noting the linearity of M (A*),

M(A* 4 e (K", AY) = M(A*) + e M((—A',—A°0,0))
M(A") — eogA' — ey A° (11.52)

where we employed (11.25) in the last step. For the r.h.s. of (11.49) we obtain using (11.51)

(1 + ery ) M(A") (1L + ex))
= M(A") + e(rIM(A") + M(A"D) + O()
= M((A*") + e(kio, + JHK];)A” + O(é%) . (11.53)

Equating (11.52) and (11.53) results in the condition

00At — 01AY = (Ko, + 0, /{)A". (11.54)
This reads for the four cases A* = (1,0,0,0), A* = (0,1,0,0), A* = (0,0,1,0), A* = (0,0,0,1)
T

—01 = K109 + UoliJ{ = K1 + K (11.55)
o0 = ko1 + oukl (11.56)
0 = kioy + o9kl (11.57)
0 = kioz 4 o3k . (11.58)
One can verify readily that
K1 = —%01 (11.59)
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obeys these conditions. Similarly, one can show that the generators ko, k3 of a(Z) corresponding to
Ko, K3 and A1, A9, A3 corresponding to Ji, Jo, J3 are given by

1 .
k= —=0, A=

5 . (11.60)

N | .

We can, hence, state that the following two transformations are equivalent

L(@,0) = TE+IT (@ — i) = e 3@ i) (11.61)
€ SO(3,1) € SL(2,C)
acts on 4-vectors A* acts on spinors ¢¢ € C?

(characterized below)

—,

This identifies the transformations a(z'= @ — i) as representations of Lorentz transformations, w
describing boosts and ¢ describing rotations.

Exercise 11.2.4: Show that the generators (11.60) of a € SL(2,C) correspond to the generators
K and J of L*,.

11.3 Spinors

Definition of contravariant spinors

We will now further characterize the states on which the transformation a(Z2) and its conjugate
complex a*(Z) act, the so-called contravariant spinors. We consider first the transformation a(Z)
which acts on a 2-dimensional space of states denoted by

o (bl c 2 11.62
— 2 . ( * )
According to our earlier discussion holds

¢'  transforms under rotations (Z = i0) like a spin-3 state |1, +3)
¢*> transforms under rotations (Z = i) like a spin—3 state |3, —3) .

=,

We denote the general (2 = @ + 0) transformation by
¢ = a%g P def a®1pt + a%p?, a =1,2 (11.63)
where we extended the summation convention of 4-vectors to spinors. Here

o9 = (0% = (& o) (11.64)

a“y av2

describes the matrix a(Z).
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Definition of a scalar product

The question arises if for the states ¢® there exists a scalar product which is invariant under
Lorentz transformations, i.e., invariant under transformations a(Z). Such a scalar product does,
indeed, exist and it plays a role for spinors which is as central as the role of the scalar product
AFA,, is for 4-vectors. To arrive at a suitable scalar product we consider first only rotational
transformations a(iﬁ). In this case spinors ¢* transform like spinf% states and an invariant, which
can be constructed from products ¢'y?, etc., is the singlet state. In the notation developed in
Chapter 5 holds for the singlet state

11 1 1 1 1
-.2:0,0) = 0,0|-.m; =, — - - - 11.65
|2727 ) > Z ( ) ’27m727 m)’27m>1|2’ m>2 ( )
m::t%
where |- - )1 describes the spin state of “particle 17 and |- --)2 describes the spin state of “particle

27 and (0,0]%,i%; %,;%) stands for the Clebsch—Gordon coefficient. Using (0,0\%,i%; %,:F%) =
+1/ V2 and equating the spin states of “particle 17 with the spinor ¢®, those of “particle 27 with
the spinor x? one can state that the quantity

1
Yo (b 2t 11.66
5 (077 = °x) (11.66)
should constitute a singlet spin state, i.e., should remain invariant under transformations a(z’ﬁ). In
fact, as we will demonstrate below such states are invariant under general Lorentz transformations

a(?).

Definition of covariant spinors

Expression (11.66) is a bilinear form, invariant and as such has the necessary properties of a scalar®
product. However, this scalar product is anti-symmetric, i.e., exchange of ¢® and x? alters the
sign of the expression. The existence of a scalar product gives rise to the definition of a dual
representation of the states ¢® denoted by ¢.. The corresponding states are defined through

o' — ¢*x' = ¢+ Pxe (11.67)
It obviously holds
2
X1 X
= = . 11.68
w= ()= () (1168)
We will refer to ¢, x%,... as contravariant spinors and to @q, X3, - -- as covariant spinors. The

relationship between the two can be expressed

( z; > = ¢ < z; ) (11.69)

e - (_(1) é) (11.70)

3¢Scalar’ implies invariance under rotations and is conventionally generalized to invariance under other symmetry

trasnformations.
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as can be verified from (11.68). The inverse of (11.69, 11.70) is

( 2; > = ! ( 2; ) (11.71)

et = <(1) _é> . (11.72)

Exercise 11.3.1: Show that for any non-singular complex 2 x 2-matrix M holds

eMe ' = det(M) (MY

The matrices €,e” ' connecting contravariant and covariant spinors play the role of the metric

tensors g, g"” of the Minkowski space [cf. (10.10, 10.74)]. Accordingly, we will express (11.69,
11.70) and (11.71, 11.72) in a notation analogous to that chosen for contravariant and covariant
4-vectors [cf. (10.72)]

bo = €apd’ (11.73)

. €11 €12 _ 01
w = () =0 175
o (1 (12 B 0 -1
€ = 21 (22 = 1 0

The scalar product (11.67) will be expressed as

(11.76)

$Xa = 'x1 + ¢'x2 = o' X — & (11.77)
For this scalar product holds
P Xa = —X"a - (11.78)
The transformation behaviour of ¢, according to (11.63, 11.73, 11.75) is given by

dr = €apa’y € s (11.79)

«

as can be readily verified.

Proof that ¢“y, is Lorentz invariant

We want to verify now that the scalar product (11.77) is Lorentz invariant. In the transformed
frame holds

¢,axla = aaﬁ ea'ya’yéf&{ d)/BXn . (11.80)

One can write in matrix notation

A% g €qya’ 5% = [(eae_l)T a} 5 (11.81)
K,
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Using (11.2) and (11.14) one can write

caet = eeaTll = eaFed! — mpFOT (11.82)
and with f(A)T = f(AT) for polynomial f(A)
(eae_1 )T P S A N (11.83)
Here we have employed the hermitian property of 7, i.e., &' = (*)7 = &. Insertion of (11.83)
into (11.81) yields
A g €aya’ 5% = [(eae_l)T aLﬁ = [a_la]w = kg (11.84)
and, hence, from (11.80)
qb'ax/a = (;Sﬁxﬁ. (11.85)

The complex conjugate spinors

We consider now the conjugate complex spinors
o o1’
(p™)" = < E(b%* . (11.86)

A concise notation of the conjugate complex spinors is provided by

(¢%)" = ¢* = (il ) (11.87)

which we will employ from now on. Obviously, it holds qﬁk = (¢*)*,k = 1,2. The transformation
behaviour of ¢¢ is

¢ = (a%p) ¢ (11.88)

which one verifies taking the conjugate complex of (11.63). As discussed above, a*(Z) provides
a representation of the Lorentz group which is distinct from that provided by a(Z). Hence, the
conjugate complex spinors ¢“ need to be considered separately from the spinors ¢¢. We denote

(a%)" = a% (11.89)
such that (11.88) reads
¢ = a®z0° (11.90)

extending the summation convention to ‘dotted’ indices.
We also define covariant versions of ¢

$a = (¢a)” . (11.91)
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The relationship between contravariant and covariant conjugate complex spinors can be expressed
in analogy to (11.73, 11.76)

Pa = €45 ¢ (11.92)
ot = gy (11.93)
€5 = €ap (11.94)
B = of (11.95)

where €, and €’ are the real matrices defined in (11.75, 11.75). For the spinors ¢% and x4 thus
defined holds that the scalar product

$xe = Oxi + PP (11.96)

is Lorentz invariant, a property which is rather evident.
The transformation behaviour of ¢4 is

P, = edﬂ-aﬁﬁewqﬁé. (11.97)

The transformation, in matrix notation, is governed by the operator ea*(Z)e ! which arises in
the Lorentz transformation (11.18) of the bispinor wave function ¥, ea*(Z) e~ accounting for the
transformation behaviour of the third and fourth spinor component of U. A comparision of (11.18)
and (11.97) implies then that ¢4 transforms like Uy, Uy, ie., one can state

—.

¢i  transforms under rotations (Z = i) like a spin-4 state |3, +1)
¢5 transforms under rotations (2" = i) like a spin-1 state |3, —3) .

The transformation behaviour of ¥ (note that we do not include presently the space-time depen-
dence of the wave function)

a(?) (gg)

ea*(Z)e! (zi)

UV =S5V = (11.98)

obviously implies that the solution of the Dirac equation in the chiral representation can be written
in spinor form

B (o) o

bty | _ | @6 | _ (e

) | T | wlen) | T (Xg(x“)> | (H.99)
Wy (z) X5 (z")

11.4 Spinor Tensors
We generalize now our definition of spinors ¢ to tensors. A tensor

ponaz-arf 2B (11.100)
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is a quantity which under Lorentz transformations behaves as
. . . k [ . . .
parazapfifa-fe H a“m., H aﬁn[sn $1 KO0 (11.101)
m=1 n=1

An example is the tensor 98 which will play an important role in the spinor presentation of the
Dirac equation. This tensor transforms according to

o8 = g0l 170 (11.102)

This reads in matrix notation, using conventional matrix indices j, k, £, m,

th, = <ataf)jk =" ajeaqtom - (11.103)
lm

Similarly, the transformation bevaviour of a tensor t* reads in spinor and matrix notation

0 = a% a5t th = (ata"), = ) ajarmton (11.104)
£m

Indices on tensors can also be lowered employing the formula
te? = eayt? (11.105)

and generalizations thereof.
An example of a tensor is €* and €q3- This tensor is actually invariant under Lorentz transforma-
tions, i.e., it holds

P =P g = eap (11.106)

Exercise 11.4.1: Prove equation (11.106).

The 4—vector A" in spinor form

We want to provide now the spinor form of the 4-vector A*| i.e., we want to express A" through a
spinor tensor. This task implies that we seek a tensor, the elements of which are linear functions
of A*. An obvious candidate is [cf. (11.25] M(A*) = o0,A". We had demonstrated that M (A*)
transforms according to

M' = M(LF,AY) = a M(A*)al (11.107)

which reads in spinor notation [cf. (11.102, 11.103)
AP = o0 A0 (11.108)

Obviously, this transformation behaviour is in harmony with the tensor notation adopted, i.e., with
contravariant indices a/3. According to (11.25) the tensor is explicitly

- Ali Al? A0 4+ A3 Al — A2
Aﬁ:(AQi A2?>:<A1+iA2 AO—A?’)' (11.109)
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One can express A% also through A,

- Ao — A3 —Ai +iA
aB _ 0 3 1 2
AP = <_A1 DA At Ag > . (11.110)

The 4-vectors A¥, A, can also be associated with tensors
)
AaB = 60[7665147 . (11111)

This tensor reads in matrix notation

Ay Ap\ 0 1 Al g2 0 —1
Agi Ay B -10 A2l p22 1 0

AQQ _A2i
_ ( g ) . (11.112)
Hence, employing (11.109, 11.110) one obtains
AV — A3 Al — A2

L Ao+ Ay A+ A
Ay = <A1 Cia A _A3) . (11.114)

We finally note that the 4-vector scalar product A*B,, reads in spinor notation

1 .
A'B,, = §AaﬁBaﬁ~ . (11.115)

Exercise 11.4.2: Prove that (11.115) is correct.

0, in spinor notation

The relationship between 4-vectors A*, A,, and tensors %8 can be applied to the partial differential
operator 0,,. Using (11.110) one can state

~ 8o — 05 —0y + 0
af o 3 il p)
99 = < o — it B8 ) . (11.116)

Similarly, (11.114) yields

o Oy + 03 01 + 105
3aﬂ = <al — iy Dy — Os ) . (11.117)
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0, in Tensor Notation

We want to develop now the tensor notation for o, (11.26) and its contravariant analogue o*
_ 10 0 1 0 —i 1 0
on = 01)°\1o)'\i o) o -1
10 0 -1 0 i -1 0
T
P (G V) () () (ah))

For this purpose we consider first the transformation behaviour of ¢# and o,. We will obtain the
transformation behaviour of o#, o, building on the known transformation behaviour of ¥#. This is
possible since ¥ can be expressed through o*,0,. Comparision of (10.229) and (11.118) yields

= ( 0 Jou) . (11.119)

Ou

Using (11.15) one can write
o, = € (M) et (11.120)

and, hence,

ST (6 (a“(;*el Ug”) , (11.121)

One expects then that the transformation properties of o* should follow from the transformation
properties established already for v [c.f. (10.243)]. Note that (10.243) holds independently of the
representation chosen, i.e., holds also in the chiral representation.

To obtain the transformation properties of o we employ then (10.243) in the chiral representation
expressing S(L"¢) by (11.18) and +* by (11.121). Equation (10.243) reads then

a 0 0 ot a! 0 v _
0 ea*et e(a)*e 0 0 ea*et o
0 o¥
<G(UV)*6_1 j ) . (11.122)

The Lh.s. of this equation is

0 acte1(a*)"te y
< ea*(ot) e tat 0 Loy (11.123)

and, hence, one can conclude

acte Y(a*)tel?, = o (11.124)
ea*(c")'eta LY, = e(o¥)et. (11.125)

Equation (11.125) is equivalent to
a*(o")*etatel”, = (0¥)* (11.126)

which is the complex conjugate of (11.124), i.e., (11.125) is equivalent to (11.124). Hence, (11.124)
constitutes the essential transformation property of o* and will be considered further.
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One can rewrite (11.124) using (11.16, 11.2)

e L(a") e = ete 2T e = ematTe e o 37T (11.127)
Exploiting the hermitian property of &, e.g., (7*)7 = & yields using (11.2)
—1/, %1 Lgw(G)T 1zv5+ 1T T
€ (a") e = ez = |:62 } = [a"]" . (11.128)

One can express, therefore, equation (11.124)
act [a*)" LY, = o¥. (11.129)

We want to demonstrate now that the expression ac[a*]” is to be interpreted as the transform
of o under Lorentz transformations. In fact, under rotations the Pauli matrices transform like
(1=1,2,3)

o; — a(id)o; (a(iﬁ))T = a(id)o; (a*(iﬁ))T . (11.130)

We argue in analogy to the logic applied in going from (11.107) to (11.108) that the same trans-
formation behaviour applies then for general Lorentz transformations, i.e., transformations (11.2,
11.4) with @ # 0. One can, hence, state that o* in a new reference frame is

o = aotal (11.131)

where a is given by (11.2, 11.4). This transformation behaviour, according to (11.102, 11.103)
identifies o as a tensor of type t*%. It holds according to (11.118)

((1)(1)>’<_(1) é)(f;é)(é?) (11.132)

and

GO Go)Go)Ga) ] o

~~

©w=0 p=1 pn=2 n=3

Combining (11.129, 11.131) one can express the transformation behaviour of o* in the succinct

form
LY, o™ = o¥. (11.134)
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Inverting contravariant and covariant indices one can also state

LYo, = o,. (11.135)

This is the property surmised already above [cf. (11.29)]. We can summarize that o* and o,
transform like a 4—vector, however, the transformation is inverse to that of ordinary 4—vectors.
Each of the 4 x4 = 16 matrix elements in (11.132) and (11.133) is characterized through a 4-vector
index p,pu = 0,1,2,3 as well as through two spinor indices af3. We want to express now o and
o, also with respect to the 4-vector index g in spinor form employing (11.114). This yields

<1 0) <o 1)
0 = ( oo + o3 al+wQ> _ 0 0 0 0 (11.136)

o1 — tog 09 — 03 00 00
1 0 0 1

where on the rhs. the submatrices correspond to o spinors. We can, in fact, state

_ (011)1% (011)1? (012)1% (012)1?

(U .>”‘5 _ (011)?" (o99)% (013)?" (099)% (11.137)

5 = . . . . : .
“ (021)1% (‘721)1? (022)1% (‘722)1?
(09i)*" (097)% (093)°" (099)%
Equating this with the r.h.s. of (11.136) results in the succinct expression
1 6
5 (0a5) " = s (11.138)

Note that all elements of o ; are real and that there are only four non-vanishing elements.

In (11.138) the ‘inner’ covariant spinor indices, i.e., a, B, account for the 4—vector index u, whereas
the ‘outer’ contravariant spinor indices. i.e., 7, 8, account for the elements of the individual Pauli
matrices. We will now consider the representation of ¢, 0, in which the contravariant indices are
moved ‘inside’, i.e., account for the 4-vector i, and the covariant indices are moved outside. The
desired change of representation (o, ) — (ou), ; corresponds to a transformation of the basis of

spin states

<£>H<_9f>:€<£> (11.139)
and, hence, corresponds to the transformation

(Guhi (ou)is ) < 0 1 > (Uu)li (Uu)m < 0 -1 >
_ , . 11.140
(o G -1 0) @t @2 JA1 0 (H1140)

where we employed the expressions (11.12) for € and e~!. Using (11.110) to express 0% in terms
of 0, yields together with (5.224)

(0 0> <0 0>
Uaﬁ':< op — 03 01+102>:2 < 01 -1 0 (11.141)

—01 — 109 09 + 03 0 -1 1 0
0 O 0 1
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and, employing then transformation (11.140) to transform each of the four submatrices, which in
(11.137) are in a basis (---)*? to a basis (- - ") o Tesults in

( .)11 ( ,)12 ( _)11 ( .)12
(UQB> _ (Ul%)zi (01%)22 (01?)21 (01?)22
7 (‘72%)11 (‘72%)12 (‘72?)11 (‘72?)12
(‘721)21 (021)22 (022)21 (022)22
10 01
= 2 < 8 8 > < 8 8 > ) (11.142)
(v0) (o)
This can be expressed
1 (UaB) G (11.143)
2 o B '

Combined with (11.138) one can conclude that the following property holds
1 w1 ;
Ly N _ L/ ey _ N
> (903) > (o )75 SB35 (11.144)

The Dirac Matrices +* in spinor notation

We want to express now the Dirac matrices #* in spinor form. For this purpose we start from the
expression (11.121) of ##. This expression implies that the element of ¥# given by e ot~ ! is in the

basis |, 4 whereas the element of ¥# given by o* is in the basis |*?. Accordingly, we write

H af
= (((G,f)) i (‘70) ) : (11.145)

Let A, be a covariant 4-vector. One can write then the scalar product using (11.115)

A, = ( 0 (U“)QBAM)

(")) Ay 0
0 e C“BAW
) (%((075)649)*1475 : Wsz’ ) | B

Exploiting the property (11.144) results in the simple relationship

af
FhA, = ( AOB Ao ) . (11.147)
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11.5 Lorentz Invariant Field Equations in Spinor Form

Dirac Equation

(11.147) allows us to rewrite the Dirac equation in the chiral representation (10.226)

iN, b (z) = < Z,O i%aB ) B(a") = mb(ah) . (11.148)

Employing ¥(z*) in the form (11.99) yields the Dirac equation in spinor form

100y, = mo° (11.149)
i&aﬁ- (Z)a = Tn)(ﬁ'3 . (11.150)

The simplicity of this equation is striking.



Chapter 12

Symmetries in Physics: Isospin and
the Eightfold Way

by Melih Sener and Klaus Schulten

Symmetries and their consequences are central to physics. In this chapter we will discuss a particular
set of symmetries that have played a seminal role in the development of elementary particle and
nuclear physics. These are the isospin symmetry of nuclear interactions and its natural extension,
the so-called Eightfold Way.

The organization of this chapter is as follows: In the next section we will discuss the relation
between symmetries of a quantum mechanical system and the degeneracies between its energy
levels. We will particularly use the example of spherically symmetric potentials. In the following
section we will introduce the concept of isospin as an approximate SU(2) symmetry, which identifies
the proton and the neutron as different states of the same particle. We will also introduce the quark
model as a natural framework to represent the observed symmetries. We will apply these concepts
to an analysis of nucleon-nucleon and nucleon-meson scattering. In the final section, we will discuss
the SU(3) symmetry of three quark flavors. The algebraic structure and the representations of
SU(3) will be discussed in parallel to SU(2) and particle families will be identified in terms of
representations of the underlying symmetry group.

12.1 Symmetry and Degeneracies

The degeneracies of energy levels of a quantum mechanical system are related to its symmetries.
Let us assume a continuous symmetry obeyed by a quantum mechanical system. The action of the
symmetry operations on quantum mechanical states are given by elements of a corresponding Lie

group, i.e.,
O =exp <Z ak5k> . (12.1)
k
Then the generators, S, will commute with the Hamiltonian of the system,

[H,S)] = 0. (12.2)

373
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The action of any symmetry generator, Sy, on an energy eigenstate, Vg x,,.. \,, leaves the energy
of the state invariant

Hexp(z’akSk) @Z)E,Al,...,)\n = Eexp(iakSk) 1/JE’>\17__7)\”. (12.3)

If the newly obtained state is linearly independent of the original one, this implies a degeneracy in
the spectrum. We will investigate this shortly in more detail in the case of systems with spherical
symmetry, where the symmetry generators, Si, can be identified with the angular momentum
operators, Ji, as studied in chapter 7.

Lie groups play an essential role in the discussion of mass degeneracies in particle physics. In order
to illustrate this, we first consider a particular example of the implications of symmetry, namely
motion in a spherically symmetric potential described by the group SO(3) (or its double covering
SU(2) as discussed in section 5.12).

In chapter 7 the dynamics of a particle moving in three dimensions under the influence of a spher-
ically symmetric potential, V'(r), has been discussed. The spherical symmetry implies the commu-
tation of the Hamiltonian with angular momentum operators (7.8)

H,J,] =0, k=1,23. (12.4)

The stationary Schrodinger equation, (7.18), can then be reduced to a one-dimensional radial
equation, (7.24), which yields a set of eigenstates of the form

VELm(T) = vEem(r) Yen (0, 0), (12.5)

with m = —I,.---,l and the corresponding energy levels are independent of m. Therefore, each
energy level is (2] + 1)-fold degenerate. This degeneracy follows from the fact that any rotation,
as represented by an element of SO(3), (7.39), generates a state which has the same energy as the
original one.

Presence of additional symmetries may further increase the degeneracy of the system. As an
example of this we will consider the Coulomb problem with the Hamiltonian

)

P k

H=——-. 12.6

2m r ( )
From elementary quantum mechanics we know the spectrum of the hydrogen atom. The energy
levels are

mk?
where the orbital angular momentum, [, is allowed to take values in 0,...,n — 1. The energy levels

are totally independent of [. For example, the states 3s, 3p and 3d all have the same energy. We
want to understand this extra degeneracy in terms of the extra symmetry of the hydrogen atom
given by an additional set of symmetry generators introduced below.
Classically, the additional symmetry generators of the Coulomb problem are the three components
of the so-called eccentricity vector discovered by Hamilton

1 -

= —pxJ—k_. (12.8)
m T
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The vector € points along the symmetry axis of the elliptical orbit and its length equals the eccen-
tricity of the orbit. The vector in (12.8) is not a hermitian operator. The corresponding quantum
mechanical hermitian operator can be defined by

1 T
a = - (p2J3 — p3Ja + Japz — Jops) — k=, (12.9)
m T
1 ) T
et = 5 (Jsp2 — Japs +ihp1) — k717 (12.10)
= L (ips— Ty + k) — K22 (12.11)
e = 5 (Jips — Jap1 + ihp2 o :
— L (apr = upe + i) — K2 (12.12)
s = 5 (Jap1 = Jip2 + ihps o ~

(12.13)

It can be verified explicitly that its components commute with the Hamiltonian.
In order to understand the aforementioned extra degeneracy, we will compute the hydrogen spec-
trum using the additional symmetry. For this purpose we first note that

J-€=0. (12.14)

This follows from @ - (@ x b) = (@ x b) - @ = 0, which is valid even when @ and b do not commute.
We will also need the following identity [4]

2H
&=
m

(JQ + h2> + R, (12.15)

which can be proved after very considerable algebra.
In the following we consider the bound states, which have a negative energy E. Therefore, in the
subspace of the Hilbert space corresponding to a certain energy we can replace H by E. Now we

scale the eccentricity vector as follows
- m
K=,/——=¢ 12.16
\V 35S (12.16)

Through some algebra [4] the following commutation relations can be verified
[KZ',J]‘] = iheiijk, (1217)
[Kl‘,Kj] = iheiijk, (1218)

which complement the familiar angular momentum algebra of section 5.3.
We introduce the following new operators
A=2(J+K), (12.19)

B=-(J-K), (12.20)

o= Nl

which can be shown to satisfy

[Ai, Aj] = iheiji Ay, (12.21)
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[Bi,Bj] - ihﬁijkBlm (1222)
[4;,B;] = 0, (12.23)
[/T,H} = 0, (12.24)
[E,H} = 0. (12.25)

So far we have shown that the symmetry generators form an algebra, which is identical to the the
direct sum of the Lie algebra of of two SO(3) (or SU(2)) algebras. By comparing to the rotation
algebra introduced in chapter 5, we can read off the eigenvalues of A? and B? from (12.21) and
(12.22):

1
A2 = a(a+1)h%, a=0,51,..., (12.26)
_ 1
B* = bb+1)K*, b:o,§,1,... . (12.27)
Following (12.14) we note that
A2-B*=J.g=0. (12.28)

This implies that a = b. In order to arrive at the spectrum a final bit algebra is needed

A2+ B? = JP+K? (12.29)
2 %52 (12.30)

mk? 1
- v R 12.31
B9 (12.31)

where we have used (12.15). Using this equation the energy eigenvalues can be written in terms
of the eigenvalues of A% and B? operators. Noticing that A% and B? have the same eigenvalues
because of (12.28), the energy eigenvalues are found to be

2

1
mk —0,=,1,... . (12.32)

o L —
on2(2a + 1)2° " T 2

A comparison with (12.7) tells us that (2a+1) = n. Furthermore the bound on the orbital angular
momentum, /, can be seen to follow from the triangle inequality as applied to J = A + B, namely

that
7 >

7 <
It follows that [ has to have values in {0 = |a —b|,1,...,a+b=n — 1}. This illustrates the effect
of additional symmetries to the degeneracy structure of a quantum mechanical system.

o]

0 (12.33)

E‘—

A

o]

A 2

_l’_

(12.34)

In contrast to the discussion above about extra symmetries, a lack of symmetry implies a lack of
degeneracy in the energy levels of a quantum mechanical system. The most extreme case of this is
the quantum analogue of a classically chaotic system. Chaos is described classically as exponential
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sensitivity to initial conditions, in the sense that nearby trajectories in the phase space diverge from
each other over time. However, another manifestation of chaos is the lack of independent operators
commuting with the Hamiltonian.

A typical example of this so called quantum chaos is the quantum billiard problem, which is a
particle in box problem in two dimensions with a boundary which can be chosen arbitrarily. If the
chosen boundary is ‘irregular’ in a suitably defined sense, the classical trajectories will diverge from
each other after successive bounces from the boundary. For a more detailed discussion of quantum
chaos in billiard systems we refer the reader to [7] and the references therein.

In the case of billiards and other examples of quantum chaos one common observation is the almost
nonexistence of degeneracies and the fact that the energy levels are more evenly spaced. This is
known as level repulsion.

In the next section we will proceed with the discussion of a symmetry, which was discovered by
observing degeneracies in the particle spectrum.

12.2  Isospin and the SU(2) flavor symmetry

The concept of isospin goes back to Heisenberg, who, after the discovery of the neutron in 1932,
suggested that the proton and the neutron can be regarded as two states of a single particle. This
was motivated by the observation that their masses are approximately equal: m,, = 938.28MeV/ 2,
my = 939.57TMeV/ c?. Following the mass-energy equivalence of special relativity

E = mdé, (12.35)

this mass equivalence can be viewed as an energy degeneracy of the underlying interactions.

This (approximate) degeneracy led into the idea of the existence of an (approximate) symmetry
obeyed by the underlying nuclear interactions, namely, that the proton and the neutron behave
identically under the so-called strong interactions and that their difference is solely in their charge
content. (Strong interactions bind the atomic nucleus together.)

If the proton and the neutron are to be viewed as two linearly independent states of the same
particle, it is natural to represent them in terms of a two component vector, analogous to the
spin-up and spin-down states of a spin—% system

p—<é>,n—<$>. (12.36)

In analogy to the concept of spin regarding the rotations in 3-space as discussed in chapter 5, the
isospin symmetry is also governed by an SU(2) group ‘rotating’ components in (12.36) into each
other in abstract isospin space. This enables us to utilize what we already know about the SU(2)
symmetry group from the study of angular momentum. For example, we will be able to use the
familiar Clebsch-Gordan coefficients to combine the isospin of two particles the same way we added
spin in chapter 6.

It is important to place the isospin concept in its proper historical context. Originally it was
believed that isospin was an exact symmetry of strong interactions and that it was violated by
electromagnetic and weak interactions. (Weak interactions are responsible, for example, for the
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beta decay). The mass difference between the neutron and the proton could then be attributed to
the charge content of the latter. If the mass difference (or the energy difference) were to be to be
purely electrostatic in nature, the proton had to be heavier. However, the proton is the lighter of
the two. If it were otherwise the proton would be unstable by decaying into the neutron, spelling
disaster for the stability of matter.

Isospin symmetry is not an exact symmetry of strong interactions, albeit it is a good approximate
one. Therefore it remains a useful concept. Further than that, as we shall see below, it can be seen
as part of a larger (and more approximate) symmetry which is of great utility to classify observed
particle families.

We can describe isospin multiplets the same way we have described the angular momentum and spin
multiplets. Denoting the total isospin, I, and its third component, I3, as good quantum numbers,
1

we can re-write (12.36) as a multiplet with I = 5

1
p:‘I:—13:—>,n:‘1:§,13:——>. (12.37)
As an example of a multiplet with I = 1 we have the three pions or m-mesons
+ _ 0 _ - _
= |131>7 T = |170>a T = |17_1>> (1238)

which have all nearly identical masses. (m,+ = 139.6MeV/c?, m o = 135.0MeV/c?). Shortly we
will see how to describe both the pion and nucleon states as composites of more fundamental I = %
states.

In the framework of the quark of model, the fundamental representation of the isospin symmetry

corresponds to the doublet that contains the so-called up and down quarks

u:'l 1>7d:‘1 _l>' (12.39)

279 2" 2

All other isomultiplets, including the proton and the neutron, are made up of these two quarks.
They can be constructed with the same rules that have been used for angular momentum addition
in chapter 6. For example, the three pions in (12.38) are ud, ut and du states, respectively. They
form an isotriplet:

11 11
o1y = ‘> > (12.40)
22/,12°2/,
1 11 1 1 11 1 1
0
—11.0) = — (== -z B S —— 12.41
T 1,0) ﬁ<’2’2>1 2’ 2>2+'272>1 2’ 2>2>7 ( )
1 1 1 1
B T T L EE (12.42)
2 2/,12° 2/,

(12.43)

Similarly, the proton and the neutron can be written as totally symmetric uud and udd states. For
a precise description of the two nucleons as composite states, including the spin and color quantum
numbers of their constituent quarks, we refer the reader to [1], sec. 2.11.
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The mass of the up and down quarks are not identical but they are both of the order of a few
MeV/c*’s which is minuscule compared to the typical energy scale of hadrons (i.e. strongly inter-
acting particles) which is about a GeV/c?. This is why isospin is such a good symmetry and why
isomultiplets have nearly identical masses.

As it later turned out, the up and down quarks are not the only quark ‘species’ - or flavors as
they are commonly called. In the late 1940’s and early 1950’s, a number strange particles have
been found which presumably contained a third quark species: the strange quark. It shall be noted
here that the quark model was not invented until 1960’s, but at the time the empirical concepts
like isospin and strangeness quantum numbers were in use. The value of the strangeness quantum
number is taken, by accidental convention, to be —1 for the strange quark. The up and down
quarks have strangeness zero. All other composite states have their strangeness given by the sum
of the strangeness content of their constituents.

Before proceeding further, we shall setup some terminology: baryons are qqq states, such as proton
and the neutron, whereas mesons are ¢ states, the pions being examples thereof. By convention
baryons have baryon number 1, and quarks have baryon number % All antiparticles have their
quantum numbers reversed. Naturally, mesons have baryon number 0. The names, baryon and
meson, originally refer to the relative weight of particles, baryons generally are heavy, mesons have
intermediate mass ranges, where leptons (electron, muon, the neutrinos etc.) are light. If taken
literally, this remains only an inaccurate naming convention today, as some mesons discovered later
are heavier than some baryons and so on.

The relation between electric charge and isospin are given by the Gell-Mann—Nishijima relation
which was first derived empirically

Q=13+ %(B+S), (12.44)

where B is the baryon number and S is the strangeness. In the next section we will be able to
view the Gell-Mann—Nishijima relation in the light of the representation theory for the flavor SU(3)
Symimetry.

Now let us consider another example of combining the isospins of two particles. The reader may
know that the deuteron, a hydrogen isotope, consists of a proton and a neutron. Therefore it has
to have isospin, Is = 0. We will now try to describe its wave function in terms of its constituent
nucleons. Following (12.37) and in analogy to (12.43), this will be mathematically identical to
adding two spins. The possibilities are that of an isosinglet

1
0,0) = —(Ip > In > —[n > [p>) (12.45)

V2

and that of an isotriplet

1L,1) = |p>|p>, (12.46)
1

11,0) = ﬁ(’ﬁ> > +[n > |p>), (12.47)

1,-1) = |n>n>. (12.48)

Is the deuteron an isosinglet state or an isotriplet? If it were an isotriplet (|1,0)) we should have
seen nn and pp bound states of comparable energy in nature (because of isospin symmetry), but
such states do not exist. Therefore the deuteron has to be an isosinglet state (]0,0)).
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As an exercise on the implications of isospin symmetry we will consider nucleon-nucleon scattering.
We will eventually be able to compute ratios of scattering cross-sections between different processes.
For example, consider

MHp+p—d+n*

(M p+n—d+na° (12.49)

The only assumption that we put in will be that the interaction is of the form V = « I .13®, The
dot product here refers to the abstract isospin space. The cross-section, o, is proportional to |M|?,
where M is the scattering amplitude given by

M = (final | «I® - 1? | initial ). (12.50)
The initial and final states can be denoted in more detail as
| initial ) = ) 160, 780 ) > , (12.51)

| final ) = j 1D 1D A0 > (12.52)

where 'y(i) and 7(f ) denote degrees of freedom other than isospin, such as the spatial dependence
of the wave function and spin.

Exercise. Consider the generalization of tensor operators discussed in section 6.7 to the case of
isospin. Show that IM.I13) is an ‘isotensor’ of rank zero. Refer to exercise 6.7.5 for the spin-analogue
of the same problem.

Exercise. Show that the expectation of IV . 1(2) ig % in an isotriplet state and —% in an isosinglet
state.

Using (12.38) and the fact that the deuteron is an isosinglet we know that the isospins of the final
states in (I) and (II) are |1,1) and |1,0), respectively. According to (12.45) and (12.48) the initial
states in (I) and (II) have isospin values |1,1) and (1/v/2)(|1,0) + |0,0)). We will now employ the
(isospin analogue) of the Wigner-Eckart theorem (6.259) discussed in detail in sections 6.7 and 6.8
to compute the ratio of the scattering amplitudes Mj and Mj;. For completeness let us start by
restating the Wigner-Eckart theorem (6.259) in the present context:

(IO DT IO TP 4Dy = (12.53)
(N1 @O 7Oy (D=1 1 () A ) (@) ~(@)
IO |00r010) (~1) S DA DIT10,50). (12.54)
Here Too = V = oI® . I@ . which is an isoscalar, as discussed in the exercise above.

(I(f)I?Ef)\OOI(i)I?(,i)) is a Clebsch-Gordon coefficient and (I/), v(N||Ty[| I, 4®) is a reduced ma-
trix element defined in the same sense as in section 6.8.

Now let us re-write more carefully the scattering amplitudes for the two processes in the light of
what we have just learned

My = < 1D =11 = 1,4 ‘Tgo ) 10 =1, 1) = 1,40 > (12.55)
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= (11/oo11) % (1) = 1,9 || Ty T® = 1,9 (12.56)

My = % < 1D =1,1) = 0,4 ‘Tgo ‘ 10 =1, 1) = 0,0 > (12.57)
1 . ; .

+ < 1D =11V = 0,4 ’Tgo ‘ 10 = 0,19 = 0,7 > (12.58)

= (1000010) 7= (1 = 17 [T 19 = 1,70 (12.59)

+0. (12.60)

(12.61)

Note that the second term in My vanishes due to the isospin conservation, which is also manifested
by a vanishing Clebsch-Gordon prefactor. The relevant Clebsch-Gordon coefficients are easily
evaluated:

(11/0011) = (10/0010) = 1. (12.62)

We can now write the ratio of the scattering amplitudes:

M;i _ 1
i 7(1/\/5) 7 (12.63)

where common dynamical factors (which would not be as easy to compute) have dropped out
thanks to the Wigner-Eckart theorem. It follows

I, (12.64)
O11

which is in approximate agreement with the observed ratio. [2]

As a further example, we will consider pion-nucleon scattering. We want to compute the ratio of
total cross-sections assuming a similar interaction as in the previous example

o(7mt +p — anything)

o(m= +p — anything)
The possibilities are

(a) 7t +p — 7" +p,
(b)m~ +p — 7 +p, (12.65)
()7 +p — 7’ +n.

There are more exotic possibilities, involving, for example, particles with strangeness, but these are
not dominant at relatively low energies.

Once again we need the isospins for the initial and final states, which are obtained by a standard
Clebsch-Gordan expansion

rap s [L-1) 4 = 3-8 - Bl -D) (12.66)
O+ [1,0)[3-5) = /313, -1+ L5 -1



382 Spinor Formulation

As in the example of nucleon-meson scattering we define the relevant matrix elements

My =(Bm| V |Lm).

12.67
My = (Lo | V [ Lm), (12:67)

N= N

which are independent of m. A computation similar to the previous example of nucleon-nucleon
scattering yields (apart from common prefactors) the following amplitudes for the reactions in
(12.65)

Ma - M%
My = %Mg + %M% (12.68)
M= 2Ms — LM
2 2
Guided by empirical data we will further assume that M% >> M 1 which leads to the following
ratios for the cross-sections
Oq:0p:0.=9:1:2. (12.69)

As the total cross-section is the sum of individual processes we obtain

Jr
olmi+p) % 4 (12.70)
o(n=+p) op+oe.

again in approximate agreement with the observed value. [2]

12.3 The Eightfold Way and the flavor SU(3) symmetry

The discovery of the concept of strangemess, mentioned in the previous section, was motivated
by the existence of particles that are produced strongly but decay only weakly. For instance,
K™, which can be produced by 7= + p — KT + X7, has a lifetime which is comparable to that
of 7+ albeit being more than three times heavier. Hence Gell-Mann and independently Nishijima
postulated the existence of a separate quantum number, S, called strangeness, such that S(K*) = 1,
S(X7)=-1and S(m) = S(N) =0, etc. It was assumed that strong interactions conserved S (at
least approximately), while weak interactions did not. Hence the strangeness changing strong
decays of KT (or ¥7) were forbidden, giving it a higher than usual lifetime.

The classification of the newly found particles as members of some higher multiplet structure
was less obvious then the case of isospin, however. Strange partners of the familiar nucleons, for
example, are up to 40% heavier, making an identification of the underlying symmetry and the
multiplet structure less straightforward.

In the light of the quark model, it appears an obvious generalization to add another component for
an extra quark to the isospin vector space

u=|01],d=|11],s=|0]. (12.71)
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In this case the transformations that ‘rotate’ the components of (12.71) into each other, while
preserving the norm, have to be elements of the group SU(3) (which we will investigate closely
very soon). However, history followed the reverse of this path. First particle multiplets were
identified as representations of the SU(3) group, the same way nucleons and pions were identified
as representations of the isospin SU(2) symmetry. Then came the question of what the fundamental
representation, as in (12.71), should correspond to, giving rise to the quark model. As quarks were
never directly observed, for a period they were considered as useful bookkeeping devices without
physical content.

In this perspective the flavor SU(3) symmetry may appear to be mainly of historical interest.
However SU(3) symmetry appears in another and much more fundamental context in strong in-
teraction physics. The quarks posses another quantum number, called color, which again form
representations of an SU(3) group. This is believed to be an ezact symmetry of strong interac-
tions, in fact modern theory of strong interactions is a ‘gauge theory’ of this color group, called
quantum chromodynamics. (The reader is referred to section 8.3 for a brief discussion of gauge
transformations). Flavor SU(Ny) symmetry on the other hand, where Ny is the number quark
flavors, becomes increasingly inaccurate for Ny > 3. The reason is that the other known quarks,
namely charm, bottom (beauty) and top (truth) are significantly heavier than the hadronic energy
scale. (The ‘bare’ mass of the charm quark is already heavier than the two nucleons, which set the
hadronic energy scale. The bottom and top are even heavier. [2] )

Before discussing the significance and the physical implications of the quark model, we will establish
some mathematical preliminaries about the group SU(3). In many respects it will resemble the
more familiar group SU(2) discussed in some detail in chapter 5, but there are a number of subtle
differences. The reader shall note that most of what is being said trivially generalizes to other
unitary groups, SU(N), but we will stick to N = 3 in the following. The reader is also invited to
revisit section 5.1 whenever necessary, in reference to Lie groups, Lie algebras and related concepts.

Given a complex vector, ai, of three dimensions, we want to find those transformations
ap — Uklal (12.72)

that preserve the norm, ), ajay, of a. It is seen that such a matrix U has to satisfy the following
unitary relation

Ul =uv-t (12.73)
To verify that all such matrices form a group, we observe that
ot =viut =v-tu=t =(wv)?, (12.74)

for any two unitary matrices U and V. This group of 3 x 3 unitary matrices is denoted by U(3).
The unitarity relation imposes 9 constraints on the total of 18 real degrees of freedom of a 3 x 3
complex matrix. Hence the group U(3) has 9 dimensions. Multiplying U by a phase, ¢’?, still leaves
the norm invariant. Therefore U(3) can be decomposed into a direct product U(1) x SU(3) where
SU(3) consists of 3 X 3 unitary matrices of unit determinant. Because of this additional constraint
SU(3) has 8 dimensions. Since arbitrary phase factors are of no physical interest, it is the group
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SU(3) and not U(3) that is of main interest. The reader is invited to compare the structure of
SU(3) to that of SU(2) discussed in section 5.7.

As discussed in section 5.1, any unitary matrix, U, can be written in the form
U=el (12.75)
where H is a hermitian matrix. Therefore we will express elements of SU(3) as
U — el 2k Ak (12.76)

where \j are 8 linearly independent matrices forming the basis of the Lie algebra of SU(3). (We
shall at times refer to the Lie algebra with the name of the group, the meaning being apparent from
the context.) The unit determinant condition requires that all \;, are traceless, since det(e?) = '™,
An explicit basis is constructed in analogy to the Pauli algebra of spin operators

0 1 0
0| ., =[0 -1
0 0 0

)\1: 7>\2:

o O O

=
(12.77)

Ag =

cCoorrOoOO0OKRO
>
ot
I

COoO O S O00 0RO

Ag =

SO R PHF O OO OO oo -
O OO OO~k OoOOoOOo

L
V3

The generators, Ag, obey the following relation
tr()\j)\k) = 26jk7 (12.78)

which can be verified explicitly as matrix identities.
The Lie algebra structure is given by the commutators of A\

[Ajs Ak] = 2i fim, (12.79)

where fjp; are the antisymmetric structure constants similar to the €;,; of SU(2) given in (5.32).
We can also introduce the constants, d;4;, via the anticommutator relation

4
A, Aels = §5jk + 20,8, (12.80)

This is the fundamental or defining representation of SU(3). As in the case of SU(2) higher
dimensional representations obeying the same structure can be found. The fundamental relation
to be preserved is (12.79), regardless of the dimension of the representation.
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As it turns out the set of generators in (12.77) is not the most useful basis in the study of SU(3).
In the case of SU(2) the identification of ‘ladder’ operators {.Jy, J_} proved useful, which satisfied
an ‘eigenvalue equation’

[Jo, J+] = £hJy. (12.81)

In chapter 5, these relations have been used to construct the angular momentum spectrum as well
as the function space representation of the rotation algebra, namely spherical harmonics. The
generators of SU(3) can be arranged into a very similar form to that of SU(2). We first introduce
the F-spin operators

1

With another change of basis we arrive at the ‘standard’ form of the generators of the Lie algebra
of SU(3)

Ty = F+iF, (12.83)

Ty, = Fs, (12.84)

Vi = Fy+iFs, (12.85)

Ur = Fs+iFy, (12.86)
2

Y = _F. (12.87)

V3

Exercise. Using the convention in (12.71) show that T} is the isospin operator, I3.

Exercise. Derive the Gell-Mann-Nishijima relation (12.44), starting with the observation that
Y = B+ 5. (Recall that the strange quark has S = —1 by convention). Y is called the hypercharge.

In the basis (12.87) the commutation relations between the generators can be expressed in a succinct
manner. First, we have
¥, Ty) = 0, (12.88)

which defines (not uniquely) a maximal set of mutually commuting operators {Y, T} and

[Y,Ty] = 0, (12.89)

Y, Us] = +Us, (12.90)

Y, Ve = +V4, (12.91)

[To,Tx] = =T, (12.92)
1

[TOaU:IZ] = qZEU:l:a (1293)
1

[To,Vi] = +-Vi, (12.94)

2
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which relate the remaining generators {74, Vi, Ut} to this maximal set by ‘eigenvalue equations’
and

T, T_] = 2Ty, (12.95)
3

Vs U] = Y =Ty =2, (12.96)
3

Vi Vo] = Y +To=2W, (12.97)

which relate commutators of generators with opposite eigenvalues to the maximal set {Y, 7y}. Note
that, Uy and V are linear combinations of Ty and Y. Finally, we have

T, V] = —U_, (12.98)
[T.,Uy] = Vi, (12.99)
U, v] = T, (12.100)
[Ty, Vy] = 0, (12.101)
[T, U] = 0, (12.102)
U, Vi = 0 (12.103)

Any remaining commutators follow from hermiticity.

The same way the angular momentum ladder operators have been used to construct the represen-
tations of SU(2), we will use these commutation relations to construct representations of SU(3).
In the case of SU(2) the representations lay on a line on the Jy axis. However, since there are two
mutually commuting generators in SU(3) as given in (12.88), the representations will now lie in a
Ty — Y-plane. The maximum number of mutually commuting generators of a Lie algebra is called
its rank. Thus, SU(2) has rank 1, while SU(3) has rank 2.

When the basis of a Lie algebra is expressed in such a way to satisfy the form of the eigenvalue
relations as given above, it is said to be in Cartan- Weyl form. This form is essential for easy labeling
of the representations of the group, as the relation between the states in a given representation
can be conveniently expressed in terms of ladder operators. A formal definition and a detailed
discussion of the Cartan-Weyl form is beyond the scope of this chapter. The interested reader is
instead referred to a very readable account given in chapter 12 of [4].

Another important property of SU(2) is the existence of an operator (namely the total angular
momentum, J2) which commutes with all of the generators. An operator which commutes with all
generators of a Lie group is called a Casimir operator. As in the case of J2 and SU(2), Casimir
operators can be used to label irreducible representations of the Lie algebra, similar to the way it

was done in section 5.5. We can construct two such independent Casimir operators for the group
SU(3).

2i
Ci = ) M= -3 ijk,AjAkAl, (12.104)
k Gkl
Cy = D dimAMeN (12.105)
Gkl

In general the number of independent Casimir operators of a Lie group is equal to its rank.
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The utility of Casimir operators arises from the fact that all states in a given representation assume
the same value for a Casimir operator. This is because the states in a given representation are
connected by the action of the generators of the Lie algebra and such generators commute with
the Casimir operators. This property can be used to label representations in terms of the values
of the Casimir operators. For example, it was shown in section 5.5 how to label the irreducible
representations of the angular momentum algebra SU(2) in terms of the value of the total angular
momentum.

Now we will construct explicit representations of SU(3). Because of (12.88) we can label states by
the eigenvalues of Ty and Y operators, |t3,y):

Tolts,y) = tslts,y), (12.106)
Yits,y) = ylts,y). (12.107)

From the commutation relations we have presented above (the Cartan-Weyl form) we can write
down the effect of various generators on the state |t3,y). For example, we have

3 1
3 1
Volts,y) = (Qy+5ts) lts,y) - (12.109)

The same way that J1 |m) is proportional to |m £ 1) in the case of the angular momentum algebra,
we have

1

T:I:‘t37y> = «a|ts §)y>a (12110)
1

U:t‘tg,y> = ﬁtgﬂzg,yﬂ:1>, (12.111)
1

Vilts,y) = vjtsF5uEl). (12.112)

The effect of these operators to the states in the y — t3 plane have been outlined in Fig. (12.1).
The representations of SU(3) are constructed analogous to those of SU(2) by identifying the ‘bound-
ary’ states annihilated by raising (or lowering) operators. All other states of the representation
are then constructed by successive application of ladder operators Ty, U, V4. The representations
for hexagons with sides of length p and ¢ in the Ty — Y-plane. Such a representation is labeled as
D(p,q) and it has a dimensionality of %(p +1)(g+ 1)(p+ g + 2). Figure (12.2) shows the repre-
sentation D(2,1) as an example. The details of this procedure is beyond the scope of this chapter.
The interested reader is referred to [4], especially chapters 7 and 8.

As another example for the representations of SU(3), the pion family forms part of an octet corre-
sponding to the D(1, 1) representation. The representations D(1,0) and D(0, 1) correspond to the
triplets of quarks and antiquarks, respectively. (See Fig. (12.3).) All other representations can be
constructed by combining these two conjugate representations. For example the pion octet (or any
other meson octet) is therefore realized as states of a quark - antiquark pair. A notation suggestive
of the dimensionality of the representation can be used to identify representations. For example,
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Figure 12.1: The effect of SU(3) ladder operators on the y — t3 plane.

y

A
D(2,1)

4/3

/‘[
N

-5/3

Figure 12.2: D(2,1) representation of SU(3). The states in the inner triangle are doubly degenerate.
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D(1,0) and D(0,1) are denoted by [3] and [3], respectively. The octet D(1,1) is written as [8] etc.
This way the quark-antiquark states can be represented as follows

Bl [3] = [8] @ [1] (12.113)

The additional singlet state corresponds to the 1’ meson. This expansion can be compared, for
example, to the case of adding two spin triplet states, in the case of SU(2), where we would write

B]®[3] =[1] @ [3] ® [5]. (12.114)

d 173 u

-1/3

Figure 12.3: D(1,0) or the fundamental representation of flavor SU(3) symmetry.

The three quarks in the fundamental representation can now be written as

11
= |=, = 12.11
. 2,3>, (12.115)
11
d = |-=,= 12.116
273>7 ( )
2
s = 0,—§>. (12.117)

The Gell-Mann—Nishijima relation can then be succinctly expressed as

1
Q=y+ts, (12.118)
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from which the quark charges follow

Qu = % (12.119)

Qa = —%, (12.120)
1

Qs =—3. (12.121)

v
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(98]
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Figure 12.4: The baryon octet as a D(1,1) representation of SU(3).
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